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16. Abstract

Asphalt overlays often fail prematurely by allowing firepagation oéxisting cracksoverthe overlaysurface
therebyforming reflective cracks. Amonthe manyavailableinterlayer reinforcemernechnologiesgeosynthetic
productsaregainingpopularityfor mitigating reflective cradkg. The main goal of thisesearcteffort is to ensure
thatNorth Carolina Department of TransportatEmgineers can choosige appropria¢ geosynthetic pavement
interlayer product foaspecific application based on performance dBt@negativeside effect of geosynthetic
applicatiors for surface paving iaggravatn of thedebonding distress. Hence, another objective is to develop
tack coat selection criterion for a specific geosynthetic tipesafeguarslagainstdebonding failureThe scope of
the test plan includes five geosynthetic products designateavasy compsite#1 (PC#1)paving composité2
(PC#2),paving grid(PaG),paving maiPM), andpaving fabric(PF). In this study, geosynthetieinforced and
unreinforced specimens were tested using-fmint notchedoeam fatigue test equipmengethemwith thedigital
imagecorrelation (DIC) techniquand a Modified Asphalt Shedesterto measure the p e ¢ i areekresiétance
capacityand interface shear strengtespectively The doubldayeredasphalt concretspecimens wertabricated
in gyratory and slab compactarsing a hot mix designated as RS9.5C with 46&taimed asphalt pavemeiithe
geosynthetic produstassandwiched between tlsphallayers with a tack codPG 6422) applied atherate
recommended bthegeosynthetic prd u ¢ madwsacture Binder bond strengtlBBS) test wereperformedon the
PG 6422binder The DIC data were analyzed to determine the Von Mises strain, which iwasused to
determine the failure mode tife geosynthetigeinforced asphalt beams. @DIC contours revealed that the failu
modecouldbe classified int@ithervertical crackingor debonding and thatachof these two failure modes depen
on the geosynthetic product type, tack coat application rate, and strain level. Sufficient bond istresetedo
minimize debonding at the interfaaadis an important factor to mitigate vertical reflective cracking as well.
The threedimensionalpae ment anal ysi s p.rl.4 gnd BverStressiFEd . Qvierevsedio v
determinghe pavement responsekhe pavement responagaalysisfor numeroudayer modulus and thickness
combinatiors led toa predictive equation fanterfacetensile strair(Q.overiay). The predictiveg.overay €quations a
function ofthesurface curvature index, base damage index, base curvature index, and overlay thickness.
geosynthetiproductselection tablevas developebtased orthe expectedmprovementactor andailure modethat
correspond tahe field g.overlay. Subsequentlyatack coat criteon for each geosynthetic produsasdeveloped
based orthemaximumshearratioandBBS relationship. The BBS threshold vaduer PC#1, PC#2, PaG, PM, an
PF are280kPa 860 kPa 455 kPa 860 kPa and280kPa respectivelyTheresults of thigesearch efforarethe
guidelinesdevelopedor geosynthetic interlayer product selection émdtack coat selectiorRopulating more
laboratory and field data is highly encouraged and will kehginforceand improvehefindings from this study
and assist ithe implementation of the developed guidelines in practice
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EXECUTIVE SUMMARY

Background

As pavement systems age, distigg®ssuch as cracking, rutting, raveling, and polishing the
surface aggregate impede the pavement's ability to carry the daily traffic demand safely,
comfortably, and effectively. Each year, highway agencies spend billions of dollars on pavement
repair and reabilitation to keep roadways in an acceptable condition for the traveling public. A
commonly cited statistic is that 94% of the over 2.27 million miles of roads throughout the
United States are surfaced with asphalt materials. Therefore, the mainterchneiesdoilitation

of these roads consume a significant portion of highway agencies' transportation budgets.

Geosynthetics have been recognized as adftesttive technology that can enhance pavement
performance by providing reinforcement, stress religfing and moisture resistance, good
drainage, and minimal reflective cracki(@®udarsanan et al. 2015, 2018Hpwever, despite

their proven effectiveness, geosynth@tioductsare not widely used in North Carolina due to

the lack of proper specifications and product selection guidelines. Currently, the North Carolina
Department of Transportation (NCDOT) does not have enough information, testing capability,
and performance requiremts toevaluate and select geosynthetic pavement interlayer products
effectivelyfor its transportation projects.

Objectives

Theproposed research asno develop performance testing methodologies and performance
criteria that can be used in performarspecifications and product selection guidelines by the
NCDOT for geosynthetic products in pavement interlayer applicatibims scope of the
proposed research includgsosynthetic interlayer produdtsat areplaced between asphalt
layers.

Materials and Methodology

This study's asphalt concrete (AC) loose mixigrBS9.5C with 40% reclaimed asphalt
pavement (RAP). The fivigpes of geosynthetic products investigated in this study are referred
to as paving composite #1 (PC#1), paving composite #2 (P@#2ng mat (PM), paving fabric
(PF), and paving grid (PaG). A hot bindempefrformance gradd’() 64-22 wasused as the tack
coat for all five geosynthetic produas well as control specimen (with no geosynthetic
interlayer)andwasapplied at the tas recommended by the respective manufactufatde 1
presents the tack coat rates used for these five geosynthetic prertilictsntrol specimen
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Table F1. Tack Coat Rates for Different Geosynthetic Types

Control Pavin Pavin
Geosynthetic Specimen 9 9 Paving | Paving | Paving
Composite | Composite . .

Type (no Mat Fabric | Grid

. #1 #2

interlayer)
Nomenclature CS PC#1 PC#2 PM PF PaG
Tack coat type PG 6422
Application rate, 0.03 0.14 0.33 0.12 0.08 0.23
gallyd (L/Im?) (0.14) (0.63) (1.49) (0.59) | (0.36) | (1.04)

The experimental design includes measuring the interface shear strength (ISS) and crack
resistanceapacityof geosynthetiageinforced and unreinforced specimaémserms ofthe

number of cycles to failur@Nr). The AC test specimens ateublelayeredandeither
unreinforced (the control specimen, referred t6dG2 h e 1) @ reiffdroed with one of the
five geosynthetic products. The ISS amdck resistanceere measured using a Modified
Asphalt Shear Tester (MAST) and fegawint bending beam fatiguest equipment, respectively.
The binder bond strength (BBS) of the PG2Z24binder was measured using a Pneumatic
Adhesion Tension Testing Instrument (PATTI).

Figure F1 (a), (b), and(c) present schematic illustrations of the MAST, PATTI, fmd-point
beam fatiguaestsetups, respectivelyThe MAST is a monotonic shear tester that is used to
measure theSS of a doublkdayered AC specimen with or without a geosynthetic interlayer
(impregnated with asphalt) sandwiched between the lagach layer othe MAST test
specimes was 38.4mm (1.5in.) thick. The MAST tests were carried out at various confining
pressures, temperatures, and (monotonic) strain rates, as shoablert2. The PATTI tests
were carried outisingPG 6422 binderat six(6) differenttemperatures; the temperature data
were then used to construct BBS mastercuiNetched beam fatigue tests (NBFT&re

carried outusingdoublelayered AC beam specimens with anri (07-in.) thick bottom layer
and 36mm (1.4%in.) top layer. A 7.5mm (19/64in.) deep and 25nm (3/32in.) wide notch
wasmilled at the bottom of the beam specimens to mimic the existing deawkge. The
NBFTs were conducted in controllstrain modeata minimum offour different strain levels for
each type of geosyimeticreinforced beam specimgas shown ifmable 2. All the NBFTs were
conducted at 2& (73 F), which isthe nominal average temperature iorthh Caolina, using the
standard load frequency of 10 Hz.

vii



MAST
specimen

r

1

1

1

1

@ '
Monotonic |
1

1

1

|

- ————————

displacement
—
Pulling
v Interface . Force
/ ————————— __Reaction Plate with
Jnl 5
/

Air
Pressure
Hose

\

TN

Confining pressure
T
i

TR
“ Pull-Stub’
T

Tack Coat

Substrate

(@) (b)

Region 2 : Region 3

T Region 1 -
l >ie >ie ‘
I ‘ a=119 mm ’ a=119 mm ! a=119 mm t I
H L :
()

Figure F1. Schematic illustrations for (a) MAST tesgtup, (b) PATTI testsetup, and (c) four
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Table F2. Test Conditions Used in Study

Test Type MAST Test Notched Beam Fatigue Test
Loading rate 5.08 mm/min (0.2 in./min) 10 Hz
Strain level N/A* 180, 200, .250300.’ 350, 400
microstrain
Confinement 172 kPa (25 psi), 276 k.Pa (40 psi), 4§ N/A
kPa (70 psi)
Temperature| 23°C (73°F), 35°C (95°F), 54°C (129°} 23°C (73°F)

Note:*Not applicable

The digital image correlation (DIC) technique was used to track and measure the deformations
on the surface of the beam specimens, especially at areas around the interlayer and cracks. The
DIC technique captures a sequence of images during th¥ie&D®, which is commercial
two-dimensional2-D) DIC analysis software developed by Correlated Solutions, Inc., was used
to calibrate the scales, analyze the images, and calculate the displacements and strains on the
surface of the specimens. The DIC analysis results were used to determine the interfacia
debonding and vertical crack propagatibroughout the AC beanssibjected to the NBFTs.

Pavement response analysis of various test sections was undertaken by running numerical
simulations using the threki mensi onal finite el ehensectian sof t war
dimensions of the simulated pavements represent those of a thick pavement structure used in
North Carolinaas shown idrigure F2. In an edier NCDOT project, HWY¥201304, theNorth

Carolina State Universitsesearchers found that a thick pavement structure is more vulnerable to
debonding at the AC layer interface than a thinner structure due to the greater shear stress that is
induced in alick pavement. Also, previous anadgof the maximum shear ratio (MSR) indicate

that a high temperature, low speed, and heavy axleclmastitute thevorst fieldconditionsthat
areconducive taebonding at the AC layer interfa@@ho 2016, Kim et al. 2015bTherefore,

the thick pavement simulated in this study was loaded using a dual tire with an axle load of 80

kN (18 kips) at various vehicular speeds of 1.61 km/h (1 mph), 4.82 km/h (38@phkm/h (5

mph), 16 km/h (10 mph), 32.2 km/h (20 mph), and 72.4 km/h (45 mph). The test conditions also
assume a vehicle in the braking state with a frictional coefficient of 0th& sppeed under
consideration. The pavement temperature was set @@#Q22F).
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In addition to the FlexPAVE simulations, EverstressFi#hich isthreedimensional linear
elastic finite element software, was used to simule@avement responses of the same
structure with various thickness and modulus combinatiets00 combinations). The reason
for performing this additional analysis is that EsteessFE allows pavement response
simulationsto be carried ouh batch mode andeneratsbulk input files using mExcel VBA
code, whereas FlexPAVE does hatve this capabilityThe outcomes of nearly 1500
combinations helpetb develop a predictivegeiation to estimate the tensile strain underneath a
newly constructed overlaiat the interfacebased on falling weight deflectometer (FWD)
measurements of the existing damaged paveriabte F3 presents the simulation conditions.



Table 3. Pavement Simulation Conditions Using EverstressFE

E psi 500,000

overlay
MPa 3,447

Toverlay | iN. (Mm) 1.5(38.1), 3(76.2), 4 (101.6

E.. psi 700,000] 500,000{ 300,000] 100,000{ 50,000
MPa 4,826| 3,447 2,068 689 345

Tac in. (mm) 4 (101.6), 7 (177.8), 10 (25.4)

Evne psi 50,000] 40,000/ 30,000{ 20,000| 10,000
MPa 345 276 207 138 69

Tanc in. (mm) 8 (203.2)

Esy psi 20,000| 15,000/ 10,000{ 5,000| 2,500
MPa 138 103 69 34 17

Tsq in. (mm) Semiinfinite 118 (300)

Note: EoveriayiS overlay modulusToverayis overlay thickness.c isasphalt concrete layer modulUs;is
asphalt concrete layer thicknegs;cis aggregate base course modulus;is aggregate base course
thicknessEsgyis subgrade modulus, afieyis subgrade thickness.

Research Approach

Figure I3 presents a flow chart of the research apprealodénto develop guidelines for
selectinggeosynthetic products based on the product's ability to resist debonding and reflective
crack propagation. The outceshof this research approach @rgthe ranking of the various
geosynthetic products in terms of the ldaghring capacity aheexisting pavement for the

overlay project an@) the prediction of the expected mode of failure in the field, i.e., debgndin
or vertical reflective crachkg.

Similarly, Figure 4 shows the research approach in a flow cfoarh that aids in determining
theappropriatdack coaffor the selected geosynthetic product. Blaécomeof theresearch
approachs the minimunmBBS thatthe chosen tack coat should provide for the selected
geosynthetic produgctherebyavoidingthe debonding distresshis project's experimental and
numerical research has resulted in the geosynthetic interlayer selection guidelines shown in
Figure I5. The thregphase research effort that was undertaken to develop theds/sttgp
guidelines is described briefly in the subsequent text accoraliting three phases.
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Figure 3. Flow chart of research approach taken to develop geosynthetic product selection
guidelines.
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:_ MSR = A(o

+60) **+0.04(3- a’)

t—crit.

Step 6

MSR vs BBS

:[ Shear Strain Rate, 7 | : [ Shear Stress, TrLH Critical Condition

:[ Conf. Stress, s, | [ Shear Strength, ” Shear Ratio = Tmax. !

'[ Interface Shear Strength Tests ]'
Modified Asphalt Shear Tester '

Figure k4. Flow chart of research approach taken to develop tack coat selection guidelines.
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; [ Step 1: Measure the surface deflections. ] 1
:[ Falling Weight Deflectometer (FWD) ]:

Surface Curvature Index

SCI=D,-D,, . .
% SCI, BDI, BCI in mils
7:)11'7'/(
BDI=D,-D,, g4

Ref. Temp is 23°C (73.4°F)

1

[

1
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1
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[
|
1
|
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[
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|
1

based on design ]:
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:[ Assume T,
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t-overlay > L overlay

&,

(—overlay

I

I
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I

- 3539

overlay
BCI
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(B, xT,)=78683+7503965 x e('o'“”) + 698559 x e['“”]

[ Step 3: Select the geosynthetic products based on ]
performance.

Geosynthetic Selection Criteria

gt-over[ay PrOd ucts PC#]. PaG PM PC#Z PF
IF 1.7 3.4 32.6 14.2 5.4

40 p-60 p s VC VC DB DB DB
IF 2.5 2.5 4.1 6.4 5.1

60 p-80p oy VC VC DB DB DB
5 IF 3.3 2.0 1.0 35 5.0

H FM VC VC VC VC | DB/VC

Note: VC-Vertical Crack, DB-Debonding, IF-Improvement Factor,
FM-Expected Failure Mode

{ Step 4: Select the tack coat based on geosynthetic ]
product in use.

Tack Coat Selection Criteria
Product PC#1 | PCH2 | PaG PM PF
. kPa | 280 860 455 860 280
Min. BES =g 41 125 66 125 41

Figure 5. Stepby-step selection guidelines for geosynthetic type and tack coat materials.
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Phase 1: Evaluate crack resistance in terms ohtlmaber of cycles to failure {\Nand failure
mode (debonding and/or vertical cracking) of various geosynthetic products based on laboratory
test results.

In Phase 1, therack resistancand failure mode of the different geosynthegmforced beam
specmens were measured using NBFTs. The NBFTs were carried out at different constant
actuator tensile strain levels at £3(73 F). Chapter6 of this report presents a critical evaluation
of the NBFT results. Analysid the outcomes led to establishing a relationship between tensile
strain anccrack resistanggresented here &guation(l-1).

N, =k (-1)

Q_)o
'_\
Neded

9]
D

where
N: = number of cycles to failure, representing crack resistance,

ki, ko = regression coefficients, and
a = tensile strain in microns.

Table H presentshe parameters andk. for each ofthe five geosynthetic products and the 'no
interlayer' scenarid.e., the control speciméfS). Based on the expected tensile strain
underneath the overlay, a table was developed that comprises an improvement factor for the
crack resistancthat corresponds to each geosynthetic prodrigtire +5 contains this table

under the description of Step 3. This table will help the designer to choose a product based on
his/her engineering judgment.

Table F4. MeasuredParanetersk; andk> Based on OiSpecimen Tensile Strairewsus Number
of Cycles toFailure

Interlayer Type CS PC#1 PaG PM PC#2 PF
ki 5.1510% | 1.4210% | 8.82 10%° | 5.0% 10% | 6.38 102 | 8.03 1016
ko 5.35 4.25 6.21 11.50 7.72 5.49
R 0.78 0.90 0.95 0.42 0.1 0.89

The DIC technique wasmployedo study the crack propagation patterns throughout the AC
beams (Step 2 shown lfigure 15). The digital images captured using the DIC technique were
analyzed using Vi2D® to determingheVon Mises strain. The Von Mises stradirat is
measured on the beam surface between theniggutiintscan beused to determine the maero
crack development and, therefore, failure mode. In this study, a comparison between visual
observatios of the DIC images and Von Mises strain helped identify the marek criterion,
which is the point at which the Von MissBain is greater than or equal to three percent. The
debonding arewasdetermined by selecting a region of constant area [150(&8 in?)] with

the dimensions of 60 mM2.5 mm (2.36 in3 0.1 in.)around the interfacand then counting the
number @ pixels that satisfies the Von Mises maarack criterion. Correspondingly, the middle
onethird area of the beam with a constant area [346 (B3 in?)] and dimensions of 20 mm
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3 17 mm (0.79 in3 0.67 in.) was selected to count the pixels that weesl to determine the

vertical macrecrack area. The vertical and debonding cracked areaghesrplotted against

the number of load cycles. The percentages of the vertical and debonding cracked areas helped to
determine the failure mode for each testditon.

Figure 6 shows the Von Mises stragontourshatweremeasured ahefailure points during
theNBFTs; Chapter7 presentgletailed resultsA close investigationf the crack pattegshown

in theDIC contour images during the NBE®f thereinforced and unreinforced beapecimens
reveast that each test failure can be classified into two failure modes, verticalngacid
debondingThat is, the energy that is input by repeated loading is dissipated by the creation of
new surfaces through eithegrtical crackingor debonding The resuls indicate that afive

types of geosynthetic produstielayvertical crackpropagatiorbut promoe debonding Also, the
chance otertical crackpropagations shown to bereaterat higher tensile straievels

Therefore, depending on the type of getlgtic product and tensile straested the

propensities of vertical cracking addbondingvary.

Figure 16 also shows thatS, irrespective of the tensile strain set during the NEBKibits
vertical crackingat failure. However, at the 180actuator tensile strailevel, CS at failure
shows sign of debonding strain. The debonding strain becomes debondinghgranke it
meets the macrorack criterionln all the geosynthetiproductcases, the lower straievels
causé predominarly debondingfailure, whereas the higher tensile strain levetsto vertical
crackingfailure. During the high tensile strain tesstboth the top and bottom layessrvedas two
independent beamBecouplel beam behavior occurs once the cridek isgenerated from the
notch passes through the bottom laged touckesthe top layercausing crack initiation at the
bottom of the top layer. The delay in the crack initiation from the bottom of the top layer
depends on the geosynthetic type and test strain levelph@mmenoimdicates the existence
of transition tenide strain whichis the tensile strain where the failure mode switches from
debondingo vertical crackingvhentesting specimenat low to high tensile straitevels

Figure }6 shows that,n the caseof PC#1 and PaGlebondingailure can beobserved only at

an interlayer tensile strathat isless than 40n The esults for althe tests conducted above %0
interlayer tensile strain showvertical crackindailure. Therefore, the transitidansilestrain is
consideredo be40m In the caseof PC#2 and PM, the transition tensile strain at the interlayer
is apprximately 70m Notethat the application rate recommended by the manufacturer for PC#2
is high compared tthe othergeosynthetic productiue to product thickness. Hen&C#2

requires a larger quantity of tack coat for complete impregndtiaddition the thicknesssof
PC#2 and PMire greatethanthe rest of the productBactorssuch aghetack coat application
rate, product stiffness, amdoductthickness help thgeosynthetiproduct to absorb the stress
near the crack tigherebyarresting vertical cradkg. Unfortunately, the data for Rifenot
sufficient todeterminghe transition tensile strain. All tiieFtests resulted idebondindailure.
Further study using PF at higher tensile sttawelscould help identify the transiticiensile

strain. Therefore, in thgeosynthetic interlayeselectionguidelinepresented itChapter 8the
overlay strairthat is greatethan the higest tested interlayer tensile strain for PF resalan
unidentifiabledebonding/vertical crackinigilure mode. Any overlay strathat isabove the
transition tensile strain is defined\asrtical crackingwhereasany overlay straithat isbelow
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thetransition tensile strain is defined dsbonding Theseobservations suggest that the failure
mechanism in geosynthetieinforced overlays depends on the geosynthetic product type and the
strain level at the bottom of the overlay. However, the selection of a suitable geosynthetic

product should be made befdhe overlay is constructed, thus making it necessary to predict the
tensile strain at the bottom of the overlay.
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Phase 2Perform numerical simulations gbavement responses.

Kim et al.(2000)demonstratethat the tensile strain at the bottom of an asphalt layer is closely
related to the deflection basin parameters. In order to develop the relationship between the tensile
strain at the bottom of an oveylandthe deflection basin parameters, pavement response

analysis using EverstressFE software for various thickness and modulus combiras®a@s (
combinations) was carried out (Step 2 shown in Figure 4). Equ&tR®)was developed based

on the numerical simulation studisg®Teqin Equation(l-2) is calculated using Equatigh3).

Chapter4d provides details regarding these numerical solutions.

8. vy = 575XI0g E 7T, ) +1034xlo§ SQI - 1346xI¢g BPI +113@9( BCI) -
+115—Foverlay - 3539
& BCI g BCl
(E,® T.) =/8683 ¥503965€%°%2 ° 698559 ¥4 (1-3)

where
SCI =Do 1 D12, surface curvature index (mils),
BDI = D121 D24, base damage index (mils),
BCI = D241 Dzs, basecurvature index (mils),

Do, D12, D24, andD3s = deflections at the distangef 0in., 12in., 24in., and 36 infrom
the center of the FWD loading plate, respectively,

Toverlay = thickness of the overlay (in.),
Tac = thickness otheasphalt concrete lay (in.),

Tanc = thickness otheaggregate base course (in.),

E
Teq: T(ac)eq+T(abc)eq: haC 3 E + habc3 abe
ESg Esg

Teq= equivalent thickness of the pavement structure (in.) in terms of subgrade modulus,

Eac = Youngs modulus oftheasphaliconcrete layer (psi),
Eanc= Youngd modulus otheaggregate base course (psi),

Esg= Youngs modulus othesubgrade (psi).



EquationgI-2) and(I-3) allow the prediction of the tensile strain at the bottorthebverlay (-
overlay) USINg FWDmeasurementskenfrom the existing pavement and the thicknesthef
overlay [Toverlay).

Phase 3Determine the minimuiminder bond strengtfor the different geosynthetigroduct
types

Figure F4 presents a flow chart of the research approach that was takenewious tack coat
study, RP 20183 Development of a Tack Coat Quality Control Program for Mitigating
Delamination in Asphalt Pavement Laygrscontrol thedebonding distres§he same approach
was taken in this projetd determine the minimum tack coat BBS valuedliiedifferent
geosynthetic interlayer typeBhe experimental design fdis research approadalls for
measuringhe 1SSusingthe MAST andmeasuringhe BBS using PATTIThe MAST test is
carried out at three strain rates and temperatures to build the ISS mastercurve and an ISS
predictive equation. Similarly, PATT$ used taneasure the BBS of a binder at various
temperatureso buildthe BBS mastercurve and a BBS predictive equation. Furtinebraking
event of a truck is simulatetimerically using-lexPAVE™, and then situ strain rate and stress
rate at the interlayarepredicted Consequently, theredictedstrain and stresstes helpin
calculating the field ISS and BBBat areexperienced by the interlayer usithg predictive ISS
and BBS equatisdeveloped based on experimental date outcomes show a universal
relationship between the ISS and BBS experienced by téwaiyer. The end result of this
approach is the minimum BBS value that serves as the criterion for acceptance of the tack coat
that corresponds to a specific paving geosynthetic prodbeselectedack coatand
correspondingeosynthetic produerefully expected tgrovide sufficient ISS to resist shear
stress in théield, thereby avoiding debonding failure.

Figure 7 shows the failure envelopef thedifferent geosynthetic products. The M8&sus
BBS curvesarebased on the steps describedrigure 4. The cutoff value for MSR acceptance
is set at 0.7which isa value proposed for tack coat selection alone (no interlayer). Thesresult
show thathe MSR value increasgi.e., the shear €ngth reducesyith different geosynthetic
product inclusios betweerthe AC layers. Thedevelopedselection criteria wilencourage
engineers to use a better tack coat than R&26dised in the present study) with a minimum
BBS value,provided inStage 4of Figure F3. The current results show that a better tack coat
shouldimprove the performance tfie geosynthetic producsmilar to theperformancef the
no-interlayer condition in resisting the debonding distress.
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(TC) selection

The current study proposes a threshold shear test prodoeehluateeachgeosynthetic product's
potential to resist debonding. The confined shear test should be conducted ét%50F), 5.08
mm/min (0.2 in./min)at theactuator deformation rate (epecimen reduced shear strain rate of
2.6 10%sec) and 275 kPa (40 psi) confining pressure. Based on the MSR information, the
minimum required shear strendtr acceptance dhe geosyntheticeinforced specimesis 470
kPa (68 psi)Also, for quality contol purpossin the field, threshold shear testhould be
performed usingdield cores. Once measured, the ISS must be substituted in Eqiiat)do

verify the acceptance criten.

210
0.6® ISS

MSR = -0.05 ©.i (1-4)

where
MSR = maximum shear ratio, and

ISS= interface sheastrength in kPa

Major Conclusions

This reportproposes a framework that practitioners can follow to identify the improvement

factors provided by various geosynthetic products as well as the products' failure modes. The
results from this study's laboratory tests were linked to-fiddisured deflectis, aided by a
regression equation that was developed based on numerical simulations of pavement responses.
The findings of this study will help engineers to select theftagtosynthetic product based on



existing pavement conditions. The study alsgpeesa minimum BBS requirement for the tack
coat that best corresponds to the selected geosynthetic product.

The following conclusions can be drawn based on the experimental work and computational
analyses conducted in this research.

Experimental Work Based on Test Results

Interface shear strength tests

The use of the-T superposition principle to establish ISS and BBS mastercurves was verified in
this study. The-T shift factors determined from DSR measurements of the asphalt binder (PG
64-22 in thisstudy) were used successfully to develop ISS and BBS mastercurves.

1 The predictive model equation for ISS developed by Cho (2016) was fitted to obtain
coefficients for the doublayeredAC specimens with five different geosynthetic types
and one unreinfoed (CS) condition used in this study. This predictive model can predict
the shear strength at a specific pavement depth of interest, which then can be compared
against the shear stress at that depth predicted from Flex®AVE

1 In comparison to the unreinfed specimen (CS), the presence of any geosynthetic
product under any test conditions reduced the ISS and increased the chance of interfacial
debonding.

1 The ISS decreased with an increase in test temperature and a decrease in strain rate. This
finding applies to all the tested MAST specimens, independent of geosynthetic product
type.

{1 The shear strength reduced 40% to 65% with a change in temperature f@1fY2¥)
to 54 C (129F). The difference in the shear strength of the different geosynthetic
reinforced specimens decreased with an increase in the testing temperature.

1 Three different confining pressures were applied to determine the effects of confinement
on the ISS. The results clearly indicate that ISS is proportional to the applied confinement
presure. The mobilization of aggregate interlocking resulted in increased frictional
resistance to the applied shear stress. Therefore, the shear strength increased with an
increase in confining pressure. However, the rate of the ISS increase with confining
pressure is a function of the geosynthetic product type.

1 No effect of the tack coat application rate on the ISS of the geosynthigticrced
specimens was readily apparent. Statistical analysis of the ISS data generated in this
study also supports the ual observations.

1 The bond at the interface will deteriorate with environmental impacts and traffic loading.
Hence, a safety factor should be considered to take into account field conditions. The
acceptance MSR was set at 0.7 based on findings fromubis ahd NCDOT RP2018
13.

1 According to the MSR analysis results, threshold shear strength tests for the evaluation of
geosynthetigeinforced products should be conducted atC5122F), 5.08 mm/min
(0.2 in./min) actuator deformation rgtan-specimen reduced shear strain rate of P06
4/sec), and 275.8 kPa (40 psi) confining pressure. Based on the MSR information, the
minimum required shear strength for geosynthedinforced specimens under these
conditions is 470 kPa (68 psi).



Notchedbeam fatigue tests

T

All the geosynthetic products studied can improve crack resistance (in terms of reducing
the number of cycles to failure) undergarvice conditions (typical tensile strain

expected in the field).

The tack coat application rate affetlte pavement's crack resistance whereby an increase
in the tack coat rate extends the fatigue life. However, this conclusion is based on three
application rates that were applied only to CS and PC#1. Further study is required to
confirm the observed regsl!

Several failure criteria were applied to the outcome of each NBFT to identify the failure
cycle number. However, thetress N failure criterioneventually was selected for
determining failure due to its ease of application anddependency on especimen
deformation measurements. Moreover, Nagalues from the stregsN failure criterion

are comparable to those determined by other availaliled criteria.

Full-field displacement and strain contours obtained through the NBFTs using the DIC
technique revealed that the failure of geosynthrgdicforced asphalt beam specimens can
be classified into two failure modes, vertical cracking and niéing. The energy that is

input by repeated loading is dissipated by the creation of new surfaces through vertical
cracking and debonding. Therefore, the increase in interfacial damage effectively
mitigates vertical cracking. However, this behavior ismeatessarily beneficial to

pavement life because the interlayer products that have a greater tendency for interfacial
damage will cause debonding pavement failure.

Strong bonds between geosynthetic interlayers and surrounding asphalt layers that can be
provided by high quality tack coat not only prevent the debonding but also allow the full
use of the strength of the geosynthetic interlayers in mitigating the reflective cracking.
DIC analysis revealed that interlayer movement can be significant dependimg on
geosynthetic product type. Typically, thick and continuous geosynthetic products
exhibited greater interlayer movement than thinner andtgpie products.

When the tip of a vertical crack in the bottom lagearly reached the interface, the

interface damage (if any) started to grow. However, whtenvertical craclpropagation
reached the top layer, i.e., the crack initiated from bottom of top layer, the energy input
by the repeated loading was mostly used to propagate the vertical crack anddltbesfor
severity of the interfacial damage did not change significantly.

During the NBFTSs, the failure modes for the P€#id PaGeinforced beam specimens
were observed to change from debonding cracking at a low strain level to vertical
cracking at a higltrain level. Hence, depending on the strain level chosen for testing, the
failure mode could change.

For all the geosynthetic product cases, lower strain levels led to predominantly debonding
failure whereas higher tensile strain levels led to vertieaking failure. During the high
tensile strain tests, both the top and bottom layers served as two independent beams due
to local debonding at the crack tip. Therefore, vertical cracking at high tensile strain
levels could be mitigated if debonding is nmrized. This observation emphasizes the
importance of sufficient bond strength at the interface of geosyntleatiorced asphalt
overlays, which is needed to capture the full benefits of geosynthetic products and
mitigate reflective cracking.



1 The areas aflebonding cracking and vertical cracking that were measured on the
geosynthetigeinforced beam specimens corresponded closely to the stress degradation
rate that can be measured from load responses without the DIC technique. However,
insufficient data ld to the inability to establish a relationship. Hence, future research is
recommended that could help identify the failure mode without the aid of the DIC
technique.

Experimental Work Based on Numerical Simulations

Fl exPAVEE analysis
The FI| ex P AsisBfiariaus avérlgy pavement structures, traffic speeds, temperatures,
and overlay thicknesses suggest the following conclusions.

1 In this research, 'shear ratio’ is defined as the ratio between the shear stress at the
interface under vehicular loadirgd the ISS. The MSR is determined by comparing the
shear ratios at various locations in a pavement structure that are determined using the
shear stress calculated from FlexPAVENd the shear strength calculated from the 1SS
predictive model. A higher MS implies greater potential for interface debonding that is
due to repeated vehicular braking. An MSR that is greater than one indicates that
debonding failure would occur due to the single braking of a dual tire at 80 kN (18 kips).
The tack coat consideten this study (PG6422 binder) generated sufficient shear
strength to resist shear stress in the field, based on the numerical simulations. Hence, the
potential for interface debonding using this tack coat is minimal.

1 The MSR typically is found at the center of the longitudinal axis of the tire at 10 cm (3.9
in.) to 14 cm (5.5 in.) in front of the tire. The MSR location depends on the depth of the
interface and the tack coat type.

1 The worst field conditions expectedNorth Carolina for an interface to resist debonding
during its service life are as follows: a thick pavement with a dual tire at 80 kN (18 kips)
under the braking condition at a speed of 1 mph (1.61 km/hour) @t 50

1 The difference in the MSR values amatifferent structures typically is between 2.5%
and 3.5 percent. The pavement structures considered for the current study did not
significantly affect the MSR because shear debonding is almeaurface phenomenon.

EverstressFE linear elastic model dysis

1 The batch analysis of 1500 combinations of pavement structures with various elastic
modulus values and thicknesses was undertaken to predict the overlay tensile strain based
on FWD measurements of the existing pavement.

1 All the analyses were carri@dit assuming the temperature of@373 F). Hence, the
deflection measurements had to be corrected for temperature using BELLS equation and
the NCDOT deflection correction method.

1 The predictive equation for overlay tensile strain is a function of the SCI, BDI, BCI, and
Toverly. HENCe, this approach is not dependent on any-talckilation software to
identify the elastic modulus and then analyze simulated responses of an overlay
pavement.

Minimum required binder bond strength



1 Rigorous numerical simulations for different field conditions helped to develop a
universal relationship between the ISS and BBS, followed by the MSR versus BBS
relationship. The MSHBBS relationship is presited as a function of interface depth and
was used to determine the BBS threshold values for different interface depths.

1 A methodology that was developed under the NCIRPR01813 project as part of a
tack coat quality control program is used in thiglgtto ensure the appropriate bonding
of tack coat and provide acceptable field performance. This methodology uses PATTI to
measure the BBS of the tack coat material tested & 822 F). The required stress rate
during the test must be maintained at lestw 90 psi/sec and 115 psi/sec (620 kPa/sec
and 792 kPa/sec, respectively).

1 Based on the MSIBBS relationship, the BBS value at ®(122F) that corresponds to
the MSR value of 0.7 can be found, as present&iure +7. Therefore, if the BBS of a
tack coat at 5(C (122F) is above that shown Figure +5, then the tack coat can be
accepted for application with the corresponding geosynthetic product at the
manufacturer's recommended rate.

1 Employing the selected tack coat that correspondspeeific geosynthetic product will
improve overall pavement performance. Safavizg@ét5)also reported that a better
performing tack coat will helpapsynthetiereinforced beam specimens exhibit superior
performance.

Step-by-Step Procedure for Geosynthetic and Tack Coat Selection Guidelines

Engineers should follow the developed shggstep process presentedrigure +5 to select a
bestfit geosynthetic product based on expected pavement performance. The appropriate tack
coatcan the be selected based on the minimum BBS required for the geosynthetic product
selected. The main aim of proposing the selection procedugedsynthetic products is to build

a solid research framework. More laboratory and field data will help to reinforce the current
approach and eventually assist in developing numerical simulation models.

Step 1: Measure surface deflections.

The existing pawaent conditions must be evaluated usindg&/D. The deflections must be
measured dDo, D12, D24, andDss. Dy is the surface deflectioandr is the distance from the load
center (in.). The measured deflections are tselbtermine the SCI, BDI, and BCI.

Step 2: Predict the tensile strain underneath the overlay.

The overlay tensile strain predictive equation showthé&Equation(l-2) is a function of the

SCI, BDI, BCI, and overlay thicknesJ §veriay). TheSCI, BDI, andBCIl aremeasured in Step 1,
so the only unknown factor ®veriay. The designer must assume a minimynayof 1.5 in. or
more. Then, the parameters must be substituted in Equétignand(I-3) to predict the overlay
tensile strain. If the predicted overlay tensile strain is negh&eause the neutral axis of all the
asphalt layers is below the bottom of overldnen the interface is ithe compressive stress ta
This case indicates that the existing pavement under the overlay is in good condition. In this
case the selection of the geosynthetic product is at the engineer's disciétoengineer needs
to note thathe initial compressive state of the integavould eventually transform thetensile
state as the damage progresses with time and traffic.



If the predicted overlay tensile strain is greater thanmi@en the pavement is severely

damaged, in which case milling the surface layer followed by a leveling course is recommended
before installing the geosynthetic product. Alternatively, increasing the overlay thickness also
reduces the tensile strain. Itmeasing the overlay thickness reduces the interface tensile strain
below 100m then the geosynthetic product can be used after standard crack fill and patchwork.
These suggestions are based on laboratory test results; a thorough field study based on thes
recommendationgould refine the findings.

Step 3: Select the geosynthetic product based on performance.

Determining the crack resistance of the various geosynthetic produessigated in this study
helped to develop the selection table shown in StefFigure I5. The improvement factor
reported in the table is the ratio of ttrack resistancef a geosyntheticeinforcedAC beam at a
specific stain level to that of an unreinforcé&®C beam. The DIC study helped identify the
failure mode between debonding and vertical crackiihg. presence of vertical cracking
accelerates damage by allowing moisture to infiltrate the pavement striictgeaerg
debonding failurés moreprevalenthan vertical crack failure.

The strain range in Step 3 is selected based on the tensile strain at the bottom of the overlay that
is predicted in Step 2. Theprovement factoof the various products for the selatsrain

range is provided, and the prodean th@ be choserbased on thenprovement factofor the

predicted strain valui@ a given project. Note, however, that throvement factois

insignificant for various products within a certain range of tensile strain. Hence, the engineer's
judgment regarding product selection must be based on thbarosit ratio. The proposed

selection table (Step 3 Figure I5) is based on limited laboratory test results. Hence, relying on
field improvement factovalues is unrealistic. However, the table may offer a ranking pattern of
the geosynthet products' performance for different field conditions.

Step 4: Select the tack coat based on the geosynthetic product selected.

Thetack coat is selected based on the minimum BBS of the geosynthetic product selected.
PATTI is used to measure the BBS loé ttack coat material at 3D (122 F). 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, respectively). If the BBS value meets the minimum BBS reported in Step 4 of
Figure 5, then the tack coat should be applied at the application rate recommended by the
manufacturer. The minimum BBS value is based on the MSR of 0.7, whiah vslue used for

tack coat selection (without geosynthetics). A previous NCDOT research project found through
laboratory study that therack resistancef geosynthetigeinforced products increases wih
betterquality tack coat (i.e., greater BBS). &brack resistancef all the geosynthetic products

in the current study was evaluated using P&Bdinder as the tack. The typical BBS value of

PG 6422 binder is between 75 kPa (11 psi) and 90 kPa (13 psi). However, the recommended
tack coat requiresBBBS value that is at leatreeto eighttimes that othe PG 6422 binder.

Hence, themprovement factoproposed in Step 3 is expected to be observed in the field.
Nonetheless, the superiority of one product over another with a better tack coat cannot be
confirmed by the current study and remains a topic for future research.
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Slope of the linear regression in the second stage
Reduced time at reference temperature
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Angular loading frequency (Hz)

Bending angle

Axial stress ratékPa/s)

Minimum value of|[E*| (MPa)

Radius of curvature

Constants, material parameters for the sigmoidal function
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Principal strains at an element
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Constant, location parameter where loss modulus equals storage modulus
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Shear strength at the layer interface (kPa)
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Relaxation times (sec)

On-specimen based tensile strain at the interlayer
On-specimen based tensile strain at the bottom of the asphalt layer
Reduced axial stresstea(kPa/s)

Reduced angular frequency (Hz)

Shear stress (kPa)

Tensile strain at the bottom of the asphalt layer

Tensile strength / binder bond strength (kPa)

Critical tensile strength / binder bond strength atb(&Pa)
Von Mises strain

Temperature correction factor

Strain along the-axis

Shear strain tensor

Shear stress in transverse direction under the tire (kPa)
Shear strain in the transverse direction underitae t

Strain along thg-axis

Shear strain in the longitudinal direction under the tire
Shear stress in longitudinal direction under the tire (kPa)
centerto-center spacing between clamps (Cox: 119 mm)
Constant, asphalt concrete mix material parameter used for maximum
shea ratio predictive equation

Fitting parameters

Functions of temperature

Material parameter constants for binder bond strength predictiatieou
Crosssectional area of specimenqm
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PaG = Pavinggrid

PATTI = Pneumatic Adhesion Tension Testing Instrument

PC#1 = Pavingcomposite #1

PC#2 = Pavingcomposite #2

PF = Pavingfabric

PM = Pavingmat

r = Radial distance from center of load plate (in.)

R? = Coefficient ofdetermination

SCI = Surface curvature index (mils)

SG = Shear gap (mm)

S = Stiffness at thé" cycle

S = Initial stiffness measured at the™SBad cycle

SR = Flexural beam stiffness ratio, beam stiffness at the cycle of interest divided
by initial beam stiffness

SSes = Sum of squared residual errors

St = Sum of squared total errors

t = Time (sec)

T = Total number of periods

Tabe = Thickness of aggregate base course (in.)

Tac = Thickness of asphalt concrete layer (in.)

Teq = Equivalent thickness (in.) of pavement structure in terms of subgrade
modulus

Toverlay = Thickness of the overlay (in.)

uandv = Displacements

UA-act = Actuatorbased axial displacement (mm)

UA-DIC = Digital image correlatiofbased axial displacement (mm)

Wo = Energy dissipated in the first cycle

W = Dissipated energy at load cycle

Wh = Energy dissipated in th&" cycle

Wr = Deflection at temperature

Wro = Deflection corrected to temperature

% = Global mean for covariate x

Xi = Independent predictor, or explanatory variable

Xij = Covariates

X = Mean value ofy (measured values)

¥ = Predicted value of

T = Dependent or response variable

Vi = Measured values

Yi = j" observation under th# categorical group

bd = Regression coefficient for the relationship between the response and
covariate

23 Shear strain rate
Reduced shear strarate

Random errors
Overall mean
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Chapter 1. Introduction

1.1 Background

One common form gbavementehabilitationthat is quick and reliable for treating pavement
distress is asphalt concrg&C) overlays. The phenomenon of crack propagation threuggw
overlay from the underlying pavemesitucture is known as reflective cracking. Many interlayer
reinforcementechnologiesan beemployed to mitigate reflective cracking, but geosynthetic
products are gaining attention due to their edsestallation, low cost, and wide availability.
Theprimary functions of geosynthesiare reinforement stresgelief, and waterproofing. The
reinforcing function requires the geosynthetic material to have a significantly higher modulus
valuethan the surroundg asphaltSuch reinforcemerdan redirect acking at the interlayer,
therebydelaying or mitigaing reflective crackingndefinitely. Stressrelieving geosynthetic
productshave low stiffnessvaluesandcan storestrain at lowstress level With regard to the
waterproofing function, Wena crack penetrates through the overlay, the geosynthetic acts as a
barrier to prevent water infiltration and protects the underlying strugiugeosynthetigroduct
that is fully impregnatedly the tack coasignificantly reduces water permeabiliBrope
installation, controbf theoverlay thickness, and ovéght of thecompaction quality are

required to achievthe three primargeosynthetic functionsSimilarly, ensuring groper bond
between adjacent asphalt laysrsallowthe pavement structure &@t monolithically in resisting
vehicular and thermal loadsof critical importancdor solid pavement performanca weak

bond between the layers and the geosynthetic product evendaal/tgpremature failurelue

to debondingfollowed bya reductbn in the service life aheasphalt pavement. Therefore,
proper selection criteaiare needeébr geosynthetic products to mebevariablepavement
conditions.Numerous types of geosynthetic products are available in the rremklehe primary
goal ofeach product for paving applications is to control reflective cracking and improve the
pavement 6s | ongevity. Unf ort un a testdblisiselettionmi t e d
guidelines for the various geosynthgitoductsbased on field condans.

1.2 Research Needs and Significance

In recent years, thidorth Carolina Department of TransportatidODOT) has been working
with the Geosynthetic Materials Association (GMA) to develgpexialprovision for improved
geosynthetic pavement interlayer materials and create a distress chart that paluat@edata
for product selection. The GMA has recerabjdressetiothneeds by developing five standard
categories of geosynthetic materials fav@ment applications. These categofwsich were
devel oped based on the Virgijane(lpPabngHFabres geosynt
Types | & I, (2) Paving Mats Types |, I, & 11i(3) Paving Grids Types I, II, & 11i(4)

Composite Paving Gridsypes |, Il, & I, and(5) Pavement Repair and Bridge Deck
Waterproofing Strip Membranes. Although thése categories provide the NCDOT with a
excellentfoundation tadevelopthe specialprovision and distress chart, further research is
needed to idefy a list of properties and performance criteria thp@bsynthetiproducts must
meetto perform adequately for their intended functidhe main goal of this research effort is to
ensure that NCDOT engineers can choose the appropriate geosyntheticrjiantariayer
products for a specific application based on performance data.

Because specifying and testing the material properties (tensile strength, elongation percentage,
melting point, etc.) of the geosynthetics themseéreselatively straightforwat tasks the
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major challenge with this effort is the identification or development of tests that can adequately
capture the specific mechanisms that can cause or mitigate distress in actual pavement structures
in a realistic manner, all while remaining ptiaal enough for routine testing by agencies and
manufacturers. One common example of this challenge is fatigue testing. Fatigue tests that are
performed at realistic strain levels may take weeks to run and thus are impractical. However,
fatigue tests theaare performed at higher strain levels may not adequately represent field distress
mechanisms and material behavibnus, test results from these fatigue tests need to be verified
based on more realistic strain levels.

Findings from two recently completeesearch projectiunded by the NCDO&Nd conducted

by North Carolina State University (NCSU) researchezsye to aid this joint effort by the
NCDOT and GMA. These projects are NCDOT HVZ¥1202 Performance of Cracking

Mitigation Strategies on Crackdelexible Pavementdim et al. 2015agnd NCDOT HW¥

201304 Surface Layer Bond Stresses and Stre(igim et al. 2015b) The NCDOT HWY¥

201202 projectused both laboratory and fieltudiesto investigatehe ability of geosynthetic
interlayer products to mitigate reflective cracking in asphalt overlays. A flexible pavement
section of U.S. 1 in Moore County was selected for field trials, and five interlayer research
segments thahcorporated three geosynthepimducts a chip seal, and a control (tack coat only)
segmentvere placedCores obtained from the field pavements and specimens fabricated in the
laboratory using a slab compactor were tested usingpimint bending notcliebeam fatigue
tests(hereinafter called NBFTgnd direct shear tests. The results from the laboratory tests
clearly demonstrated the benefits of geosynthetics in mitigating reflective cracking, as long as
the bond between the geosynthgtioductand suroundingAC is sufficiently strong to resist

shear stress at the layer interface. These findings were verified based on the results of a condition
survey of the U.S. 1 field trial sections. As part of the NCDOT HR01 304 project, the
NCSUresearch teamedeloped a computationaxperimental methodology to determine shear
failure in asphalt overlays reinforced by interlayer systems.

The findings from both the NCDOT HW201202 and NCDOT HWY201304 projects were
used to develop shear strength threshaldes that can be applied to accept or reject asphalt
overlays reinforced by interlayer systembe currentstudy criticallyevaluateshe findings

from these two projectendAppendix Aprovidesa comprehensive literatureview. Based on
the earlier work, the current research effodudes the development afcomprehensive test
methodology for evaluating pavement interlageosynthetiproducts, develapent ofselection
criteria for pavement interlaygeosynthetiprodwtsand tack coatbased on performanciatg
andthe synthess ofthis informationto providetechnical documents for use by the NCDOT.

1.3 Research Objectivesand Scope

Theprimaryobjective of the proposed research is to develop performance testthgdologies
and performance criteria for geosynthgiroducs usedin pavement interlayer applications that
can be used idevelopingperformance specifications and product selection guideianeke
NCDOT. Another study objective i® develop a tackoat selection criterion for specific
geosynthetic typeto safeguaraggainstdebonding failure. The scope of the test plan includes
five different geosynthetic products designategpagng composité¢l (PC#1)paving
composite#2 (PC#2)paving grid(P&G), paving maiPM), andpaving fabrigPF). This scope
also encompasses geosynthetic applications for asphalt ovibiddgse placedverdamaged
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AC pavementThe damagedC layer is mimicked by creating a notoh the undersidef an
AC beamtest speenen A geosynthetiproductwould be placed onthird from the bottom of
the asphalt beamwvhichrepresergthe surface of the damagA€ pavement.

Gyratory and slab compactongereused to fabricate doublayered geosynthetieinforced and
unreinforced control)specimens. The A@ixtureused for the current studlyclassifiedas

RS9.5C with 40%eclaimed asphalt pavemeRRAP). The geosynthetic productgere

sandwiched betweendHayers with a tack co@®G 6422) applied atherate recommended by

the manufactureBinder bond strengtlBBS) tess wereperformedusingthe hot binder (PG 64

22) as a tack coat. The geosynthetimforced and unreinforced specimeveretested usig

NBFT equipment and a Modified Asphalt Shear Tester (MAST) to measusephe c i creekn s 0
resistanceapacityand interface shear strength (IS&spectively

In the case of an asphalt overlay placed above Porttaratetecement the majorfracture
modes that driverackng are Mods | and Il, whichindicatethermalloads + wheelloadsand
wheel loadhg, respectivelyAn overlay testerthe Belgiumlaboratory test, thEcole Nationale
des Travaux Publics deiat ENTPE) test or the University of lllinois tesare designed to
mimic thermal cracking (Mode 1) in the fiel@ihreepoint beam testand fourpoint beam test
represent Mode | fractutbat isdue to bending under vehicular laagl However theseMode |
types offracturethatarecaused by thermal and vehicular lvagpdiffer as the AC experiense
both compression and tension during vehicle ilegtop portionunder compression afmbttom
undertension) but usuallyexperiences single force (either tension asmpressiorthroughout
the sectionduring thermal loadind.imited research has been undertakenMode 1l fracture
the onlyMode II crackingestsfor AC are wheeltrackingtess and fourpoint shear test
Although bothModel and Mode Il aresimilarin terms ofdriving pavement crackingpnly
damage caused by vehicular loagwasconsidered for the present stuéience, only NBF$
were conducted in this study capture the craalesistance of geosynthetieinforced AC
beamsunder vehicular loading.

Thetasks for thegoak considered during the studyeas follows

1 Evaluate the effestof geosynthetiproducttype, confining pressure, temperature, and
shear strain rate on geosynthe®mforced interlayer bonding performandéen,
develop bond sla strength prediction models.

f Perform FIl ex P AwibEs ownagpayemeantsstruotures, speeds,
temperatures, and overlay thicknessedet@rminethe critical debonding conditigrior
geosynthetigeinforced specimens.

1 Determineatack coatselection criterion forinstallingdebondingresistant geosynthetic
productsandestablishinga tack coat qualitgontrolprogram

1 Develop a prediadn equation for field interface tensile strain using falling weight
deflectomete(FWD) measurements based aimmerical simulations.

1 Evaluate the crack resistancapacityof different geosynthetic products and establish a
relationship between crack resistagepacityand tensile strain by conducting NB&at
atleast four different constant actuator striawvels

1 Identify the failure mode ahe testedjeosynthetic products by monitoring itherack
propagation pattesusingthedigital image correlation (DIC) technique.
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1.4 Research Approach

Figurel-1 presents a flow chart of the research approach taken to develop guidelines for
selecting geosynthetic products based on the product's ability to resist debonding and reflective
crack propagabin. The outcomes of this research approach are (1) the ranking of the various
geosynthetic products in terms of the lda@hring capacity of the existing pavement for the
overlay project and (2) the prediction of the expected mode of failure in tha.keldlebonding

or vertical reflective crackg.he threephase research effort to develop dhgpstep guidelines

for geosynthetic product and tack coat selectidoriesfly described in the following.
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Figurel-1. Flow chart of research approach taken to develop geosynthetic product selection
guidelines.
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Phase 1: Evaluate crack resistance in terms of the number of cycles to faiusedNailure
mode (debonding and/or vertical cracking) of various gedmtitt products based on laboratory
test results.

In Phase 1, therack resistancand failure mode of the different geosynthegmforced beam
specimens were measured using NBERiid the DIC techniqudhe NBFTs were carried out at
different constant actuator tensile strain levels aCA33 F). The DIC technique was employed
to stuly the crack propagation patteinghe AC beamsubjected to the repeated bendihge
digital images captured using the DIC technique were analyzed usi¥f®PD®&do determine the
Von Mises strain. The Von Mises strain that is measured on the beanesqwegfaeen the

loading pointsvasused to determine the maercack development and, therefore, failure mode.
Chapter6 andChapter 7of this report presents a criticaladuation of the NBF&nd DICresults
respectively

Phase 2Perform numerical simulations of pavement responses.

The NBFT results and DIC analyses revealed that different geosynthetic interlayer products
produce different crack resistance at differemnistle strain levels and the failure mode in
geosynthetigeinforced AC beams depends on the magnitude of tensile strain at the bottom of
the beams. Therefore, selection of proper geosynthetic interlayer products rpdoires
knowledge of the tensile sin at the bottom of AC overlay. Phase 2 is designed to develop a
predictive equation for the tensile strain at the bottom of asphalt overlay using surface
deflections measured froaFWD).

Phase 3Determine the minimumminder bond strengtfor different geosynthetic types

The performancef ageosynthetigeinforced AC overlay depends on the qualityheftack

coat. The research teamed theesearch approach that wadesvelopedn an earlietack coat

study, RP 20183 Development of a Tack Coat Quality Control Program for Mitigating
Delamination in Asphalt Pavement Laydrsdetermine the minimum tack coat BBS values for
thedifferent geosynthetic interlayer typd$ie experimental design for this research appraach i

to measure the ISS using the MAST and to measure the BBS using PATTI. The MAST is a
monotonic shear tester that is used to measure the ISS of a-thydskd AC specimen with or
without a geosynthetic interlayer (impregnated with asphalt) sandwicheddrethe layers. The
MAST test is carried out at three strain rates and temperatures to build the ISS mastercurve and
an ISS predictive equation. Similarly, PATTI measures the BBS of a binder at various
temperatureso buildthe BBS mastercurve and a BB&gictive equation. Further, the braking

event of a truck is simulated numerically using pavement response software, ensitthstrain

rate and stress rate at the interlayer are measured. Consequently, the measured strain and stress
rates help in caldating the field ISS and BBS experienced by the interlayer using the predictive
ISS and BBS equations developed based on experimental data. The outcomes show a universal
relationship between the ISS and BBS experienced by the intefldgerelationshipbetween

the tack coat BBS and the ISS of geosyntheginforced AC specimens were developed and

used to determinthe minimum BBS value that serves as the criterion for acceptance of the tack
coat that corresponds to a specific paving geosynthetic grathecdevelopment dhetack
coatselectioncriterionis detailed inChapterS.
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1.5 Report Organization

Chapter 1Iis an introductory chapter that provides background information about the research
needs, highlights the importanceg#osynthetigeinforced pavement performance dhe
relevance oproper bonding at th&C layer interface, and lists the objectivedlo$ research.
Chapter2 provides detailsegarding thenaterials and their propertidsat wereused for the
currentstudy. Chapter3 discusses thdifferent test methodgxperimental prograpand testing
methodology used for this researCiinapter 4resentshe numerical simulation conditions
considered for the anales the material modelandthe parameterand outcome<Chapters
discusseshe resultof theISS testconductedinder various conditions and the effects of each
influential factor Chapter GandChapter discusgshe NBFT and DIC test resulisespectively
Chapter8 explains the stepy-step procedure followed to develop tiepsynthetiproduct
selection guidelineandtack coat selection criteridhe predictive equation for tensile strain at
the interfacalsois discussed in detaiChapter &also presents pavement response analysis that
describes the comprehensateess mtensity distributiorat the layer interface under actual
loading conditionsChapter9 concludes the findings of the research afidrsrecommendations
for future work Detailsregardingsupportng testresultsfor the respective chapteracluding
theliterature revieware provided irtheappendices.
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Chapter 2. Materials and Properties

2.1 Asphalt Concrete Mixture

The AC used in this studyp fabricatehe MAST and NBH specimensvasobtained asloose
mix from Lane Constructiorinc. in Raleigh North CarolinaTheNCDOT categorizethe
procured loos@ot-mix asRS9.5Cwher e t he | etter O6RO6 indicates
for the surface mixture on the pavement, 9.5 reflects the nominal maximum aggreg@tergjze
and 6CO6 r epr es e nraffic (3t3Mneilliomaquvdlénesindleeaxiesldads,oof
ESALSs). The RS9.5C mixontains 40% fractionated RAP (hereafter refetoeasthe RAP-40
mixture). The virgin binder used for the RA® mixture is PG 5&2. The total binder content in
this mixtureis 6.0percent The material characterization and verificationtbéreported
parameters in the job mix formulgerecarried out aghe initial stegorior to performance
testing.Figure2-1 presents the aggregate gradatiotheRAP-40 mix. Considering the high
RAP content in RARIO, the compaction temperature was selected a<C145

100
80
2 60 -
)
7]
S
o
o 40 |
20 .
——RAP-40 Gradation
O Control Points

0.0 1.0 2.0 3.0 4.0
Sieve Size (0.45 Power) (mm)

Figure2-1. Aggregate gradation of RABO mixture.

Even though the loose mixascollectedfrom a hot mix asphalplant,the likelihoodof fine and
coarse particle segregatisasanticipatedvhile shoveling the AC mixnto collection buckets.
Hence, a homogenizatigmocess was undertakbefore fabricating any samples using the loose
mix in the laboratoryFirst, the loosemix was collectedn cloth bags anglastic bucketskigure

2-2 (a) showshieremoval of thdoose mixin a cloth bagrom the plastic bucket as a single unit.
Then,Figure2-2 (b) shows the careful removal of the cloth bag from the mix, achiewingnal
loss of loos mix Figure2-2 (c) shows th@btained single AC mix lumghat has been

transferred to a metal bucket.
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Figure2-2. (a) Removing asphalt concrete loose mix in cloth bag from collection bucke
removing loose mix from cloth bag, a(@) loose mix inside metal bucket.

Forthe separatioprocess, one batéhcludes fouffive-gallon bucketswith thetotal AC mix

weighing more than 100 kg (200 pounds). The metal buckets with the loose mix are heated to a
temperatur®f 10 C less than th compaction temperature for tlwours.Next, onefourth

portion from each buckés$ poured into fouseparation pans; each paturther divided into 12

small boxesThis procedure aids producing a welimixed asphalt mixThe fourbuckets of the
loosemix are dividednto 12 cloth bag$or easy storagéhreebagsperbucket). A storage bag
conssts of four small boxes, each randomly selected from four separationFigune2-3 (a)

and (b) respectivelghow the separation pans and cloth hesgsifor storage. These separated
mixes in the cloth bagareusedlaterfor sample fabrication anthe material characterizan

study. Depending on the material requirements,siparation process could be repeated.

T

gt
ton [

(b)
Figure2-3. (a) Separation pans arfld) cloth bags fopreparing avell-mixedasphaliconcrete
mixture
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The theoretical specific gravity and the bulk specific gravity of the loose mix withRIEP%
were measureds per AASHTO T 2020 (AASHTO 2020aand AASHTO T 33117
(AASHTO 2017a)respectivelyThe maximum specific gravitfpr the AC mixwas found to be
2.44 g/cm.

2.2 Dynamic Modulus (E*|) Testof Asphalt Mixture

The linear viscoelastic pperties ofAC mixtures can be determined dynamic modulus|E*|)
tests that me as tstram re@tiosspippuadermentinbosis ssusaoidal $oading.
The parameters obtained are the complex modulus values antinperaturet{T) shift
factors.The s$ift factor (@r) aids in representing the effectf time and temperaturga a unique
parameter referred to aeduced time/frequengyfr, defined here aSquation(2-1).

f.=f @ (2-1)
where

fr = reduced frequency, Hz,

f = loading frequency, Hand

ar = time-temperature shift factor.

Figure 24 explains the linear relationship between the air void content and weight of gyratory
compacted sample§he test specimersecylindrical specimen88 mm in diameter and 110

mm in height,cored and cut from a gyrateoppmpactedample of 18anm height. The air void
contentof each specimen obtained frahe gyratory-compactedgampls should be maintained

at6 percentIn order to prepare 38im cylindrical specimens for performance $egith 6% air

void contentsanair void study 6the gyratorycompactecdamples must be carried out as per
AASHTO R83-17 (AASHTO 2021) The gyratorycompactedgampleswith different weights of

AC mix were compacted toa@nsistenheight of 180 mm. The the air voidcontentsvere
measured for the four 38m diametercylindrical specimens that were cored from each
gyrabry-compactedample Figure2-4 presents theesults of the air void study. A linear
relatiorship isestablished between the weight of the gyratmmpactedgample andheair void
content This relatioshiphelps to predict the exact weight required for a-80tall gyratory
sample to produce four 38@m diameter and 1imtall cylindrical samples wit 6% air void
content Figure2-5 presents the dynamic modulus test results for three replicates of each sample
made of the RS9.5RAP-40 mixture at diferent temperature/frequency combinations conducted
as per AASHTO TP 1329 (AASHTO 2019)
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An Asphalt Mixture Performance Tester (AMPT) Pro was used as the testing device, and the
tests were performed at three temperatures, 4°C, 20°C, and #d°€ixdrequencies, 28z, 10

Hz, 5Hz, 1Hz, 0.5Hz, and 0.1 HzA mastercurve was developed by shifting the data points
each replicat@orizontally at an arbitrarily selected reference temperatuthis case, @ C.
Equation(2-2) is thesigmoidal functiorused tdit the dynamic modulus mastercuniguation
(2-3) represents the timemperature shift factor in a quadratic functibhe Prony series
coefficients are obtained by fitting the storage modulus with the function shown in Equation
(2-4) using the collocation methd@ark et al. 1996, Schapery 1962)

Iog‘E*‘ =d +L1 (2-2)
1+m
log(a-)=aT* T 4 (2-3)
E(M)=E 4 Ee” @4
i=1
where
ai, a2, as = regression coefficients,
|[E*| = dynamic modulus, MPa
d = minimum value oflynamic modulus,
dra = maximum value oflynamic modulus,
bg = materialconstantslescribing the shape of the sigmoidal function
Et) = relaxation modulus, MRa
Eo = equilibrium modulus, MPa
Ei = relaxation strength, MRa
ri = relaxation timess,
m = number of Maxwell elements, and
t = time, s

An Excel solver developed at NCSU, nanfedl e x MA T E automates the
providesthe Prony series representationtberelaxation modulus. The output parameters
obtained areised as material model property inpiatr the numerical modeling software,
FlexPAVEE 1.1.Table2-1 presents theT shift factor function coefficient®r the mixture
obtained while fitting Equatio(2-2).
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Table2-1. Shift Factor Coefficients dRS9.5CRAP-40 StudyMixture

Shift Factor Coefficient Value
a1 9.63 10*
a -0.167
as 3.084

2.3 Tack Coat

The NCDOTQuality Management Servigeanual(NCDOT 2018) Table 6051, stipulates an
optimalapplicaton rate of 0.181 L/rh(0.04 gal/yd) for emulsified tack coats, which eventually
leaves a residue of 0.03 galfy&mulsified tack coats generallyenot recommended for
geosynthetiproductapplicatiors for several reasongirst, the optimal taclcoat application rate
for geosynthetigeinforced pavemests 12 to 50 timesigherthan the optimal residual
application ratéor unreinforced pavementdependingnthe selected geosynthetic product.
Such an increase in the tack capplication rateloes notallow the emulsion to cure effectively
due to the thick emulsion lay#ratforms on the pavement surfadeurther, althouglemulsified
asphalthas been usezliccessfully aatackcoatin some caseshe bond strength has developed
more slowly tha when using hot binder asdfficient time should be provided for emulsions to
break and set before the geosynthptaductis placedButton and Lytton 2007)n addition an
increasan thetack coat application rate during geosynthetic application faesirun-off of the
emulsion causes nonuniform distrbution of thetack coatand increasethe potentiafor
debondingHence, a hot binder of PG @2 wasselected athetackcoatfor this study.

Earlier studies haveeporedthat the variability in the targeind achieved application rates of

tack coats in the field ranges from 4% to 10@%eQadi et al. 2008, Mohammad et al. 2012)

Based orsuch variability the dry and wet conditions the fieldcan bemimicked by varying the

residual application rate By66% of the optimal residual application rate for unreinforced

sections, i.es 0.091 L/nf(0.02 gal/yd). Hence, fotheunreinforceccontrolspecimensn this

study, threeresidual application rates of PG-82 asphalt binder, 0.045 L(0.01 gallyd),

0.136 L/nt (0.03 gal/yd), and 0.226 L/r(0.05 gal/yd), were used. The optimal application

rates used for the geosynthetieci nf or ced speci mens follow the n
recommendations. The dry and wet application rate conditions were determined by adding and
reducinge 0.091 L/nf(0.02gallyd) from the manufacturerdés opti
respectivelyTable2-2 provides a summare tack coat application rates used in this project.

Table2-2. Summary of Tack Coat Application Rates for Geosynthetic Prodilssd in Study

Nomenclature CS [ pPc#r| Pc#2]| PM | PF | PaG
Tack coat type PG 6422

0.03 | 014 | 033 | 012 | 0.08 | 0.23
(0.14) | (0.63) | (1.49) | (0.59) | (0.36) | (1.04)

Application rate, gal/yti(L/m?)
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2.4 Dynamic Shear Rheomete(|G*|) Testof Tack Coat Binder

The application of the T superposition principle to determine the ISS and interface shear
stiffness of geosynthetieinforcedAC wasverified by Cho and Kinf2016) In that study,
GlasGridreinforced asphalt concrete core specimens were sheaa®iABT under constant
displacemertb measure the ISS at different test temperatures.-Thahift factors &r) of the

AC mixturemeasured via dynamic modulus testing wesedinitially to verify the T
superposition principle for the MASEstoutcomes. The MAST test results obtained ftbm
unreinforced specimens were used to create a mastercurve with the aid of thedbnaxture
However, the MAST testof the geosyntétic-reinforced specimens demonstrated spurious
resultsusingthe same mixtui@ ar. Therefore, using a dynamic shear rheometer (DSR),
frequency sweep tests were conducted using a tack coat asphalt binder to obtain the asphalt
binderar. The asphalt bindexr was used successfully to construct an ISS mastercurve for the
geosynthetigeinforced specimens. Thus, the conclusion drawn from the Cho(20arb)

study is that the mixturar applies to unreinficedMAST test specimes) whereas the asphalt
binderar is applicable for geosynthetreinforced specimens.

In this study, ISS tests using the MAST were carriedbagteosynthetigeinforced specimens.
Asphalt binder PG 622 was used as the tack coat. As explained, the tack coat asphaliahinder
is a requirement for mastercurve constructiime DSR measures the dynamic shear modulus
(IG*]) and determines theTt shift factors oftheasphalt binder. The DSR model usedhis

study, Anton Paar MCR 304s a useifriendly devicethat iscapable of wide temperature ranges,
as low as160°C to as high as 1000°@ minutes for any type or combination of rheological
tests.These mechanical tests were performed as frequency sweep tests at 6;G520, 50 C,

and 64C. The loading frequency ranged from 0.1 Hz to 30 Hz at 1% shear strain amplitude. The
frequency sweep tests were designeldeip construct mastercurves ofetlynamic shear

modulus values anabtain tT shift factors for the binder and emulsion residue used in this
study. The asphalt residue used for DSR testing was recovered according to AASHAXB R
(AASHTO 2020b)Method B.

Analysis of DSR test outcomes is a simple process due to thesbaiglished standardsdch
practice of the devicdf the results of any two tests of the same emulsion type exceed the
recommended 6.4% difference specified in AASHTO15-12 (AASHTO 2020c) then reither
result should be usednd the emulsion must be retested. In this studyD 8 test results were
averaged peemulsion and input into a mastercurve template builder using an Excel spreadsheet.
This Excel spreadsheet uses the dynamic shedulus, frequency, and temperature from the
DSR tests to calculate the shift factors for each emulsion by fitting the data points to the
ChristensonAndersofi Marasteanu (CAM) modéChristensen and Anderson 1922xa
reference temperaturas given in Equatio(2-5). The general form of theT shift factor
equation iggivenin Equation(2-6), where|G*|q is the glassy dynamic shear modulus and is
equal to 1 GPa for asphalinder.¥¢, m,andv are the CAM model fitting parameters for the
dynamic shear modulusastercurve. Equatiqgi2-6) describes the reduced frequermey,where
ar is the shift factor at temperatufeand~ is the actual testingngularfrequency.
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Equation(2-3) was employed to fit theT shift factor.Table2-3 presents the shift factor
coefficients for each emulsion in this studyeasured at the reference temperature o€ 20
Figure2-6 shows thalynamic shear modulusastercurvefor various tack coats

Table2-3. Shift Factor Coefficients d?G64-22 Binder Tack CoaUsed in Sady
Shift Factor Coefficients au

1.E+10

1.E+08

1.E+06

1.E+04

Dynamic Modulus (Pa)

1.E+02

1.E+00

1.00E-06

az

as

PG 64-22

0.000823

-0.15368| 2.741548

a
©)

PG 64-22_Rep-1
PG 64-22_Rep-2
Fit
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Figure2-6. Dynamic shear modulus mastercugf@ PG 64-22 binder tack coat
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2.5 Geosynthetic Products

The current project usdive different geosynthetic reinforcements as interlayEable2-4
provides the nomenclature details for each geosynthetic priyghgctind the acronyis are used
hereafterTable2-5 presents the properties edichgeosynthetiproductsupplied by the
manufacturerFigure2-7 presents images tfiesefive different geosynthetic products.

Table2-4. Nomenclaturédetailsfor Different Geosynthetic§ypes

Acronym | Acronym Expansion
PC#1 Paving Composite #]
PC#2 Paving Composite #]

PM Paving Mat
PF Paving Fabric
PaG Paving Grid

40



Table2-5. Properties oB5tudyGeosynthetidProducts

Mass/unit Tensile | Strip tensile| Grab Tensile Meltin Asphalt
Physical Properties area strength strength tensile | elongati ointg retepntion
(KN/m) (N/50 mm) | strength on P
e Metric g/n? kN/m N/50 mm N % C L/m?2
nits —
Imperial ozlyct Ib/in. [b/2 in. Ib % F gallyc?
PCH#1 Metric 270 50 - - ¢ 3% 255 (Bitumen
. . Imperial 8 285 - - ¢ 3% 490 coated > 60%)
Paving Composite -
PCH2 Metric 678 115 - - ¢ 3% 800 1.2
Imperial 20 655 - - ¢ 3% 1472 0.27
. Metric 237 50 <5 >232 0.47
Paving Mat PM T mperial 7 280 <5 >450 0.1
Metric 405 100 ¢3% | >2325820 | Lo
Paving Grid PaG adhesive
Imperial 12 571 ¢ 3% >450/>1508 backing
Metric 139 - - 449 50% 160 0.91
PavingFabric PF ,
vingrabn Imperial 41 - i 101 50% 320 0.2
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Figure2-7. Geosynthetic samples: (a) PC#1, (b) PC#2, (c) PaG, (d) PM, and (e) PF.
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Chapter 3. Test Methodology

3.1 Interlayer Shear Strength Tests

TheMAST wasemployedn this projecto measure the ISS of various tack coat interfaces. Five
different geosynthetireinforced AC specimens were tested for ISS under various test
conditiors. All the MAST test specners were loaded in monotonic motteshearin order to
investigatethe effects of temperature, loading rate, confining presandgpplication raten

the ISS of the material$able3-1 presents the factors and parameters used to create the various
ISS test conditions.

Table3-1. Interlayer Shear Strength Test Conditions

Factors Number of Levels

Geosynthetic Type 6 (CS, PC#1, PC#2, PaG, PF, and)PM
Temperature 3 (23°C, 35°C, ¥4°C)

Loading Rate 1 (0.2 in./min)

Confining Pressure (Normal Stress) | 3 (69kPa 276kPa 483 kPa)
Application Rate (Residual) 3 (Wet, Optimal, Dry

3.1.1 Laboratory Fabrication of MAST Test Specimens

Several steps are involved in the fabrication of doldjered MASTtestspecimens(1) MAST
test sampleompaction usin@ Superpavegyratory compactoy (2) geosynthetienaterial
preparatiorof theMAST testsampla, (3) geosynthetignterlayerinstallation & the MAST test
sample, (4) tackcoatapplied toMAST test samplg and(5) MAST testspecimers extracted
from the MAST test sample The detailed explanation ohehstepis provided inAppendix D

3.1.2 Air Void Study

The production of consisteMAST test specimenplays a crucial role in interface shear tests. In
order to achieve uniform sampliesthis projecttheresearch team investigated #ievoid

contens of the gyratorycompacted specimens. The major aim of the air void study was to obtain
the same air void content for both the bottom and top layers.

Table3-2 presents the air void contents of MAST test specimenobtained using the saturated
surfacedry method. A clear difference in the achieved air vas@wvident when the target air

void content of te same sample was used for the top and bottom layers. Moreover, when
targeting an air void content below 6% for the bottom layemtimeber ofgyraionsexceeds

130, which isfar above thelesign number of gyrationBldesigy) Of 75. Theresultantexcessive

shear causes the aggregate to break, negatively affecting the asphaltorpetdoemances

well asthe interface bond. Hence, in this study, the air void content of 7% was targeted for the
MAST test specimen Table3-3 presents further air void contestudyverification.
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Table3-2. MAST SpecimensAir Void Content

No. 1 2 3 4
Sample Target Air Void Content 8.7% 8.2% 7.8% 7.3%
No. of Gyrations Bottom 73 94 139 140
Top 21 27 29 35
Sample 8.1% 7.5% 7.0% 6.1%
Achieved Air Void Specimen 7.3% 6.6% 6.4% 5.5%
Content Top Layer 7.4% 7.2% 7.0% 6.3%
Bottom Layer 6.9% 6.1% 5.9% 5.0%

Table3-3. Verification of Air Void Study Results

Sample Target Air No. of Gyrations Achieved Air Void Content
Void Content
Top Bottom Bottom Top Specimen | Top Layer| Bottom Layer
8.70% 8.00% 70 22 6.94% 7.15% 6.76%

Figure3-1 shows the relationship between the target air void contents and the achieved air void
contents for the different beam specimen layers. Based on these results, the design air void
contents of &% and 8.0% were chosen for the top and bottom layer compaction, respectively.

8.0%
2 No. of Gyrations y =0.8105x + 0.0045 . O
T 21
Z 7.0% | O e L
< | e 27
52 R 29 73
> O
2 6.0% | 35
S 94
<
% 139
E50% r O RAP-40 Top
o 140
n RAP-40 Bottom
4.0% ' ' '
7.00% 7.50% 8.00% 8.50% 9.00%

Sample Target Air Voids

Figure3-1. Target and achieved air void content relationship for different layers.
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3.1.3 Modified Advanced Shear TestelTests

Recent work at NCSU hasilized the MAST a sheatestdevicethat isusedto perform

confined shear tests$ tayered asphalt specimens, both with and without geosynthetic interlayer
systemsThis NCSUwork notablyled tothe development of shear strength mastercurves for
bond strengtlievelsat various combinations of loading rate, temperature, tack coat maada
confiningpressureFigure3-2 presents the loading configurations and components used in
MAST testing.

MAST Shoe

MAST Gluing
Frame

Figure3-2. Loading configuratioaof MAST test seup.

Procedure for gluingpecimen to MAST shoe

The MAST shear test is a quick test that induces substantial loading in a short time at the
specimen interface. The boundary conditions of the MAST tesipsgipport thalevelopment
of bending moments within each layer of the specimen that rotate tienepe However, a
weak grip between the specimen and the testing jig could lead to slippage in the
normal/confinement direction arldusto erroneous outcomes. Therefore, utmost care was taken
in this study to affix the specimen to the jig with the aidhad t a | G A BIASDG shee set
consists of two pairs of shoes and a shoe frame that holds the specimen insler sfioleg
with epoxy. An 8mm gap is present between the shoes in each pair. Thibysstgp procedure
for gluing the specimen to the jig shown inFigure3-3 (a) through (f), followed by a written
descriptionof the process
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()
Figure3-3. Gluing procedure foMAST test specimen(a) bottom shoesghtenedon gluing jig
(b) application of glue on bottom shoes, (c) specimen placement on bottom shoes, (d) upper shoe
installation above spautien, (e) specimen with all stwia place, and (f) trimming extra glue
from shoe edges.

1. In accordance with the manufacturer's recommendatipneparespoxy glue, mix the glue
agents at a ratio @1, i.e., 54 g of plastic steel putty (black) and 9 gutty hardener
(white) foronepair of shoes. Place the necessary quantity of the glue agents on mixing
cardboard and mix well for two minutes to achieve a uniform grey.paste

2. Place the bottom shoe on the metal frame and affix it to the frame using screws, as shown in
Figure3-3 (a).

3. Divide the glue on the mixing card into foequal portions and apply two portigrs shown
in Figure 321 (b) Repeat for the second pair of shoes.
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4. Carefully place the specimen on the bottom shoe, as shdwgure3-3 (c). Position the
interface of the specimen such that it is at the center of the gap between the shoes. Note: The
geosynthetic installation direction marked on the specimestbe in line with the shearing
direction, i.e., perpatcular to the ground.

5. Place the upper sheever the specimeras shown in Figure-31 (d) and (e)and tighten the
frame. Fill any gap between the lower and upper shoes with metal plates.

6. Remove any excess epoxy gthat extrudesit the specimen edgesing a spatulaas shown
in Figure 321 (f).

7. Allow a glue curing period of 16 hours prior to usinigh the MAST.

Preparation andluing of speckled papéor DIC testing

The DIC technique was employed to measursmecimen displacements.detailed description

of the techniqués given inSection3.4.1 Digital Image CorrelatiodechniqueThe DIC

algorithm needs a distinct random point to tracksipecimen's movemehetween consecutive
images and determine the glscementSpeckled paper is used for this purpddecesof

speckled paper were cut to dimensions of 3.7%Xd8B in.)by 2.45 cm(1 in.). The samples

were placed in a tray and sprayed with matte black paint from a specified distance, as shown in
Figure3-4 (a). Figure3-4 (b) shows theesultantspeckled paper. The other side of the speckled
paper was sprayed with glue and pasted onto the MASB,sdmehown irFigure3-4 (c).

(a) (b) (©)
Figure3-4. Preparation of speckled pager DIC image capturg@) spray painting paper, (b)
finishedspeckled paper, and (c) speckled paper on MASTstbdeack onspecimen
displacementising DIC technique

Procedure for loadinghe gecimerglued tothe shoeinto MAST jig

Once theMAST test specimers glued to the shoes and the speckled pagmsted onto the

surface of theshoes, the shosmust be loadethto the MAST testing jig, as shown igure3-5

(a). The horizontal translation of the MAShoe is constrained by installing a collar that
essentiallyties the shogto the jig.Figure3-5 (b) shows the confining plate with a load cell

added to the jigFigure3-5 (c) shows tke MAST placed over the material test system (MTS

810). Once the necessary connection between the actuator piston and the MAST vertical loading
rod is established, then the environmental chamber is installed for conditioning the specimen to
the test tempature, as shown iRigure3-5 (d). Figure3-5 (e) shows the DIC test sep, and
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Figure3-5 (f) shows the view through the chargeupled camera. After thrémurs of
conditioning, the MAST testan commence

(®
Figure3-5. (a) Loading MAST shoes with specimigio MAST jig, (b) installing confining
pressure plate with load cell, (c) placing the MAST over the BT (d) environmental
chamber, (e) DIC test sap, and (f) view through DIC camera.

MAST test configuration

The geosyntheticeinforced specimenseresubjected to monotonic shear tastshis study

once the specimens reached thetesperature after thréwurs of conditioning. A loathat
correspondto normal stress was applied by tightening the confinement plate against the
specimen, as shown Figure3-2. All the geosyntheticeinforced specimens were sheared at a
constant displacement (crosshead@of 5.08 mm/min (0.2 in./min). Téshear force, normal
vertical stress, and horizontal displacement were recaami@thuouslythroughout the testn
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addition, theDIC technique was used to measarg on-specimen displacemeriigure3-6
shows the DIGetup with the MAST.

Cyclic displacement

=

Confining pressure
a ¥ .

b\

o3 MG A
Opening to capture e 3
images Lighting"  DIC camera

MAST shoe

Figure3-6. MAST testsetup: (a) schematic diagram, (b) loading MAST shoes into loading jig,
and (c) tessetup with DIC system.

3.2 Crack ResistanceTlests
3.2.1 Laboratory Fabrication of Beam Specimens

The major s#ps involved in the laboratory fabrication of beam specimens for the dBET1)
compact thelab sample usingroller compactor, (2prepare thgeosynthetigproductfor slab
samples (3) apply the tack coat using a hot spray gdiiplace thegeosynthetiproducton the
slab sample(5) prepare thdeamspecimen, (6prepare théeamholdingjig, (7) cut anotchin
the beam specimeand (8)speckke the beam speciménr DIC testing A detailed description of
each steis provided belowThe detailed explanation ebchstepis provided inAppendix E

3.2.2 Air Void Study

Figure3-7 schematicallypresents the dimensions of a beam cut into three parts for the air void
study.Figure3-8 (a) showsheactualbeam specimens cut into three equal portibitggre3-8

(b) shows thathe middle onghird of each bearns cut into two pieceshus creatinghe bottom
layerthat is18-mm (0.%in.) thick andthetop layerthat is36-mm (1.42in.) thick.
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Figure3-8. (a) Beam specimen cut into threqualportions and (b) middle orird portion cut
to createbottom (18mm thick) and top layer (3&m thick).

Thenomenclaturaised to identiffhebeam specimexyis6 SYM6 6 X6 O6#06 ianwd i s 6
6 S Y Mbthe air void study specimens

Table3-4 presentsletails of each designation.
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Table3-4. Nomenclaturdetails for Slab Specimens

Designation | Symbol/Acronym Details
SYM 40%RAP
+ 20%RAP
y Top part of top/bottom slab layer
Z Bottom part of top/bottom slab layer
X A, B, C, etc. Tag for slab sample
T
B
2

*

Top of beam specimen
Bottom of beam specimen
# 1,2,3 Beam specimensutfrom a slab, beam in
front of forwarding direction i® 1 6

For the *B and +B specimens, the targetvoid contentf 8.5% in the top layer resulted in a

measured air voidontentof 12 percentVisual inspection and height measurersehthe slab
surfaceprovedt he compactor 6s i nabi |thuslgadibhgdo mleh i eve t h
achieved air voigdontent However, thébottom layer of the beam specimen in all cases sdow

an achieved air voidontentof 10% orgreaterjrrespective of the target air vombntentand

even after achieving the target height. This difference for the bottom lagrersgfecimen raises
theconcern that aair void gradients present throughotiie heighof the specimenThe cold
compactingace of the roller compactor could be attributethe causeas well Hencethe

decision was made to flip the bottom lapeior tothe top layer compaction. The step-step

procedure followed for flipping the slab is showrFigure3-9.
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(e) o G
Figure3-9. (a) Measuring height of bottom layer to check the |d@kide plates of mold
removed (c) bottom layebeingpushed out of moldd) flipping overbottom layey (e) pushing
flipped bottom layer backto mold, andf) closing sides ofold.

The air void study fothe slabs withthe bottom layer flipped showthat, for both the RAR40 and
RAP-20 mixturesthe air voidcontentof the bottom layer of the beam specimen (top portion of
the bottom layer otheslab) matchetheachieved air voidontentof thetop layer whose target
air void is higher than 8.percentFigure3-10 andFigure3-11 present the aiwoid study results
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for RAP-40 and RAPR20, respectively. Thbeottom portion of the saenslabs a mp | eds bott on
layer was measurednda 2% to 3% differencein the achieved air voidontentwas found The

difference in air voictontens indicates an air voigradient in the layer&ecausdhe top layer

usesthe bottom portion of the layer for the specimen, the air void gradient is not evident

whereaghe top portion of the bottom layer (whialould becomehe bottomayer in the beam
specimeipshowsahigher air voidcontent Therefore, all the beam specimeveremadewith

the bottom layer flippetefore the top layer is placéunl achievea consistent air voidontent

throughouthe specimertHowever flipping the bottom layer did not guaraethe consistency

of theair void contentalong the beam deptbr all target air voiccontents Once the target air

void content ibelow 8.5%t he t op | ayer 6s aatechthevioeardrendhatist ent d
foundin the flippedbottom layer The resistancerovidedby the RAP coupled withthe

difficulty in compacting undethe constraim of themold size in the laboratory could be reason

for this outcomeTherefore, to achieven adequatair void content comfortably under the

limited laboratoy conditionsthe research teadecided to achieve an air vazdntentof 10%

whichis achievabldor both mixtureRAP-40 and RAP20), thus allowing comparison diie

air void studyresults.
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Figure3-10. Air void studyresults for RS9.5C RARO.
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Figure3-11. Air void study results for RS9.5C RARO.

Also, avisual inspection of the sidealls ofthemoldsin the compactiomirectionindicated an
imprint of the compaction patterriFigure 346 shows the compaction imprint amlicateshe
likelihood of anair void gradientn the samples. The imprint was traced aas$ found to
overlap with the beam dimensig@s shown irFigure3-13, which served to indicathe cause
for the air voidcontentvariability among the three beam specimemntsrom the same slafihe
research team thatecided to use only two beams from each slab for the performancerstudy
orderto maintain air voiccontentuniformity. Figure3-14 depicts the revised configuratidor
cuttingbeamdsrom the slab.

Figure3-12. Compaction imprint on side walls of mold

54



100

[0}
o

D
o

i
o

—&—Bottom C

Height of the beam (mm)

20
| —8—Top CL
' L Interface
0 i | 41_.»
0 50 100 150 200 250 300

Width of the beam (mm)

Figure3-13. Tracedimprint of sidewalls of molds with dimensioxof beam overlappg.

Figure3-14. Revisedconfigurationfor cuttingbeams for performance study

In order tocorfirm these findingsthe research team carried austudyof two slab samples,
each from a particular mixture type i.e., RS9.5C RI®Rr RAP-20. In the case dhe RAP-40
mixture, three beams were made from the stagure3-15 shows the variabilityf the air void
contentin theRS9.5C RAP40 slabwith an averagair void contenpf 11.7%andstandard
deviation of 0.&or the three beam specimeR#gure3-16 shows that theato beamsnade from
theRAP-20 mixturehadan average air voidontentof 11%andstandard deviation of 0.6. The
reduction in the standard deviationtbé RAP-20 two-beam configuratiosompared to the
RAP-40 resultcould be attributed to thebsence of thair void gradienthat isexpectedatthe
edgeof thebeamin athreebeamcorfiguration
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Figure3-16. Air void studyresults forRS9.5CRAP-20 mixture beam specimens cut from slab

Beam 1

3.2.3 Four-Point Bending Beam Fatigue Test

The fourpoint bending beartestdevice used in this study simulates the Mode | pavement
cracking mechanismia beam bending. Standard beam fatigue @83 M D746010 (ASTM
2010)and AASHTO T 32117 (AASHTO 2017b)were carried out using akC beam specimen
(from a single layer of a slab samplgjiwdimensions of 50 mh 63 mmi 380 mm (1.97 in.

i 2.48in.i 14.96 in.) subjected to cyclic loading (control stress/control strain) at a frequency
of 10 Hz. AASHTO T 32117 (AASHTO 2017b)stipulates that a foysoint beam loading

device should be capable of (1) providing repeated sinusoidal loading at a frequency range of 5
Hz to 10 Hz, (2) subjecting specimens to fpoint bending with free rotation and horizontal
translation at all loadnd reaction points, and (3) forcing the specimen back to its original
position (i.e., zero deflection) at the end of each load pulse.
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The test device from Cox and Sons used in this study complies with AASHTO- 17321
(AASHTO 2017b) The apparatus was adapted tarfithe MTS 810 Universal Testing Machine
(UTM) that is available at the NCSU laboratofygure3-17 shows thdoading and free rotation
points in thedevice.

Figure3-17. Cox and Sons foypoint bending beam test apparatus (ASTM D7460D

The spacing between the clamps is 119 mm (4.69 in.), armb#me lengtlbetween the outside
clamps is 357 mm (14.06.) in this apparatus. A customized environmental chamber with a
glasscovered opening, shown kigure3-18, was used to fit the apparatus aodonditionall

the beam fatigue test specimens.

ASTM D746010 (ASTM 2010)and AASHTO T 32117 (AASHTO 2017b)call for the on

specimen displacement control mode; however, the Material Testing System, thiyskardic
testing machine used in this study, does not baeedback system from the-specimen

LVDT. Therefore, he NBFTs were conducted in constant actuator displacement control mode at
the frequency 010 Hz at 23C. In addition to the displacemestheasured by the actuator

LVDT, on-specimen displacements rganeasured bgnadditionalLVDT mountedon the

neutral axis (i.e., midlepth) ofthe beam.

Three different straimalues were calculated and used in this study: tensile strain at the bottom of
the beamcalculated fronthe actuator displacement (denossdcy); tensile strain at the bottom

of the beamcalculated fronthe onspecimen displacement (denotedags and tensile strain at

the interlayercalculated fronthe onspecimen displacement (denotedga$. Note thatan is

onethird of esand thatan: in the NBFT is the strain of interest when the findings from this

study are extended to overlays in the field. Note alsg itihattuator displacement control mode,
the onspecimen displacement amplituaied thereforesswill change as the loading continues
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and the damage in the beam increasesn though the actuator displacement amplitutke,c
areconstant throughout the NBFT. In this stuehat the 58 loading cycle was used as the
initial strainin theNBFTs

Figure3-18. Custommade environmental chamber attached to MTS to control temperature
during beam fatigue tests.

3.3 Binder Bond Strength Test
3.3.1 Pneumdic Adhesion Tensile Testing Instrument (PATTI) Test

AASHTO T 361-16 (AASHTO 2020d)details the laboratory test procedure for adhesion testing

but does not consider different application rates and cannot be used for field testing. In response,
Karshenag2015)developed a procedure based on AASHITB61-16 (AASHTO 2020d)and

describe the use of an adision tester in the field and in the laboratttsrshenag2015)also
established atrong prediction relationship betwetie BBS and bond shear strengthA®

specimens. The currentsearch extends théarshenasesearch by investigating the possibility

of applying the {T superposition principle to the measured tensile strength to build mastercurves.

In this study, PATTwasused to measure the BBS of asphalt binder. PATTI is aabgifing
pneumatic device that is used to measure thegfuiensile strength of tack coats and the
corresponding stress rate at different test temperatigrge3-19 (a) shows the PATTtestset
up used in this studthat includesa 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 valsdlustrated in the schematic drawing
shown inFigure3-19 (b). This value can quantitatively represent the tensile bond strength
between the tack coat and substrhiigte that thd®?ATTI test is not limited to asphalt binder but
also can be used tostepaint, film, coatings, or most adhesives on a smooth, rough, porous, flat,
or curved substrate. The PATTI system can test bond strength levels up to 68,948 kPa (10,000
psi).
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(@)

(b)
Figure3-19. (a) Type IV selalignment adhesion tester (PATTI) and (b) crssstional
schematic of seléligning piston assemp(ASTM D454%17 (2017).
3.3.2Binder Bond Strength Test MethodologyUsing PATTI

The PATTI test procedure that is described in this section draws from previous research
conducted at NCSIICho 2016, Karshenas 2019he fundamental procedure is derifemm
ASTM D454%17 (ASTM 2017)and later AASHTO TP®1-13, now AASHTO T361-16
(AASHTO 2020d) Thegoal of this guideline is to allow both laboratory diedd-testingusing
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