ABSTRACT

LEE, JONGSUB. PerformanceBasedMoisture Susceptibilitfevaluation of Warm Mix
Asphalt Concretethrough Laboratory Tests and Digital Imaging Analygesder the
direction ofDr. Y. Richard Kim)

This dissertation preserasperformancdéased methodology for the moisture susceptibility
evaluation of warm mix asphalt concrete. This methodology is basthe simplified
viscoelastic continuum damage V&ECD) material modetupprted bycyclic direct tension
testing andhelayered viscoelastic analysis (LVEA) for thavemengvaluation. The visual
stripping inspection afforded by digital imaging analysis is also proposed as an intuitive and
straightforward method for moisturasceptibility evaluation. These methods are applied to a
Superpave 19 mm hot mix asphalt (HMA) mixture and corresponding warm mix asphalt
(WMA) mixtures modified by a polyethylene waype additive with and without an anti
stripping agent. It is found théte fatigue life predicted by the\EECD and LVEA models
has a strong correlation with the percentage of stripping determined from specimen surfaces
that have been fractured during cyclic direct tension testing of the HMA and WMA mixtures
with various aspalt contents. Finally, a polyethylene wigpe additive combined with an
anti-stripping agent is found to provide a longer fatigue life and less stripping than a pure
polyethylene wastype addiive.

Forthe cyclic direct tension tesg, theend failureissuewith the cylindrical
specimen geometry of 100 mm in diameter and 150 mm in height is studied experimentally
and numericallyln order to evaluate the effect of specimen geometry on the linear
viscoelastic properties, damage characteristics, argliggierformance predictions, finite
element analysis and laboratory tests were condwadtadlifferentspecimen heights and

LVDT gauge lengthdt was found that thepecimen geometry of 100 mm in diameter and



130 mm in height improsthe propensity of he middle failurewithout satisficing with the
representative vame element (RVE) requirement

In additionto the cyclic direct tension (CDT) teshis researclemployed the indirect
tensile (IDT) strength test, and Hamburg wheedknag device (HWTD) test to evaluate the
moisture susceptibility of WMA mixtures. Also, the stripped areas that were quantified via
digital imaging analysis were derived from the CDT, IDT, and HWTD tests and compared
with the mechanical properties of théxtares to identify sensitive moisture susceptibility
indicators. These methodologies were applied to a Superpave 9.5 mm hot mix asphalt (HMA)
mixture and five correspondinyMA) mixture that use the following technologies: 1)
Evotherm 3G that contains hemical additive, 2) foaming, 3) WMA that contains a
chemical additive and is currently under development, 4) \ABAAat contains an organic
additive and is currently under development, and 5) Wi¥#hat also contains an organic
additive (different fronthat used in WMAB) and is also currently under development.
Fatigue life ratios obtained from the\&ECD model combined witthe LVEA were
determined to be the most sensitive indicator for moisture susceptibility. The stripping
inflection points (SIPs) de&ved from the HWTD tests also showed good sensitivity to
moisture conditioning; however, each SIP was affected by the permanent deformation
characteristics of a given mixture as well as its moisture susceptibility, thereby making the
observation inonclusve. The findings from this study should provide guidance to agencies
and material engineers in developing asphalt binder modifiers that lengthen the fatigue life of

pavements and reduce moisture susceptibility
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CHAPTER1 | NTRODUCTI ON

1.1 Statementof Problem

TheKyoto Protocol, annternational agreement linkéd the United Nations Framework
Convention on Climate Chandeasled intoincreased efforts in thdevelopnent ofwarm
mix asphalt (WMA)technologyin recent yearsThe goal of the agreement is to reduce
greenhouse gas (GHG) emissidine percenfrom 1990 levels over the fivgear periodf
2008to0 2012. Recentlythe Kyoto Protocol was expanded to 2026cording to the
National Asphalt Pavement Association (NARPA)Wa rmix asphalt allows the producers
of asphalt pavement material to lower the temperature at which the material is mixed and
placed on the road. Reductions of 50 to 100 degrees Fahrenheit (10 to 38 degrees Celsius)
have been documented. Such drastductions have the obvious benefits of cutting fuel
consumption and decreasing the production of greenhouse (aseso

Development ofWMA technologybegan in Europever 15 years agdn 2002,
NAPA introduced WMAtechnology to the Urgid States, inspiring significant interest in the
U.S. market. The first documented WMA pavement in the United Sttesda and North
Carolina)was constructed in 2004, and since then nmaase fieldsectionshave been
constructed.

Numerous benefits may be gained frtdM A6 s | ower asphalt prod.dt
placement temperatures, including: (1) reduced emissions and energy consumpsiaiey (2)
working environment due to less harmful vapors;egf@ended paving season due toéo

operational temperatures)ncr eased hauling dist(@mn)ce bet we



shocbelti ng t hpeeev ebeefmobrpeed o tr afG®Bj)i mmzed pl ant

due to | owee mp p eand(d)ilesssinder agingewo lower poduction
temperature All these benefits can lazhievedwvith a moderatéencrease in thasphalt
mixture coss of approximately$2.5 to $3 per ton of miAlso, it isimportant thathe
performance of WMAe comparable tBiIMA becauséf the pavement life is reducethe
frequency of reconstructiancreases, causiran increase in energy consumptiemissions,
and cos

On the other hanene ofthemajorconcernswith using WMAis moisture
susceptibility There are several assumpti@msthe causes of the moisture susceptibdfty
WMA mixtures First of all,greaterpotential for moisture damagsistsdue topartially
driedaggregateduring a low temperature mixing and compaction procgssondwhen
using foaming technologies, water injecttorthe asphalt bindemaycausea presence of
moisture in thamixture.Finally, the softer bindersnay bemore prone to moisture
susceptibility A study(2) identified that high viscosity asphalt resists displacement by
moisture better than those that have a low viscasitgther wordsthelower viscosity
(lower PG gradepinder provides a v retertion on aggregate surfaddowever, it should
be noted that the lower viscosityay be able to increase coat ability, resgltmmore
uniform film of asphalt over the aggregate particlegeneral,tihas been known that
moisture damage occurs due tloss of strength, durability at asphalt aggregate interface,
and weakening of mastic. Moisture damage accelerates thg@uee of distressesich as

stripping, pothole, and fatigue cracking in asphalt concrete paveriiéetacceleration of



fatigue cracking is based on complicated mechanisms that need to be considered in terms of
material properties and structural farsto

One of the main products from the Strategic Highway Research Program is the
Superpave mix design system for asphalt mixtures. It consists of perforgradiesl asphalt
binder specifications, aggregate specifications, and a volumetric mix desigrdméhious
field trials of asphalt mixtures designed using the Superpave mix design method suggest the
need for performance test methods to ensure the satisfactory performance of tresmixtur
under inservice conditiondn the volumetric mix design methoddirect tensile strength
ratio from unconditioned and moisture conditioned specimens is usedasture
susceptibility performance test a pas=or-fail type. The tensile strength ratio (TSR) result is
a significantly importantactorto reportthe Superpaveolumetricmix-designto US
highway or DOT agencidsefore a planproductionand field constructiorHowever, many
studies reportethat mosoof WMA mixtures failedwhen followingthe currentmoisture
susceptibility criterion of TSR 80%sel in the Superpave midesign but the field
performance of WMA mixtureBave not seen any issue so fso, literatures reportedthat
WMA is performing at least as well as the HMA. The detail information on the disagreement
between the laboratory tésg results and field observation is described in Chapter 2.4.

The reasomo incorrectlyevaluate thgperformance of WMA mixtures may Ibleatthe
current moisturesusceptibilitytests are not sensitive enouglcépture the misture
susceptibilitypehaviorof the visoelastic compositasphalt mixturesThelDT tess can
measure the cohesion resistance of the binder as well as the frictional resistance of the

aggregate. If the adhesive bond is poor, failure may occur at the aggvegkeinterface



(3). However, it igeportedthat the IDT test hasomeshortcomings because it can cause: 1)
permanent deformation under the loading stri;yd@)uniform strain distribution, 3) an
unrealistic representation of the stress state, and 4) local failure at the support due to high
stress 4). Although the method uses the tensile strength of the material, it is important to
recognize that the compressive load is used to cause the tensile stress intivectyength
test is not a fundamental material test which can simulate material iptecgurred due to
cyclic wheel moving loadingAlso, it has a complexity of the stress state that causes a
permanent deformation and cracking simultaneoUsigrefore, they tend to be used only for
pay specifications or as a screening type of test teunegeak stress (strength) in
monotonic indirect tension (compression) moathichcannot explain a ductility behavior of
asphalt mixture

Another type of mechanical test that is commonly used by agencies for moisture
susceptibility evaluation isie Hamburg wheel trackinBevice (HWTD)testin accordance
with AASHTO T324 TheHWTD is thecommon moisture susceptibility test that simulates
the hydraulic scouring on the surface of asphalt pavement with the tire pressure of cyclic
traffic loading.The mosture damage mechanishthe HWTD testingabout the scouring
different fromthe mechanisrof IDT testingabout the bottorup crackingof moisture
damagedue tothe tensile loadingrhe HWTD test can measure the stripping inflection point
(SIP), i.e., he number of wheel passes at the intersection of the creep slope and the stripping
slope, as a moisture susceptibility indicatéere, he stripping slope is the accumulation of
permanent deformation due to moisture damage.rmain shortcoming of tHdWTD test is

thatit is difficult to distinguish the permanent deformation due to viscous flow from the



permanent deformation due to moisture danadegh temperatusg because dry specimens
are not tested in the current specificatids)s Due to their lack of sensitivity to moisture
susceptibility, these tests tend to be used only as screening types of Téstingpisture
susceptibility tests currently used fmsphalt concrete are insufficient because the state of
stress induced is not appropriate for best measuring the sensitivity of material properties to
moisture damagé&.he currently available mechanical tests for the evaluation of moisture
susceptibilityutilize either compressive stress or tensile stress indirectly as induced by the
compressive load. These test methods are not sensitive to capturing the effects of moisture
damage because the state of stress they cause is not the optimal state to heesesoséive

changes in material properties due to moisture damage.

1.2 Dissertation Outline and Obijectives

Moisture damageanoccurwhen the bond betweehe asphalt cement and aggregate breaks
down due to theresencef moisture on the interface of the asptajgregate systenthus
causinghe bindetto separatérom the aggregate surfacehis failure causes loss of strength,
stiffness and durability in armsphalt mixture. Usuallynoisture damagis considereds a
premature failure, and often occurs within a few years after construéttboughloss of
adhesion causes a®us moisture damagproblem,a different type of moisture damage

may also occumoreslowly. In such a casstrippingmay not beobvious, buthe integrity of
themixt u rperfiorsnancewhich relates toesistance to fatigue cracking and rutting, is
graduallydiminishedby moistureThe former case is related directly to the physihemical

properties of the material (i.e., internal factoes)d the latterelates teexternal factas, such



as heat, heavy raiand trafficinduced premature strippingvhich affect then-place

properties ofisphalt concretpavemerg. This study focuses on the second case by using two
different moisture conditioning procedures (AASHTE83 and MIST) and mechanical

testing procedures, i.e., the typical tensile strength ratio (TSR) test, Hamburg wheel tracking
device test and the propbcyclic direct tension tests.

Moisture damage is caused mainly by adhesive failure between the aggregate and
asphalt binder. The state of stress that is most suitable to test the adhesive properties at the
interface of two materials is tensile stresg] #re simplest form of test method that measures
the tensile properties of a material is the direct tension test. To achieve a more sensitive and
accurate evaluation of moisture susceptibility than is currently available, a fatigue life
prediction ratio omoistureconditioned to urconditioned specimens can be udeds
difficult to conduct themoisturedamageconditioningprocedure and mechanical loading
testingsimultaneouslyecauseest specimenthatcontain water are hard to keejpaa
constantemperatureand water saturation level during mechanical load.tésereforethe
mechanical load tests were conducted dftemoisturedamage conditioning procedure was
carried out so thahoisturesusceptibilitycould beevaluatedseparately

Theviscodastic continuum damage (VECDodel is a rigorous mechanical model
that cancharacterizéhe fatigue behavior of asphalt concrete usirgglasticviscoelastic
correspondence principleontinuum damage mechaniesd timetemperature superposition
principle with growing damagg~8). Thefinal product of the VECD model is the-salled

damage characteristic curyahich is the relationship between pseudo stiffness (C) and the

damage parameter ($)seudo stiffnesdescribpea mat er i al Ghedamage egr i t vy
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parameterepreserd the armount or degree of damage in a mate(®l0). The power of the

VECD model is that the damage characteristic curve remains the same regardless of the
applied stress or strain amplitudes, loading type (cyclic vs. monotonic), and tenmgeaat

long as the reduced loading frequency or reduced rate of loading is high enough not to cause
significant viscoplastic strain. This strength of the VECD model reduces the testing
requirements significantly, which in turn decreases the amount efaid effort needed for
testing, thereby lowering costs.

The SVECD model is a simplified version of the VECD model and is designed for
the analysis of controlled crosshead (CX) cyclic test data and to reduce computational time
while maintaining the accucg of the VECD model. The-BECD model has been adopted
as a fatigue characterization software program for spbaaltmixture performanceester
(AMPT) that has been designed to be used by agefidipDetails on the development of

the SVECD model can be found Chapter 3

1.2.1 Outline

For the fatigue life predictigrihe cyclic direct tension tesasd viscoelastic continuum

damage theorgre suggesteasthe performance based moisture susceptibility tests. Since
asphalt mixture is the viscoelastic material subjected to traffic loading time and pavement
temperature and moisture damage is the stripping mechanism that chemically and physicall
reacts between aggregate surface and asphalt binder, the sensitive test method is necessary.
Also, the viscoelastic material properties are governed by the combined stiffness of elastic

component and ductility of viscous component. Therefore, it is itapoto consider not



only damage characterization that takes account into a stiffness reduction, but also the failure
criterion that determines the ductility property of asphalt mixtures to predict a fatigue
cracking and moisture susceptibility performasde order to predict fatigue performance of
the bottomup and topdown cracking occurred due to moisture damage and traffic loading,
two failure criteria of a peak phase angle and an average of dissipated pseudo strain energy
rateswereapplied

For thefatigue characterization of tlogclic direct tensiortests, the issue of
fracturing at the end of specimens was studiecheWspecimen geometry that satisfies a
representative volume element requirement and causes a middle failure was found through
thedirect tension cyclic tests and finite elemangalysesThe moisture susceptibility
analysis methodfor the bottoraup crackingpredictionwerecompaedat a materialevel
and combinednaterialand structure leveFor the performance based moisture susceptibility
evaluationtwo different levels of structural analyses were conducted: 1) layered viscoelastic
(LVE) analysis and 2) layered viscoelastic continuum dariageéCD) analysesThe S
VECD model combined withhe kyered viscoelastic analysssto predictthe moisture
susceptibility ofabottomup crackingas a simple closed form solution approach whereas the
S'VECD model combined with the layered viscodatasbntinuum damage analysssto
visually simulatethe both moisture susceptibilities of the bottapmand topdown cracking
as a comprehensianalysisapproachAlso, strippingquantification proceduresn the
fractured or scoured surfaveere developedsing digital imaging analyseBy finding out
therelationship betweethe stripped aresawith the corresponding mechanical propertibs,

mostsensitive moisture susceptibility indicatafreach test methodas investigated



Finally, Moisturelnduced Sensitivity Test (MIST) was usteddevelop the motsire
conditioning procedure that coinceleith that of current AASHTO T238 hebenefitof the
MIST development procedure isfieduce moistte damage conditioningme of current

AASHTO T28. Figurel shows the schematioutline of overall research in this dissertation
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1.2.2 DissertatiorObjectives

T

Investigationof the bottomup and topdown cracking performanaelaied moisture
susceptibilityevaluationmethodologyusingthe SSVECD model and 3D structural
analysis

Development of stripping quantification procedure for the CDT, HWTD, Bridtiésting
using the digital imaging analyses

Investigation of stripping mechanisms of the CDT, HWTD, and IDT testing.

Investigation of sensitive moisture susceptibility indicators of IDT, HWTD, and CDT
tests that strongly related to the corresponding quansfrgagped areas.

Determinatiorof MIST moistureconditioning procedurthat produces the same moisture

damage corresponding with the AASHTO T283.

For theFatigue Cracking Performance Baskbbisture SusceptibilityEvaluation

Methodology

1.

A new cylindrical specimen geometryas investigatetb characterize the fatigue
performancdor theCDT test (1) to evaluate thend plategluing effect on tke LVE
materialandviscoelastiddamageproperties (2) to investigate the damage propagatmn
find a failure location; and (3) teerify a new specimen geometry that can ensure the
RVE requirementor the fatigue performance prediction through finite element analysis

and experimental tests

. SVECD model combined with layered viscoelagtitvE) analysis is investigated as a

means okvaluatingthe bottoraup cracking relatedhoisture susceptibility of HMA and

WMA mixtures
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3. The ttomup and topdown crackingelated moisture susceptibility analysis methods
are investigated by using theV&ECD materal model coupled withhe layered

viscoelastic continuum dama@eVECD) structure analyses.

For the Stripping Quantification Procedure:

1. Digital imaging analysis method is developed as a reference method to determine
moisture susceptibility

2. One threshold valur CDT test andHWTD tests is determined in pixel counting
method whereas two threshold vald@sIDT strength test are decidealquantify the
stripped areas

For theSensitiveMoisture Susceptibilityndicators

1. Themoisture susceptibilitindicatorsareidentified based on the material properties and
fatigue life that are predicted from the couple®ISCD andLVE models

2. The moisture susceptibility indicators are identified fromGIel test,IDT strength test,
andHWTD testthat best related to the stripped area using the digital imaging analyses in
each.

For theFramework Development dfIST Conditioning Procedure

1. Theprotocolis developed using tHeDT testsanddigital imaging analyses

2. Themoisture damage conditisof MIST areinvestigated to produdbe sameatigue

characteristics and stripd areasvith thoseof AASHTO T283 procedure
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CHAPTER2 LI TERATURE REVI EW

Relevant background informati@md current technology relevant to the proposed research is
presented in this sectio@urrently used warm mix asphalt techogies,mechanism of
moisture damage, moisture susceptibility test methods, andltbetory and field

performance testing results related to warm mix asplnattiscussed

2.1 Warm Mix Asphalt Mixtures

2.1.1 Definition of Warm Mix Asphalt

Federahighwayadministration(FHWA) andnationalasphalt pavement associatiGhAPA)
classify the typ of asphalt mixturegepending on a mixing temperature of aggreg&iekl,
half warm mix asphalt, warm mix asphalt, hot mix aspméitures aredefined as thenixing
temperature range fronf@® to 25°C, from 25°C to 100°C, from 100°C to B3C, and from
135°C to the above in eachhe concept oMWWMA technologyis toinduce the reduction of
asphalt binder viscosity so thtae workability and coating abilityan be increasedt the
lower mixing and compactiotemperaturg Typically, the WMA mixturesusethelower
mixing temperature aiggregate as keeping the samiging bindertemperature compared
with HMA mixtures, thereby resultinig theconsistenbetterdensity of pavemerst the low
compaction temperaturd.he better compactability and density of asphalt pavement indicates
the better longerm performancef the aging and moisture damages dua kower
permeability to air and wateFhe expected reduction in plant emissiath the use of warm

mix asphalt mixturevas reported as showiablel (12).
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Table 1 Expected Emission Reduction from WMA

Plant Emissions

Expected Reductions

Carbondioxide (CQO,)

30% to 40%

Sulfur dioxide SQ)

30% to 40%

Carbon monoxideCO)

10% to 30%

Nitrous oxides NO, )

60% to 70&

Dust

20% to 25%

2.1.2 WMA Technobgy

There are three types of WMA technologies currently being utilZedming process
chemical additive and organic additivee Over 30 WMA technologies are niated and
available in the USAs shown irFigure?2. In all cases, the goal is to improve workability of

asphalt concretsuch hat the processes of mixing and compaction can be conducted

satisfactorily at reduced temperatures compared to conventional HMA.
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Foaming Technology Organic Additive
w Advera (Zeolite) w Astech PER
w Low Emission Asphalt (LEA) :
w Double Barrel Green (DBG) @ Sasobit
w Terex i o
w Aquablck ! w Thiopave
w AsphaMin (Zeolite) w TLAX

w AguaFoam ) o

w AccuShear w Cecabase RT
w TrikWarm Mix Injection System  (y Evotherm 3G

w Hypertherm
w Rediset WMX

Figure 2. Current available WMA technologies

Thefoamingprocessemtroduce foaming of asphalt using water injecting nozzle,
damp aggregates, water bearing minerauch as zeolite. Foaming is a result of water that
is in close contact with asphalt binder turning to steam upon heating. The steam increases the
watervolume and consequently the asphalt binder volume. When expanded, the asphalt
binder is said to bibamed and the resulting emulsidike effect reduces the asphalt binder
viscosity.Figure3 shows the volumeexpansiorexample of asphalt binder usitige foaming
process oDoubleBarrelGreen The asphalt binddilm thickness 09 mm is expended into
that of 165 mm with small steam bubbl&ke volume of asphalt binder is increased more
than 18 timesThe moreexpandedurfacs theasphalt bindeproduces, thenorechanceof

the consistent coat with the binddre aggregatdsave(13).
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9 mm

NORMAL DB GREEN FOAM
COATING COATING

Figure 3. Volume of asphalt binder expanded from foaming process

The chemical additive uses a surfactant that reduces a viscosity of asphalt/dinder.
known example of the surfa@etive agent is sodp life. The surfactant induces the low
internal friction of asphalt bindeBy adding a chemical componentroicellesin the
additives,a good adhesion between water and oil is madtédyetter moiture

susceptibilityas shown irFigure4 (14).

Micelles \ ’ ;
)

oil droplet

(=)o

':, :*
{ @

/i

Figure 4. Improved adhesion between water and oilhrough Micelles.
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The organic additive is the wax that acts as lubritguid oil above around 1XC.

The lubricant oireduce the viscosity of asphalt bindéfhe one problem of the organic
additive is that th@roperty of waxmay have drittle issueafter cooling down the heated
liquid wax. Thereforemore chemical components maydmkdto improvethe brittleness
and adhesiorfor example LEADCAP organic additivencludesthecrystal controllethat
enhance the cohesiamongnon-polarparticlesand the adhesion promoter that imprdve
adhesion between aggregates asphaltbinders.The crystal controller and adhesion
promoter are illustrated iRigure5 (a) and (b), respectivel\L5).

The bindemodificationof WMA additives may be performed edite and the final
product delivered to the asphalt concrete plant, or the modification may be perforsiezl on
with appropriate equipmerithe additives available often includatistripping agentand
compactio aids. In most cases, by blending pure asphalt binder with WMA additives,
additional antistripping agent is not necessarily required. This is because the additives
already contaithe antistripping agent used to improve moisture susceptibility of asphal
mixture. The following discusses the primary WMA products currently in use in the United
State. Especially, the foaming process is the representing technique widely used in United

States.
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LEADCAP Asphalt-philic
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Figure 5. (a) Crystal controller and (b) adhesion promoter inthe organic wax type
additive.

2.1.2.1 Foaming Proces§£16~18)
Aspha-min: Asphaminis a synthetic zeolitmadeof aluminosilicates of

alkalimetals Theadditiveis a powder with particle sizes equivalent to a #50 sievelsize.
contains about 20 percentiterdue to thenydrothermalcrystallizationprocedure. This
wateris released by increasinige temperatureWhen introduced to heate zeolite releases
asmall amount of water, creating a controlled foaming effect that leads to a slight increase in
volume anda redudbn in the viscosity of the binder.

Advera: Advera isa synthetic eoliteidenticalto Asphamin. Thepowder ofAdvera
is classifedwith 100 percent passing the #200 sieMaerefore, the distribution of Advera is
expected to be more uniform thtre Asphanin.

Astec: The Astec Comany has developedasphalt injectiorequipmentwith its
Double Barrel® asphalt plants to produce WMA. When the cold water comesaot caith
the hot asphabhinder, the asphalt foams and expands in volume. The expanddoamed

asphalicancoatthe aggregates at low temperatures. The advantage of this system is that
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there is no need to purchase costly additives, but the disadvantage is that the method requires
specialized equipment
WAM -Foam: WAM -Foam is theoroduct mae fromShell and KolVeidekke
companies. In the WAMFoam system, two binders, a soft binder and a hard but foamed
binder, are usd toproduce WMA mixturesThe soft binder, which can be mixed at
temperatures of approximagel00° to 120°C is first mixed with the aggregate to fully coat
the particles. Next, a hard asphalt binder is foamed with cold water and combined with the
precoated aggregate particles. It is reported that théioech mixture cawompacted at

temperatures between 807ch90°C

2.1.2.2 Chemical Additivg16,17)
Evotherm™: Three different types of Evotherauditives exist1) Evotherm ET

(Emulsion Technology): a high asphalt content, whtesed asphalt emulsion. Evotherm ET
requires no plant modification and simply replaces the liquid asphalt in the HMA design. It
offers temperature reduction greater than 55°C. 2) Evotherm DAT (Dispersed Asphalt
Technology): a concentrated soluti@chemical additive: modification of the interfdcia
tension and adhesion and water: creation of a water in bitumen to improve workability)
Evotherm additives Hine injected at the mix planthe plant modifications are required.
Evotherm DAT offers mix producers total flexibility in switching betw&erm mix and hot
mix production while lowering mix temperature-85°C. 3)Evotherm 3Gdeveloped in
partnership with Paragon Technical Services and Mathy Techn&l&mgineering, this
waterfree chemical additivef Evotherm is suitable for introdugd chemicaladditives at the

mix plant or asphalt terminal. It generally lowers mix tempeeaB345°C. The Evotherm
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3G usa chemical surfactans(rfaceactive agent) which induces low internal friction of the

asphalt binder, resulting in bett®ixing andcompacing atalow temperatre.

2.1.2.3 Organic Additive(19)
Sasobit: Sasobit is g@roduct of theFischerTropsch (FT) synthesis that isreated

when coal or natural gas is heated with water and a catalyst to 180° to 280°C. This synthetic
wax has a mlting temperature of 72°to 114¥CThe product has been used successasdlg
pre-blendat binder supplieran irline blendat asphalt mixing planand a mixin (pellet

form). Depending on the blend concentration, Sasobit oatupe temperatures that are 20°

to 30°Clower than standard HMA production temperaturdge manufacturer does not
recommend blending the solid Sasobit with the asphalt binder during mixing because it will
result in an inhomogeneous distrilmn of Sasobit within the mixTherefore, Sasobit needs

to beblended with the hot asphalt binder stream to ensure homogenous distribution

2.2 Moisture DamageMechanisms of Asphalt Pavement

Moisture damage has been observed as a stripping phenorBémgpingi s def i ned as
breaking of the adhesive bond between the aggregate surface and the asphalt cement
(adhesi on f ai | utare@00 Stripping ia & corapdicatbdgphehomemniorxthat

needs to be considered in terms of the type and use of a particular mix, the binder
characteristics, aggregate characteristics, environmenig tiahstruction practice, and the

use of antistripping additiveg21). Figure6 shows the field cored samples taken from U.S

highway 177 in North Carolinds seenn the field coresnoisture damage that stripped

from asphalt binder covered with aggregates accelerates the fatigue crAskimgreasing
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the stipped areasat the pavementhe complete breaking was observéle strippings the

significant evidence of moisture damageserved in the field

Figure 6. Field cores take from US highway 177hat showsfatigue cracking and
stripping.

A literature review indicates that there anedifferent mechanisms of strippingy)
detachment, 2) displacement (film rupture), 3) spontaneous emulsification, 4) pore pressure,
5) hydraulic scour, and 6) pH instabil({32).

Detachment is related to the weak adhesive bond that causes a separation of the
asphalt film from the surface of the aggregate. Displacermeplained by a break or
disruption of the asphalt film on the aggregate surface.

Spontaneous emulsification is an inverted emulsion of water droplets that cause the
adhesive bond to break; that is, once the emulsion formulation penetrates the aggregate
surface, the adhesive bond is brok&sphalt is an oily material and therefore very

hydrophobic, providing excellent waterproofiagility but does not easily adharewet
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hydrophilic surfacesf most aggregatedlaturally hydrophilic aggregate matds have a

greater affinity for water than bitumen under normal circumstance which means that bitumen
cannot adhere to a wet aggaégysurface as shownkigure7. Therefore, the adhesive bond
between asphalt and aggregate depends on the chemical nature of the components and the
source of the asphalt and type of aggregate. Asphalt has low polarity compared to water.
Some aggregates are acidic, with surfaces thdttebe negatively charged, whereas some

aggregates are basic with positive surface charge. Acidic aggregates include those with high

2
silica (SiQ,) contents while basic aggregates include carbon@€g ¢ Na+Ca).

Aggregate
(Hydrophilic)

Bitumen

Figure 7. Surface PhysieChemical effects between Aggregate, Water, and Bitumen

Pore pressure causes progressive adhesion and cohesion failure and is accelerated by
the stress imparted to the entrapped water in the asphalt mixture #ases dy repeated
traffic loading.Othertypes of strippingsuch as potholes and ravelimgn be observed on
the surface of an asphalt pavement and also can be caused by the pore pressure and hydraulic
scour that is due to traffic loadingydraulic scour occurs on the saturated surface of an

asphalt pavement due to tire pressiMeisture induced damage processes are divided into
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physical and mechanical processes. Moisture induced physical damage is caused by
moleculardiffusion of moistureo the airvoid in the asphalt mixturand a stripping of the
mastic, due to water floechanical damage is the occurrence of intense water pressure
fields inside asphalt concrete caused by traffic loads and referred to as puatipn@s

illustrated inFigure8 (23).

—Moisture diffusion
—Advective transport

Moisture
induced
damage

—Pumping action
—>Mechanical damage

Figure 8. Physical andMechanical Mechanism of Moisture Damag&23).

Finally, pH instability is a chemical reaction that affects the adhesion between the
asphalt and thaggregate due to the pH of the contact watdrvalues below 4 dissolve
amine and lime from the aggregate surfaémgure9 illustrates silica content of some
common aggregate typdBitumen, especially those with high acid value, has a tendency to
be slightly negatively charged and thus adhesion problems oamariy with acidic
aggegates as depicted kiigure10. Other aggregate properties like surface texture, porosity,

shape and absorption will also influence the agagreegnd bitumen adhesive boi2d).
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Figure 9. Silica Content of Common Aggregate Type

®
S @ = ® 09 ©© )
) L|mestlone ) O Sandstone O
(Basic) (Acid)
® ® O ©
Voo® 060
Good Bad
Adhesion Adhesion
© 0 6 0 6 © © © 0 9 o
o S= . Seo o2 . S
Bitumen (Acid) Bitumen (Acid) 5
© 50w ° @ 5 050°9

5 © © 0 o ©

© o
Figure 10. Polarity Effects of Aggregate and Bitumen

In most cases, stripping stasisthe bottom of the asphalt layer @ahdnpropagates
upwards due to the tensile behavior of the structure and the presence of water above the

subgrad€25).
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2.3 Laboratory Moisture Susceptibility Evaluation of Asphalt Mixtures

To evaluate the moisture susceptibility of asphalt mixtureise laboatories two different
damagemechanismsf thetraffic loading and moisturkave beeronsidered togetheAs
accumulating traffic cycles, the stiffness of asphalt pavemenechanicallydeterorated.
Exposng water in theasphalipavemenphysically andchemicallymakest embrittle
Thereby, thanoisture damage acceleratbefatigue crackingiramatically.

The firstdamagaemechanisnhas beemxaminedhrougha mechanical loading test
that can mease thefatigue performance aradrippingrelated indicatorsvhereaghe second
damagemechanisnhas beemsimulated viaa moisture conditieing procedure that can
representhe moisture damagthatoccusin the field.Also, those damage mechanisms have
beenteskd in two diferent ways. The firsinethodis to carry out the mechanical loading test
after a moisture damage conditioning procedure, such as in the procedure described in
AASHTO T 283(26) (refer to chapte4.3.1and4.5.1), and the seconaiethodis to conduct
both procedures simultaneously, such as the procedure descri&8HTO T 324(27)

(refer to chaptes.3.2).

2.3.1 Currently AvailableMechanicaMoisture Susceptibility Tests

Table2 presents the currently available moisture conditioning procedures and mechanical
tests that are generally used to evaluate moisture susceptibdiiyng test andstatic

immersion tesevalate the moisture susceptibility through the visual observation of
stripping after conditioning the asphlbsemixturesin the water bathThe main weakness

of both tests is that there is no quantified indic#tat can objectivelgvaluate thenoistue
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susceptibility.Other Lottman test, Tunnicliff and root test, Modified Lottman tmst|
Immersioncompression test utilize the indirect tensile strength ratio with and without
conditioningthe compacted asphalt mixturethe water batlas the quantifié moisture
susceptibility indicatorThose tests are conducted to predict the botipraracking fatigue
performanceccelerateavith moisture damage by using a performance indicator of indirect
tensile strengthThe main weakness of thos®notoniccompressiveests is thiathe

moisture susceptibility indicator of the strengtimot sensitive enough to predict the fatigue
performance of viscoelastasphalt mixtures.

Other than those compressive strength tests, the HWTB @ssign tesimulate he
scouring that happen on the surface asphalt paveaitnthe contact tire in the water bath
at 50°C The indicator of moisture susceptibility is thepgting inflection point thatan be
measured by finding thiatersection point betweeantting slops attwo different stable
regiors. The HWTD istherutting testthatcanmeasure viscoplastic flow at a high water

temperature witlhe stripping.
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Table 2 Currently Available Moisture Susceptibility Tests

Moisture | giandard | Mechanical | Moisture Conditioning Moisture
Susceptibility Susceptibility
Method Test Procedure .
Test Indicator
Visual
Boiling Test A%‘gl;/ISD None Boiling Water Observation of|
Stripping
Static oo o Visual
Immersion | AASHTO None Immersing in Wateat 25°C Observation of|
T 182 for 16-18 hours o
Test Stripping
Vacuum Saturation with
NCHRP Monotonic | Water: 4 years performang Indirect
Lottman Test 546 Compressive  Additional Freeze (15 hr, Tensile
StrengthTest| -18°C)-thaw (24 hr, 60°C) | Strength Ratio
cycles: 412 years
Tunnicliffand | ASTM D Monotonlp Vacuum Saturation with Indlrgct
Root Test age7 | Compressive Water Tensile
StrengthTest Strength Ratio
- Monotonic Vacuum Saturation with Indirect
L O'\tﬂtcr;?;:']e.? ost A'?I‘.Sz'go Compressive Water/Additional Boiling Tensile
StrengthTest Water (24 hr, 60°C) Strength Ratio
Immersmr_q AASHTO Monotonlp Freeze (15 hr18°C)-thaw Indlrgct
Compression T 165 Compressive (24 hr, 60°C) cycles Tensile
Test Strength Tesi ' Strength Ratio
Hamburg Stripping
Wheet A’?‘FSS'_ZO Wheel Tracking Test in Wateat 50°C Inflection
Tracking Test Point

2.3.2 Moisture Damage Conditioning Procedure tfog Laboratory Ests

None of moisture damage mechanism proposed in the literature have been proven by
connecting theoretical considerations to observed field behdheronly laboratorpased
approachefor accelerating the effect of moisture in mixtures that have been proposed
include: 1) boiling the mixture in a loose state (ASTM D3625), 2) letting the compacted
mixture sit in a hot water bath for a period of time and freezing the mixture (AASHTO T

283), 3) vacuum saturating the mixture and then loading it with stresses intended to simulate
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traffic, and 4) vacuum saturating the mixture and then inducing pore pressures in the mixture.
Due to the traditionally short period of time that vacutirs not likely to accelerate the

attackof wateron the asphalt film. Rather, its direct effects are to saturate the mixture by
inducing negative pressures within the mixture (AASHT@8B conditioning protocol).

Similarly, the cyclic loading of a satueat mixture results in other types of damagiated

mixture effects, which are not strictly associated with moisture sensitivity. Boiling and other
high temperature acceleration techniques also likely damage the structure of the mixture, thus
again confouding the effects of moisture damage. In contrast, the application of cyclic pore
pressure alone may offer the promise of creating a mechanism that accelerates both long
term moisture intrusion through the asphalt film and the effects of the expansive@ss

water without introducing other complicating damage effects.

2.3.2.1 Hot Water Conditioning with Vacuum Saturation (AASHTO T) 283
After applying vacuum pressure of 13~67 kPa to specimens submerged in a vacuum

container at 2& in order to match a saturati level of 65~80%, the saturated specimens
were placed in a water bath atJé0for 24 hours. After completely conditioning the
specimens for moisture damage, the hot specimens were transferred to a water bath at room
temperature to cool he specific proedures are described in the followi(2).
1) Make at least four specimens for each test, two to be tested dry and two to be tested
after partial saturation andoisture conditioning.
2) The testing specimens shall be compacte®@5% air voids.
3) For moisture conditioning, place the specimens in the vacuum container and fill the

container with distilled water at room temperature.
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4)

5)

6)

7

8)

9)

10)

11)

12)

Apply a vacuum of 1&7 kPa absolet pressure (10~26 in. Hg pial pressure) for a
short time (times will vary up to 10 mites depending on theacuumpump and the
type of mix).

Remove vacuum and leave the specimen submerged in the distilled water for 10
minutes.

Determine the bulk speafgravity of the saturated specimen and saturated surface
dry (SSD) mass toalculatethe volume of absorbed water.

Determine the degree of saturation by comparing the volume of absorbed water with
the volume of air voids.

If the degree of saturation isggater than 80%, the specimen is considered damaged
and shall be discarded.

If the degree of saturation is less than 65%, repeat the steps beginning with step 4)
using more vacuum pressure or time.

If the degree of saturation is 65% to 80%, place eadmeagaturated specimens into a
60+1°C water bath for 241 hours.

After soaking for 241 hours, transfer the specimens to a water bath already at
25+1°C.

The wet specimens shall remain in the water bath for 2 hours

2.3.2.2 Moistue Induced Stress Test@MIST)
The moisture induced stress tester (MIST) showrigarell was developed to

quickly simulate (less thaflour hours) the conditions gdore pressure in a saturated

pavement under traffic load. The MiISonsists of a system to use a supply of compressed
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air to lead and apply vacuum to force water out and in through an asphalt mixture sample,
which is kept in water maintained at a constant temperature of 40°CirTgressure was

276 kPaMIST conditionng was conducted for 500 0j000 cycleg28).

=

Figure 11. Moisture Induced Stress Tester (MIST) Device

2.3.2.3 Cyclic Pore Pressure Conditioning ugitModified Triaxial cell of MTS
In order to test the concept of using cyclic pore pressures for conditioning mixtures,

an existing triaxiabystem was modified by University of Florida resededm The cyclic

pore pressure conditioning system is composed of modified triaxial ceHphegure water
distribution system, a closédop servehydraulic controller and data acquisitiorsggm,
servehydraulic volume change device, and high and low temperature water conditioner such
asFigurel2. The first step for specimen pore pressure conditioning is that a vacuum of 25
in-Hg was applied to the conditioning chamber for 15 minutes and allowed to rest for another
15 minutesNo specific saturation levels were targeted, since each mix has a unique void
structure that may enhance or reduce the saturation capacity of the mixture. It is believed that
forcing a target saturation level might cloud the effective differences betwigamres in

resisting moisture ingress and therefore possibly moisture damage. Second, the water in the
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cell was heated. Finally, a computer program is started by drawing water from the source into
the volume changer. The hydraulic volume changer thetinems to apply cyclic pressure
into chamber. The pore pressure range84+rd 03 kPaThe conditioning cycle was repeated

once every three seconds for a total of 5800 cycles which takefatgoburs(29, 30).

MTS Load MTS Load
Force Frame Cell

Water Water Triaxial Pressure Transducers
—pPressurization - Distribution ——p» —» Thermocouple —
System Panel LVDTs

Water
Heater
Chiller

YT
MTS
‘ Controller e

Acquisition

Figure 12. Components of Cyclic Pore Pressure Conditioning System

2.3.2.4 UK Saturation and Ageing Tensile StiffedSATS) Conditioning Procedure
Researchers at the Nottingham Center for Pavement Engineering have developed a

combined ageing/moiste damage laboratory test that has been shown to correctly predict
the performance of asphalt mixtures in the field and replicate the magnitude of this moisture
damage distress. The SATS test is based around the principle of combining ageing with
moistureconditioning by conditioning preaturated asphalt mixture specimens at an elevated
temperature (85°C) and pressure (2.1 Mpa) in the presence of moisture for a duration of 65

hours. A pressure vessel is used to hold five specimens in a tray as slogured 3.
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Figure 13. SATS Pressure Vessel and Specimen Tray

The test conditions usedth the SATS test were selected in order toedpce in the
laboratory. The 8ld observed 60% decrease in stiffness modulus for a high modulus based
on asphalt moisture. The SATS test moisture conditioning procedure is as follows: 1)
specimens are immszd in distilled water at 20°C and saturated using a residual pressure of
between 40 and 70 kPa for 30 minutes (i.e. AASHTO T28&7LBPa with vacuum pressure
for a short time). 2) prior to introducing the testing specimen, the pressure vessel and water
are maintained at the target temperature of 85°C for at least 2 hours. 3) The saturated asphalt
specimens are then placed into the pressure vessel, the vessel is sealed and the air pressure is
gradually raised to 2.1MPa for 65 hours. After 65 hours, thselés allowed to cool to 30°C
before the air pressure in the vessel is released. During the test there is a continuous cycling
of moisture within the pressure vessel to simulate actual pavement moisture condensations

(3D).
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2.4 Disagreement between Laboratory Moisture Susceptibility Evaluation
Results of Warm Mix Asphalt Mixture and Field Performance

Observations

2.4.1 Laboratory Performance Testing Results

Johnston edl. (32) utilizedrepeated flexural bending and IDT tests to evaluate moisture
susceptibility of WMA and HMA mixtures. The flexural bendiragiue tesng was
conducted in accordance wltASHTO T321at 18C. The testesults indicated that the
foamed WMNA mixture had a fatigue lifever three times greater than the HMA mixture.
Moisture susceptibility testing was conducted with AASHTO T 283. Thé¢estsengths
and TSR(Tensile strength ratiojalues were much lower for the Waimam (0.5) when
compared to the HMA (0.85). The authors stated thatsampiping addive should be used
to solvethis problem

Hurley and Prowell33) studied the performance of different WMA additival.the
warm mix additives caused a decrease in air voids when using the gyratory coniasto
couldreduce theptimum asphalt content. Howeverliteraturerecommended continuing
the use of optimum asphalt content for a control mixture determined with no warm mix
additive. Results from testing strength gain with time indicate that ndioweés needed in
the field before opening to traffic when using any of the three warm mix technologies
(Sasobit, Asphanin, and Evotherm ET)Reducing the mixing and compaction temperature
causes an increase in moistausceptibility for the mixturby dbserving TSR values. The

addition of hydrated lime to the Aspian mixture made with granite improved the moisture
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resistance. Magnabond (Asdiripping agent) improved the moisture resistance of the Sasobit
mixtures. Hamburg results verified tieeindings.

Diefenderder and Heroi34) investigated plant produced WMA mixture to evaluate
effect of moisture containing aggregate on the moisture sulsitigptising IDT and HWTD
tests.The plat-produced WMAmixtureshad aT SR of 0.69. The wagedspecimen
prepared with moist aggregate had a TSR of 0.5, and thel&yunveraged sample had a
TSR of 0.71. This indicates that WMA was susceptible to moisture damage when the
aggregate are ndtied adequatelyThere were trends that showed an increase intheth
conditioned and unconditioned tensile strengths when the WMA was aged and when the
production temperature increased. Statistical testing showed that the conditioned and
unconditioned tensile strengths for figtdx HMA were significantly highethan tre fidd-
mixed WMA pecimensHowever, the fielenixed, laboratorscompacted WMA had
significantly higher conditioned and unconditioned tensile strengths than [dhenfieed,
plantcompacted WMA even though the TSR criterion was not met. This may haltedesu
from re-heating of the WMA. The Hamburg wheel tracking device was used to evaluate
moisture susceptibility and rutting potential. B6tMA and WMA specimens wergelow
the criterion. The moisture susceptibility criterion for the Hamburg was a minstripping
inflection point of 10,000 passe¥he results showed that laboratory amtbfproduced
HMA and WMA specimensvere resistant to moisture damage. TSRs of the Evotherm ET
mix were lower than the control HMA and they did not meet the minimum T&Rreenent

of 0.8
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Button el al.(35) studied the difference of strength results between laboratory and
field specimens-or the laboratory and fid pecimensthestrengthresultsof the HMA field
coresareranged fronP92to 1351kPa The differencdéetween the tensile strength for the
laboratory and filel produced WMAwassignificant 413kPafor the laboratory mixture, and
ranging from1220to 1461 kPé&or the field cores.

Akisetty 36) studied WMA with CRM (Crumb rubber modified binder) mixtures
using IDT testingln South Carolinatherewas no significant difference between #teength
values of the control and warm CRixtures

Austerman et al37) evaluated moistursusceptibility of WMA mixturesising
HWTD testing. The HWTDesting was performed in accordance with AASHTO T 324. The
stripping inflection points showed that all mixtugemtaining warm mix additives were
much more susceptible to moisture damage thandht&ol mixture

Hurley et al. 88) used Sasobit additive &valuate moisture susceptibility using IDT
and HWTD testsSasobit was evaluated as part of a WMA demonstration in Michigan on
state highway M95. The moisture susceptibility of the mixes was evaluated using AASHTO
T 283. Thestrengthvalues of the WMA wex higher than those of the contHi1A. Both
mixtures exceeded the TSR criterion of 0&8so, HWTD testing was conducted in
accordance with ABHTO T 324. The WMApassed the stripping inflection point criteri
of a minimum of 5,000 cycleshereaghe contol failed to meet tis criterion

Xiao et al 89) investigated the effect of hydrated lime on WMA mixtures using IDT
tests.The drystrengthvalues of th&VMA mixtures (Asphamin and Sasobit) with moist

aggregate were lower than those dfastmixtures. Hydrated lime helped offset this decrease.
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Hydrated lime visibly improved th&trengthand TSR values for the mixtures considered.
There were no significant differences in the dry or stetngthvalues when comparing the
control mixture tohe mixtures containing Asphrain and Sasohit

Hurley et al. 40) researched an effect of reheating on the strength of WMA mixtures.
For specimensampacted without reheating, the majority of the samples failed to meet the
TSR criterion of 0.8. For specimens compacted from reheat migirireggthvalues
increased compared to those compacted frorrrebeat mix. However, the increase in
strengthvalues didnot improve the TSR values

Hurley et al.(41) conducted HWTD tests to evaluate moisture susceptibilityhdA
and WMA (Sasobit and Evothejmmixtures.Both control and Sabit mixespresergd
acceptable stripping inflection points and rut depths. The Evotherm ET mix failed both the
stripping inflection points and ruig criteria

Kvasnak et al.42) also carried out IDT and HWTD test to evaluate moisture
susceptibility of HMA and WMA mixtures. Thearsture susceptibility was conducted in
accordance with AASHTO T 283 without the freghaw cycle. Only the two control mixes
and the Astec Double Barrel Green mix met the TSR criterion of 0.8. TSRs for the Evotherm
DAT, Sasobit, and Advera WMA were 0.45, 0.59, and 0.53, respectively. Hamburg testing
was conducted in accordance with AASHT@Z4. All of the mixes except for Advera

WMA and Evotherm DAT met the strippinmpint criterion
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2.4.2 Field Performance Observation

Bonaquist et al.43) investigated the usage and field performance of WMA mixtures in
Europe.Several field demonstrations (Norway, U.K., and Netherlands) were constructed in
Europe using WMA technologies (Emulsion and Foam) from 1996 to 1999. No major
problems were encounterddring the placement and compaction operations. The air voids
of the WMA were comparable to HMA. The WMA sections were exposed to traffic very
soon after construction with no problems. Visual observation of the sections immediately
after construction anthree years later showed comparable performance to that of HMA with
no viside distresses

D Angelo et al. 44) investigated performance testing methods for WMA mixtures
from European countrie8Vhile in the United States it is important to know if the warm mix
additive changes the grade of the bindiropean countries focus more on performance test
results. Placement of HMA and WMA were the same in the countries visited. The only
difference was the lower placement temperatures of the WMA. When compared to U.S.
contractors, European contractors agtdr equipped to research and develop new WMA
technologies

West(45) surveyedhe performances of fatigue cracking and rutting to compare
HMA and WMA mixturesthrough laboratory IDT testing and field observatiGores were
obtained from three of the field demonstration locations and tested for indirect tensile
strength. The oldest site where cores were extracted was approximatgiyansmld. Tk
tensile strength results showed that the WMA strengths improved over time as the binders

oxidized and some degree of curing occurred. After two years in service, the WMA and
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HMA had similar tensile strength values. Additionally, core analysis showethéat
majority of densification of WMA occurs in the first six months in service. From simple
visual inspection of the paving sites, it appeared that HMA and WMA had the same amount
of rutting, and that the cracking resistance of WMA is at least equand+MA. More
importantly, none of the field trials had shown any sign of moistaneage thus far
Harder et al.46) investigated the strengthnation as curing time goes for aging
effect of WMA mixturesT SR t est s wer e p e roductionmeitdlly,dhe e ac h
specimers were prepared after two hours aging &C9R\fter eight days of production, an
un-aged set was added. Both dry avet tensile strengths were higher for the aged as
compared to theanaged sample3he mean TSR for the unagegesimers was 0.91 and the
mean TSR for the aged samples was 0.9. There appears to be a reduction in moisture content
between the pla and field
Jones et al4(7) observed the moisture content of HMA and WMA mixtures in
asphalt plantMoisture contents of the mex collected at thplants srowed a more
interesting trend. The moisture content of the CoriiMdA mix was just 0.09 percent,
considerable lower than those of the mixes with additives, which had moisture contents of

0.25 percent (Advera and Sasobit mixes) and 0.32 percent (Evotherm)
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CHAPTER3 THEORETI CAL BANDOGROU
PROPSED MOI STURE ISBUSCGET TESTS

The NCHRP 919 and 929 projects have developed specificationtest equipment and for
several test methods that can be used by state highway agencies and contractors to conduct
performance testing of asphalt mixtures. The Asphalt Mixture Performance Tester (AMPT) is
the test equipment, i.e., the product of the NG9 project. Also, Research under the
FHWA project DTFH6108-H-0005, Hot Mix Asphalt Performand®elated Specifications

Based on Viscoelastoplastic Continuum Damage (VEPCD) Models, has resulted in test
methods and mechanistic models that can be pertbam@&MPT to determine the fatigue
cracking performance of asphalt mixtures. The fatigue cracking performance is determined
by direct tension ayfic testing and theiscoelastic continuum dama@¢ECD) model. The
efficiency of these test method and moal@ws the fatigue cracking performarered

moisture susceptibilitgvaluation of one asphalt mixture under a wide range of service

conditions within a tweo threeday period.

3.1 Viscoelastic Continuum Damage Theory

In the VECD modellinear viscoelastimaterialpropertiesanddamage characteristibave

been used to predict fatigue performarndere, tke linear viscoelastic properties are derived
from dynamic modulus tests while the damage charactasrastprocured from the cyclic

direct tension testn order to attain the asphalt material stiffness as accumulating damages,

the linear viscoelastiproperties and damages need to be coresdegether Therefore, the
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sensitive and accurate moisture susceptibility test reqoarisof thedynamic modulus test

andthe cyclic direct tensiotest Thelinear viscoelastic properties and damacgss derie

the constitutive equations that mechanically explain the relationship between stress and strain
with any damage. And then, by determining failure criteria in the VECD model, the fatigue
performance can be predicted with a pavement structure responsghtfirote element

model.

3.1.1 Linear Viscoelasti®roperties

The dynamianodulus, |[E*|, assumes a fundamental linear viscoelastic material characteristic
in the form of anastercurve that exhilsifrequency and temperaturdependent behavior.

To determine théundamental material properties of mixtures through dynamic modulus
testing it is important to understand the principle of theenperature superpositignTS).

Simply stated, the same modulus value of a material can be obtained both at low test
temperatures and long times (slow frequencies) or at high test temperatures but short times
(fast frequencies)fsenerally speakinghe behavior of a material at high tezngtures is the

same as that under long loading times or slow loading rates/frequencies, and the material
behavior at low temperatures is the same as that under short loading times or fast loading
rates/frequencieg.he mastercurvef the dynamic modulusan befitted to obtain the

coefficients of a sigmoidal functiogquation(1), andthe timetemperature shift factors

function, i.e.,Equation(2), by employing an optimization process. To transform a frequency
dependent property to a tirgependent pragty, the relaxation modulus, E(t), of an

analytical form can be used, as described in Equation (3). The relaxation modulus of the
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Prony series form can be used as a unit response function in the convolution integral that
shows a viscoelastic material abitutive relationship between strain and stress, as expressed
in Equation (4)48). The convolution integral allows the viscoelastic material response to be

derived from any input loading history through the relaxation modulus.

log |[E*|= a + «y
1+m

log(a,)=a,T” +gT + 2
E(t) = E, 4am_l E*e'" ©)
s =fE -I)ﬁ—fd @)
where

fe = reducedrequency,

e = exponential function

a,bd g = fitting coefficients of sigmoidal function,

a = time-temperature shift factor,

a,,a,,a, = fitting coefficients of timetemperature shift factor function,

T = temperature,

E. = long term equilibrium modulus,

[ = index of summation

= number of prony terms

E = modulus of Prony term number i,

t = time,

r = relaxation time of Prony term i,

s = stress
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t
e

integration termand

strain

3.1.2 Viscoelatic Continuum Damag€haracteristics

In order to apply continuum damage mechanics to viscoelastic asphalt concrete materials,
elasticviscoehstic correspondence principtene-temperatte superposition principle, and
Schaper yds wo rake useditheuWECD raodel Rirdt & all,rthg elastie

viscoelastic correspondence principle allows using elastic solutions for viscoelastic materials
by incorporating the pseudo strain concé®.( Second, lte timetemperature superposition
principlecan derive the constitutive relationship between stress andwtthiany damage

at any loading frequency and temperatoyausinga shift factor derived frorhVE properties
(50).Finally,Schaper yds wor k thpeoonceptaf amtdrnaltstatevarraljle us e s
thatquantifies any microstructural change through stiffnessatezh in the material5Q1).

The power of the elastigziscoelastic correspondence principle is that it allows
viscoelastic materialtouselme consti tutive equations, such
by using Laplace transformnd pseudo strain concephe constitutive equations for
isotropic elastic and viscoelastic bodies can be expressed by Equations (5)iamh¢h)
Theconstitutive equation ofiscoelastic material can b&nsformed in the Laplace domain
as shown in Eaggtion ). And, the Laplace inversion of Equation (6) can be expressed as
Equation (7)By using a reference modulu® () of Equation (8)the pseudo straia  of

Equation 9) can beproducedTypically, the reference modulus is consideredras After

replacing the convolution integredrmto obtain the stres(q?j‘ E(t- z‘)u—i“d i) into the
KL
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psudo strair(- ,t he Hookeds | aw for the viscoelastic
in Equation 10). Theviscoelastic constitutivequation ofEquation (0) is the saméorm as

that of elastic constitutive Equation @ thatalHo ok e d6s | aw r el ated mech
of linearelasticisotropic solid can be used for viscoelastic matefhis approactshould be

the mossignificantimpactfor viscoelastic material research&rsonductthat the

mechanisticziscoelastic materianalysest the level of linear elastic material

EQJ: - (/7225 +3:<)’ (5)
Eg, =5 (M5 2, (6)
t
ﬁ(t' t)u_end (=5 M »S %), (7)
0 e
R[—@E(t t) “e“d]r S5 s, ®)
=t AE - )“eﬂd )
E.
EReR = 8 (/7225 +33)’ (10)
where
& = pseudo strain,
e = strain,
., = stress,
n = Poissonbds rati o,
E(t-f) = LVE relaxation modulus (unit response function), and
t = integration term.
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Continuum damage mechanics considers a damaged body with some stiffness as an
undamaged body with reduced stiffnéBse damage parameter (D) represents the damaged
condition of a material in terms of effective stress or modulus vahis. parameter helps to
create a fundamental constitutive model for damaged material properties, as expressed by
Equation {1). The vscoelastic continuum damage theory adapts pseudo stiffnesst{te) as
damage parameter used in the continuum damageamesiwhich isa function of an
internal state variable ($Jr theconstitutive equation of damageigcoelastianaterial, as

shown in Equation1@).

_s/@-D) _9 _ s _ o_q _ 1.

e——E = -—E(l- D & (D = 0:no damage, D = 1: full damage) (11)
s=f(9E & =q3 H °* (12)
where

= pseudo strain,
= strain,
= stress,

= damage parameter

e

e

(@]

. = effectivestress,
Ce = effective modulus,
QY

= effective modulusand

Ex = Reference Modulus

The main output of the VECD model is th@mage characteristic curgéC(S)that
describes the deterioration of the material integfitypiseudacstiffness) as damage (S) grows.

Depending on theharacteristics of the asphalt mixtures, unique damage characteristic curves
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can be acquired. The damage characteristic curve represents the relationship between pseudo
stiffness (C) and damage (S), regardlessadling conditionsFigure14 and Figure15 show

the pseudo stiffness and damage as a function of a number of loadingatyoleslifferent

strain levelsrespectivelyDuring the cyclic direct tension testiffgst damage accumulation
andpseudastiffnessreduction occurs at a high strain lewdlereas slow damage

accumulatiorand stiffnesslecrease happens at low strain levelweeer, ly re-plotting the

pseudo stiffnesased inFigure14 andthe damagesed inFigurel5into one graphthe
fundamentaViscoelastic material property damaye characteristic curve can be deriasd

shown inFigure16.
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Figure 14. Pseudo stiffnesgC) vs number of cycles at different strain input levels
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Figure 16. Pseudo Stiffness vs. damagddmage characteristic cave).

The damage characteristic curves can be fitted by an exponential or power form.
Whereas the VECD model is applied fbrect tensile monotonic tests, the simplified

viscoelastic continuum damage {Y&CD) modelis designed to use with direct tensiielc
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tests that can reduce computational time and owsc®MPT machine limits. The-SECD

is a simplified version of the VECD model and is designed to reduce computational time
while maintaining the accuracy of\EECD theory. The S/ECD model employs aipcewise
approach to separate the first load cycle analysis from the other load cycles. It is found that
an approximately 15%~25% reduction of material integrity occurs during the first cyclic load
cycle, which indicates the necessity of full analysisgisiththe data points. After analyzing

all the data points of the first load cycle, each successive peak data point for the subsequent
load cycles is used to calculate the pseudo stiffness (C) and damage (S) using a load shape
function extracted from thenalysis of the first load cycl&y multiplying the peak load
amplitude by a load shape functiSQX, an entire load cycle history can be created for
accurate analysis. For the pseudo strain and pseudo stiffness calculationsWEGE S

model, a loadig form { ) is used to extract thiensiononly stress from the combined
compression and tension stre&kpha ( ) is related to the damage evolution rate in work
potential theory and is calculated from the maximum slope of the relaxation modulus and
time in loglog scale. The alpha has a relationship with m, the maximum slope between log
creep compliance and log time, depending on the test control modeoRotonic or

controlled crosshead (CXgsts a = 1/m+ 1(12). Also, the dynamic modulus rat{®MR) is
adopted to check the specimen variability between the dynamic modulus tests used to
determine the LVE properties and the direct cyclic tension tests used to determine the S
VECD properties. It is also found that the damage characteristic curwedlfivhen using

normalized pseudo stiffness values calculated by applying the DMR concept within £10% of
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specimen variability. Therefore, specimens with £10% difference in the DMR can be utilized
for SVECD model characterizatm

Finally, the number of cycles to failuré () can be predicted regardless of any
loading frequency'Q ) pr history ¢Y) until damage accumulates to faildrg usingthe
VECD modelsThe camage at failurean bedetermined by the drop point of the phase angle
or the average of dissipated pseudo strain energy(i@fEsduring cyclic direct tension

testing(11, 52). The two failure criteria of peak phaaegleand the average @&~ were
used in this study to predict the fatigue life with and without moisture conditioning as a

moisture susceptibility evaluation.

3.2 Failure Criteria for Fatigue Characterization

Traditionally, the fatyue failure criterion is defirteas the point where the modulus value

reduces to 50% of the initial modulustbe peak point of phasengle The peak phasangle

approachs more consistently to predict fatigue life than that of 50% reduction of the

modulus, but its required tagainthe empiricalrelationshipby testingat multiple

temperature and frequees For theevaluationpurposeof fatigue life prediction at a single
intermediateemperature and frequcy, the peak phassngleof failure criterionis the

simplest methodRecently, a new failure criterion was developed to consistently predict

fatigue performance in-SECD model aginding the pwerlaw relationship betweerates

of dissipated pseudo strain energy (G ) and
angle It was found thatite new method imdependent of thenode of loading and

temperature anil only requires a single temperature, at a single loading frequency, and at
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three to four different strain amplitud&s the cyclic direct tension tesfs2). By using the

two different failure criteria of the peak phas®gleand the averaged I n closed for
solutions the final fatigue performanand moisture susceptibiligould be predicted in this

study.The firstfailure criterion of thgpeak phase angle is used to predict fatigue and

moisture susceptibility performaneéa single temperatuine amanner offast analysis

methodwhereas the second one of the averagetafdissipated pseudsirain energy rates

is employedat a temperatervariationin a comprehensive and accurate manner

3.2.1 Peak Phase Angl

Figurel7 shows a typical pattern of change in phase angle during an entire CX
cyclic test. The phase angle increases until the strain localization occurs, and then decreases.
The opposite occurs arodithe failure point, which makes the determination of the number

of cycles to failure accurate and consistent.
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Figure 17. Fatigue life definition of a typical CX cyclic test indicating number of cycles
to failure (Nf).

3.2.2 Average Rate of otal Dissipated Pseudo Strain Energy

Originally, the dissipated pseudo strain energy rate method was prdpmseshergy is

evaluated during cyclic loadirgs shown irFigure18 (a) (53). The researcbuggested

finding the dissipated pseudtrain energyateat a stabilized regioat multiplestrainlevels

and the constant slope is call&&" 0. The dissipated pseudo strain energgdsumulagd

from the external loading and material stiffness reductianvever,it was found thathe

GR method is épendent on the mode of loadifftherefore, theew G® method is

proposedy using the average of total dissipated pseudo strain energy rate that can consider
a total number of cycles to failure () (52). Instead of using the stable region of the

dissipated pseudo strain energy ratesideringoverall rate of damage accumulation during
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the cyclc tests seems to be more reasonahlk ®uld solve the problem of the loading mode
independencerigurel8 (b) showsan example of wherelihe average of total digated

pseudo strain energy ratisgrocured.
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Figure 18. Fatigue life definition determined from (a) the dissipated pseudo strain
energy rate in a stable region and (bdhe average of total dissipated pseudo strain
energyrates.
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3.3 Closed Form Solutiors for Fatigue Cracking Prediction

Without thefull version offinite elementtructuralsimulation rigorous model of closed
form solution can predict fatigulife at anypavement structur@y using the strain kernel
obtained from the finite element structural pavement response as inputy/&G@Bemodel,
the bottomup cracking performanand the corresponding moisture susceptibdéy be
simulated Becausehte main dficulty of the closed form solution is to soltlee convolution
integral the analytical solution is suggestedtalculate the pseudo strain Whacrosoft

Excel and Matlab programAs following the analytical derivation of @gdo strain described
in Section3.3.1, theclosed form solutiomfor thefatigue life predictioncould be gained
through two different failure criterid) peak phasangleand 2) averagd®in the next
Section3.3.2 and 3.3.3n this dissertation, the cled form solution of thpeak phasangle
criterion is used for performance based moisture susceptibigtjpationin Chapter6, 7, 9,
and 10 Also, theclose form solutions using theo criteriaare compared to predict fatigue

performance in the Chaptér

3.3.1 Analytical Derivationfor Pseudo Strain Calculation of Convolutianelgral

Equatiors (13)to (32) show the derivation of analytical solution for the pseudo strain

calculation.
1% e
ef=— zZ- {d—d 13
E] fF-( )dt (13)
1 X m “' de
_>eR:_~ '*e 7 _d‘ 14
e fIE AE 7 (14)
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Thereforethe analytical solutiorfor the pseudo strain calculatias expressed in
Equation 83).

. 1 1 +1 S {at) ‘
@=ter @ L4 ety HJ aEe A4 e ()
R R i=1 I
Where
& = pseudo strain,
e = strain,

E(z- )= LVE relaxation modulus,
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t = integration term,

E = modulus of Prony term number i,
t = time,

r = relaxation time of Prony term i,

e = exponential function

K1 = loading shape factor,

DMR = dynamic modulus rati@nd

a = damage evolution rate

3.3.2 Close Form Solution using the Failure CriteriorPefak PhasAngle

The derivation of the number of cycles to failure for any ifpstory using peak phasegle

failure criterionis described in Equation84) to (42).

"= o(9(e" -,
s=C(9 &.a9 =5 (35)
SR (36)
Fps S
dS_&4 1dC p, % _adCdt 5, * 5 14 Sea ,
(2205 ¢ TFqas? 03 ctiR)é (37)
na (eF)? é 1
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izlg -
dC
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- = = T = = =¥ 40
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Thereforethe final closed form solution for the fatigue life prediction using the peak

phaseanglefailure criterion is expressed in Equatiai3)

(fea) (2°) St *

N taigre = e 2a (43)
(a- €, 4)(CC) ( K,
Where,
WHR = total dissipated pseudirain energy
ds = increment of damage growth during calculation step,
K1 = loading shape factoand
C,.C, = power function coefficients of damage characteristic curve

3.3.3 Close Form Solution using the Failure CriteriorAvkerage Rat®f Dissipated
Pseudo Strain Energy

The derivation of the number of cycles to failure for any input history @siagage rate of

dissipated pseudo strainexgy failure criterionis described in Equationd4) to (52).

1
wWF zi(eo,taR)z(l -C) (44)
Ny
we iV
GR=""_ o (45)
Nf Nf2
Ny
W™ dN
GR=OT a(N,)" (46)
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Thereforethe final closed form solution for the fatigue life prediction using the

averageG~ failure criterion is expressed in Equati@3),

a-zat

e . Ea+2 o . %i (@+)(n 4) 7 a n+al)
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Where
WHR = total dissipated pseudo strain energy
Era” = pseudo strain amplitude in tension loading mode
GR = dissipated pseudo strain energy rate
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fitting coefficients of power function for a relationship between average
GRandN,,
power function coefficients of damage characteristic gurve

damage evolution rate
load form factorand

the pseudo strain tension amplitude (cyapecific)
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CHAPTER4 EXPERI MENTAL PROGRAM

In this chapterthespecimen preparaticand asphalt binder modification procedures are
explained to produceMA and WMA mixtures for the mechanical moisture susceptibility
tests in laboratoryAlso, the existing two common moisture susceptibility tests of indirect
tensile strength ratio and HWTiBsts and proposed moisture susceptibility test of cyclic
direct tension test ratiaredescribedFinally, two moisture conditioning procedsraf the

existing AASHTO T283 and MIS@arediscussed.

4.1 SpecimenPreparation

Forthemaisture susceptibilityests all specimens were fabricated using the Superpave
gyratory compacto Except the specimerigr the HWTD test, thethermechanical testing
specimens were cored aadlt from the gyratory specimeizeof the178 mm heighby 150
mm in diametethat isthe maximum size fabricatdxy IPC gyratorycompactos shown in
Figurel9. This isbecauséNCHRP project 26A (54) results suggeghatsuchspecimen
preparation proceduraay be able to overcome the high variability of air void distribution in
the specimens amaf test reslis.

To obtain specimens of uniform air void distribution, these samples were cored and
cut to a heighof 150mm with a diameter of 10éhm and a height of 13thm with a
diameter of 100 mrfor dynamic modulusest and cyclic diredensiontest respectively

The reason to use the different specimen geonmeegch teswill be discussedn Chapter 5.
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The target air voi@f the dynamic modulus and cyclic direct tension tests is Svbith is
typical air voidmeasured after a densificatibgptraffic loading at North Carolina highways.
Fortheindirect tensile strength test, two specimeh63.5 mmheightby 100 mm in
diamete weretaken from one gyratory specimef the178 mm height by 150 mm in
diameter The targeting aivoid for the mechanical test#s05.5%
For the HWTD testthetwo pairs ofSuperpave gyratory specimens ofrth height
by 150mm in height were fabricated witheair void of 7%for each mixtureCutting

gyratory specimens is requirémlfit the mold designed for the HWTD

(@) (b)

Figure 19. Specimerfabrication for uniform air voids: (&pring; and (b) cutting

The relationship betweedheair voids of gyratoryand cored specimsifior each test
type must bedeterminedo obtain targetir voids for thetest specimengare should be
taken in measurintheair voids of fabricated specimeisterms ofthe mixtured surface air
void. Two air void measurement methods curreatlyusedby the NCSUresearch teanas
shownin Figure20. One isthe Corelokmethod that usgsolymer bagss sealats,andthe

other isthe sturatedcsurfacedry (SSD) method (AASHTO T116, ASTM D2726).
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(b)

Figure 20. Air void measurement methods: (a) Corelok; and (b) SSD

TheCorelok machine was developed due to limitatioithe SSD method. For
example, a significant amount of interconnecting vadsh agound in opergraded friction
course OFGQ mixturesthatallow water to drain through fabricated specimevili affect
resultswhenlow volumes aredetermired In this study, the Corelok wasnployed to

measurehe air voids of altored and cut specime

4.2 Binder Modification for WMA Mixtures

The difference betweghe HMA andWMA mixtures is anasphalt bindepropery and
temperature, meaning that aggregate gradation and aggregate temperature dbmixing
HMA and WMA arethe same By addingthe organic, chemical additiveand water steam to
the virgin binder, the viscosity of asphalt binder can be redwcpbducevarm mix asphalt
mixtures at lowemixing and compactiotemperaturge Before mixing the asphalt binder
with aggregate and RAP, thender needto be madlified. In this study, two different organic

additives chemical additivesandPTI former machinef total five different warm mix
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asphalt technologiesere utilized to evaluate the moisture susceptibility of warm mix asphalt
mixtures.

Figure21 presend the asphalt binder modification and mixing proceddioeshe
warm mix asphalt mixes with chemical additives. After placing the virgin bindsm oven
at 130°C for2-3 hours, the ltemical additive of &% by weight is addetb the virgin binder
and stirred with using stick barfor 1-2 minutes.The binder modification temperature
should be less than 130°C so that the chemical additives are not evaphftaieblending
the chemicbadditive with the virgin binderthe modified bindewas cooling down to reheat
and mix with aggregates lat&o additional antstripping is required because it is already
included in the chemical additives.

Figure22 explains the procedure of the foamed mix usingmathine. Since the
foamed asphalt binder does not include anystnfpping agentantistripping agent need to
be added to virgin binderfore using the PTI machimd Figure23. When the modified
binderwas ready to mixheaggregates, ivas poured inta thermalresistanplastic bag
located in théTl machineAfter reaching the targétindertemperature of 13&, two
percentage of water was injected into the bin@leen, the foamed binder was blended with
aggregates. The distilled water is recommendgmt@wentclogging the nozzle

Figure24 shows how the organic additive is added into the virgin birkfegr taking
out the aggregate from an ov@our the aggregate into mixing bowl and makeerrshape
aggregatdolewith using a spooso that the asphalt binder can be stanetthe center of the
mixing bowl. Before mixing the asphalt binder with aggregaties last step is théthe

organic additives wenreniformly spread out on top of tlesphalt bindefThe advantage of
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this procedure tavertreheating of asphalt bindduringthe binder rodification that may
causeagingandcrystallization issuesut theorganicadditives may be less uniformly
distributed to asphalt binder than predified asphalt binder such #ise chemical additives

andfoaming technology

Blend pure binder with 0.5%
chemical additive at 130AC
for 1-2 min.

(No anti-stripping agent)

Cool down at
ambient temp.

Reheat the binder and mix with
aggregate

Figure 21. Asphalt binder modification procedures for mixes with Evotherm 3G
chemical additive

Blend pure binder with 0.7%
anti stripping agent at 135AC

l Cool down at
ambient temp.

Reheat and foam the binder using
PTI machine with 2% water
v
Directly mix foamed binder with
aggregate
y
Store the compacted specimens for
at least12 days before testing

Figure 22. Asphalt binder modification procedures for mixes using PTI foaming
machine
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Figure 24. LEADCAP additives are added while mixing asphalt sample

4.3 Existing Mechanical Moisture Susceptibility Tests

In order toevaluate the moisture susceptibility of HMA ahe correspondinfive different
WMA mixtures, airrent moisture susceptibility tests of the indirect tensile strength ratio and

Hamburg wheel tracking device tegtre conductedsince hose two common tests have
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been used as a passfail type testthe current failure criteria were adapted to evaluate the

performance of moisture susceptibility.

4.3.1 Indirect Tensile Strength Testing

For the quantification of moisture damage resistatfegndirect tension test uses the ratio of
the unconditioned to moisture damagmnditioned tensile strenghy applying a

compressive mode of loadig showrFigure25 (a). The criteria value of the indirect tensile
strength ratio is 80% in Superpave rdi@sign in accordance with the specification of

AASHTO T 283.

Figure 25. (a) IDT tester and (b) a comparison offractured surfaces with and without
moisture canditioning .

By applying the load at a constant rate of 2 inches/minute (50 mm/min), the tensile

strength is measurext maximum stres3 he tensile strength is calculated as follows.
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2P

S = Pt D (54)
Where

S = Indirecttensile strength (psi),

P = Peak load (Ibs)

t = Specimen Thickness (ijmand

D = Specimen Thickness (in)

One of the importargvaluation methods ithe visual inspection of stripped areas on
the fractured surface of specimeassshown irFigure25 (b). It has beemwlassified into three
levels of strippingl{ght, moderate, and seveéite visually determinea degreef moisture
susceptibility However, it is hard to classify those three levels consistently by visual
inspection from many different peoplEherefoe, it seems that thabjectivemethodto

guantify the stripped areas can improve the evaluation of momtsceptibilityintuitively.

4.3.2 Hamburg Wheel Tracking Device Testing

The HWTDhas beemsed to predict permanent deformation potential and moisturagtam
together, buthe combined permanent deformation and stripping evaluation causes a
complexity of damage analysis and gives higher variability of testing reBh#sesting
specimes are submerged in water of 50a&Dd asteel wheel 4™m wide is rolled across the
surface of each submergsplecimerat a load of 70%. The wheel psses over each
specimerb0times per minute at a maximum velocity of @#sec in the center of the

specimen Eachspecimerwas loaded for 20,000 passes or Lihte average LVDT
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displacement is 40.9@mto evaluate thenoisture susceptibility of the HMA and WMA
mixtures.Figure26 (a) and (b) present the HWTD test and @sgecimens that show a

permanent deformation and strippimgspectively

(a)

Figure 26. Hamburg Wheel-Tracking Testing Device

TheHWTD test takes approximate8y5hours.The rut depth is plottedgainsthe
number of passeé\nd, theplot resultusually shows a curve with two distincsteadystate
portions whichare ceep slop andtripping slopas expressed iRigure27. The creeslope
relates the rate of plastic flowhereaghe stripping slope relates the rate of plastic flow to
the degree of moisture dama@sy finding out the intersection poiof thecreep slope and
the stripping slopé a bilinear fashionthe stripping inflection point is measured.

The stripping inflectionpoint is related to the resistance of asphalt mixtures to

moisture damagéd he inflection point which is seen at a high numilewheel passes
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indicates less moisture susceptibility mateffdere is good correlation between stripping

observed in the laboratory HWTD tests andidfipavements with known moisture damage.

Additionally, the stripping inflection point relates known stripping perform#ace

Number of Wheel

Passes

Deformation
(Rut Depth)

Stripping Slope

Inflection
Point

Creep Slope

Figure 27. Stripping inflection point from HWTD test ing results.

The recommended pa#al criteriafor HWTD areshown inTable3 (55).

Table 3 PassFail criteria for HWTD testing (55)

Characteristic Variable

Mixes Containing the

Conventional Binder

Mixes Containing the

Polymer Modified Binder

Stripping Inflection Point

5,000

10,000

Rut Depth at 20,000 passes (m|

8.0

11.0

4.4 ProposedMoisture Susceptibility Tess

In addition to two common moisture susceptibility tests of AASHTO specifications, the

proposednoisture susceptibility methaaf cyclic direct tension testsas carried out to
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evaluate the HMA and the five different WMA mixtur&ar the fatigue life ratigprediction

with andwithout moisture damagé¢he cyclic direct tension teist employedn conjunction

with S'VECD material model and threémensional finite mentstructural modelAfter

the cyclic direct tension tests were completed, the tested specimens were split into two pieces,
and the stripped areas on the fractured surfaces were antiyaegh digital imaging

analysesAll tests were conducted usibgth moistureconditioned and unconditioned

specimens. In the following, the mechanical test methndgsture conditioning proceduyre

and stripping image capture procedused in this study are described.

4.4.1 Tesing Machinedor Cyclic Direct Tension Test

Computercontrolledhydraulic machinemanufactured bivechanical Testing and Sensing
(MTS) and Asphalt Mixture Performance TestAMPT) wereused forthe cyclic direct
tensiontess that employ theimplified viscoelasticcontinuumdamaggS-VECD) modelto
predict the fatigue life ratio with and without the moisture dansageresented iRigure28.
The AMPT is designed to assess pla¢ential performance of asphaiixturessuch that it is
optimized for DOT agencieand contractors to determine the fundamental asphalt mixture
properties with the reduced testing time and cdste AMPT mahine is capable of applying
the cyclic loading so thaheload cellof 5 kips capacitgan beusel. The capacity of load

cell required fothe monotonic direct tension tebait emplog VECD modelis 20 kips.Both
machines can use the loading frequencies from 0.01 Hz to ZBhdzemperature control

system in MTS cabe operatedfom -10 C to 55 C with the use ofdditionalnitrogen gas

whereas the temperature range of AMPTrom 4 C to 55 C without additional nitrogen gas
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Figure 28. (a) MTS and (b) AMPT for the cyclic direct tensiontesting.

Data acquisitioprograms wer@reparedo measure and record the vertical linear
variable differential transducers (LVDTSs), a load cell, and an actuattiis study, he
testing specimens for thdTS and AMPTmachine areattachedwith four LVDTs of 90°
interval The advantage of using the four LVDTSs is even though one LVDT has a problem,
the data acquired from the others can be used for the fundamental characterization of asphalt
mixture. For exampld;igure29 presents the location of three LVDTs and four LVDTSs.
WhenLVDT 1 has amalfunctionor issue out of the four LVDTdescribed irFigure29 (a),
the LVDT 2 and Jaced each otharan be used toharacterizéhe overallmaterial properties
of asphalt mixtureHowever,having the problem afpecimen cutting andvDT 1 out of
threeLVDTs, the others of LVDT 2 and 3 cannot represent the global propertiestifatie
asphalt mixtureas described ifigure29 (b).

DEVCON® steel puttwas used to glue théegl end plateand targets (taps) for the

LVDTs that were used before the cyclic direct tension testing
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{(a) {b)

Figure 29. Cylindric al specimen attached witha) four LVDTs and (b) three LVDTs for
mechanical testing

4.4.2 Dynamic ModulusTesting

Dynamic modulus testg was performed in loadontrolled mode in axial tensien
compressiorand in axial corpressiorfollowing the protool given in AASHTO TP 623,

TP 79, and PP 6Tests were compted for all mixtures &°C, 20°C, 40°C, and 54.4°C and
at frequencies of 25, 10, 5, 1, 0.5, andi@z1Using the MTS machine, thedd levels were
determined by ananualtrial and error process so that the resulting strain amplitudes were
between 50 and 70 microstramprevendamage tdhe specimensBefore conduction actual
dynamic modulus testing, petress controlletestsarerequired to estimate the target strains
at each frequency and temperatitewever, sing the AMPT, the targeting strain
amplitudesareautomaticallyadjustedvith the computer basddal and error iteration

The dynamic modulugalues |[E*|, werefitted for the coefficients ofthe sigmoidal function

and timetemperature shift facteby optimizingthedynamic modulus mastercurve. After
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determiningthe shift factors, the dynamic modulusasconvertel to the relaxation modulus,
E(t), ofthe Rony seriegorm to obtaina constitutive relatioship betweerthe strain and
stresdn thetime domain. Finally, a power term, alplhg,(wascalculatedrom the

maximum loglog slope & , of therelaxation modulus and timesing the relationship,

a=1 % The alpha indicates the damage evolution uaezl in the VECD theory.

4.4.3 Cyclic Direct Tension Testing with Simplified Viscoelastic Continuum Damage
Model

The viscoelastic damage charadtes were determined by conductitige cyclic direct
tension tests at 2@ and 10 HzThe testing tempature was determined &voida
viscoplastic effecto quantify the viscoelastic damadering the cyclic direct tension tests.
Based on theesults ofdamage characteristic curgalculated from the cyclic direct tension
testswith various PG grade bindahe belowEquation(55) is suggested bi)CSU. However,
asphalt mixture that includes RAP, RAS, and modifies may negliettk the temperate

based on thdamage characteristic curvalsservedat various temperature.

TCO) ¢ High Temperature of PG Grage + Low Temapere of PG Grade_3 ¥ C(55)

The cyclic direct tensiotests were performed at two different strain amplitudes
(relatively high strain and low straifgr the fatigue predictiowith the failure criterion of
peak phasangle The high strain amplitude targets faéguefailure at around 1,000 cycles,

and the low strain amplitude targets the failure at about 10,000 cycles. The resulting two sets
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of cyde test data were used to developSHEECD model.On the other hand, four different
strain amplitudes that induce the fatigue failure at around 1,000 cycles, 4,000 cycles, 16,000
cycles, and 64,000 cydevereused for the fatigue prediction with the failure criterion of the
average of dissipad pseudo strain energy rat€le strain levels of crosshead actuatere
utilized asinput loadingvalues of the cyclic direct tension testsingMTS machine whe
onspecimen strain levels wensed as the inputd the tests usingMPT. The typical input
strain levels of the actuator awnging from500 to 3000 microstraie and those of on
specimen strain aranging from250 to 800 microstrais for specimerfull size of 100 mm in
diameter and 136im in heght.

Fingerprintdynamic modulusestswere conducted to check thariability of thetest
specimens before runnitige cyclic direct tension testCheckingthe specimen variability is
important so thathe linear viscoelastipropertiesobtained from thelynamic modulus test

canbeusedproperly in the VECD analysis.

4.5 Moisture DamageConditioning Methods (AASHTO T283, MIST)

In thisdissertationthe moisture damage conditionimgrtionsof the nodified AASHTO T
283 specificationsverefollowed for the indirect tensile strength testing and cyclic direct
tension testingFreezethawcycle procedures are excludasl followingthe modified
AASHTO T283specification used ilNCDOT. Also, in order todevelopthe moisture
damageprocesdor the mechanistic testing specimesing hydraulicyclic pore pressute

theso-calledmoistureinduced stress test@IST) was utilized.
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After completely conditioninghe specimens fanoisture damagehehot specimens
weretransferedto awater bathat room temperature to cool. The wet specimens dreed
usinganelectricfan at room temperaturandthencoredried one after the other to minimize
thermal stressThe completely dried moistw@nditioned spcimens thus could be used to

avoid the effects of changing saturation levels during testing.

4.5.1 Modified AASHTO T283

The moisture conditioning proceduimund in AASHTO T 283 wsapplied tacored and cut
specimengsAfter applying vacuum pressure of 13~87a&to specimens submerged in a
vacuum container at 26 in order to match a saturation level of 65~80%, the saturated
specimens were placed in a water bath 8€60r 24 hoursThe modifiedAASHTO T283

excludedreezethaw cycle procedure. Thketailprocedure is explained as follows:

1) The testing specimens shall be compacted B35 air voids.

2) For moisture conditioning, place the specimens in the vacuum container and fill the
container with distilled water at room temperature.

3) Apply a vacuum of 1&7 kPa absolute pressure for a short time (times will vary up to
10 mirutes depending on theacuumpump and the type of mix)y usingthe
equipment shown iigure30 (a).

4) Remove vacuum and leave the specimen submerged in the distilled water for 10

minutes.
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5) Determine the bulk specific gravity of the saturated specimen and saturated-duyface
(SSD) mass toalculatethe volume of absorbed water.

6) Determine the degree of saturation by comparing the volume of absorbed water with
the volume of air voids.

7) If the degree of saturation is greater than 80%, the specimen is considered damaged and
shall be discarded.

8) If the degree of saturation is less tl&&%0, repeat the steps beginning with step 4)
using more vacuum pressure or time.

9) If the degree of saturation is 65% to 80%, place each of the saturated specimens into a
60+1°C water bath for 241 hoursas shown irFigure30 (b).

10) After soaking for 241 hours, transfer the specimens to a water bath already Ht5

11) The wet specimens shall remain in the water bath for 2 hours.

12) Remove the wet specimens from water lzattl dry them using electric fan at room
temperature at first and then using edrg machine to minimize thermal stress.

13) After drying specimen, moisture conditioned specimens can be ready for testing.
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(b)

Figure 30. (a) Vacuumequipment to control a saturation leve] (b) moisture
conditioning at 60°C for 24 hours

4.5.2 Moisture Induced Sensitivity Test

In this study, the sgalledmoistureinduced stress test@MIST) was adapted taccelerate
the moisture damageith hydraulic poe pressure atlaghtemperature@as shown irFigure
31

The main concept behind applying cyclic stresses and pore pressure to the testing
specimens is to force compressed and vacuum air to enter and exit the bladelerateth
tank. Several NDOT WMA mixtureshave been tested successfully in the MIST at 60°C,
276 kPapressure, and 3,500 cycles by Instrotek, Inc. Therefore, those testing conditions have
been selected as a starting point for this study. However, if the MIST moisture damage
condiioned specimens become inappropriate for mechanical testing due to their weak
integrity, the conditioning procedure will be modifidche MIST operationprocedurés as
follows:

1) Fill specimen tank with clean water.
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2)

3)

4)

5)

6)

7)

8)

Verify that the desired settingsréssue, number of cycles, and temperature) are properly
selected and press Start button.

During the test, the display will indicate the number of cycles remaining, temperature,

and maximum pressure obtained during each cycle.

Once the test has finished, plabe empty bucket under the drain valve.

Open the drain valve and allow the water to drain into the bucket.

Once all the water has drained from water tank, close the drain valve, and then pour room
temperature water for 2 to 3 minutes. (This will give the@as enough time to cool

down and ensure sample integrity during remgval

Drain the water out of sample tank

Condition the specimens in Z5+ 1.5°C temperature water for a minimum of 2 hours.

Figure 31. MIST Equipment.
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CHAPTERS NEW SPECI MEN GEGMBDR FOR
PROPSED MOI STOERPET ISBUSL I TY TEST

This chapter presents a specimen geometry study of cylindrical specimens that is used in
direct tension cyclic testing of asphalt concrete for the fatigue characterization. This
geometry is designed to be adopted in the asphalt mixture performance tester (AMPT) that is
developed under the auspices of the NCHRP Proj@étfar efficient perfamance testing of
asphalt concrete. The test results from the direct tension cyclic testing are analyzed using the
simplified viscoelastic continuum damage\(ECD) model to determine the damage
characteristic curve and eneriggised failure criteria, whicére in turn used to determine the

fatigue cracking performance of asphalt mixtures and pavements.

The current specimen geometry for the direct tension cyclic testing is 100 mm in
diameter and 150 mm in height with the linear variable differential trans@WBT) gauge
length of 100 mm in the middle of the specimen. In order to use the displacement data for the
fatigue performance modeling, the failure must occur within the LVDT gauge length. Recent
experiments with stiff mixtures have shown that the failften occurs outside the LVDT
gauge length. iRite element analysis and laboratexperimentsvere conducted using
different LVDT gauge length® evaluate the effects of the specimen geometry on the linear
viscoelastic properties and fatignerformarce predictionsUsingthe finite element program,
VECD-FEP++,it was found thatliameterto-height ratios between 1 to 2 and 1 t8 ¢an
derive the same dynamic modulus mastercurves and damage characteristievithinel)%

variability. In additionthespecimen geometries of A@mx 110mm, 75mmx 130mm, 75
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mmx 150mm, 100mmx 130mm, and 10dnmx 150 mmincorporataniddle failure if
homogeneous awuoids are distributesverthe specimen diameter and height. Through the
experimental progranstatisticalevidencewas found thathe geometes of 75 mm x 130
mm, 75 mm x 150 mmgnd 100mm x 150mmresult in the same dynamic modulus values,
whereas 75 mm x 130 mm, 75 mm x 150 mm, 100 mm x 130ameh100mm x 150mm
providethe same damage chatexistic curves at 5%ignificance. Finallythefatigue
prediction of theG (i.e., the pseudo strain energy release faikjre criterion is required in
order to use theew specimen geometof 100 mm x 130 mm, which leadsdaanuch

greater likelihoodf middle failure than the current geometry of 1M x 150mm.

5.1 Introduction

In order to characterize the properties of composite materials through laboratory testing, the
representative volume element (RVE) concept must be applied for the smallest ebume
material that can represent the global properties of the material. For asphalt mixtures, the
minimum ratio of the nominal maximum aggregate size (NMAS) to the specimen diameter
must be 1 to 4, and the minimum ratio of the specimen diameter to ttimepeneight must

be 1 to 2, according to ASTM D 3497. The recommended cylindrical specimen size is 101.6
mm (4 inches) in diameter and 203.2 mm (8 inches) in hésght The NCHRP 919 report,
Superpave Suppoand Performance Model Managemestiates that the RVE requirement

for axial compression tests, such as dynamic modulus and flow number testssatsfiee

by adopting the specimen geometry of 100 mm in diameter and 150 mm in height. The use of
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0.3mm thick latex membranes separated by silicone grease at the bottom and top of the

specimens can create frictionless boundaries (ends) during the@xijalession tests.

Also, the NCHRP 99 study showed that the RVE requirement for axial tensile tests,
such as constant crosshead rate direct tensile monotonic tests and direct tensile cyclic tests,
can be satisfied using the specimen geometry of 75 nthameter and 150 mm in height.
Because gluing the specimens with steel end plates causes friction boundaries at the ends of
the specimens during axial tensile tests, the conservative diaioieight ratio of 1 to 2
was considered to be independentgiragate size and specimen boundary compared to the
axial compression test§%). The NCHRP 29 report Smple Performance Testéor
Superpave MtDesign indicates that the asphalt mixture performance tester (AMPT) can
run not only the dynamic modulus and flow number tests for the mechamgpicical
pavement design program (a product of NCHR¥YA), but also the direct tensile cyclic
fatigue ests discussed in AASHTO TP 1®8{60). In this study, all of the ciidrical
specimens to be used in the AMPT were fabricated to be 100 mm in diameter by 150 mm in
height and were cored and cut from gyratooynpacted mixture specimens that were 150
mm in diameter and 160 mm to more than 180 mm in height. Cgeaded mixures
sometimes require more height to ensure smooth, uniform ends with minimal or no surface

irregularities, in accordance with AASHTO PP 60)(

With regard to the direct tensile fatigue tests, a recent experimental problem involved
the failure location at the ends of the asphalt specimens. In order to perform direct tensile

fatigue tests, the test specimens need to be glued with end platet apdn the AMPT.
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During tensile loading, the overall specimen tended to shrink, and then friction forces were
applied at the top and bottom of the specimen due to the glued end. During testing, it was
observed that as more and more material was out tihe top and bottom of the gyratery
compacted specimens, the likelihood of middle failure greatly increased. This outcome was
due to the air void gradient along the diameter and height of the gycatonyacted asphalt
mixture specimens. A studgl) found that the air void content is high near the mold wall

and top and bottom of the specimen, and the average difference in the air void content
between the cored and cut specimens that are 75 mm x 150 mm in height and the-gyratory

compacted specimerisat are 150 mm x 175 mm in height is 2.5 percent.

Therefore, fabricating shorter test specimens that are cored and cut from taller
gyratorycompacted specimens can make test specimens that have a more uniformly
distributed air void content such that migdailure occurs within the gauge length of the
linear variable differential transformer (LVDT). In this study, in order to propose a new
specimen geometry that can ensure the RVE requirement and middle failure, laboratory
mechanical tests and finite elemi@nalysis were conducted using different specimen
geometries and LVDT gauge lengths. For the mechanical tests, dynamic modulus and direct
tensile tests were conducted to characterize the linear viscoelastic (LVE) material and

viscoelastic damage propedi respectively.
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5.2 Finite Element Analysis and Experimental Programs

5.2.1 Viscoelastic Continuum Damagdeénite Element Program in C++

Asphalt mixtures have been tested in the laboratory for this study to characterize the
viscoelastic material properties. By silaing laboratory testing using the finite element

method, the boundary effect at the top and bottom of a specimen can be evaluated. Because
the ends of the test specimens need to be glued to steel end plates for the tensile loading tests,
the effect of fiction should be taken into account in order to determine the proper specimen

geometries and LVDT gauge lengths.

In this study, dynamic modulus and constant crosshetaddirect tensile monotonic
tests were simulated to evaluate the structural boundi@ctebf cylindrical specimens with
different specimen geometries. For the simulations, the \VE{DiDe Element Program in
C++ language (VECH-EP++), developed at North Carolina State University, was used to
implement the VECD material model into the fenglement structural model. VEGEEP++
is a twadimensional axisymmetric structural analysis tool that can simulate the LVE
material and viscoelastic continuum damage properties. The strain and stress can be derived
from the accumulated damage at any npaaht in the specimen structure. As the damage
accumulates, the pseudo stiffness (C) also can be calculated to predict the cracking potential

throughout the entire cylindrical structure.

Using finite element analysis, the friction effect on the LVE a&®C properties
was evaluated to determine the LVDT gauge lengths according to the corresponding

specimen geometries. Also, damage propagation was investigated to find the failure location
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for the different specimen geometries. Therefore, in order to deeamew specimen
geometry and LVDT gauge length, conservative tertsil@pressive and compressioely
loading modes for the dynamic modulus tests and direct tensile monotonic tests were
simulated to evaluate the friction at the top and bottom of eaainsen that had glueoh
steel end plate3.he effecs of gluingon the tensile and compressive or tensiiéy modes of
loading were determined lixing the boundaryodal pointsn thex-axis and yaxis
directionsat the bottonof thespecimens and thboundary nodal pointis the x-axis
directionat the top othe specimesn. No fixed boundary conditions were used for the
compressivenly loading modeso that the strain distributiamouldbe symmetric about the
center (xaxis) of the specimen. The loadiwas applied ttheboundary nodal points #te
top of eachspecimeras a displacement in theaxis direction Figure32 (a) and (b) show a
symmetric vertical straiand stress distribution about the center in th&ig direction
through the cylindrical specimeRigure32 (c) describes the measurement methods used for

the stress and strain for the simulations in VEEEP++.
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Figure 32. (a) Vertical strain contour (Ezz), (b) vertical $ress contour (Szz), and (c)
stress and strain measurement to simulate laboratory tests.

5.2.2 Experimental Program

After evaluating the effects of specimen geometry and LVDT gauge length on the LVE
material and VECD properties using VEGIEP++, laboratory testgere conducted to

verify the friction effect statistically and to find the specimen geometry and LVDT gauge
length that could satisfy the RVE requirement and fracture within the LVDT gauge length
range. Tensileompressive dynamic modulus tests and diestsile cyclic tests were carried
out for experimental verification at different specimen geometries and LVDT lengths.
Analysis of variance (ANOVA) was conducted to determine whether the LVE and fatigue
damage properties measured from different speciraemgtries and LVDT gauge lengths
were statistically significant at a desired and satisfactory level. In addition, the effect of

different specimen geometries and LVDT gauge lengths on fatigue life prediction was
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evaluated using two failure criteria: 1) pgzhase angle and 2) rate of dissipated pseudo
strain energy. Finally, the new specimen geometry that increases the propensity of middle
failure was investigated by performing direct tensile cyclic tests using a broader range of
asphalt mixtures that havad difficulty with end failuresFigure33 presents a flowchart of

the finite element analysis and laboratory mechanical tests.
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Figure 33. Flowchart of finite element analyss and laboratory mechanical tests for new
specimen geometry study.

5.2.2.1 Material and Superpave MiResign
This study usesclaimed asphalt pavement (RAP) aiwh-RAP mixtures typically

used inNorth Carolina to recommenbénew specimen geomettlyat carensure the RVE
requirement and middle failurd. Superpave NMAS 9.Bom mixture consisting of granite

aggregate, 19% RAB.2% PG 72 virgin binder, and 1.2% PG @2 binder from RAP
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wereused to verifythe VECD-FEP++ bycomparing the results of actual laboratorydest

with those of the corresponding simulasom addition, Superpave NMAS 9mBm mixtures
consisting of granite aggregate and 6.6% P@B4&4inder were fabricated te@rify

statistically the effect of specim@eometry on the viscoelastic asphalt properties measured
from the laboratory test&inally, 28 different asphalnixtures that experienced difficulty in
fracturing within the LVDTgauge lengtha/ere testedo confirmtheimproved middle

failure using thenew specimen geometry.

5.2.2.2 Dynamic Modulus Tests (NCHRP19 and TP 62)

Two geometries of cylindrical specimens were used to characterize the LVE
properties: 1) 75 mm diameter by 150 mm height (75 mm x 150 miehsilecompressive
cyclic stresscontrolled mode, according to NCHRPL9, and 2) 100 mm diameter by 150
mm height (100 mm x 150 mm) in compressive cyclic steesdgrolled mode, according to
AASHTO TP 62 and PP6{2, 63). In accordance with AASHTO TP 62, the tests were
completed for all speaien geometries al0°C, 5°C, 20°C, 40°C, and 54.4°C and at 25, 10,
5,1, 0.5, 0.1 Hz. The load levels were determined by a trial and error process so that the
resulting strain level was between 50 and 75 microstrains. The two different LVDT gauge
lengthsof 100 mm and 70 mm were mounted in the middle of each specimen to measure the

displacement for the 75 mm x 150 mm and 100 mm x150 mm specimens, respectively.

5.2.2.3 Direct TensileTess (NCHRP 919)

Two geometries of cylindrical specimens were used to chactee damage

properties: 1) 75 mm x 150 mm in tensile constant crosshead rate control mode (monotonic
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tensile), according to NCHRRM, and 2) 100 mm x 150 mm in tensile constant cyclic
crosshead control mode (cyclic tensile), according to AASHTO TPRIfaQ/is study, the

constant strain loading rate of 0.0004 strain per second for the direct tensile monotonic tests
and the cyclic loading frequency of 10 Hz with different amplitudes of actuator displacement
fractured at 1,000, 10,000, and 100,000 cyfdeshe direct tensile cyclic tests were used at

an intermediate temperature of 19°C. The four LVDTs, 100 mm in length, were mounted to
measure the deformation in the middle of each specimtenfour LVDTs with the 100 mm

and 75 mm gauge lengths were mtad to measure the displacements for the 75 mm x 150

mm and 100 mm x 150 mm specimens, respectively.

5.3 Verification of VECD -FEP++ with Experimental Data

The mesh size and analysis time step needed for the VAEF3+ were determined by
observing th&onvergence of the stress and strain outputs simulated from the dynamic
modulus and monotonic direct tensile fatigue tests. The regular quadrilateral cell size of 5
mm and time step of 0.01 second were selected to set up the mesh size of the specimen

geomdéries and investigate the stress, strain, and damage propagation history.

The ratio of vertical strain to lateral strain is referred tBasi s s o nAsphaltr at i o
mi xtures have disddpendirgorttheempestsire and lsadingdréqueocy.
To verify if VECD-FEP++ could simulate the structural effects of the limited boundary
conditions during dynamic modulus and direct tensile tedtiveglaboratory tesesultswere
used as inputs to the VEGEEP++to compardghe simulation results with ¢hexperimental

results. The FHWANJ-2008004 project developed an equation that explains the
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relationship between Poi s d6d)nThesrelatiamghipis an d
derived from the measurements of the vertical and lateral LVDT gauges. In this study,
Equation (1) is used tralculatet h e P o i s sftheaSphalt mixturesased in this study
as input values of the VECBEP++.
y = -0.0505x LN(x) + 0.864 (55)
wherey=P o i s s 0 n 0%=dynanid mnodulus(gsi).

Figure34 shows that theynamic modulus and direct tensile monotonic testits
that were simulated usingeCD-FEP++are in good agreements witte resultobtained
from the laboratory test&igure34 (a) and (b) present a comparison of the dynamic modulus
values in semliog scale and lo¢pg scale, respectivelfrigure34 (c) and (d) present proof
that the simulation results for pseudo stiffness (C), damage (S), and the combined damage

characterization coincide with the monotonic tensile test results.
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Figure 34. Simulation results of the dynamic modulus(a) in a semilog scale, (b) logog
scale, (c) pseudo stiffness and damage, and (d) damage characteristic curves.

5.4 Specimen Geometry and LVDT Length Effect on Linear Viscoelastic

Properties andDamage Characteristics through VECDFEP++

The tensilecompressive and compressive dynamic modulus and monotonic tensile tests were
simulated using different specimen geometries through the VEEI®++ to determine the

effects of the boundary conditions hetedges of the specimens.

Figure35 (a) andFigure36 (a) show the simulattdynamic modulus mastercurves
and damage characteristic curves for the different specimen geometries with the

corresponding LVDT gauge lengths. The effects of specimen geometry and LVDT gauge
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lengths were evaluated to calculate the errors of the dynaadalos at different
temperatures and loadifiggquencies anthe pseudo stiffness at dédfent damage levels, as
shown inFigure35 (b) andFigure36 (b). The erroraverecalculated from the reference
results othe 75 mmx 150mm specimen with the LVD@augedength of 75mm, because
the geometryvith atraditional diameteto-height ratio of 1 to 2 itheleast affectedby the
boundary limitations among the eight combinasigks the results of both simulations
indicate,ashorterLVDT gaugdength can measure the displacement more accuthtaiya
longer LVDT gauge length becauseaitoids the boundary effestat theendsof the specimen.
Also, allthespecimen geometriegith diameterto-height ratie between 1 td.3and 1 to2
can derivesimilar dynamic modulusnastecurvesand damage characteristigrveswithin

10%variability for the givenboundaryconditions.

91



30000

20000

|E*| (MPa)

10000

+75x150L100
= 75x130L100

75x110L100
-100x150L70

0
1E

| 5 samss®

* 75x150L75 (a)
4 75x130L75
N
X 75x110L75 .
§
0100x130L70 ¥
¥ $
¥ ]
“n

-08 1.E-06 1.E-04 1.E-02 1.E+00 1.E+02 1.E+04
Reduced Frequency (Hz)

10
g | (b)
X
S 8 Txxx
> . *oxx o4y x
~ 4  a"g, B - KXOXK XX % xx  xx o
B e 'y | . - m
| A AAA AA N A [
= 2 LI o A Sy +:: :: fome R2 ss!. i.. i-i-’
+ ++ ) r r

LU O : OOY6 ” 1-4'+#‘++ + + 4
g ;|20E§-07 1.0E-04 o 1.0E-01 1.0E+02
= o .-
S - . 3
] 4 | %69 03% © 2. +75x150L100 = 75x130L100
o - =0
S 6 | . 4 75x130L75 75x110L100

8 x 75x110L75 =100x150L70

0100x130L70
-10

Figure 35. Simulated

Reduced Frequency
results of (a) gnamic modulusmastercurves and errors of (b)

dynamic modulus mastercurvesompared to the reference geometry of 75 mm x

150mm

specimen with the LVDT gauge length of 75 mm.

92



(a) —75x150L100  75x150L75
——75x130L100 75x130L75
08 |
N ~75x110L100 — 75x110L75
N —100x150L70 ——100x130L70

Pseudo Stiffness (C)
-

0.2
0 100000 200000 300000 400000 500000 600000
Damage (S)

<10
S (b) * 75x150L.100

§ g | = 75x130L100

i 100x130L70 75x130L75

o 4 75x110L100

g 6 ® 75x110L75

= +100x150L70

Y

.*(D: 4 75x110L100 = 100x130L70

o 75x130L100

-

S, 75x150L100

Q 100x150L70

—
& —ué 75x110L75
0 ‘ < 75x130L75
0 200000 400000 600000 800000

Damage

Figure 36. Simulated results of (a) damage characteristic curves and errors of (b)
damage characteristic curves compared to the ference geometry of 75 mm x 150mm
specimen with the LVDT gauge length of 75 mm.

93



5.5 Specimen Geometry Effect on Damage Propagation through VEGD
FEP++

The investigation into damage propagation allows the effects of the specimen geometry to be
evaluated by obseing where the pseudo stiffness of potential cracking initiates, propagates,
and failsfor the different specimen geometri€sgure37 (a) and (bhow that initial
damageoccursatthe top and bottomight edges of the specimen and timediately stag
againat the center of the spewen When tensileyclic loading is applied, the initial damage
propagates from the center of the specimen toward the middle sgebemeredge, andhen

the specimefinally fractures in the middle of the specimen. The pattern of damage
propagation is almost identical for batpecimen geometried 75 mm x 150 mm and5

mmx 130 mm.

Figure38 (a) and p) also exhibit similar damage propagation and patterns with those
of Figure37 (a) and (b) The 100 mm x BO mm specimen is most similar to the other
specimens. However, the shape of the initial damage in the center of the specimen and the
failure area atthe right edg are larger thafor the otherspecimensThe simulation results
indicate thathespecimergeometry of 100nmx 130mm s the most likelyto causéailure
within theLVDT gauge lengtinange as evidenced bthe damage propagation fraire
center ofthecylindrical specimen to its wider range theedge. Therefore, alhe simulation
results used in this studydicatethat all specimens fractune the middle othe specimen if

theair void distributionis homogeneousverthe specimeudiameter andheight. The more
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theair void contentis uniformly distributed, the molilé& ely the specimeis to fracture in the

middle of the specimen.

The nextsectiondiscusseshe results from thANOVA analysishat wasperformed
to determinef thereis statistical evidence that one of the specimen geometries with its

corresponding LVDTgaugeength has different LVE and damage properties from the others.
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(a) 75mm x 150mm Cylindrical Specimen
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Figure 37. Damage propagation contour of potential cracking (pseudo stiffness, C) for
(@) 75x 150mm and (b) 75x 130mm specimens



(a) 100mm x 150mm Cylindrical Specimen
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(b) 200mm x 130mm Cylindrical Specimen
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Figure 38. Damage propagation contour of potential cracking (pseudo stiffness, C) for
(a) 100x 150mm and (b) 100 x 130mm specimens
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5.6 Specimen Geometry Effect on Linear Viscoelastic Properties and
Damage Characteristics throughLaboratory Tests and Statistical

Analyses

Based orthe VECDFEP++simulation resultst was found thathe specimen geometridsr
diametefto-height rati® between 1 to 1.3 and 1 tchavesimilar LVE and VECD properties
within 10% variability andthatdamagepropagatiorcausesniddlefailure of the specimens.
Laboratory tests were conductedverify the simulation results and statistically determine

which specimen geometry is different from the others within the replicate variation.

Figure39 (a) and (b) show the dynamic modulaastercurvefor tensile and
compressive cyclic loadings a function of reduced frequency in séogj scale and lodpg
scale, respectively. The setog scale can better demonstrate the moduli at high frequency
loading and low temperature conditions and theldggscale can more clearly distinguish the
modul at low frequency loading and high temperature conditibigaire39 (c) presergthe
phase angleesultsas a function of reduced frequerinythe semiog scale Finally, Figure
39(d) explains the pseudo stiffness at different damage states in terms of damage

characteristic curves obtainédm the direct tensileyclic fatiguetests
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Figure 39. Laboratory dynamic modulus mastercurves: (a) in semilog scale (b) in log-
log scale, (c) phasangles, and (d) damage characteristic curves

Using the experimental dataneway ANOVA was conducted to verifyhether the

specimen geometry of 200 mm x 113@n or 100 mm x 156m has different modulus and

damage characteristics than the other geometfiéS mmx 130 mm and 75nmx 150 mm

at5% significance. If the gvalue islessthan the significance levaheassumption that all

specimen geometries have the same dynamic msdaluest different reduced loading

frequencies and pseudo stiffnesduesat different damage states is rejecteable4 (a) and

(c) showthat the specimen geometries of 75 mm x @0, 75 mm x 150nm, and 100 mm

x 150mm havethe same LVE properties and damage characteristicausell the p-values

are greatr than the 59%ignificancelevel Table4 (b) and (d)showthat the geometry of 100
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mm x 130mm producestatisticallydifferent LVE propertiegshanthe othelgeometiesat -
10°C and 5C, but yields the same damage characterisiitse othergeometries of 75nmx
130 mm and 75nmx 150 mm Therefore, itould beconcluded that the geometries of 75
mmx 130mm, 75mmx 150mm, and 10@0nm x 150mm lead to the sama&ynamic moduls
mastercurvesvhereaghe geometries of 7&imx 130mm, 75mmx 150mm, 100mm x
130mm, and 100nm x 150mm lead tothe same damage characteristic curves with the

variability of replicate specimers a 5%significance level
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Table 4 One-way ANOVA Results for the Dynamic Modulus and Direct Tensile Cyclic
Tests at5% Significance

Dynamic Modulus Tests (p-value), U=0.05
. (a)
75&28?2 25Hz 10Hz 5Hz 1Hz 0.5Hz 0.1Hz
100x150mm
-10 0.0579 | 0.0557 | 0.0541 | 0052 | 00531 | 0.0713
5 0.1947 | 0294 | 0.4283 | 08164 | 07036 | 0.3841
20 0.4908 | 0.3434 | 02772 | 02375 | 02538 | 0.3253
40 0.2681 | 0.2796 | 0.2826 | 02612 | 0.2428 | 0.1931
54 0.3417 | 0.2878 | 0.2489 | 0.1747 | 0.1497 | 0.1048
. (b)
75&2%2 25Hz 10Hz 5Hz 1Hz 0.5Hz 0.1Hz
100x130mm
-10°C 0.0214 | 0.0229 | 0.0248 | 0.0357 | 0.0465 | 0.0975
5°C 0.2532 | 0.5468 | 07237 | 0.126 | 0.0499 | 0.0243
20°C 0.1239 | 0.0806 | 0.0736 | 0.1127 | 0.1554 | 0.3187
40°C 0.1405 | 0.2297 | 0.3083 | 0.4154 | 0.398 | 0.2688
54°C 0.2872 | 0434 | 0.4652 | 02982 | 0.2149 | 0.0945
Cyclic Direct Tensile Tests (p-value), U=0.05
19°C/10Hz | C=0.8 C=0.7 C=0.6 C=0.5 C=0.4
75 W
75ﬁ§82m 0.6527 | 0.7147 | 0.7446 | 0.9099 | 0.9976
100x150mm
75x1(g())mm
exlsomm | 05159 | 05664 | 03913 | 03091 | 0.0574
100x130mm

5.7 End Failure and SpecimenGeometry Effect on Fatigue Performance

Predictions

The last point of the damage characteristic curve indicates the failcertain pseudo

stiffnessvalueby observing the peak phase angléhe direct tensile cyclic testBecause
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the 75 mm x 150 mrand 100 mm x 150 mm specimens fractured at the ends of the
specimens, the damage characteristic curves are shorter than for the other specimens of 75
mm x 130 mm and 100 mm x 130 mm that fractured in the middlshown irFigure39 (d).

The failure location does not affect the form of the damage characteristic curve, but it
changes the pseudo stiffness at the peak phase angle, which indicates the brittleness of
viscodastic material and the average rate of the dissipated pseudo strain energy that are both

used as failure criteria for fatigue life predictions.

The experimental results presentedrigure 40 (a) and (b) indicate that the end
failures of the 75 mm x 150 mm and 100 mm x 150 mm specimens unintentionally make the
material properties more brittle by showing higher pseudo stiffnegessat the peak phase
angle. AlsoFigure40( b) shows that t he esemnveldpaimnd ur es

different slope from the middle failure tests.
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Figure 40. Effect of end failure on two failure criteria: (a) peak phaseangta nd ( b) G
vs. N;.

Based on the two failure criteria, the bottom fatigue cracking life can be predicted
by combining the /ECD model with three dimensional-{3) multilayered viscoelastic

pavement response analyses. First, a single sttati/transverse strain responses
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derived from the bending of the pavement structure at the bottom of the asphalt pavement
structure using the LVE material properties. For the pavement response simulations, field
measurements of 227 MPa and 196 MPa were used as the elastic modidso¥tle base

and subgrade layers, respectively, in Wilmington, North Carolina. In addition, a single
moving load (40 kN axle load, 758 kPa tire pressure, and 2.682 m/s loading velocity) was
applied at the intermediate temperature of 19C. Second,rtie stsponse was applied in

the SVECD model as a loading history input to count the number of cycles to failure until

the internal state variable of damage accumulated at the peak phase angle as the first failure
criterion or t he sdsondfailars critereon. Detallsaftthe drocadsrestfon e

bottomup cracking predictions can be found in the literatif 19).

In this study, typical 100nm thin and 300nm thick pavement structures were used
to evaluate the sensitivity caused by thd filure. Using the layered viscoelastic response
model combined with the-BECD model, it was observed thatth specimen geometries of
75mmx 150mm and 10Gnm x 150mm overpredicedthe fatigue lifefor both pavement
structuresbecause the end faikichangd the slo of the poweflaw function. The changed
slope led to the undeprediction ofthe fatigue performance below t&e val ar@l of 5
overpredictionabove the G &iflure 50Qb). Tha sverqmddiotionns greater
with an increase ipavement thickness that causes a longeguatlife.Figure41 presents
theresults for thé800-mm thick pavement simulations when usifgmm x 150 mm and 100
mm x 150 mmspecimens. Therefore, theerages failure criterion
specimenghatfracture within the LVDTgauge lendtrange so that the fatigue life can be

predicted regardless of mode of loading and temperature.
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Figure 41. Results of fatigue life predictionfor 1000mm and 306 mm thick pavement
structures using two failure criteria.

5.8 Investigation of Improved Middle Failure for New Specimen

Geometry through Experimental Observation

The finite element analysis and experimental test results revealed that the specimen height of
130 mm increases the chance of middle failure because mtegahis cut from the ends of

150 mm x 178 mm gyratorgompacted specimens. Because the AMPT was developed for
100-mm diameter specimens, the new geometry of 100 mm x 130 mm is suggested for direct

tensile cyclic tests.

In order to invesgate the improved percentage of middle failure using specimens

with a height of 130 mm, four graduate students tested asphalt mixtures with different
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characteristics, such as different NMASSs, asphalt binder performance grades (PGs), and
percentages of RABsed in three different regions (Manitoba, North Carolina, and Alabama).
Table5 presents WMA Foam, Evotherm, and Sasobit, which correspond to the warm mix
asphalt (VWIA) technologies of water injection, chemical additive, and organic additive,
respectively. These WMA technologies can be used to reduce theyrand compaction
temperature to save energy and reduce emissite est resultpresented ifTable5

indicate thathe current 200 mm x 150 mm geometry yields a total average of middle failure
of 31.9%, but the new geometry of 200 mm x 130 mm improved propensity of thie midd
failure to a total average of 90.0 percent. In particular, the specimens with the 100 mm x 150
mm geometry that included RAP fractured within the LVDT gauge lengths that were less

than or equal to 50 percent.
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Table 5 Experimental Verification of New Specimen Geometry for Improved Middle Failure

Direct Tensile Cyclic Fatigue Tests

100mm x 150mm

100mm x 130mm

. . Binder % N”mber of Number of .% N””?ber of Number of .%
Mixture Information NMAS PG Grade | RAP Middle Specimens Middle Middle Specimens Middle
Failure P Failure Failure P Failure
Control-HMA 9,5 mm PG 76-22 0 3 5 60 3 3 100
Control-HMA 19 mm PG 76-22 0 1 4 25 1 2 50
Control-HMA 19 mm PG 67-22 0 1 3 33 3 3 100
Open-Graded 95mm | PG 76-22 0 ; ; ; 3 3 100
Friction Course
WMA-Foam 9.5 mm PG 76-22 0 2 6 33 3 4 75
National WMA-Foam 19 mm PG 76-22 0 2 6 33 3 3 100
Center for WMA-Foam 19 mm PG 67-22 0 1 4 25 3 3 100
Te’zf‘ﬁ’]';?(')tgy WMA-Evotherm | 9.5mm | PG 76-22 0 0 3 0 4 4 100
Test Track WMA-Evotherm 19 mm PG 76-22 0 3 3 100 3 3 100
in Auburn WMA-Evotherm 19 mm PG 67-22 0 1 3 33 3 3 100
RAP 9.5 mm PG 67-22 50 0 4 0 3 3 100
RAP 19 mm PG 67-22 50 1 4 25 3 3 100
RAP 19 mm PG 67-22 50 2 4 50 3 4 75
RAP+Foam 9.5 mm PG 67-22 50 0 4 0 2 3 67
RAP+Foam 19 mm PG 67-22 50 0 4 0 3 3 100
RAP+Foam 19 mm PG 67-22 50 1 3 33 3 3 100
Control-HMA 16 mm PG 58-28 0 0 6 0 5 5 100
Control-HMA 16 mm PG 52-34 35 - - - 4 5 80
WMA-Advera 16 mm PG 58-28 0 0 2 0 5 6 83
. WMA-Advera 16 mm PG 52-34 35 - - - 4 4 100
Manitoba
Institute of WMA-Evotherm 16 mm PG 58-28 0 0 2 0 4 4 100
Transportation WMA-Evotherm 16 mm PG 52-34 35 - - 4 4 100
Field WMA-Sasobit 16 mm PG 58-28 0 0 2 0 5 5 100
Construction WMA-Sasobit 16 mm PG 52-34 35 - - - 5 5 100
In Canada HMA-0% RAP | 12.5mm | PG 58-28 0 0 2 0 4 4 100
HMA-15%RAP 12.5 mm PG 58-28 15 - - 4 4 100
HMA-50% RAP 12.5 mm PG 58-28 50 - - 4 5 80
HMA-50% RAP 12.5 mm PG 52-34 50 - - - 5 7 71
Control-HMA 9.5 mm PG 70-22 19 6 14 43 3 4 75
North Carolina WMA-Foam 9.5 mm PG 70-22 19 7 15 47 3 4 75
WMA-Evotherm 9.5 mm PG 70-22 19 6 13 46 3 4 75
Average 31.9 Average 90.0
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CHAPTER6 USE OF CYCLI|I CEDISRBGOCT FATI
TESTS TO EVALUAMERBMOSUSCEY TOR I

WARMMI X ASPHALT CONCRETE

In this chapteythesimplified viscoelastic continuum dama@VECD) materialmodel
combined with layeretinear viscoelastistructuralanalsis (LVEA) is suggested to
determine the moisture susceptibility of a hot mix asphalt (HMA) mixture and warm mix

asphalt (WMA) mixtures with various asphalt contents.

6.1 Materials, Mix Design, and Mechanical Testing

LEADCAP KW-A and KW:B are polyethylengvax-type additives thaplay an important
role in reducing mixing and compaction temperaturbge increasinghe workability of the
productionprocedureThe KW:B additive is modified by an additional argtripping agent.
For this study,hreegranite aggregatgtockpiles (19~13.2mm, 13.2~4.75mm, and sub 4.75
mm) andPG 6416 binderareused. The aggregate structure falt the studymixturesisthe
coarse 19nm nominal maximum size of aggregatéMSA) compriseddf 25% 12.5mm, 20%
9.5mm, 17% #4, 12% #8, 6% #16, 7% #30, 4% #50, 4% #3%0#200, and 2% hydrated
lime. The dosage rated theKW-A and KW-B additivesare1.5% of the total asphalt binder
weight base@n viscosity and economic consideratiohise HMA mixture wasmixed at
160°C and compacted at 140°C in accordance with the requirement for-B&tédder. The
HMA mixture wasaged athecompaction temperature farhour (referred to as shetgrm

oven @ing). The LEADCAPWMA mixtures were mixed at 130°C (aggregate: 130°C,
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binder: 160°C) and compacted at 115°C. The aging temperatureoaniiioning timeare
115°C andl hour, respectively

All of the Superpave mix designere performed to meet the 4% waoid
requirement using gyratory compactor with 100 gyrationghe optimal asphalt contents of
each HMA, KWA, and KW-B mixture were determined as 4.9%, 4.3%, and 4.3%,
respectively. In order to evaluate the effects of asphalt binder content and tB&RPA
additive on moisture susceptibility, the K/mixture with 4.5% asphalt content and KBV
mixture with 4.9% asphalt content were also selected for tegtihgpecimens were
compacted to a height of 1@ and a diameter of 150m. To obtain specimens of
uniform air void distribution, these samples were cored and cut to a béifdmm with a
75 mmdiameterfor the dynamic modulus and CX cyclic direct tension tests

Two maintess werecarried ouin this study (1) the d/namnic modulus testvas
performedo determine thénear viscoelasticharacteristicsand(2) the CX g/clic direct
tension testvas implementetb describethe viscoelastidamage characteristicall tests
were conducted using both moistw@nditioned andinconditioned specimenshe moisture

conditioning procedure of AASHTO T 283 was followed.

6.2 Fatigue Performance Analysis

In this study, the fatigue performance of different mixtures with and without moisture
conditioning is analyzed by combining the VECDdeband the pavement response
determined from the structural analysis of the pavement. More specifically, the strain kernel

at the bottom of the asphalt layer under a moving load is first determined from the LVEA
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pavement model. This strain kernel is thgout to the VECD model, and the fatigue life is
determined by applying thes €ilure criterion. The reason for this combined analysis is
explained later using actual test data under a subsectis@fssion of ResultEatigue
Life Comparison at thdaterial Level

For the pavement response calculations, the LVEA model developed at North
Carolina State University is used. This model performs ttiieensional calculations of
stresses and strains in a layered system under moving loads. The pavesotad @i this
study has a 10 cm thick asphalt layer over subgrade with an elastic modulus of 70 MPa. The
temperature gradient of the asphalt layer is determined by first dividing the asphalt layer into
three sublayers. The average temperature of eatie tiitee sublayers is determined from
the data obtained from the Enhanced Integrated Climatic Model (EICM) for April 2004 in
Raleigh, North Carolina. This temperature gradient results in the dynamic modulus gradient
along the depth of the asphalt layethe calculation of the strain kernel.

A single moving wheel load is simulated usangontact pressure of 758 kPa, contact
area of 0.3 m x 0.18 m, and velocity of 2&ecfor a rectangular wheel loadihe single
wheel moving loads appliedrepeatedlyd the pavement until the strain response of a
steadystate conditions obtainedThe pavement response in the stestdye condition is

used as a repeated constant input loading history for-tHeC® model.

6.3 Discussion of Results

Figure42 presents the overall flow of testing and analysis used in this study. The schematic

illustration describes the material level testing, pavement response calculations, and digital
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imaging analysis to evaluate the fatigue performance and moisture susceptibility of the mixes
selected for this studwfter the CX cyclic direct tension tests were completed, the tested
specimens were split into two pieces, and the stripped areas oadtueed surfaces were

guantified.The details on the digital imaging analyses will be discussed in Clgapter

6.3.1 Fatigue Life Comparison at the Material Level

The most common way to present fatigue data is to use the initial tensile strain and the
number ofcycles to failure (IN from a series of fatigue tesi&gure43 presents such results

from the controlled CX cyclic direct tension tests of two different mixturés and without
moisture conditioning. This plot clearly demonstrates the incorrect way of estimating the
fatigue cracking resistance of different mixtures using the tensile strain vgnalatdnship.

If the fatigue life (i.e., N of each of the two mtures with and without moisture

conditioning is compared at a constant strain level (as shown by the dashed horizontal line in
Figure43d), it is expected that the ntixe that has been subjected to moisture conditioning
would have a higher {Nalue and greater fatigue cracking resistance than the unconditioned
specimen. This conclusion is, of course, incorrect based on observations from actual

pavements in service.
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Figure 43. Traditional tensile strain-based fatigue relationships for unconditioned and
moisture-conditioned specimens.

Clearly then, both enaterial model (such as the relationship showrigure43) and
a structural model of a pavement are needed to properly evaluate the fatigue performance of
a mixture.That is, different mixtures with different stiffness values would result in different
tensile strain values at the bottom of the asphalt layer in a pavement structure; therefore, the
constant tensile strain assumption represented by the horizontal dashedigure43is
not valid. When the mixtures with and without moisture conditioning are placed in the
pavement, the tensile strain at the bottom of the moistnditioned asphalt layer would be
greater than that with the unconditioned asphalt mixture. Therefore, the fatigue life of the
moistureconditioned mixture would be shorter than that of the unconditioned mixture in this

pavement system.
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In this study, th&s-VECD material model is combined with the LVEA pavement
structural model to evaluate the fatigue cracking resistance of unconditioned and moisture
conditioned HMA and WMA mixtures with varying asphalt contents. The use of LVEA
predicted pavement responsesipled with the S/ECD model is verified using field
performance data obtained from the Federal Highway Administration &etedl Load
Facility (FHWA ALF). The ranking of the fatigue performance of pavement sections tested
under the FHWA ALF project ipredicted accurately by the results from tR¢EBCD model

coupled with the LVEA65).

6.3.2 Fatigue Life Comparison Using the Combined Material &tmdcture Models

Figure44 presents a summary of the testing and analysis resulil fbe study mixtures.
Figure44 (a) presents the dynamic modulus mastercurves of all the mixturesSigame44

(b) shows the strain kernedsponse results of the LVEA simulation at the bottom of the
selected pavement. Both results indicate that a low stiffness value for th& idiktures
causes higlevels oftransverse strain ithe pavement simulatigrwhereas a high sfifess
value for he KW-B mixtures leads to a low pavement strain response. These figures also

show that the mixtures become less stftlae asphalt content increase
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Figure 44. Mechanical properties and predicted strainand fatigue life of study mixtures.
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Figure44 (c) demonstrates how fast the material integrity (C) decreagbs as
damage (S) increases. The moistcwaditionedKW-A mixtureswith 4.3% and 4.5%
asphalt content and the K&/ mixture with 4.3% asphalt contesttowa rapiddecreasén
material integritywith an increase idamagecompared to the other HMA akdN-B
mixtures with 4.9% asphalt contefitshould be mentioned thdte amount oflamage at
failure is alscanimportantfactor in characterizinfatigue resistancenlFigure44 (c), the
last pointon eachcurve indicate the fatiguefailure. The figure shows that the moisture
conditionedKW-A mixturewith 4.3% asphalt content has an extremely small amount of
acamulated damage at failure, wheréas unconditione®W-A mixtures have a large
amount of acemulated damage at failurelowever, a comparison of only the damage
characteristic curves cannot yield reliable
resistance, because the energy that is input by mechanical force is consumed not only in
creatng and propagating cracks in the material, but also in deforming the material. Therefore,
it is important to include both stiffness and damage characteristics of a material when
determining fatigue cracking resistance.

Figure44 (d) presents the prediction results from the coupiESD and LVEA
models. The strain kernel feach of the mixtures iRigure44 (b) is input to the damage
characteristic curve of the mixe shown irFigure44 (c) to determine the fatigue life of the
mixture. This coupled method ensures that both the stiffness and damage characteristics are
accounted for in determining the fatigusistance of a ixture. Figure44 (d) indicateghat
the KW-A mixture with 4.3% asphalt content shows a likelihood of an unfavorable (short)

fatigue life and unfavorable moisture segtbility, whereas the K\WB mixture with 4.9%
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asphalt content indicates a favorable (long) fatigue life and favorable moisture resistance.
Also, the KW-B mixture with 4.3% asphalt content exhibits better fatigue performance and
moisture resistance tharethiMA mixture with 4.9% asphalt content. The moisture
susceptibility of the KWA mixture is found to be very sensitive to the asphalt content. The
KW-B mixture with 4.9% asphalt content exhibits the best fatigue performance and the most
favorable moistureesistance. This improvement over the KA\mixture without an anti

stripping agent demonstrates the benefits of adding thetaipiping agent.
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CHAPTER7 PERFORMAMGAGGBED MOI STURE
SUSCEPTI BI LI AYI ENADOB WA XM
ASPHALT CONCRERICAISGH LABORATORY
TESTS

Cyclic direct tension (CDT) tests have been used to determine the material stiffness, damage,
and a failure criterion, which together constitute the essential components of the viscoelastic
continuum damage (VECD) model. The simplified viscoelastic contindameage (S/ECD)
model was designed to reduce the computational time required by the VECD model and to
overcome the limitations associated with the asphalt mixture performance tester (AMPT),
such as the low capacity of the load cell.

The results from th€DT tests allow users to predict the fatigue performance of
asphalt mixtures under varying loading and environmental conditions from only a few tests.
In addition, the fatigue life of asphalt pavements can be predicted when the CDT test results
are input ¢ a structural finite element analysis. Two levels of pavement analysis have been
developed by the research team at North Carolina State University: 1) layered viscoelastic
(LVE) analysis and 2) layered viscoelastic continuum damage (LVECD) analysisofBoth
these analysis techniques perform thd@eensional moving load simulations. The LVE
analysis calculates stresses and strains at specified evaluation points in the pavement and
utilizes the materialevel SVECD model to determine the fatigue life oetasphalt mixture

at each of those evaluation points. The LVECD analysis performs a more comprehensive
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cracking evaluation by applying the\ECD model for each element in the pavement
structure and produces damage contours for the entire pavement structur

The objectives of thistudyare: (1) to investigate performandated moisture
susceptibility analysis methods by using tReEBCD material model coupled with LVE and
LVECD structure analyses at two levels; (2) to develop stripping quantificaticegures
for IDT and HWTD tests using digital imaging analyses; and (3) to identify moisture
susceptibility indicators from the CDT, IDT, and HWTD tests that best relate to the stripped

areas in each.

7.1 WMA Technology, Binder Modification, and Specimen Fabrcation

This studyemployeda control HMA mixture andive different WMA mixtures. The WMA
technologies includevotherm 3Ghat has a chemical additivieaning, WMA -A that

contains a chemical additive and is currently under development, \BMyatcontains an
organic additive and is currently under development, and \W\VtAat also contains an

organic additive (different from that used in WM3) and is also currently under
development. These WMA technologies can be grouped into three main catéijuei@st
category ighe Evotherm3G and WMA-A chemical additives that induce a low internal
friction of the asphalt binder using a surfamive agent, resulting in improved mixing and
compaction at a low temperature. TleeendWMA technology categoris foaming

technology that uses a nozzle to spread water throughout the asphalt binder and turns the
water into steam and small bubbles. The steam and small bubbles serve to reduce the binder

viscosity by expanding the volume of the bindére Foamer mdtne produced by
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Pavement Technologinc. (PTl)was used in this study.he third WMA technology
category is represented by the WMBRand WMA-C mixes that contain organic wax
additives that reduce asphalt viscosity by the lubricant effect of an oily wen they are
heated above the point of crystallization.

The control HMA mixture was composed of 9.5 mm nominal maximum aggregate
size (NMAS) granite aggregate, 19% RAP, and 6.7% (5.2% from virgin binder and 1.5%
from RAP) PG 72 binder, as derived frothe Superpave volumetric mix design. The
same mix design was used for each of the five WMA mixtures. For the binder modification,
the Evotherm and WMAA chemical additives were added to the asphalt binder aC180
0.5% by weight of total asphalt. No astripping agents were used for these two WMA
mixtures. For the foamed mix, an astripping agent of 0.7% by weight of total asphalt was
added at 13(C in the same manner as when modifying the binder of the HMA mix. Then, 2%
water by weight of total aglt was injected into the asphalt binder at T5idsing the PTI
Foamer. In contrast to the above modifications, the organic powder type of-B/afd the
chip type of WMAC were spread on top of the asphalt binder when mixing the aggregate
at135C with thebinder at 157C at 0.5% and 1.5% by weight of total asphalt, respectively.
The temperatures of the aggregate, RAP and binder for all of the WMA mixtures at the time
of mixing were 135C, 110C, and 157C, respectively. For the HMA mixtures, all the
mixing temperatures were the same as those of the WMA mixtures except the aggregate

temperature of 15T.
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Shortterm oven aging was applied to all the WMA mixtures at Clfor two hours
according to NCHRP-43 and applied to the HMA mix at 135 for four hoursaccording to
AASHTO R 30. The compaction temperatures of the WMA and HMA mixtures wer€117
and 152C, respectively. Based on the curing time study of the Double Barrel foamed

mixture, the compacted foamed WMA mixture specimens were stored for at ledayd »f

curing in the laboratory before testirggy.

7.2 Performance-Based Moisture Susceptillity Laboratory Testing

In order to apply the-¥’ECD mockl to the pavement structure analysis program, the linear
viscoelastic material properties obtained from the dynamic modulus (DM) tests and the
viscoelastic damage properties obtained from the CDT tests were needed to evaluate
performancebased moisture saeptibility. The DM tests were conducted in compressive
cyclic stress controlled mode to produce 50~75 microstrains in the LVE range in accordance
with AASHTO TP79 and PP61. The CDT tests were conducted in tensile cyclic actuator
displacement control mode reach failure at approximately 1,000, 10,000, and 100,000
cycles at 19°C and 10 Hz loading frequency. The test samples that were fractured inside the
LVDT were used to characterize the viscoelastic damage.

Two common specification tests, the IDT strégngest and the HWTD test, were
carried out to develop the stripping quantification procedures and to determine the moisture
susceptibility indicators that relate to the stripped areas. The IDT strength tests were
performed in compressive mode with a cans@actuator displacement rate at 25°C. Based on

NCHRP 926A recommendations, cored and cut specimens were used for the IDT tests in
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order to overcome the high variability of air void distribution found in the strength test
results The number of aggregate breakage instances on the fractured surface was counted by
visual inspection, except the areas under the loading strip (which could not b&keen).
HWTD test was carried out in compressive mode by rolling a steel wheel on theesoirf
two gyratory specimens underwater at 50°C. The testing was stopped at either 20,000 passes

or at a rut depth of 20 mm.

7.3 Performance-Based Moisture Susceptibility EvaluationMethods

Fatigue performance prediction of asphalt pavements requires catisidef the material
characterizations with structural pavement response analysis. $tutlyisthe SVECD

model is used to characterize the viscoelastic material properties with growing damage, and
two different pavement response analysis programd,\tkeand LVECD programs, are

utilized to model the pavement structure. The first proposed method measures the moisture
susceptibility by predicting the ratio of the remaining fatigue life of botipneracking with

and without moisture conditioning in argle and fast manner. The second proposed method
investigates moisture susceptibility by comparingdamage contosri(cracking potentidl

with and without moisture conditioning at the end of the {wrg) analysis period, which

can simulate both bottomp and topdown cracking in an accurate and sophisticated manner.

7.3.1 SVECD Model Combined with Layered Viscoelastic Structure Analysis

One simple and fast evaluation method derives the single st&atdystrain kernel that is

caused by the bending momenttie LVE analysis at an isothermal condition at the bottom
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central nodal point of the asphalt pavem@hie strain kernabk thenappliedto the SVECD

model as a loading history input. The fatigue life is determined by determining the number of
cycles tofailure (0 ) until the constant repeated kernel reaches the internal state variable (S)
of the damage at failure.

In this study, the elastic modulus values of 227 MPa and 196 MPa are used to
represent the base and subgrade layers in sound conditpectresly. These values were
measured from US 76 in Wilmington, North Carolina using the dynamic cone penetrometer
(DCP) ©7). The asphalt layer tbknesses of 100 mm and 300 mm are used to simulate a thin
and thick pavement, respectively. The single temperature of 19°C was used to represent the
spring season for this analysis. The single moving load is a rectangular contact area that is
17.78 cm wideand 27.994 cm long, with an axle load of 40 kN, a tire pressure of 758 kPa,

and a design velocity of 2.682 m/s.

7.3.2 S-VECD Model Combined with Layered Viscoelastic Continuum Damage Analysis

The LVECD analysis calculates all the stresses and strains at all the nodal points in the
pavement structure and simulate the material integrity as crack potential. The LVECD
program is a thredimensional pavement structure program that can captureftiotsesf
viscoelasticity, thermal stress, hourly temperature variations, hourly truck distribution, and
moving traffic load (tire pressure, contact area shape, shear traction, and tire configuration).
Another main feature of the LVECD program is that it efficiently reduce computational

time using Fourier transforibased layered analysis. Finally, the program was verified to

simulate fatigue cracking that is due to a bending moment at the bottom of the asphalt layer
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and the shear force at the edge oftifeeon top of the asphalt layer by comparing the results
to field observationsg(7). Additional information about the LVECD program can be found i
the literature §8).

In order to account for the effect of temperature variation on fatigue performance, the
temperature data were obtained friira Enhanced Integrated Climatic Model (EICM) for
the Wilmington area. In order to make the computational time for this study more efficient,
one day is divided into three time segments so that constant average temperatures and traffic
passes can be usetsiead of using data for every hour. All other inputs, such as the base and
subgrade modulus values and pavement thicknesses and design loads are identical to those
used for the LVE analysi#t. was reported that the Lottmaest found in AASHTO T283 is
designed to reflect the field performance at 4 to 12 yé&s4nd several lonrterm
pavement performance (LTPP)ttesctions showed a stripping problem after 12 ye&ds (
In this study, it is assumed that the moisture conditioning procedutgatesl? yearsof
pavement performance in the field. Therefdhe equivalent of 1 million and 100 million
load applications over 12 years are applied to the thin and thick pavements, respectively.

Figure45 presents an analysis flowchart to compare the two evaluation methods.
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Figure 45. Analysis flowchart of performance-based moisture susceptibility evaluations.
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7.4 Performance-Based Moisture Susceptibility EvaluationResults

Figure46 (a) shows the linear viscoelastic properties obtained from the DM tests. The results
show that any reduction in the dynamic modulus value due to moisture conditioning is minor
in the Evothermmixture compared to the other mixtures. The damage cleasditt curves
shown inFigure46 (b) indicate that the moisture susceptibility of the Evotherm mixtures is
also low compared to the other mixtures by showing a small difference between the curves
with and without moisture conditioning. This figure also shows that the pseudo stiffness
value of the HMA is higher than that of the other mixtures. Specificallyethdts show that
the WMA-A, WMA-B, and WMA-C mixtures have an unfavorable material integrity with
growing damage when using moistwenditioned specimens. Another significant indicator
that is seen from the damage characteristic curves is the bristlendactility that is shown
in the pseudo stiffness at the last failure point of the curves. The higher pseudo stiffness
value at failure indicates that the pavement is prone to fail with a lower amount of damage.
The pseudo stiffness value at failureatifthe WMA mixtures with moisture conditioning is
lower than that of the HMA, which may be evident of a longer fatigue life sirhen kernels
shown inFigure46 (c) and (d) are derived for the pavement responses of the 100 mm and
300 mm pavements used in the LVE analysis and using the linear viscoelastic modulus.
Therefore, the amplitude of the strain kernel is strongly related to the dynamic modulus
values. The higér the dynamic modulus value, the lower the strain kernel value.

By combining the linear viscoelastic properties, material integrity, damage, and

brittleness, the final fatigude can be predictedrigure47 (a) and (b) show that the fatigue
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life ratio of the Evotherm mixture is almost identical to that of the HMA mixture, whereas
the WMA-A, WMA-B, and WMA-C mixtures show more moisture susceptibilitart the

other mixures.Figure47 (c) and (d) present the IDT test results that indicate that all of the
WMA mixtures could not meehe failure criterion of 0.871), and the HWTD test results

show that only the Evotherm and HMA mixtures meet the failure criterion based olfthe S
criterion of 10,000 passeS)( These results conflict with the fatigue life predictions derived
from the CDT tests. The failure criteria of the IDT and HWTD tests were dsabign
conventional HMA mixtures. Therefore, for future study, these criteria and/or the moisture
conditioning procedure may need to be modified for the WMA mixtures based on their field
performanceFigure48 andFigure49 presenthe final damage contour comparisons with

and without moisture conditioning using th&/&CD model conbined with the LVECD

analysis for 12yearold pavements of 100 mm and 300 mm thicknesses. The bars beside the
pavement simulation results indicate the degree to which the damage factor is related to the
cracking potential. For both pavement thicknessesHMA and Evotherm mixtures show

less moisture susceptibility than the WM WMA -B, and WMAC mixtures, which are

the same results as the fatigue life results. The results for the 100 mm pavement simulation
show that both initial cracking and the comeletacking propagation potentials are observed
for the WMA-A, WMA-B, and WMAC mixtures, whereas the results for the 300 mm
pavement simulation show only the initial cracking potential for botipnaracking and tep
down cracking due to moisture damagetfee WMA-A, WMA-B, and WMA-C mixtures.

The problem with the LVECD approach to moisture susceptibility evaluation is that moisture

damage does not occur throughout the entire layer in the field as it is modeled in the LVECD
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program. In future, the moistudamage gradient along the pavement depth, time, and

climate needs to be studied to match the field observations.
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Figure 46. Mechanical test results: (a) dynamic modulus, (b) damage characteristic curve, and (c) strain kernel at the
bottom of 100 mm pavement and (d) 300 mm pavement.
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Figure 48. Damage contour (cracking potential) comparison of 100 mm pavements without and with maise

conditioning.
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300 mm Pavement Simulation 300 mm Pavement Simulatior
(a) without Moisture Damage (b) with Moisture Damage
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Figure 49. Damage contour (crackingpotential) comparison of300 mm pavements without and with moisture
conditioning.

132



CHAPTER8 DEVELOPMENT OFI MG RI P
QUANTI FI CATI OCIOHRI®@DWGH DI GI TAL
| MAGI NG ANALYSES

Inordertoeval uate these | aboratory testsodé abilit
damagethe fractured and scoured surfacesed fothe mechanical tests agpiantifiedusing
digital imaging analyss and comparedgainsthe predicted fatigue performanead

mechanical propertiedetermined from these tests

8.1 Cyclic Direct Tension Test

After running the CX cyclic tests, the stripped area of a fractured surface can be measured by
making visual observations based on the seledfidime mesh and a numerical pixel

counting method. Visual observation using the mesh selection method is an accurate but
time-consuming approach to determine #tripping percentag€igure50 (a) presents an

original image taken from a dtgl image scanner, arkigure50 (b) presents a stripping
guantification result of 36.6%dm the fine mesh selection method uséwunt tool in

analysisin the Adobe Photoshop program. The numerical pixel counting method is a simple
and fast approach to count pixels that are related to stripping, but the threshold value for the
grayscales shddi be determined to distinguish the stripping and-simipping areas on the

fractured surfaces.
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Figure 50. Percentage ofstripping determined byfine meshselection: (a)original image,
(b) 44 x 44fine mesh onoriginal image.

JPEGs, BMPs (O6bitmaps6é), GIFs (graphics
image file formats) are commonly used digital image formats. Among these formats, JPEG
images ar¢he most commonly used because they can present millions of colors and
compresglata to create small images. The downfall of JPEG files, however, is that they lose
guality whenthey are saved. BMP images provide high image quality; as the name suggests,
they present a map containing manymmdss t s 6
the image, no image loss occurs through any sort of modification process. GIF files are
useful only for basic color usage, such as internet icons. TIFF files are used for a perfectly
detailed image of a massive image size. For this study, in ardatisfy the need for high
image quality and minimize the possibility of image loss, the BMP format is selected to

quantify the stripping area.
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One BMP image file consists of pixels that describe actual objects or landscapes.
With an increase in the numbof pixels, the quality of the picture increases. Each pixel in a
BMP file contains color or gray information. The grayscale with 8 bits has only one layer
that consists of 256 different states of grays (0: perfect black and 255: perfect white). By
detemining a threshold value within the grayscale, white and black pixels can be
distinguished. Thus, the stripping area of a fractured surface can be quantified by counting
the number of white pixels, and asphalt binder can be quantified by counting the mimbe
black pixels. Because of the simplicity of the associated numerical analysis and image quality,
the 8bit grayscale mode is selected for counting the white and black pixels. The BMP RGB
color file is converted to-8it grayscale mode using tRBG2Grg functionin MatLab. The

gray states (0~255) of a scanned surface can be seen for each pixel also using Matlab.

8.1.1 Percentage of Stripping Quantification Protocol

The protocol used in this study to quantify the percentage of stripping in the fractured
specimens is as follows. A digital image scanner is utilized instead of a camera to maintain a
constant image size of the fractured surfaces and to maintain the quality of the BMP RGB
color files. First, the glued steel end plates are cut from the specimehavkdractured

during the CX cyclic tension testing. Second, a thin transparent glass plate is placed on the
area to be scanned so that it protects the scanned area from damage caused by the sharp
surface of the fractured specimen. Third, a box is plagedthe fractured specimen on the
scanner to block any outside light. Fourth, the surface of the fractured specimen is scanned

into a BMP RGB color file. Fifth, the scanned image of the fractured surface is inspected to
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calculate the actual stripping pentage using the mesh selection method. SixthB e

RGB color file is converted to-Bit grayscale mode using tRBG2Gray functiomn the

MatLab program. Seventh, threshold values are determined that distinguish the black (asphalt
binder) and white ¢(spped area) pixels on the fractured surface by matching the stripping
percentage results obtained from the visual mesh selection method. Eighth, after determining
the threshold values for all the mixtures, regenerated images with gray states of Cafimdack)

240 (white) are compared with the original images, as shown in Figure 6. Finally, the

stripping percentages can be calculated rapidly using a pixel counting method.

8.1.2 Mesh Selection Method by Visual Observation

First, the original scanned RGB colarages of the fractured surfaces are imported into the
Adobe Photoshop program. Second, after drawing fine grids (44 cells in the horizontal
direction and 44sells in the vertical direction) on the image file, the cells, which include
stripping, are seleetl manually and counted usiogunt toolin the program. Finally, the

stripping percentages are calculated using the ratio of the number of total mesh components
on a fractured surface to the number of mesh components that include stripping. Because the
fractured surface is a circular area 75 mm in diameter and the image file is a 75 x 75 mm
square area, the total number of mesh components of a fractured surface is estimated as

1520.53 by using the ratio of square to circle areas.
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8.1.3 Pixel Counting Method by timerical Analysis

First, the gray states between 0 and 255 on the scanned surface are shown for each pixel
using MatLab. Second, the number of pixels in a fractured specimen surface can be counted
by extracting the background of a grayscale of 255 (penfieite) from an image file in
MatLab. The grayscales of the fractured surface were observed as between 20 and 240. Third,
the number of pixels in the stripping area of the surface can be counted by using the gray
states that fall between the threshold eadind 240. Finally, the stripping percentages are
calculated using the ratio of the total number of pixels on the fractured surface to the number
of pixels that include stripping. The method used in determining the threshold grayscale
value is described ithefollows.

The approach taken to determine the grayscale threshold value for the percentage of
stripping calculation is shown Figure51. The threshold value is1anged systematically in
the digital images obtained from the fracture surfaces of all the mixtures to develop a series
of curves, showmiFigure51. Then, the perceages of stripping determined from the
manual visual mesh selection method for the different mixtures are used to find the
corresponding grayscale values using the curves shokigune51. The average of the
corresponding grayscale values obtained from the different mixtures is 63. This threshold
value is used in the numerical pixel counting method to determine the percentage of stripping
values for the different mixtures. These valuespdotted in Figure52 along with the
percentage of stripping values determined from the visual mesh selection method. Those
values from the two methods compare reasbdy well, indicating the validity of using the

grayscale value of 63 as the threshold value. Additional analysis using threshold values
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between 50 and 70 provides a consistent stripping percentage rankind-ovaléy, Figure
53illustrates the analyzed stripping percentages using the pixel counting method and the
determined threshold value of 63. The comparison between the original image and the
regenerated imagmnsists of only two gray states of O (asphalt binder) and 240 (stripped
area). It can be seen that the stripped areas are captured reasonably well using the threshold
value of 63. However, this value would change depending on the type of aggregate and
binder used in a particular mixture. Therefore, the digital imaging analysis method presented

in thisstudyneeds to be applied to a wide range of mixtures to develop a database for

threshold values.
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Figure 53. Comparisons between original images and digital images analyzed with

threshold value 63.
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8.2 Indirect Tension Strength and Hamburg Wheel Tracking Device Tests

It is well known that therisual observatiownf stripping can serve as significant evidence in
evaluating the moisture susceptibility of asphalt conctet€hapter 8.1the fractured
surfacesused in CDT testaeresuccessfully gantified usedy employing two different
methods: pixel counting and visual mesh selection. The pixel counting method identifies the
pixels in 256 different gray states in a scanned image file of the fractured surface and then
classifies those states into two statesliéermining a threshold value among the gray states
using MatLab. The visual mesh selection method counts the number of fine mesh elements
that are contained in a stripped area by clicking on each mesh element in the scanned image
file using acount toolin the Adobe Photoshop program.

In thissection the IDT and HWTD tests were used to develop the stripping
guantification procedure. The difficylof the IDTtestsis determining the threshold value
from three different failure modeandthe difficulty ofthe HWTD tests iscanning the
scoured surface of the tested specimens that have a hump of lateral movement at the edge of

the wheel path.

8.2.1 Stripping Quantification Ptocolof IDT and HWTD tests

Instead of using one threshold value, the IDT test reqireshreshold values to quantify
stripping by differentiating the aggregate breakage areas and asphalt mastic failure surface
areas from the stripped areas. First, the fractured surface used in the IDT test must be
scanned to obtain a bitmap (BMP) peteised format for the digital imaging file. The BMP

format is used because it does not allow any image loss throughout the analysis process.
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Second, the first threshold value (threshold value 1) needs to be determined such that the
aggregate breakage (whiteas can be distinguished from the stripped (gray) areas as well
as the asphalt mastic (black) failure by matching the aggregate breakage percentage results
obtained from the visual mesh selection method. Third, the pixels related to the aggregate
breakge area in the image file need to be excluded for the next step. Fourth, the second
threshold value (threshold value 2) needs to be determined such that the stripped areas (gray)
and the asphalt mastic failure (black) areas are distinguishable by madtahstgpping
percentage results obtained from the visual mesh selection method. Fifth, the final stripping
percentages can be calculated using the two threshold values by differentiating the aggregate
breakage areas and asphalt mastic failure surface faoea the stripped areas.

The digital imaging analysis of the HWTD test results is almost the same as for the
CDT test results, but the HWTD test needs a new threshold value to quantify the stripping
due to the nature gfermanent deformaticiesting. Beause the stripped areas are on rutted
surfaces, all of the scanned images for the HWTD tests are lighter than those for the CDT
tests due to the gap between the stripped area and the platen of the scanner. The main
difficulty of scanning the tested samplis the humps that are caused by the lateral
movement of the permanent deformation. In order to scan the scoured surface as closely as
possible to the platen, the hump needs to be cut vertically using a saw, and then the humps
can be easily removed by ltaThe stripping quantification procedures for all of the tests are

described irFigure54.
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Figure 54. Stripping quantification procedures for CDT, IDT, and HWTD tests.
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8.2.2 Stripping Quantification Resultd Laboratory Test

By adjusting the thresholhlue that differentiates the stripped areas andstigpped areas,
the stripping percentage changes. As showkigare55, the threshold value can be
determined bynatching the stripping percentage results measured from the visual mesh
selection method.

Figure55 (a) and (b) show a way to determine the threshold value thisiggisthes
the black (asphalt mastic) and white (stripping) pixels for the CDT and HWTD test results.
Figure55 (c) and (d) present a method to determine two threstableks to quantify the
stripped areas of the IDT tests. The threshold valugFigure55 (c) distinguishes the
aggregate breakage (white) areas and theaggnegas breakage (black) areas. After
excluding the aggregate breakage area in the image file, the threshold vakiguiae®5 (d)
can be determined to differentiate the asphalt mastic (black) and the stripped (white) areas by
following the same procedure showrHigure55 (a) and (b). As a result, the average
threshold values for the CDT, IDT, and HWTD tests are derived as 63, 68 (111), and 85,
respectively.

Figure56 shows the final quantified stripping resuits theCDT, IDT, and HWTD
tests.The figure showshat thestrippingpercentages from tH®T test arelower than those

of the other testbecausanother failuranechanisntauses thaggregateo break
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Figure 55. Determination of threshold values for numerical analysis.
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Figure 56. Final quantified stripping results for the CDT, IDT, and HWTD tests and
their relationships.

Figure57 to Figure59 comparethe original mages of CDT testswith the
correspondingeproduced imagrusingthe threshold valuef 63 determined from the mesh
selection and pixel counting metho#sgure60~Figure62 alsopresent theomparison
between theriginal scannedmages of HWTD tests and tineproduced imageassing
threshold value d85 decidedfrom the digital imagin@nalyses. FinallyFigure63~Figure
65illustrate the original images of IDT tests with tlegenerate images using the two
threshold values of 68 and 111 for the numeicellysesin Figure57 to Figure65 (a)~()
indicate the original scanned imadesm tested specimens anel~(i-f) presenthedigital

images analyzed with the determined threshold values in each test method. In the analyzed
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images of IDT test, the aggregate breakage areas are reproduced as the perfect white state (a

gray state of 255) and the stripped areas are recreategrag state (a gray state of 65).
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Stripping= 6.6284(%) ub=250 =63 Stripping= 6:3211(%) ub=250 1h=63

(i-b)

(i-a)

Stripping= 7.1195(%) ub=250 1b=63 Stripping= 5.3903(%) ub=250 1h=63

Stripping= 9.6408(%) ub=250 Ib=63

Stripping= 8.9688(%) ub=250 Ib=63

Figure 57. Comparisons betweeroriginal imagesof CDT testsand digital imagesanalyzed with threshold value 63 (a)
HMA and (b) Evotherm.
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Stripping= 7.4808(%) ub=250 1b=63 Stripping= 15.889(%) ub=250 1b=63

(i-d)

Stripping= 7.3122(%) ub=250 1b=63 Stripping= 19.8129(%) ub=250 Ib=63

Stripping= 10.3391(%) ub=250 1h=63

Stripping= 80.6637(%) ub=250 1h=63

Figure 58. Comparisons betweeroriginal imagesof CDT testsand digital imagesanalyzed with threshold value 63 (c)
foaming and (d) WMA -A.
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Stripping= 18.0694(%) ub=250 1h=63 Stripping= 20.0772(%) ub=250 1b=63

(.

Stripping= 19.4915(%) ub=250 1b=63

'

Stripping= 22.0111(%) ub=250 Ib=63

Stripping= 14.6969(%) ub=250 1b=63 Stripping= 21.7965(%) ub=250 1b=63

Figure 59. Comparisons betweeroriginal imagesof CDT testsand digital imagesanalyzed with threshold value 63 (e)
WMA -B and (f) WMA -C.
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(@) (-a) (b) (I-b)

Stripping= 10.2338(%) ub=250 |b=85 Stripping= 17.2969(%) ub=250 1b=85

Stripping= 10.1484(%) ub=250 |b=85 Stripping= 20.2628(%) ub=250 Ib=85

Figure 60. Comparisons between original images of HWTD tests and digital images
analyzed with threshold value 85 (a) HMA and (b) Evotherm.
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(€) (i-c)

Stripping= 25.0496(%) ub=250 Ib=85

(-d)

Stripping= 30.1524(%) ub=250 |b=85

Stripping= 27.3746(%) ub=250 1b=85 Stripping= 19.8429(%) ub=250 |b=85

Figure 61. Comparisons betweeroriginal imagesof HWTD tests and digital images
analyzed with threshold value 85 (c) foamingand (d) WMA -A.
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Stripping= 21.5639(%) ub=250 Ib=85 Stripping= 27.7769(%) ub=250 1b=85
Stripping= 24.4741(%) ub=250 1b=85 Stripping= 17.1786(%) ub=250 1b=85

Figure 62. Comparisons betweeroriginal imagesof HWTD tests and digital images
analyzed with threshold value 85 (e) WMA-B and (f) WMA-C.
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(-a (b)

Stripping= 8.179(%) ub=111 1b=68

(i-b)

Stripping= 8.5802(%) ub=111 1b=68

PR e -
%) ub=111 1b=68

B g
# iy !
Stripping= 3.6418(%) ub=111 =68

Figure 63. Comparisons betweeroriginal imagesof IDT tests and digital images
analyzed with threshold value 68 and 111(a) HMA and (b) Evotherm.
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(©) (i-c) (d) (i-d)

Figure 64. Comparisons between original images of IDT tests and digital images
analyzed with threshold value 68 and 111(c) foamingand (d) WMA -A.
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