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ABSTRACT

THE INFLUENCE OF DIFFERENT MIXTURE DESIGN VARIABLES ON
THERMAL FATIGUE CRACKING OF ASPHALT CONCRETE
PAVEMENTS

Arabzadeh, Ali
M. S., Department of Civil Engineering

Supervisor: Assoc. Prof. DMurat Gller

August 2015166 pages

In this study, in ordermtinvestigate the thermal fatigue resistanceattirallyaged
asphalt concretspecimensan experimental setup is developddixture design
variables, selected according the superpanthod of design, include asphalt
content, asphalt type, aggregate type, gradation and modifichtitme course of

this study, using the developed setup, thermal coefficients and thermal fatigue life
of the asphalt concrete specimens are measured, 0$iag the analysis of variance
tests the significant mixture design variables affecting the two types of tests are
identified. According to the statistical analyses, aggregate type, gradation, asphalt
type and asphalt content significantly affect therrtred coefficient of asphalt
concrete. The thermal fatigue resistance is significantly affected by aggregate type,
asphalt content and the asphalt typlee results of this study provide a solution to

minimize the thermal fatigue cracking in asphalt corcpstvements.

Keywords: Thermal Fatigue Resistance, Asphalt Concrete, Thermal Expansion
Coefficient, Strain Loading
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ASFALT BETON KAPLAMALARIN TERMAL YORULMA
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Arabzadeh, Ali
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CHAPTER 1

INTRODUCTION

1.1 Background

In Turkey,the majority ofroadway pavementse made of aspit concreteAs a
result,the authoritiegsesponsible for the construction and maintenance of asphalt
pavements are concerned with pavement deteriorations daewide range of
distresses. Amonidpe type of deteriorationsracking igshe most detrimental factor

that causesevere damagem pavement structurand degradation of service
guality. Pavement cracking can occur as a result of eitaéfic loadingor strains
developed due to temperature differentials in the field. Thermally induced cracks
manifest themsehs in regions where severdéby temperaturetake place causing

low temperature crackingir considerable oscillations air temperatureausing
thermal &tigue cracking. The former manifests itselfrégionssuch asCanada,
United States of America, Europe and some parts ofekgariencing severelgw
temperaturesThe latter, on the other hand, can occur in anywhere having
considerable periodic tem@gure changes especially during spring times. Because
of their significant impacts on pavement performance, investigating the mechanism
of thermally induced cracks and mitigating their detrimental effects have drawn the

attention of many researchers.

Asphdt concrete like other materials contraatsen cools down anekpandsvhen

heats up due to air temperature. Thermally induced cracks occur in two different
ways; bw temperature crackingnder extremely cold temperaturasd thermal
fatigue crackinglue to large diurnal temperature cydl8sgawara antoriyoshi,

1984, Gerristen, el. 1988, and Vinson, el., 1989).Low temperature cracking

1



occurswhen the thermally induced stresexceedhe tensile strengtlof asphalt
concrete The induction othermal stress is due the stress buildip through the
shrinkage okurface course which is restrained by the friction between the surface
course and the underlying layerhérmal fatigue cracking, at firstas not thought

to be of paramount importanamtil the researchers in 1970s observed severe
transverse cracks in soraktheroadsin Texas where the low temperature cracking
was not theprimary reason fodeterioration, because the climate of ttateis
classified as mildThis showed that thithermal fatiguecan everoccurunder any
temperature conditions other thant weather. Since the asphalt mixture has a
visco-elasticbehaviorunder high temperaturesid the energy of thermally induced
stress is dissipated through the wisscharacteristiof asphaltmixture thermal
fatigue crack cannot be developed-he findings of previougesearcheshowed
that thermal fatigudakes placeapproximately between/ +21 °C, andthat its
occurrence is dependent the fluctuations inair temperatureesuting in different

ranges otensilestrairs.

Oncea crack is initiatecbn the surface oasphaltconcrete pavementainfalls
accumulated on the surfacanpenetrate through thEavement foundatiohaving
crackopenings ranginffom 2.5to 3.5 mm, anaventually cause serious structural
failures in the subgrade. The seepage of rainfalls will also lead to the formation of
ice lensesresultingin strength loss due to thawing during spring seasons or
deterioration in the roadway profile if the subgradsudes swelling soil. Another
problem originated from thermal fatigue cracks is the pumping which results from
the loss of fine materials in the saturated subgrades by the effect of wheel loads.
Each time a vehicle tire moves over the crack locationptite pressure in the
subgrade is increasech brder to dissipate the pressure, the water is expelled
through the cradk and during this proce$me soil particles argpumped outvith

water, which will result in loss of support under the pavement surflice result

of this process is the depressions or uplifts over the wearing course causing

significantreductionin the drivingquality and hence pavemesérviceability To



recover the structural performance of wearing courgecomprehensive
rehabilitaton would be neededausinga huge amount ahvestmento be spent.
For example, millions of dollars are annually allocated to renovating the pavements

in USandCanada just because of thermal cracking.

Previous studies reveal that the thermal fatiguekong is mainly associated with
thestrain rang@enerated during the thermal changes in the.fietdanifests itself
in the form of transverse cracks perpendicular to the road eaising crack
patterngertaining to low temperatumgacking.Ilt has leen mentioned by different
researchis that thermal fatigue cracks are dependgointemperature variations,
mix properties, i.e. aggregaseurce AC types, gradation, air void contesud
polymer modification. Since only a few researchers have work#dteomal fatigue
cracking and each of them applied their own way of testivegeis still noa welk
developed testnethod to characterize thermal fatigue crackidg a resultthe
measurement of asphalt concrieédhaviorunder thermal fatigukas beemn active
research areia which significant developments in the testing and characterization
procedures are still needetdhe main aim of this study thereforeto fabricate an
apparatus for simating thermal fatigue cracking short time scales todedr with

investigating effects of different mix variables on this type of distress.

1.2 Research Objective

The objective of this research is summarized as follows:

1- Design and set up of a test configuration that allows simulation of thermal fatigue
in a shat time scale compared with the long time that takes place in the field. It is
worth mentioning that, cyclic variation démperaturecauses thermal fatigue

cracking and the period of each cycle is one day in the field.

2- ldentify significant mix varialds for thermal fatigue cracking of asphalt concrete

using statistical design of experiments.



According to the results of this research, it is expected that mix variables that play
a significant role in thermal fatigue cracking could be identified usingllasst up

testing procedure. Alsat is anticipated that the outcomes of this investigation
would assist my counterparts in doing more profound and further researches on the
thermal fatigue cracking; thus, the potential for the detrimental effectssdfytie

of distress could be reduced, if not eliminated.

1.3 Scope

This research was conducted as follows:

1- Designing and development of a test apparatus for simulating the thermal fatigue
cracking of asphalt concretes in a short time scale compared witlheaal

fatigue occurring in the field.

2- Analyzing the outcome of experiments and identifying significant testing
parameters and mix variables on the basis of statistical analysis.

In this research, in order to measure the thermal fatigue resistance of asphalt
concrete beams a completely modified version of TSRT equipment is ugkd. In
previous studies, TSRT was used to measure the thermally induced stresses due to
the reduction ofemperature. However, in this research, TSRST deviaslized

to apply the thermally induced stresses mechanically. Details pertaining to the
configuration of the testing device and its performance are presented in chapter
three. In order to analyze th resulting data a suitable statistical design of

experiments was conducted.

1.4 Outline of Research

A literature review of the researches, each conducting an investigation, on the
thermal fatigue cracking of asphalt concrete pavements is presented i thiapte

A summary of research outcomes together withnteéhods used by the previous

researcherso simulate thermal fatigue crackirage also discussed. The chapter

4



alsocontains the effect of mix properties and environmental conditions on the on

the resilt of experiments.

Chapter threee x p | al éesting variables and mix desigosncerning theest
specimens. Moreover, this chapter contains the procégumichthe specimens
were prepared. Test sep and testingasphalt concretspecimens for therah

fatigue cracking are exhaustively described in chapter three.

In chapter four, an analysis of experimental data for thermal fatigue cracking is
proposed. Moreover, this chapter includes a computation of parameters for
determiningthethermal fatigue péormanceof asphalt concrete specimens

Chapter five includes the discussionaafumbers ofesponse parameters such as
number ofcycles t035% and50% reduction irstiffness and slope of the power
model In addition, the thermal stinlevelreachedluringthethermal cycles ialso

presented in this chapter.

Chapter 6 includes conclusions and recommendations for future studies

respectively.






CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

In this chapterthe mechanism anthe concept of thermal cracking asphalt
concrete pavements are elaborakddreover, described herein are the methods for
measuring thermal fatigue performance of asphalt conbeeted orthe previous
studiesand the significance of thermal fatigire terns of field performance of

asphalt concrete

2.2 Thermal cracking of asphalt concrete pavements
Asphalt concrete likether materials expandscontractslepending on the thermal
changes in the environment. While tlepansionbehavior of asphalt concrete
becomes critical for spalling, its contractimresponsibldor the development of
transverse cracks ithe wearing coursesHence,the volumetric contraction of
asphalt concrete pavements has always been an intriguingasghe pavement
engineersWhen the upper nsb layer of a flexible pavemertdontracs, it is
restrained byits underlying layer The existence othis restraint isthe resultof
generatedriction between the two layerduring the construction gbavemen
layers As a resultunderlow environmenttemperaturesn the field, the tension
stresgs ara@nduced in the asphalt concrete pavemehtich results irtransverse
thermal crackindFigure 21). Thermal cracking of asphalt concrete pavements is
one of the major distresses attributed to asphalt concrete paverdeatdo
monotonic or cyclic tensiong.he nonotonic tension iascribedo low temperature
cracking of asphalt concrete pavement. As the environmental temperature
7



decreases, the tension due te tthermally imluced stress increases. If the
environment temperature goes down to an extreme leveajetneratedtresswill
exceed the fracture strength of asphalt concrete pavemwemsthence théow

temperaturerackingoccurs eventuallfJanoo, Bayer Jr, & Walsh, 1993)

HMA surface layer

= —+ —

Frictionunder surface course

Tensile stress in HMA surface

Locations along HMA surface

Figure 2.1: Phenomenonof low tempeature cracking in AC pavements(FHWA
courses]1998)

Researchergvinson, Janoo, & Haak989)believe that low temperature cracking
occursmore frequently intemperature below the glasstemperatureat which

asphaltconcrete behaviggoes from elastplastic to elastiphase

Although some researchers believe tingrmal fatiguecracking is aspecialcase

of low temperature crackingJackson & Vinson, 136), the others claim that
thermal fatigue cracking due to cyclic tensions is a different type of thermal
cracking which resemblet traffic-load associated fatigue crackiigpps, 1999)
They claim that the thermal fatigue cracking is analogous ttee traffic-load

8



associated fatigue in which the failure occurs solely because of repetition of
transient traffic loads. In thermal fatigue, loads due to repetititreomaltensions
cause fatiga in asphalt comete pavementAlthough both types of mentioned
fatigue cracking are similar in mechanism, their initiation and propagation is vastly
different. The cracks attributed to the traffo@d associated fatigugeitiate from
underthe bottom of the asphalt camte andthen graduallypropagateuntil they
appear on the surfack contrast, thermally induced fatigaeacksinitially occur

on the surface of the asphalt concyggementhen propagate until they reach the
bottomof surfacelayer(Gerritsen & Jongeneel, 1988) is worth mentioning that

the same mechanism of cracking exists for the low temperature cracking.

The crack initiation in thermal fatigués due to the existence of temperature
gradent in thesurface layerin thatthe thermally induced tension stress is the
maximum on the surfacand it decreases parabolicalhroughthe lift thickness.

The reduction of thermal stress as a function of depth is illustratddiabg et
al.,(1987)in Figure2.2. The closer the upper layer is to the surface, the more prone
it is to thermal crackingThat is the reason whyracks attributed to both types of
thermalcracking in terms ofinitiation andpropagationare calledfitop to bottom

crackingp.

Colder dr (max) i
— T

T « >
- o Asphal
? Ur thermal
Temperature '
P — Base & subbase
kY

gradient stress aradient

z

Figure 2.2: Thermal stress gradients(Haas, Meyer, Assaf, &.ee, 1987)



2.3 Significance of thermal crackingin asphalt concrete pavements

Cracks ascribed to low temperature and thermal fatigue develop transversely and
are almost perpendicular to the road akigre 23). The reason why thermal
cracks are nateveloped longitudinally is that the length of the paversentuch
greater than its width; as a resuhig asphalt concrete layer shrinks more in its
length comparedo its width. Whatever theesponsible mechanism is for of the
occurrence of cracks, omathey are developed they stactelerating the pavement
deterioration. Crack openingsround 2.583.5 mmcaneasily let the water into the
pavementfoundationand consequentlycauseserious structuraproblems The
infiltration of water to the pavemesubgrade is the main reason for pavement

deteriorations associated with freghaw cycles duringpring

Figure 2.3 An example of a severely developed thermal crack in an asphalt concrete
pavement.

10



The frost action consists of two phases: freezing the soil water, and thawing the
subgradesoil. The freeze phase is accompanied by conspicuous heaving on the
road surface, and the thaw phase is assocyitiida noticeable softening of the

road bedAn exampleof frostaction on the road is illustrated kigure 24.

SRS

Figure 2.4 The effect of frost action on asphalt concrete pavements.

In addition to frost action, there is another problem associatedheiéixistence of

water in the pavement structure; it can make the base safumai@desult,the

passage of transient loads over the pavement surface increases the water pressure.
The easiest way for the induced pressure to dissipate is through expelling the water
from the cracks; therefore, some soil particlespampedout by the water(Figure

2.5). Consequently, due to loss of soil, the support beneath the asphalt concrete

pavement becomes deficient, and additional craeks develop around the

11



transversehermal cracksunder traffic loading. The results of this process is the
formation of cpres®ons, heaves and softened roadbekat all lower the

serviceability of the pavement, ahdncethedriving quality.

Figure 2.5 The expulsion of water through the cracks

Thermally induced cracks are ofteealedby using special sealantsgsults in
spending a lot of money for road maintenance, and i¢adanis not applied on
time, deteriorations will accelerate the pavement arttie rehabilitatiortosts evae
get higher. For this reason,he justification of rehabilitation cost for thermal

crackinghas takerthe attraction of many researché&ysmany years.
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2.4 Thermal fatigue cracking of asphalt concrete pavements

From midseventiesthermal fatigue crackin@pas beerunder observation. This
thermally induced cracking, probably, has nothing to do with extremely cold
climatic conditions or traffic loadingn moderate climates, this type of cracking is
not able & inducehigh enoughamouns of thermal stres$o cause instantaneous
cracking. However, cyclic thermal fluctuations above the fracture temperature
might cause fatigue in the pavement, and make it more susceptible to cracking under
subsequent thermal and/or traffic induced stre@Sesritsen & Jongeneel, 1988)
The main reasofor the development of severe transverse thermal cracking in the
pavements located in west Texaasattributed to thermal fatigue cracking of the
asphalt concret@Carpenter, S.H Lytton, & Epps., 1974)However, the resultsf
researches done lateuggested that othdéactors might be significantas well
(Carpenter, H., & Lytton1977)& (Anderson, O., & Epps, 1983)

Conventional traffic-load associatedfatigue tets performed in laboratory
demonstrated that fatigue cowdtbo occur in asphalt concrete under low loading
frequencies, exactly like the low cyclic loatlucedby variations in temperature
(Gerritsen &Jongeneel, 1988A freebody diagram showing the forcastingon

a fully restrained asphalt concrete layer is presentédjure 26.

The temperature range attributed to thermal fatigue cracking is estimated to be
approximately betwees/® C (20 F) and 21° C (70 °Fwhich is represented in
Figure 2.{Carpenter & H., 1983)Above this range, thermal stresses are dissipated
due to the relaxation of asphalt concrete. Below this range, the dominant mode of

distress$ known to be low temperature crackii@arpenter & H., 1983)
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T = Tensile force induced due to thermal contraction.
N = Normal force representing the mass of pavement section.

F = Fiction force between pavement and base course.

Figure 2.6 Free body diagram of a pavement section under thermal loading

Area of thermal
fatigue
consideration

No
thermal
stress

70°F point where

thermally induced
stresses generally

accumulate

Tensile Strength, or Stress(Psi)

20°F

-60 -30 0 30 60 920

Temperature(°F)

Figure 2.7 Approximate temperature range of themal fatigue cracking (Carpenter & H.,
1983.
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As it wasillustrated in theFigure 26, the failure mechanism ascribed to thermal
fatigue is tension relategneaning thats Vinson et al.( 1996) suggestetl is
possible to postulate that thermal fatiguecking is a special type of low
temperature cracking. As a resulhder some cricumstanceswould be possible
to make analogies between the test resultsarks done orlow temperature and
thermal fatigue cracking.

2.4.1 Factors affecting thermal fatiguecracking

Since yet there is no standard or established Wwdpiag thermal fatiguéest, it is
not possible to make a comprehensive argument about the factors influgrating
mode of distresdHoweverdue to the fact that the repeatedrmaltension aplied
to the asphalt concrete mighesemble the thermallinduced tensionin low
temperature crackin@Jackson & Vinson, 1996}t is possible taliscuss over the
factors affecting the low temperature cracking. It is worth roaintg that, these
discussions areot readilymadeunless there ia definite similarity between the
two modes of thermal cracking, in terms of conditions and materials Aisgnhg
the factors categorized by Haas et al. (1987)ow temperature crackinthere are
three general elements thate likely toinfluence the thermal fatiguelimate,
component material properties aasphalt mixture propertieghich are discussed

in detailin the following sections.

2.4.1.1 Climate

Unlike the low temperature crackitigat takes place in severely cold regions, the
thermal fatigue cracking happens in the places having moderate clifiates
factors affecting thermal fatigue in the context of climate are ¢eatpre and
pavement agingAlthough aging is somehow dependentthe temperature, it is

appropriate to discuss each of them independently.

a-Temperature
The emperature is oparamount importancandis a controlling parametefor

thermal fatigu€Al-Qadi, Hassan, & Elseifi, 2005)he fluctuations in temperature
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bring aboutthermally inducedstrainsin the semirestraint flexible pavements
causing eventually thermal fatigue. If the temperatures below -7°C low
temperature cracking ithe dominant modef thermal crackingnd if it is more
than 2EC due to relaxation no thermal cracking would occur (Carpenter & H.,
1983).As a result;7°C to 21°C is a suitablerange for investigating the effect of
temperature on thermttigue In addition,Gerritsen et al(1988) also clemed that
thermal fatigue occsrin moderate temperaturesfter analyzing datagathered
from the instrumentedirginia Smart Roadaninterstate highway in the UY&\l-

Qadi et al (2009 concluded thathe effect of temperature fluctuat®on the
flexible pavements is mostommonin the spring, a season in whidaily
temperature keeqpscillating within a moderate rangeis worth mentioning that,

the strain rangeeachedn the spring waaround350um/m. In order to investigate

the effect of temperaturehang on asphalt concrete researchers have to apply
thermalalterations on thasphalt concrete specimens in the laboratory. Since the
thermal conductivity of asphalt concrete is low, the temperature changes applied on
the specimens ndea long time to diffuse thoroughly in the specimen and then
equilibrate Although Jacksonet al. (1996) have applied thermal/cles using
TSRST machine tmbservethermal fatigue, other researchdyscause of the
financial problems and the hardships concerning ltreg time neededfor
performing the experimentfiave applied mechanicalyclic loads tosimulate
thermalfluctuatiors. It is worth mentioning that Jackson et al. (1996) were not able
to do a comprehensive research on thermal fatigue performance of asphalt concrete
because ahe explained problem#)edetails of mechanical applicatiohthermal

changes will be discussed comprehensively later irctiapter

b-Pavement aging

Chemical transformatiof asphaltcementdue tothe induction of maximum
temperature in the pavememtidation, solar radiation etc. cagsine asphalt
concrete to be ageardenedAs the asphaltoncreteis aged it will suffer from

thermal cracking because of the increased stifffiehe maximum temperature on
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the pavement surface increases,dh®unt of aging irasphalt concretwill also

be increasd (Keliewer & Zeng, 1996)it is hypothesized that aging of the asphalt
cement could influence the number of cycles to failure, the initial stiffness and the
rate ofdamage evaluation durirtgermal fatigue. Moreover, it isidely accepted

that thermal cracks initiate atlkdenpropagate in the aged pavements much more
quickly compared witlihe new onesAging of asphalt concrete pavements was one
of the many reasonsfor the Strategic Highway ReseardProgram (SHRP}o
introduce the performance badaiddergrading systemk-or example the asphalt
cementgraded withPG 5822 indicates thaa flexible pavementanperform well

in thetemperature rangeetweerof -22°C and58°C.

Thermal fatiguecrackingis not a viable moel of distress without considering the
effect ofenvironmentabging on the asphalt concréfackson & Vinson, 1996
addition, Vinson et al. (1996) claimed that in the absence of envnoiainaging
the time needed fasphalt concrete to develapsingle crackvould be at least 8
yearsin a severely harsh conditiokerritsenet al (1988) peformed thermal
fatigue experimentat the two temperaturesf 0°C and 10C and investigated the
effect of aging They observed that 10°C the aged asphalt concrete specimens
sustairdless thermal cycles before failure an@% they noticed thathe behavior

of aged specimens b@ne much more brittleompared with the unag ones;
finally, they witnessed that thiailure of eachaged specimewasaccompaniedby
anabrupt frature Moreover age-hardening of asphalt mixtulsecreases thievels

of thermal stresshat are generated due tioe temperature differentialéEpps,
1999) Rapid short aging due plant mixing and during construction as well as
long age hardeningill all contributeto increasinghe thermal stressinducedin

the flexible pavements.

2.4.1.2 Component material properties

Asphalt oncrete is a heterogeneous matehat ismainly made of aggregatend
asphalt cementMoreover, aphalt cement modifiers are sometimes added to the
binderin order to improveemperature related propertieso that it camesist in a
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better wayagainstcertaintypes of distreses Components of materigdroperties
are the only factor®y which researchers caontrolthe thermal fatigue cracking
behavior of asphaltoncrete They,unlike the effects ofclimate andenvironment
can be controlledto reduce the detrimental effects ofevere climatic and

environmental condition

a-Aggregate

The major part of asphalt mixtyreoth in terms of volume and weiglbnsists of

aggregateWith respect tagquantity and solidnessggregatds the backbone of

asphalt concretand it literallyworks like a skeletonin the mixture Some of the

researchers believe tHatv temperatureracking had nothing to do with aggetgs

and itis thebinder that plagthe instrumental role ithermalcracking However,

many researchers still refuiee theory of sole effect of asphalt cement on low

temperature cracking bgrovingt h at the aggregatedbs role cou

important as t he binder 6s.

Unlike the vast literature available for low temperature cracking that investigates
the effect of aggregate, there is not enough research dealing wittfltie@ceof
aggregate on thermal fatigukust Epps et al. (1999), for exam@ydied the effect

of aggregate gradation on thermal fatigue and faadlgapgradedaggregats

outperformed the dense gradadturesunderaveragelimatic conditiors.

So far,there isno work on the effect ofaggregatesize and sourceon thermal
fatigue crackingwhich could have considerable influence on the number of cycles

sustained before failure.

b- Asphalt cement

Apart from the importance of aggregaitehas always been emphasized that the
asphalt cement has a ke in the behavior of asphalhixture. Its performance
under temperature variatiorslargely dependent upon msechanicaproperties
thermal properties andlso on its interactionswith other materialswhich are

discussedn the following sessions.
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1-Asphalt cement stiffness

Stiffness isdescribeghe rigidity of an objecand determinet whichextentit can

resist deformation in response to an induced farbe complementary conceo
rigidity is the flexibility . Stiffnessof asphalt bindeis a material property usually
derived from dividing the stregaduced in the substand®y its corresponding
strain.It is widely used in determining the behaviorasphaltmixtures to rate its
thermal performanceStiffnessof asphalt cemeims completely independent of time

for very short perids of loading; in other wordg,rieaches the modulus of elasticity.

On the contrary, for long loading periods its behavior is completslyous. For
intermediate loading times, the behavior of asptathentbecomes viscelastic.

The relationship between asphedtmentstiffness and time is illustrated Figure

2.8. The stiffness of the asphalt binder ifluenced by the state of stresate of
applied straintemperature, moisture and other effects causing the asphalt cement
to be agehardened. Moreover, the stiffness of the asphalt concrete highly depends
on the stiffness dheasphalt binder and for low temperature cracking a bindéar w

low stiffnessperforms bette(Roberts, Kandhal, Brown, & Lee, 1996)
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Figure 2.8 Stiffness behavior of asphalt binder (Robert et al.1996)

2-Asphalt cement thermal properties

Thermal properties of asphalt cement play a key role in thermal cracking and
specifically in thermal fatigue cracking of asphaincrete. Asphalt cemeshows
three types of behaviawhenit is exposed to avide range oftemperature As
shown inFigure2.9, the behavior of asphatementconsists of three statdsuid,
rubbery and glassyn the figure,”Y represents the glass transition temperathes
temperature at which asphalt concr@i@vesfrom viscoeelastic state toompletely
elastic state or vice versa. When the changleevolume goes into a discontinuous
state the glass transition occ(iBseen & Stephens, 1967j) the temperature range
at which thermal fatigue happens falls within the glasatgst is postulated that
the failure due to repetition of load occurs in a brittle mansienilar to low

temperature cracking. If the temperature range falls within the-eissbic state
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the dominant factor of failure due to repetition of loading wWquiobably be the
thermal fatigue. If the temperature range falls within the viscous state, due to

relaxation of asphalt no thermal fatigue cracking would occur.

Liquid state
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Figure 2.9 Behavior of asphalt according to temperature (Breen & Stephens, 1967).

3-Asphalt cement modification

Asphalt cement is a viseslastic materiathatcanshowboth solidlike and liquid

like characteristicslepending onemperature. Asphatinder, as a resultcanact

like a solid and liquid in cold and warm temperaturespectively. Its liquid

behavior makes it prone to rutjrand the solid behavioncreases potentidb

cracking.As a result, asphalt modifiers are usedrprove temperaturdependent
propertiesand help the asphafiavementsperform better if exposed to harsh

climatic conditiongFigure2.10). As illustratel in the figure, bindewww has a narr

range of temperaturi@ which a good performance without any type of distrigss
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obtainedIn order tamprove its temperatuigerformancecertain type ofmodifiers

can beadded to thesphaltbinder. Afterthe modification, br exampl e, bi nder
outperfornsb i nder  wuwubecanmsdar bletiemtithe the otberThere are

different types of modifiers available dhe market such aspolymess, crumb

rubbermodifier (CRM), etc. Polymer modifiers are divideato twomainclasses

elastomers and plastomei®he first improves strengtit high temperatures as well

as elasticity at low temperaturesd the latter enhanctdse strengthbut elasticity

It is worth noting that,tgrenebutadiene styrene(SBS)used inthis researctwork

Is onetype of elastomer

Binder stiffness

Cracking

Good

Performance I

Rutting '" "

Temperature

Figure 2.10 Ideal temperature range for good asphalt pavemermerformance (Bureau of
Materials and Physical Research, 2005)
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Epps et al. (1999) were one of the f@geracherarho evaluated the effect of CRM

on the number of cyclebatasphalt concrete sustains until failuddter analyzing

the data, they provechat CRM modification enhanced the asphalt concrete
resistance to thermal fatigue in moderate climabaditions. However, Qadir
(2010)investigated the effect of SBS on low temperature cracking using statistical
analysis provedhat its influence is notignificant

2.4.1.3 Asphalt mixture properties

In addition to the effects @fomponent materigiroperties orthermal fatigue, the
combined effect of these components describing the asphalt mixture is also
important for thethermal fatigueperformance of asphalt concrete pavements.
Asphalt mixture is a heterogeneous matexasistingof aggregate, asphalt cement
and air voidsThe percentage of each of these componentsalagnificant effect
ontheresistance of asphalbncreteagaing distressesr he following sections deal

comprehensively with the properties of asphalt mixture.

1- Stiffness of asphalt mixture

Stiffness of asphalconcreteis of the utmost significance in @emining the
performance of flexible pavementsder service conditions. The stiffness of
asphalt concretes determinedexactly thesameway asdescribedn the previous
sectionsit is the result ofividing the stress byhe correspondingtrain.Stiffness
iS an important property to determiresphalt concrete resistance against both
thermal fatigue andbad associatefatigue Its reductionin bending, shear and
uniaxial fatigue tests is an indication thie micro crackcoalescenceln uniaxial
load-associatefhtigue testing, theest procedures usedio assume &0% reduction
in the pseudostiffnessasan acceptable failure criterighee, 1996) It is worth
noting that, the reduction of stiffness is the resultmglyging cyclic load inthe

constant strain mode.

In the context of thermal fatigue, the stiffness reduction is divilcledwo stages:

initial stage and theecond stagdn the formerthere is a drastic drop stiffness
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reduction pathlduringthefirst few cycleghatis ascribed to the rheological behavior
of asphalt concrefé¢he latter is representative of the fatigue behai@arritsen &
Jongeneel, 1988Yhe second stage, in termsthé rate of decreasm stiffness
vastly depends upon the environmental temperature and the pemetratae of
the asphalt cement. Lurtdsm et al (2004)who worked ortheconventionafatigue
found thatata cold temperature likg°C the reduction of stiffness is approximately
linear andgenerallyit could not exceed 209%/oreover, they proved that asphalt
concrete is capable stistainingnore thermal cycles atarmer climates lika0°C
compared with BC. In terms of penetration gradthey verified that higher

penetration grades sustamore thermal cyclelseforefailure.

Apart from the importance of stiffness reduction natéhe second stagée path
that isfollowedis of paramounsignificance As it is illustrated inFigure 2.11 by
Lundstrom et al (2004), in theniaxialfatigue test performed on asphalt concrete

specimengour typical pathsare generallypbtained
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Figure 2.11 Fatigue paths obtained from uniaxial testing under sinusoidal loading
(Lundstrom, Bendetto, & Isacsson, 2004)

Path A is obtained in the controlled strain amplitude when the amplitude of the
strain applied is too lowAs a result,after a few cycles the number of load
applicationswould not affect the stiffness reduction and the experiment might go
on for a greatnumber of cycles withouany morereduction of stiffnes®r any

failure in the time allocated for the test

Fatigue jath B is the most favorable in the controlled stemplitudemode The
smooth reduction rate of stiffness until either 50% redudtictiffnessor asudden

failure is an indication oh unified strainfield existingin the specimen.

Path C having an-shaped curve is an adverse path ascribeétie@oon-uniform
strain field induced ira specimen.The stiffness reduction rate decreases is th
type, butonly for a certain number of load application; after that, itstaihcrease

thenapproachean inflection point and agantecreaseantil it tends to zero. Since
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this type of path isepresentativef a nonuniform strain field, it is not possible to

discussabout it.

Fatigue path D isepresentative ahe stress controlled fatigue tegith uniform

strain field. The stiffness reduction rate starts to decrease from the beginning until
it approachesan inflection point then increases until approachesero. The
increasan the stiffness reduction rastthe last stagef thepath is due to the fact

that strain amplitude togethesth the internal temperatukeepincreasing.

In order to determine the stiffnesstbe relation between stress and strain in visco
elastic materialsdynamic complex modulus method is used. It is a complex
quantitywhich hastwo parts real and imaginaryts real part is representative of
the elastic stiffness and its imaginary psitows the internal dampingHuang,
2004) The absolute value of the complex moduluseiferredto as the dynamic
modulus which is the ratio of the peak to peak stresgéstainingpeak to peak
strain. It is highly dependent upon theeffluencyand temperaturapplied during
the test. The frequency should well simulate the way the load is appbed.
simulatingthermal fatigue, it is ngbpracticalto apply thermal cycles, because the
thermal conductivit of asphalt is lowso thatit is not possible to make quick
fluctuations in temperatusgithin the test specimeinstead, it is possible to apply
the thermal fluctuations mbanically in relatively higher &quencies compared
with thethermalfrequencythat needs one day to complei&chcycle. Frequency
and temperature are interchangeable in-lsgbciated fatiguestswith the Smix

as the key parametddsing alimited numberof test specimensGerritsen et al
(1988) found that this interchangeabtly works forvery low frequenciess well

As aresult, it is possible to conduct thermal fatigue in frequencies and temperatures
other than the ones occurring in the pavements exposed to climatic condtii®ns.
worth noting that, while they are inteanigeable it is better to stag closeas
possibleto real conditionsof the field Most of complex modulus tests are
performed byinducing compressivesinusoidal or haversine loads in thest

specimens, but if the specimens are viscoelasi@nany type of loading will give
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the same resultHuang, 2004) Therefore, loadingondition shouldalso be in

tengon-compression oonly intension mode

2- Thermal properties of asphalt concrete

Asphdt is a viscoelastic materighndlike other engineering materiatscontracts

or expands under temperatwariations.. As a result,n the prediction of thermal

strain and stresshe thermal coefficiendf materialis required whichis denoted

by the constant]. In general the coefficient Uis termed as the coefficient of
thermal expansiorcontraction, but in pavement engineeriihgs termed as the
thermal coefficient of contraction,since in this disciplineof engineeringthe
concernis thestress built uglue to contractionThermal coefficienbf contraction

is used to describe the relationship between temperature change and the thermally
induced strainwhich is generally defined by

Oy P

Where:
- =the thermal strain, and

T = temperaturéCollieu & Powney, 1973)

If the relationship between Tandi s | i near U becomes const a
strain is calculeed by

ey o200
- | Y Qy | "Yo 'Q‘)DZQD 8

Where:
“Y=the initial temperature at zero time,
“Y = the temperature integral variable, and

olzthe time integral variable.
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The thermatoefficientof materialgs usually temperature dependent, meaning that
it decreases when temperature decreéSelieu & Powney, 1973)In asphalt
mixtures the same rule exists but the reduction in the thermal coefficiessgtsonf

two stagesbeforeand aftetheglass transitionAs a result, it would be possible to
estimatea constant thermal coefficient for each staahia et al(1993)fit a five-
parameter curve (Equati¢hd) to the data of volume change versus temperature

change and obtained the thermal coefficient before and after the glass transition

temperature.

L — : Y

U O | Y Y Y] | aEp anT €
Where:

L = specific volume at temperatuné
0 =volume at a given temperature,
“Y = glass transition temperature,

Y = constant defining the curvature,
| = thermal coefficient fofY_"Y, and

|  =thermal coefficienfor "Y" "Y.

3- Air void content and quantity of binder in asphalt mixtures

Gerritsen et al (1989 concludedthat increasingthe binder content of asphalt
concrete from 5.3% to 6.3%f aggregate weight enhanced thermal fatigue
resistancelp to a factor of BVloreover, they proved that air void conten binder
contentaffects the age hardening of the asphalt mixtdféise amount of air voids
increases the asphalt mixture becomes more prone-weadeningln other words,

if the binder content increases the asphalt concrete becomes less agedhénde
addition, an increase in binder content resultstle decrease of initial stiffness
(Gerritsen & Jongeneel, 1988phah (2004) found thahe asphalt concrete
pavementsvith 4 and 7 percent void contertid notmanifest vast differences in

the frequency of thermal cracks
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2.5 Methods for measuring thermal fatigue performance of asphalt
concrete pavements

There are two approaches for evaluatimgthermal fatigue performanad asphalt

concrete phenomenological anchechanistic approacfVinson, Janoo, & Haas,

1989) Those approaches are explicated in the following sections.

2.5.1 Phenomenological approach

Phenomenological approaches generally try to simulate field performance using

suitable laboratorytest procedures. These approaches typically correlate
documented field distress with laboratory test resuRfienomenological
approaches generally a9 pHquation24d)rfee thé s hypot
fatigue analysis.The hypothesis suggests that the damage due to fatigue
accumulates and the failure does not happen unless the sum obfrédiogue life

is equal or greater than unity.
: 8
5 & C

Where:
ni = the number of cycles accumulated at stress i, and

Ni = the average number of cycledadure.

2.5.2 Mechanistic approach

Mechanistic approaches make a correlation between pavement distress and
substantial material propertidike time, temperaturestress,strain etc The
majority of the mechanistidhermal cracking models are on the basisraftire
mechanics.These models correlate thermal cracking of asphalt to fracture
mechanics paramegetike energy elease rate integrat’{-line integral)andstress
intensity factoror j-integral. Since discussing about the fracture mechanics is
beyondthe scope of this thesis work, it is not appropriate here to go through more

details.
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2.6 Previous studies on measurement of thermal fatigue performance of

asphalt concrete
In previous studiespumerous researchers have investigated the low temperature
crackng of asphalt concreta many differentvays. Howeverbecause there is no
a standardized test method available yet, only a limited number of studies exist to
investigate the thermal fatigue behavior of asphalt concidtere only exista
limited number of researchésthis area Thedetails ofthesefew researclefforts

for measuring the thermal fatigaeediscussedh the following subsections

2.6.1 Thermal Stress Restrained Specimen Test (TSRST)

TSRST is the mostommonphenomenologicapproacHor measuringhethermal
cracking of asphaltoncrete because it closely simulates this type of distress. For
low temperature crackingerformance,it has been shown by a number of
researchers that it can providatisfactory resultshowever this test setup for
thermal fatige may not bea feasibleoption because of the prolonged testing
durationsEach thermal cycle lasts one day in the field and if one wants to evaluate
thermal fatigueat least one year is needed to complete the tesiisnigson et al.
(1996)claimedthat TSRTis a controlled strain test agdn beusedto evaluate the
thermal fatigue crackingithin atemperature rangef 0°C to-12°C. It is worth
mentioning that they accelerated th&e oftemperature change from 10 to ZD'h.

In their testthelength ofthecylindrical specimeswerekeptconstant which means
that they did not lethemexpand or contract while applying thermal cyclasd
thenthey measured the thermally induced strebgyTound thathe level ofstress
induced decreased as the number of cycles increasedhermal crackwas
observed at the end of testinghe stress decreases a&cribedto either gress
relaxation or the coalesnce of micro crackst is worth notirg that due to power

outage during the testhey were not able to make a comprehensive study.
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2.6.2 Two-point bending beamfatigue test
In this testtrapezoidaspecimesaremounted like a ertical cantileverTheirbases
arefixed and thé& tops areactuatedsinusoidally at constant strainThe schematic

diagram of twepoint bending apparatuspsesentedn the Figure2.12.

Gerritsen et a{1988)usedtwo-point bending beam tetd measurethe thermal
fatigue of asphalt concrete specimens at two tempestof 0 and 1. The
frequency used in their experiment was 0.0004&d the high levels of constant
strain they applied were from 2 to 5 mm/m. They noticed 2 stages in the reduction
of stiffness: initial stage and the rest. The former showed a d@stp in the
stiffness in approximately first ten cycleghich was attributed to the rheological
properties of the bitumen. The latter represented the fatigue behavior of asphalt
concrete. As a result, in order to determine the number cycles for mgaghein
fatigue life of asphalt mixes, they discarded the first ten cycles and evaluated the
thermal fatigue resistance from thé"tycle It is worth noting that the criteria they
used for determining the fatigue life of each specimen veagd onthe cycle
number at which its stiffness was equal to 50 percentoffhe Mc | eds sti ffne
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Figure 2.12 Principle of 2-point bending fatigue test.

2.6.3 Four-point bending beam fatigue test

Fourpoint bending beam fatigue test is a more advanced method of evaluating
fatigue resistance of asphalt concrete specimens compared with thmitwo
bending beam fatigue test. It is favored because failure can occur between the two

center loads, an @a in which the stress is distributadgiformly (Figure2.13).

Epps (1999) using a foynoint bending beam fatigue test measured the resistance
of rectangular beam specimens against thermal fatigue crackingeatperature

of 4°C. She conducted thests at a frequency of 0.05 Hz at two levels of constant
strain which were applied sinusoisdally. One of the levels was used to represent
average weather conditions and the other was used for simulating extreme climatic
conditions. The levels of strainene representative of the thermally induced stress

in asphalt concrete pavement. In order to select the thermal stress levels, she used
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the COLD program. The inputs of the program included a description of the
pavement structure, its thermal propertiesativer data at the site and relationships
describing the temperature dependence and tensile strength of asphalt ctincrete.
is worth noting that the temperature fluctuations considered for the extreme and
average environmental conditions were 22 an8iCléespectively. The failure
criterion she used wadBereduction of stiffness to 50% of its initial value.

Specinen

Specimen

clam _ ’L ,
P ) Deflection measurememat/LVDT eaction
Reaction

Figure 2.13 Schematic of the fourpoint bending beam fatigue test.
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CHAPTER 3

METHODOLOGY

3.1 Introduction

This chapter is allocated to the methtmd)y used in this researchhe main topics
of this chapter aregevising, manufacturing, programmirend calibrating the
TSRST machineestimating the quantity ahaterials, mixing compactng and

cutting the samples.

3.2 Preparation of TSRST machine

TSRST device has been used by numerous researchdrs foeasurement of low
temperature cracking, and each of them has designed their own apparaths. For
measurement fothermal fatigue, Jackson et al. (1996)ere the firstand only
researchersvho designed ar'SRST machine.As a result, m this thesis work a

TSRSTdeviceis revisedfor measuring thermal fatigue cracking.

3.2.1 Design and fabrication
The first step in this remrchis to usea TSRSTmachine for measuring thermal
coefficient, and therevise it for measuring the thermal fatigue resistance of asphalt

concrete samples.

The TSRST used in this study is made uthoge mairparts: refrigerating chamher
servo motorfor actuation and a compressor ufut decreasing temperaturin
addition, in order to control the test and gather data, a computer and a data

acquisition system are usf@eigures 3.1, 3.3 and3.4).
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The refrigerating chamber is made up of two layers. ilitexnal layey which is
usedfor insulation is made of @ertainfoam materigland the external layer whose

function is structural is made afsteelframe(Figure 32).

Figure 3.1: TSRST machine for measuring thermal coefficient and thermal fatigue resistance
of asphalt concrete specimens.
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Figure 3.2: refrigerating chamber.

As itis seen irFigure 3.2, two steel plates each having 65 mm thickness are welded
to top and bottom ahetwo vertical20 mm thick steel plates in order to make the
structural frame of the chamber. A foam material having 170 mm thickness is used
in the inner part of the chamber for insulation against heat transfer. If the maximum
load applied by the actuator on the specimen reaches 30 kN, which is the loading
capacity of the load cell, theertainingmaximum vertical deflection of the structure

of chanber reache$o 90 microns that is considered to indinitesimal (Qadir,

2010) In addition, the vertical deflection has no effect on the measurement of
thermal fatigue, because in the constant strain mode the load is recorded
proportional to the applied strathat ismeasured within the gage length on the

specimen.
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Figures3.3 and 34 represent general schematic of refrigerating chamber used for
measuring the thermal fatigue resistance and the thermal coefidi@sphalt
concrete specimens.

Reduction

Actuator Servo
Universal motor
joint
LVDT
Specimen
Aluminum
Tape for rod
holding
RTDs
=
RTD Aluminum
rod
Load Aluminum
cell bracket

Figure 3.3: General schematic of theefrigerating chamber for measuring thermal fatigue
resistance
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Figure 3.4: General schematic of the refrigerating chamber for measuring thermal
coefficient.

The servo motor used in this study is usedbioth the measurement of thermal
coefficient andcyclic application of lad on the specimen the measuremenbf
thermalfatigue crackingln measuring the thermal coefficient, it constantly applies
a compressive amount €5.25 kg on the specimen in ordelctampensate the dead
weight ofthe specimen. In the measurement efthal fatigue crackinthe servo

motoris capable of applying 30 kN on the specimehich is the load capacity of

39



the load cell. It is worth noting that tlservomotor used in this research work is
potentiallyable to apply 50 kiMn the specimen

The conpressowunit (Figure 31) has a key role in both the measurement of thermal
fatigue resistance and the determination of thermal coeffidierthe former, it
constantly keeps the temperature of the chamber at while in the latter it
decreases th&eemperature of the chamber from 15-5 so that he thermal

coefficient can beneasured

The data acquisition syste(figure3.1) is used for gathering data from transducers
and for controlling the TSRST machine. In thermal fatigue test, for exampde, da
acquisition systens capable of applying desired cyclic straionthe specimeby
serving as derminalthat connectshe computeto the actuator and the LVDTs
Moreover, the stress datare simultaneouslygathered by thelata acquisition
systemand then recorded in the computer

The compute(Figure3.1) is used for entering the inputs and recording the outputs

from the data acquisition system.

LVDTs areused in measurement of thernsakfficientandevaluatingthe thermal
fatigue resistance afie specimens. In the former, two LVDTs capable of resisting
cold tenperatures are fixed into the top platera way that their tips touch thep

of two steelrodsfixed atthe otheendin the bottom platen. In the latter, the LVDTs

are attached on trspecimen using an aluminum fixtuiiégure 35).
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Figure 3.5: LVDT set up for measuring thermal coefficient and thermal fatigueresistance

RTDs (Figures 33 & 3.4) are usedin the test setup for measuring ttreermal
coefficient andthe thermal fatigue resistance of the asphalt concrete specimens.
These sensors are used to accurately measure the temperature at the surface and the
core of the test specimens better than°’G.During the testsa dummy specimen

is placed verticallywithin the environmental chamber to measure toee
temperature of eacspecimen Thesemeasuremestare performedsing aprobe

RTD that isplaced in the core of the dummy specinfEigure 36).
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Figure 3.6: The dummy specimens placed beside thestspecimens.

3.2.2 Programming

The program used in this esgch workwaswritten in Labviev® languagewhich
facilitates the measurement and controlling of the t&se programs used in two
modes: measuring the thermal coefficient and evaluating the thermal fatigue
resstanceA comprehensive procedure for applying both modes is explained in the
appendixsection of this thesis.
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3.2.2.1 Program for measurement of thermal coefficient

In this mode, at first the specimen is preconditioned at a target temperature until the
targettemperature is stabilized within the specimé&fier that, the temperature is
decreasedo result inthe shrinkage of the specimeDuring the temperature
reduction anegligible compressive load is applied on the specimen in order to
guarantee free shringe of the specimemuring the test, the data of temperature
reduction versuaxial deformatiorarerecordedoy the programwhichalsois used

for the measuremendf thermal coefficientThe panel of the prograconsists of
two parts the section for eptinginputdata manuallyand the section showing the
outputs inthe form of plots The input section consists of system control, motor
control, test control mode, displacement control, and temperatureattétal The
output sectionncludes the plotshowing deformation versus time, temperature

versus timeand instantaneous thermal coefficient versus {iafgure3.7).

1- The system control
The gstem control consists of buttofts turning on and off theower, motor, fan
and coolerDuring the testall of the buttons must be turned on.

2- The motor control

The motor control assiname implies contreithe motor speedheamount of load

it applies and the direction to which it should rot&ta. example, in order to mount
the specimemithe machig, the speed ardirection of moving the top platen are
set in a waythat enable theperatorto reach a desired space between the top and
bottom plates, so thatthe speamen can be mountdaetweenthem. In addition,
during thethermal coefficientest tle motor constatly appliesa compressivé0N

load on the specimen to ensure the free shrinkage of the spetineeamount of
applied loadon the specimen is adjustable through the box that is imtter

control section.
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Figure 3.7: The program for the measurement of thermal coefficient

3- The test controlmode

The mainpartof the test control mode is tleentrol phase which lets the user to
choose the mode of testing. It erebthe operator to cheebetweerthe jugging
mode,preconditioning modandthe profile mode. The preconditioning mode is 3
hours for this research which allows the target temperafurg°C to be stabilized
within the specimenthen by choosing the profile mode the softwatarts to
decrease the temperatus® that the thermal coefficient could be calculabgd
using the dataof thermal strain versus temperatusich is recorded by the
software.The program does not let the operator to start the profléeuntil the

green blinker representing the end of stage for preconditioning starts blinking.

In addition to the control mogléhere areotherpartsin the test control mode: the
box showing the elapsed time during the test, the data file directory, the box

showing datdoggingperiod and a green blinker blinking each time that the data is
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recordedln this researchthe data logging period is set to record the datach
30 seconds.

4- Displacement control

Thissection is totally related to LVDTs. The LVDTSs are set¢m when the profile

mode is started. Due to the decrease in temperature both the specimen and extension
bars start to shrink. The shrinkage of extension bars results in getting erroneous
results from LVDT readings. The softwagéminates the error by btracting the
shrinkage lengtlof extension barBom LVDT readingsThis section also includes

a box showing the average displacement of LVDTSs.

5- The temperature data control

This section allows the operator to enter the preconditioning time, the goala

and the preconditioning temperature. The preconditioning time, cooling rate and
preconditioning temperature considered for this research work are 3-160&h

and 18C respectively.

This section also shows the readings from the four RTDs platéue surfaces of
the prismatic specimeriogether with thdemperature ofod RTD placed in the

core of the dummy specimen.

3.2.2.2 The program for measuring the thermal fatigue resistance

In this mode, like the program written for measuring the thermal coefficient, at first
the specimen is preconditioned at a target temperature until the aimed temperature
is stabilized within thasphalt concreté\fter the preconditioning,caording to the
program a certain sinusoidal displacement is applied on the specameérthe test

goes orfor adefinedperiodof time or until the specimen breaks. During the test,

the data of stress, time, temperature anairsire recorded by the prografhe
panelof the program consists of two parts: the section for entering input data
manually, and the section showing the outputs in the form of plots. The input section
consists of system control, motor control, test control mode, displacement control

load controland temperature data contr@he output section includes the plots
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showingload versus timedeformationversus timetemperature versus timand

amplitudeversus timeKigure3.8).

Figure 3.8: The program for the measurement of thermal fatigue cracking.

1- The system control
The system control consists of buttons for turning on and off the power, motor, fan

and cooler. During the test all of the buttons must be turned on.

2- The motor control
The mdor control in the thermal fatigue mode, serves exactly like motor control
section in the thermal coefficient mode.
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3- The test control mode

The main part of the test control mode is kbeding statevhich lets the user to
choose the mode of testing. liables the operator to choose between the jugging
mode, preconditioning mode and tbgclic loadingmode. The preconditioning
mode is 3 hours for this reseambrk which allows the target temperature di®

to be stabilized within the specimen, then by choosing the cyclic loading mode the
software starts to apply sinusoidal load on the specthans commensurate with

the amplitude of displacement in microns/hich is enteredas inputinto the
program.Theamount oftonstant sinusoidal displacementalculated after finding

the thermactoefficient. The thermal coefficient is calculated from the data recorded

in the thermal coefficient mod# the program.

In addition to the loading state, there is a bloaveing the elapsed time during the
test and also a green blinkbat whenever starts blinkingdicateshatthe program

is ready for applying cyclic load:here also is a part for entering the directory of
the fileand its nameo that after writing thaddress in tapertainingbox the file

is recorded therduring the testThe data are recordedeach second.

4- The displacement control

This section includethe partshowing LVDT reading, the part for entering the
averagecross section area of the sppen measured at three sectianssquared
millimeters anda box for entering the gage length in millimeters which is always
98.5 mm. The LVDTs are set to zero when dtyelic loadingmode is started.
During the test, the program applies the cyclic logdiscording to the average
value of the two LVDT readings. Their average muscillate betweerthe
amplitude ofthe strain entered by the operator in the load control meote zero
Therefore, the program pulls and pushes the specimen to the extent dvatrtuge
rangeof the two LVDT readings at the maximums and minimums becomes equal

to the amplitude of strain entered by the wset zero respectively
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5- The load control
This setion includes the parts for poonditioning loading, load measured, stress,

strain frequencystrain rang@and the minimum strain.

The peconditioning loading which i€5.25kg is entered to the pertaining box by
the operator. It is a trivial amoynihich ensures that there would not be any

excessive load and the specimen would becprelitioned as it is free at both ends.

The part representing the load measured shows the amount of load applied on the
specimen in response to the applied cyclicstend the parallocated tdhe stess
represents the division tiie measured load by tivgput cross section area of the

specimen and shows thialue ofstressin kPa.

Strain frequency is entered to the program by the opeaatbiits value for this
research work is 0.01Hz.The strain range is calculated on the basis of the maximum
generated thermal strain in the specipaard its unit is micnoe. The strain range is
calculated by multiplying the thermal coefficient of asplealtcretein a certain
tempergure range of interesindis the maximum amountpto which the specimen

is pulled. The minimum strain is chosen to be zero for this resbacause it is not

intended to make the specimen undergo pretension.

6- The temperature data

This section allows hie operator to enter the preconditioning time and the
preconditioning temperature. The preconditioning time and temperature considered
for this research work are 3 hoansd5°C respectivelyDuring the preconditioning
mode, vhen the temperaturef the speimenis over 5C the program keeps the
cooler and fans running until it reache¥C5 and when the temperature of the
chamber falls below® the progranstill does not let the fans and cooler operate

until the temperaturexceedgshe target temperatuegain
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This section also shows the readings from the four RTDs placed on the surfaces of
the pismatic specimen together with value of thd RTD placed in the core ofgh

dummy specimen.

3.3 The temperature range for measuring the thermal fatigue resistancef

asphalt concrete
The pavements made of asphalt concrete undergo thermal fatigue cracking
whenever subjected tyclic temperature changes while being restrained by the
layer beneath thenthe range of dailyemperaturehangeand the frguency of its
occurrence dependn thelocality in which the pavement is constructed. For this
thesis work, the province of Ankara located in Turkey is the area in which the
thermal fatigue resistance is investigated. As a resultyéa¢herdata gathered by
the WeatherBureau vere analyzedfrom 2000 to 2013 inclusively. Using a code
written in MATLAB® environment the range of temperature was calculated for
each day during the 13 years and then the results of the frequency versus
temperature range for all of the dayswdt period were plotted in the Figur®.3
As it is seen in the graph, the range of@Q0s the mode with a frequency of

occurrence of more than 200.

Due to the result of this analysis, the measurement of thermal fatigue resistance in

this study was fowted on a temperature range with a value 6€10
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Figure 3.9: Frequency versus temperature range.

3.4 Measurement of thermal strains for applying the cyclic sinusoidal loads

After finding the temperaturdifferential of 10°C, and measuring the thermal
coefficients of the specimens, timgaximumthermal strains pertaining to each
specimen were calculated through using Equation3this study, it was assumed
that the minimum strain level is zero implyiagomplete strain reversal only at the

initial cycle for each load applicatiomhen for evaluating the thermal fatigue

resistancethe cyclic sinusoidal loads (0.01Hz) were applied on the specimens at

the calculatecconstant strain amplitudspecific toeach specimen

e=aDT (3.2)
Where:

O = ther mal strain at the selected
U = Ther mal Tootempdraturei ent ; and

50

temperat u



E(f) _ Emax T €min + € max ;gmin an(f)

A /
Emax T

‘gl = aaspha/fAT

&

min-f

>

Figure 3.10: Waveform for the constant amplitude sinusoidal strain loading.

3.5 Sample preparation

Sample preparation consists of selectmgmix design variables, statistical design

of variables, compacting the mixtures in the form of slabs, cutting the beam
specimens from the slalkand finally measuringhe mix volumetric properties of

the beam specimen$he samples that were used in this study vegaéistically
designed angreparedor the measurement of low temperature cracking and the
ones remaining from that experimeate utilizedin this study.To achieve a
complete aging of the test specimethgywere kept in the laboratory environment
for five years.Since the specimens usey other researchefer the measurement

of thermal crackingvere not aged in such a walge results of this study are unique
as the aging process was completed in a natural way. Several authors stated that
the thermal fatigue cracking asphalt con@te is not asziable mode of distress

without consideringhe effect ofaging(Jackson & Vinson, 1996)

3.5.1 Selection of the materials for the study
In order to satisfy the design requirements the aggregatesob&ieedfrom an
asphalt plant in the vicinity of Ankara. The modified and odified asphalt

cemensg used in this studgre in accordance with the standard3aifkish General

51



Directorate of Highway{TGDH). The properties of the materials used in this
research work argresentedn Tables 31 and3.2.

Table 3.1 Aggregate properties

Aggregates
Measured properties .
Basalt Limestone
Specific gravity 2.93 2.75
Average absorption, 9 1.00 1.45
LA abrasion value, % 15 28

Table 3.2: Asphalt properties

_ Asphalt
Measured properties 5470 =100
Specific gravity 1.025 1.034
Penetration (0.1 mm) 54 73

The gradation of aggregatas well aghe grades of asphalt were chosea way

thatthe requirements of TGDWeremet According tothe TGDH, wearingcourse
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consists okithercoarse or fine aggregategich are named aS/pe landType Il
respectively This classification igor consideringhe extreme values of gradation
to meet that demands of the construction sectdsing a 0.45 gradation chart, the

selected gradation for this study are presented in the Figife 3
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Figure 3.11: The gradation of aggregates according to the standards of@DH
(Qadir, 2010).

3.5.2 Superpave mixture design
Superpaves a design method that stands for Superior Performing Pavements, and
supersedes the Marshal mix designthis study, the optimum asphalt content was

achievedoy using the Superpave method of mixture designthis study, except
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the optimumasphalt catent which was achieden accordance with the standards

of Superpave, the selection of asphalt cement grade, aggregate gradation and
asphalt content were all according to the standardkrequirementsf TGDH

(Qadir, 2010) Qadir, (2010) according to the standards of Superpawepared

three samples for each combination and tested them for the optimum asphalt content
at anapproximateair void contendf 4%. In order tocompensatéor the alterations

in the design of air void contents, he considered a tolerance marfins6b. For
measuring the optimum asphalt contents at the target air voids, the values of
theoretical maximunspecific gravities, maximum density and the specimdk b
specific gravities were measured according to theesal AASHTO T 166 &
AASHTO T 209.

After finding the values of optimum asphalt contents, the weight required fo
combination oimixes, the voids filled with asphalt (VFA) and the voids in mineral
aggegates (VMA) were calculatedd total of different 16 mix designwere

prepared at the optimum asphalt contents (TaBle 3

54



Table 3.3: summary of calculated asphalt content§Qadir, 2010)

No. | Aggre- | Asphalt | Modifi- | Grad- | Optimum | Air Weight
gate cation | ation AC voids | Required
% % (Kg)
1 B 57 Z F 5.0 4.0 20.90
2 B 57 Z C 4.4 4.0 20.93
3 B 57 S F 5.2 4.0 20.21
4 B 57 S C 4.8 3.6 20.71
5 B 71 Z F 5.3 4.0 20.63
6 B 71 Z C 4.5 3.9 20.35
7 B 71 S F 5.4 4.0 20.87
8 B 71 S C 5.0 3.9 21.07
9 F 57 Z C 4.5 3.9 22.41
10 F 57 Z F 5.3 4.0 22.14
11 F 57 S C 5.0 4.0 22.14
12 F 57 S F 5.5 4.0 22.09
13 F 71 Z C 4.8 4.0 21.8
14 F 71 Z F 5.4 4.0 22.46
15 F 71 S C 5.5 4.0 21.92
16 F 71 S F 5.1 3.9 22.5
AASHTO 2001 Criteria 12.5 mm (Maximum size of aggregat
VMA (%) 14
VFA (%) 6575
Symbol used: Aggregate Type:limestone, Bbasalt; Gradation: {€oarse,
F-fine; Modification: Z No Modifications, SSBS Modification; Asphal
Type: 5%(50/70), 72(71/100) VMA - voids in mineral aggregates; VF/
voids filled with asphalt.

3.5.3 Sample preparation for the measurement of thermal coefficient and
the thermal fatigue resistance
The mixtures were prepared according to the specificatiosemted in the Table

3.3 and then using a French (LCPC) slab compactor, they were compacted in the
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form of slabs with dimensions of 5018 x 10 cm. In order to simulate the short
term aging, the mixreswere subjected to heat for three hours

a’i Preparation of beam specimens

Using a saw diamond machingedimensiors of 5«65x250 mm werecut out of

the slabsThe cross section of 885 was chosen for maintaining an aspect ratio
between 4 and 6 in order to eliminate any adverse effect aeghense variables

of the test (Vinsoret al, 1989) It should be notethat afterapplying epoxy for
sticking the specimens to the plates the length of each specimen b&&imen.

Some of the beams were tested for measuring the resistance of aspbadteco
against the low temperature cracking and the measurement of the glass transition
(Qadir, 2010) and the restvas left for laboratory agingor 5 years. TIs time

period let theemainingspecimenso age graduallyand nade them perfectly ready

to beutilizedfor the measurement of thermal fatigue crackimidpis research work

bi Sticking and mounting studs on the specimens

In order to mount the aluminum fixtures on the specimens fomptinposeof
measuring the thermal fatigue resistanceagphalt concreteat first the plastic
mounting studs must bettached on the specimens. For this reasea straight
linesare drawn on thewo axes of each specimenrface Thenthroughthe aid of
an aluminum framethe plastic mountingstuds areattachedon theprismatic test
specimengyy using epoxyThe aluminum frame has two holes with exactlg th
same diameter athat of the studs.The longitudinal axes of the holes and the
transversal axis of the fi@ must coincide with théongitudinal and transversal

axes of the specimesurfacesrespectivelyFigure 311).
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Figure 3.12 The method for sticking the plastic mounting studs on the sides of specimens.

c- Mounting the beam specimendetween the top and bottom plates
Precisionduringadhesiorof the specimestto the platess crucial forthe framework

of accuracy in théestresults On the contrary, if this processd beerdone in a
perfunctory mannersome situationsould havearisen. For example, if the beam
specimens and the plategre eccentric at either the top or bottom, unnecessary
momentscouldhave beeimducedwithin the specimes) and can lead tpremature

failuresor significant reductions in the stiffneshuring the thermal fatigue test.

In order toensurehat the cross sections@dchspecimen at the top and bottane
concentric with the platebeforegluing them together using epg»ymetal Gring
with adiameter of 15mnis gluedonthe center of both ends of the speciséime
O-ring ack as a female connecter which recsitige protrusion stuck out of the
center of the plates and let the platens sit tigdntly concentricallpn the both ends

of the specimen&hentheyare mountedbetween the platggigure 312).

In order to glue the specimens to the platesiepns okepay the bottom platens
ae fixed on a channel 6s f | d3).dNext ®mepported
epoxyis applied oneach plateand the specimerae seated on the epoxyhile

seating the specimens on the plates, it has to be ensured that the protrusions of the
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plates and the metal-fings areinterlocked well togetheiVhen the alignment is
secured thersome epoxys applied on top of the speams and the top platease

seated on thtop of each specimen

Figure 3.13: Ensuring the concentricity of the specimen and plates with the help of a metal
O-ring.

Again while seating the top plateas the specimens, italsto be assured that the
protrusions and the metal-lings are joint well together After that,in order to
guaranteghe rolustness, some more epowhich increassthe area of adhesion,

is spead on the plates and thep and bottm of the specimens. Finally, the
specimensre kept on the channelgr at least 12 hours in order to let the epoxy
cure and become strong enough to be tested for the measurement of thermal
coefficient andconsequentlyhermal fatiguaresistancelt is worth noting thatin

order to guarantee the adhesiveness of the epoxy to the surface of the plates and
specimensacetone and trichloroethylermee used respectively faleaning the

surfacegrior to starting the sticking process
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Figure 3.14: The board used for sticking the specimens to the plates.

3.6 Laboratory testing of the specimens

In this study two types ofess are performed:the measurement of thermal
coefficient in oder to find the mplitude of thermal cyclic strainand the
measurement of thermal fatigue cracking resistance of the beam specimens on the
basis of thef thermal strairmmplitude

3.6.1 Testing for the measurement of thermal coefficient of contraction

The beam specimens stuck to the bottom and top @ieesounted in the TSRST
machine and then the/DTs and RTDsare attached on them. After the mounting,
specimensnere preconditioned ail5°C for three hoursthen according to the
programwritten for he measurement of thermal coefficerthe temperatures
dropped at a rate ofL0°C/hour until it reachs -25°C. During the reduction of
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temperature the specimensishkrfreely and thelataof axial deformationversus
temperature for each specimae recordedin each 30 seconds.

3.6.2 Testing for the measurement of thermal fatigue resistance

After recording the data fahe measurement of thermal coefficient of contraction
concerning thetemperatures above the glass transjtitime specimensare
dismounted from the TSRST machine it to warmin room temperaturéor at
least 12 hoursThen the specimerae put back to the machine and the RTDs and
LVDTs are mounted. After that the specimenare preconditiordat 5°C for three
hours. After the preconditioning timas over, constantcyclic strairs with the
frequency of 0.0Hz are applied on each specimen the basis afheir measured
thermalstrains. Thermal strains are measured according to the thermal coefficient
of each specimen and the teenature differential of I'&. The testcontinueuntil
either a breakage hapsar thetime spent for each run exces&ldays During the
thermal fatigue crackingests the dataof stress an@ppliedstrainversustime are
recordedor each beamspecimen
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CHAPTER 4

DATA ANALYSIS

4.1 Introduction
This chapter presents theethodsused for measuring the thermal coefficient and,

consequently, the thermal fatigue resistance of the prismatic test specimens.

4.2 Analysis of experimental data for measuing the thermal coefficients

The relationship between thermal stramdtemperature for one of the specimens

is presented in Figuré.l. In order to show the correlation between the thermal
strain and temperature, a fiparameter curvéEquatiord.1), using the least square
method was fit to the test datBahia & Anderson1993) As it can be seen in
Figure4.1, there is a curvature a2°C indicating the glass transition temperature
lying in the applied temperature range. This shows that the theoefdicient must

be calculated before and after the glass transition temperature to characterize the
thermavolumetric properties of the specim@eng & Sields, 1998) Because of

the selected temperature range in the testing program, Eqédtiaas therefore

used to calculate the thermal coefficients of each specimen falling above the glass

transition temperatures.
L — : U S
U O | Y Y Y| | agp Qw HT 1)

Where:

0 = specific volume at temperatué 6 = volume & a giventemperature;
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“Y = glass transitiotemperature’Y = constant defining the curvature;= thermal

coefficient for Y _"Y, and = thermal coefficienfor “Y Y.

o & AN o N

-10
-12
-14
-16
-18

Axial Thermal Strain (*E -4)

-40 -30 -20 -10 0 10 20
Temperature (AC)

Figure 4.1: Axial thermal strain versus temperature

It should be emphasizettatsincethe temperatureange of interest for measuring

the thermal fatigue resistance of beam specimens was wHHAQ) the thermal
coefficients forabove the glass transition § were calculated for each specimen.
The reason for selecting that temperature range is that the thermal fatigue cracking
experiment had to be performed 4C5and the most frequent temperature range
during 20082013that wascalculated irSection 3.3and itturned out to be IC.

In order to evaluate the thermal fatigue resistance of each specimen at the constant
strain mode, it wasecessaryo measure the thermal strafrat will be appliedo

each specimefTable4.1). These measurements were performed thré&agtation
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4.2. It is worth noting thathe thermal strains were calculated at the selected

temperaturedifferential of 1°C and according to each sy
coefficient.
e=aDbT 4.2
Where:
U = t strairaithelselected temperature range;
U = Ther mal coefficient; and T = temperat
Table 4.1: The values of thermal strains measured for each specimen.
Specimen Replicate | Thermal | Specimen | Replicate | Thermal
Code No. Strain Code No. Strain
(Lm/m) (Lm/m)
LF5470 I 333 LF73Z0 | I 407
LF54Z0 Il 298 BF5420+ | | 361
LF54Z0+ I 379 BF54Z0+ | Il 385
LF54Z0+ Il 380 BC73Z0 | | 386
LC54SO I 347 BC73ZCG | i 384
LC54SO Il 337 BC73Z0C | Il 387
LF54S0O+ I 374 BF7320+ | | 388
LF54SO+ Il 377 BF73Z0+ | Il 384
LF54S0O+ Il 367 BF73z0 | | 305
LF73Z0 I 355 BF73Z0 | I 355
LF73Z0 Il 382 BF73zG | Il 376
LF73Z0 11 364 BC73SO+| | 444
LF73Z0 I 385 BC73SO+/| Il 422

4.3 Analysis ofexperimental data for thermal fatigue performance

During the thermal fatigue tesegcording to the program written time Labview¥
environmentthe data of cyclic strain and stress versus time were recorded for each
test specimerfigures 42 and 43 repesent an initial part of the data recsddor

one of the specimens. The peaks of the cyclic dataraterscoredby thecircles
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becausé¢hey play an instrumental role for determining the stiffness path for each of

the specimens. The stiffness is caloetihroughdividing peakto-peak stress by

peakto-peak strain.
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Figure 4.2: The data of applied axial strainon one of the specimens
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Figure 4.3: The data of axial stress recorded in one of the fatigue tests
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Figure 44 represents the stiffness reduction matleulatedn Matlab' environment

for the same specimamder constant strailoading It is worth noting that the
stiffness reduction path shown in Figurd & calculated fothe entireduration of

the run and the horizontal axis represehe number of cyclesThe test went on

until the specimen broke at 1206ycle. Since the frequeaay of the strain applied

on the specimens is 0.01 Hz, each cycle needs 100 secondmpiete. For
example, 1200 cycles in terms of duration is equal to 120000 seconds or 33 hours

and 20 minutes.

e e
o N b

Stiffness (Gpa)

o N A~ O

0 200 400 600 800 1000 1200 1400
Number of Cycles (N)

Figure 4.4: The stiffness path calculated for one of the specimens.

The stiffness paths calculated for all of the specimens are presentedppémelix

part of this study.

65



In order to analyze the responses taken from all of the specimens, different
approaches were used in this study which are explained in details in the following

subsections.

4.3.1 Reduction of stiffness to 35% of its initial value

In conventional loaéhssociated fatigue tests withe appliedfrequencies in the
range of 1660 Hz the crikeria for ending the tests is either 50% reduction in
stiffness or when the specimen breakswever, in the tests associated with thermal
fatigue crackingdue to the low frequenciegplied it is not possible to carry on
the tests until they approach%0% reduction in stiffness. For instance, since the
applied frequency was 0.01 Hz it was niacticalto wait for eachest to approach
50% reduction in stiffnesdf the specimens did not break approach to 50%
reduction in stiffnessthe cyclic appied strainwas not removed earlier than 72
hours The specimens generally approached to a range of stiffness redumtion
35 to 50%. Betweenthe approachedangesof strans the minimumreduction of
35%,was chosen; then, the number of cy@erd theimaturallogarithmpertaining

to the selected stiffness reductioeretaken aghe response variable. Figuréb 4
represents the stiffness reduction path in terms of percethriEedifferent test
specimensThe stifness reduction paths for all of tepecimens are attached to the

appendixsection of this study.
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Figure 4.5: Stiffness reduction(in percent) for three different test specimens.

4.3.2 Extrapolating the number of cycles to 50% reduction usingpower
model

Becauset was not possible to carry on the tdstseach specimen &pproach 50%

reduction in stiffness, it was decided to extrapolate the number of ¢pché8o

reduction usinga power modelthat is conventionallyused for loaehssociated

fatigue Equatiord.3).

Y
00 1
Where:

“Y= Stiffness at cycle NandA & B are fatigue constants

In order to fit the power modait first the data of stiffness versus numbicycles
were plottedn a loglog scale (Figure .8); as it is apparent in the figuriaere is a

region between the two circlesy which the stiffness reduction approximately
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follows a linear behavior; the linear region is labeled with the numbsed2s
ascribed to fatiguperformanceof asphalt concreté hefirst and the third region
do not represent the fatigue behavior of asphalt con(Bsgitsen & Jongeneel,
1988) Thefirst portion represents an accelérgy rate ofreduction in stiffness
which is due to the change in aggregate skeleton in the first few cyuseshange
is because of thieig amplitude of the constant cyclic strain that was applieth@n
testspecimenThe third part of the graplin which the rate of stiffness reduction

accelerates again attributed tdherapid crack growttin the asphalt concrete
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Figure 4.6: The data of stiffness versus number of cycles in a ldgg scale.

The length and location of the linear portion of thellog) scale data that represent

the fatigue behavior of the asphalt concrete differs from specimen to spedsnen.
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a result, or finding the best linear region, at first theg-log scalegraphs obtaied
from the test specimens were observed visually in ordesttmatehe number of
cyclesbelonging to aegion thatresuled in the best linear trend ireduction of
stiffness.After that, by using a code that was written in Mdtlanvironmentthe
whale range of data wasxaminedn order to find theexact location of thénear
region The best region was selected the basis othe maximum value of
coefficient of determinatio(Figure 47) that was obtained from performitigear
regressiorfor eachinvestigated regiarFigure4.7, which isan output taken from
Matlal¥ , shows the results of investigationtireform of the values of coefficients
of determination for the specimé&wom which the loglog scale data wasbtained
andpresented in the previous figuiss it can be seen in the figure, the written code
starts to calculate the values of coefficsmftdetermination from the first cycle up
to the last one. The number of cygles each selected spdarm which the
coeffidents were calculateds 550 and the best region start from thé& tgcle. As

a result, the best span representingf#itigue behavioof 550 cyclesstarts from

the 18" cycle and ends up ®68" cycle.
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Figure 4.7: The plot showing the values of coefficient of determination for the whole range of
cycles according to the selected number of cycles.

After finding the best region, the power model (Equati®) was fit tothe non
logarithmic scaleof datawhich were within the best regidfigure 48). As it is

obvious, the model presents the fatigue behavior very well.
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Figure 4.8: The power model fitted to the portion of data with thebest fatigue behavior.

It is worth mentioning thathe sane graphs that wergiven as examplefor one
specimenn this subsection are made for all of the specimens and are attached to
the appendix section of this study. In addition, the maximum calculated coefficients
of determinatiorfor each specimen asttached in a tabular format to the appendix

section.

4.3.3 Calculating the slope of the linear lin€fitted to log-log scale data
Another approachsedfor analyzing the data of thermal fatigwasevaluating the
slope of the linear line thatasfitted to the loglog scale data. The way of fitting

the linear line wasxplained in details in the previous subsection.

The slope of the linear lirmalculated for each test specinstmowsthe rate at which
micro crackglevelopedvithin the specimen duringach testBigger absolute value
of slope of the lineesults inquicker propagation of micro cracks and, consequently,

theshorter fatigue life of the specimé@rigure 49).
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Figure 4.9: Comparison of the slopes of two linear lines fitted to the lofpg scale data.

Figure4.9 clearlyillustrates the difference between the slopes of two fittesl to
the loglog sale data gathered from two test specim@hes peci mends f atigue
behavior withthe dashedine outperforms theontinuousone because its slope is

smaller andas a result of that, resists tiermal fatigue cracking better.
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CHAPTER 5

RESULTS AND DISCUSSION

5.1 Introduction

This chapter deals with the statistical analysis of the test results taken from the
measurement of thermal coefficient and therrfadigue resistance of the test
specimens.The results were analyzed throughalysis of varianceANOVA)

technique in Matlab environment.

5.2 Mixture design variables for performing ANOVA

The beam specimens used in this study were statistically designéabaicdted

for the measurement of low temperature cracking, and the remaining ones from the
previous experiment were utilized for the measurement of thermal coefficients and
thermal fatigue resistance of asphalt concrete beam specifieasfollowing
statstical variables with their assigned symbols were included in this reséarch
Aggregate type: basalt and limestone with the assigned symbols of B and L
respectively2- Gradation: coarse and fine with the assigned symbols of C and F
respectively. 3Asphalt grade: with penetration values 54 and 73 (0.1mm) and the
symbols assigned to them is the same as their values. Modification: modified with
SBS with the symbol S and not modified with the symbol-ZAgphalt content:
optimum asphalt content with therslol O, 0.5% more than optimum asphalt
content with the symbol O+ and 0.5% less than optimum asphalt content with the
symbol O. For example, a specimen with the code LF54SO+, consists of
Limestone, Fine gradation, an asphalt type with a penetration galbé, SBS

modifierand an asphalt content that is 0.5% more than the optimum asphalt content.
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It is worth noting that some of the specimens had two replicates while others had
three(Table 51).

Table 5.1: Types of specirens and their replicate numbers

Specimen code| No. of replicates| Specimen code| No. of replicates
BC73Z20 3 LF73Z0 2
BC73S0O+ 2 LF73Z0 3
BF54Z20+ 2 LF54S0O+ 3
BF73Z0 3 LF54Z20 2
BF73Z0+ 2 LF5470+ 2
LC54SC 2

5.3 Analysis of variance test{ANOVA) for the measured thermal

coefficients
A total of 26specimengTable 51) were tested in order to measuhe thermal
coefficients and then they were statistically analyzed for finding the significant
mixturedesignvariables affecting the thermabefficient of asphalt concret€able
5.2 presents the probability valuealculated througIANOVA. As it is apparent
from the ANOVA results, asphalt content and aggregate type are the most
significant design variables since theiwg@ues for a confidere interval of 5%
(p<005) are approximately zero. In addition, aggregate type and gradation are also
significant because their-yalues are less than 0.0%able 53 represents the

average thermal coefficients pertaining to each type of mixture.
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Table 5.2: ANOVA analysis for the measured thermal coefficients

Design variable Probability
Aggregate type 0.0203
Gradation 0.0115
Asphalt type 0.0001
Modification 0.2667
Asphalt content 0.0001

Table 5.3: The averaged measured thermal coefficients

Specimen Thermal Specimen Thermal

code coefficient code coefficient
(1/°C) (1/°C)
BC7320 3.86E-5 LF73Z0 3.96E-5
BC73S0O+ 4.3E-5 LF73Z0 3.67E-5
BF54Z0+ 3.73E-5 LF54SO+ 3.73E-5
BF73Z0 3.45E-5 LF54Z0 3.16E-5
BF73Z0+ 3.86E-5 LF54Z0+ 3.8E-5
LC54S0 3.42E-5

Since the thermal coefficient of asphalt concretan representits behavior
associated withthermal cracking(Arabzadeh & Guler, 2014)lower thermal
coefficientscanresult in better performance tarms ofthermal crackinglf they
are lower, they will resultin lower thermal stains and as a result of that l@w
thermal stressesanbe generatedithin asphalt concrete pavementbienthey are
exposed to temperature differentials
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As it is apparent in Figure.f the variations in the asphalt content caused drastic
changes inaveragevalues of thermal coefficient and the smallest thermal
coefficienswereobtained when thealue ofasphalt content was optimuirhermal
coefficiens measured for thasphalt content which was 0.5% higher than optimum
turned out to be the largesihd the asphalt content which was 0.5% less than the
optimum resulted irvalues of thermal coefficienwhich were betweenthe other

two values As it can be seen in the figysariation intheaveragesalues othermal
coefficient among the specimemsth the highest asphalt contemt minimum
which indicates that the amount asghalt content is a dominating factor in
determining the value of thermal coefficiemhe results obtained for the thermal
coefficient approximately agree with the conclusion madeXoyet al., (2008).
They examned the effect of two types of asphalt cottt&®B and 5% at 4 and 4.1%
airvoid contents respectively and concluded that higher asphalt content results in a
higher thermal coefficientn addition, Vinson et al., (1989) concluded that small
changes in asphalt content increases the thermal coeff@mehdecreaseshe
strength of the asphalt concretde rsult of this thesis workoncerning the effect

of asphalt content on thermal coefficient is compatible thiéresearclperformed

by Qadir (2010)n which heinvestigated the effect of variatiomsasphalt content

on low temperature crackingefound that the optimum asphalt conteegults in

the highest fracture strength and the lowest fracture temperature.
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Figure 5.1: The average thermalcoefficient measured for the test specimens grouped
according to the asphalt content.

A figure similar to Figure 3, in which all of the 26 specimens are grouped
according to the asphalt content, is attached to the appendix section of this study.

The aphalt type with lower penetration value resulted in smaller therm
coefficiensin thetestspecimengFigure 52) which may be ascribed to tishange

in thechemical compounds of the two tyg asphalt that were used in this study.
However it is believed that softer asphaltsutperformthe harder oneagainst
thermal cracking(Wang, Wayoe, & Anderson, 1992Yhe reason for this
discrepancy can be because of the long period of aging during which may be the
higher grade asphalt showed more susceptibility to the agidgbecame more
aged A figure similar to Figure 2, in which all of the 26 specimens are gred

according to the asphalt type, is attached to the appendix section of this study.
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Figure 5.2: The average thermal coefficient measured for the test specimens grouped
according to the asphalt type.

Another outcome of the analysis is the behavior that fine graded mixture displayed
by showing relatively lower thermal coefficierfiggure 53); this behavior may be

is due to the fact thdafiner aggregatesffer a betterdegree ofinterlock in the
aggregatskeleton The results concerning tiggadation type are in agreemanth

the findings ofTan et al., (2008 A figure similar to Figure 3, in which all of the

26 specimens are grouped according to the gradation, is attached to the appendix

section otthis study.
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Figure 5.3: The average thermal coefficient measured for the test specimens grouped
according to the gradation.

In comparison with the basalt aggregate, limestone outperfdsyneausing lower

thermal coefficients in the test mixtur@Sgure 54) which is compatible with the

findings of Qadir (2010 he proved that limestone outperforms basalt both in terms

of fracture strength and fracture temperatiige reason for this behavior can be
ascibed to the thermal properties of aggregates which means that the thermal
coefficient of | i mest dfigaure similartolriguredmal | er
in which all of the 26 specimens are grouped according to the aggregate type, is

attached to th appendix section of this study.
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Figure 5.4: The average thermal coefficient measured for the test specimens grouped
according to the aggregate type.

As it is obvious from the TableZ modfying asphalt concrethas no significant
effect onits thermal coefficient. The resultassociated wittmodification, are in
complete agreementith the findings of Nam et a2009).They found that no clear
trend and difference could be seen between typawasfification in terms of

affecting the thermal coefficient of asphalt concrete.

5.4 Calculating the natural logarithm of the number of cycles

Because of the nature of thermal fatigue cracking there could be a considerably big
difference between the resultsi(nber of cycles) taken from the specimens. If the
data are presented using a column chart, sometimes the height of columns for some
specimens becomes very short which makes it difficult for one to make comparisons

between them or even see them at somesomts As a result, it was decide to
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calculate the natural logarithm of the responses obtained from the expersoents
that the data interpretation and presentation of the graphs betaaner It is
possible to do statistical analysis for the naturghtdhm of the number of cycles

in thermal fatigue crackin@Epps, 1999) and this method was applied in this study
and the taken results were compatible with ANOVA performed on the non
logarithmic number of cycles; moreovéie natural logarithm of the number of
cycles was assumed to be normally distributed. Although the analysis of variance
was performed on the logarithmic number of cycles, the results of ANOVA taken
from them were not included in this thesis work. Figui® %or instance, is a
converted form of Figure.5 andits vertical axis is the natural logarithm of the
number of cyclesat 35% reduction in stiffnes3.he length of short columns i
logarithmic scale is increased and it is eagesee them anth makecomparison

between the specimen typaffected by mix design variables

5.5 Analysis of variance tests (ANOVA) forthe number of cycles at 35%
reduction in stiffness

A total of 26 specimengT&ble5.1) were tested in order to measure the number of

cycles at 35% reduction in stiffness, and then they were statistically analyzed for

finding the significant mixture variables affecting the therfatigue performance

of asphalt concretelable 54 presentghe probability values calculated through

ANOVA. As it is obviousfrom the ANOVA resultsthe asphalt content is the most

significant design variable since itssplue for a confidence interval of 5% (p€b)

is 0.0055.Aggregate and asphatygpe with the p-values of 0.0691 and 0.0621

respectivelyare also important although theihvplues are more than 0.0bable

5.5 represents the averagember of cycles at 35% reduction in stiffnpsstaining

to each type of mixture.
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Table 5.4: ANOVA analysis for the number of cycles at 35% reduction in stiffness

Design variable Probability
Aggregate type 0.0691
Gradation 0.6186
Asphalt type 0.0621
Modification 0.3214
Asphalt content 0.0055

Table 5.5: The average measured number of cycles at 35% reduction in stiffness

Specimen No. of Specimen No. of

code cycles code cycles
BC73Z0 76 LF73Z0 476
BC73SO+ 2230 LF73Z0 1387
BF54Z0+ 460 LF54S0O+ 1835
BF73Z0 43 LF54Z0 520
BF73Z0+ 451 LF54Z0+ 1751
LC54S0O 184

Figures 5.5 and 5.6 in which the specimetypes are divided to three groups
according to the effect @fsphalt contestshowthe responsef each specimetype
to variations in asphalt conterithe responses atiee averagenumber of cyclesf
replicatesat 35% reduction in stiffnes&imilar figures, in which all of the 26
specimens are grouped according to the asphalt corgemnfattached to the
appendixsection of this thesis. The figwacludesthe number of cycles at 35%

reduction in stiffness for each replicate

As it is observable from FiguresStand5.6, variations in asphalt content causes
drastic changes in the number of cycles at 35% reductistiffness. The asphalt
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content with 0.5% less than optimum results in the shortest fatigue life, and with
each 0.5% increment in asphalt content the fatigue life of asphalt concrete increases.
The outcomes of this study are in complete agreementhvattindings of Gerritsen

et al. (1988). They found that increasing the binder content of asphalt concrete from
5.3% to 6.3% of aggregate weight enhances the thdatiglie resistance up to a
factor of 6.

2000 1,751 1,835

460 451
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Number of Cycles at 35%
Reduction in Stiffness

Figure 5.5: The averagenumber of cyclesfor different types of specimens grouped according
to the asphalt content.
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Figure 5.6: The natural logarithm of average number of cycles for dferent types of
specimens grouped according to the asphalt content.

It is believedthat air void content or binder content affects the age hardening of the
asphalt mixtures. The more the air voids are the more prone is the asphalt mixture
to be age harded (Gerritsen & Jongeneel, 1988n other words, if the binder
content increases the asphalt concrete becomes less age harbdersgekar period

of natural age hardening applied to the test specimens used in this stualgdéigls
cornerstone to the framework of accuracy of the findings of this study and the other
former researches which the effect of asphalt content on thermal fatigue life of
asphalt concreterasinvestigatedDuring this period the voids had enoughéeito
gradually oxidize the asphalt binder without the need to apply any heat to artificially
accelerate the oxidation process.

Figures 57 and 58 in which the specimen types are divided to two groups according
to the effect of asphalt types, show the cese of each specimen type to different
asphalt types. The responses are the average number of cycles of replicates at 35%

reduction in stiffnessSimilar figures, in which all of the 26 specimens are grouped
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according to the asphalt typeattached toéhe appendisection of this thesis. The
figures includethe number of cycles at 35% reduction in stiffness for each replicate.
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Figure 5.7: The average number of cycles for different types of specimegsouped according
to the asphalt type.

As it can be seen from the Figarg7 and 58, the test specimens that have an
asphalt type with the penetration value of 54 sustain more number of cycles until
they approach to 35% reductiongtiffness. The results of this research are not in
agreement with the findings btindstromet al (2004)because they found thidte

softer asphalt sustamore number of cycles before failure. Moreo\Ropbertset

al. (1996)believed thatthe softer aspalt cement provides more resistance to
thermal cracking when compared withe stiffer one The reason why the test

specimens with a lower penetration grade outperformed the other ones can be
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attributed to the long-§ear period of natural age hardeniBgring this period may

be the chemical compounds of the asphalts changed due to the gradual oxidation
and this change could have the worst effect on the asphalt with the higher
penetration gradet is worth mentioning that, the effect of the long terrmggon

the specimens was proved by comparing the glass transition temperatures of the
specimens after and before the long term aging. The glass transition temperature

drastically dropped after the aging period for all of the specimens.

Ln (Number of Cycles at 35%
Reduction in Stiffness)
o [l N w B ol (o)) ~ [e6]

, X X , , % , %
AR CAP-C RO ASIR SSRGS S
Types of Test Specimens

Figure 5.8: The natural logarithm of average number of cycles for different types of
specimens grouped according to the asphalt type.

In addition, here could be another scenanavhich the results related to the effect

of asphalt type can helated The chemical reaction between the aggregates and
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the asphalt cement during the long period of age hardeould haveaffected the
asphalt types.

Figures 57and 58 in which the spamen types are divided to two groups according

to the effect ofaggregatetypes, show the response of each specimen type to
different aggregatetypes. The responses are the average number of cycles of
replicates at 35% reduction in stiffne&milar figures, in which all of the 26
specimens are grouped according tcefpgregatéype,areattached to thappendix
section of this thesis. The figlséncludes the number of cycles at 35% reduction

in stiffness for each replicate.

It is interpretable from thEigures 59 and 510that the limestone, if used in asphalt
concrete, performs better than basalt in resisting against thermal fatigue cracking.
Limestone is proved to be a good type of aggregate for temperature cracking and
also for creep performan¢®udais & Shweily, 2007)In addition, Qadir (2010)
concluded that the asphalt concrete composed of limestone outperforms basalt in
resisting against low temperature cracking; he worked on the test specimens with

the same mixtureesign variables that were used in this study.
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Figure 5.9: The average number of cycles for different types of specimens grouped according
to the aggregate type.
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Figure 5.10: The natural logarithm of average number of cycles for different types of
specimens grouped according to the aggregate type.
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The difference between the effects of the two typesggfegate can be because of
the surface texture and shape of each aggregate type which all are capable of
influencing the bonding strength of asphalt cenfbiaim & Bahia, 2009)

For gradation, the-palue according to Table®is equal to 0.6186 which is far
greater than 0.05; as a result, it had no significant effect on thermal fatigue
performance of asphattixturestested in this studyMoreover,Vinson et al. (1989)
found that the gradation has no effect on thermal angckiotential of asphalt

concrete.

Like gradation, modification had no effect on thermal fatigue performance; its p
value is 0.3214 whiclks bigger than 0.05 (Table®. The reason that the modifier

had no effect on thermal fatigue performance of aspbaltrete can be attributed

to the amount of modifier; if thadded amounivas more may beit could show
significance in ANOVA resultdn addition, may be changing the type of modifier
could affect the thermal fatigue behavior of asphalt concigips, (P99) found

that adding CRM cuases an improvent in thermal fatigue performance of asphalt
concrete. Moreover, Qadir (2010)ound that adding SBS modifier has no
significant effect on low temperature cracking of asphalt concrete paverhénts.
worth mentiming that,the specimens he tested were composeth@fmixture

design variablethat wereused in this study

5.6 Analysis of variance tests (ANOVA) for theextrapolated number of

cycles at 50% reduction in stiffnessising power model
Along with analysis oftte number of cycles at 35% reduction in stiffness 2the
specimensvereanalyzed on the basis ektrapolated number of cyclassingthe
power modelto 50% reduction in stiffnes3hen they were statisticallgvaluated
for finding the significant mixtureesignvariables affecting the thermal fatigue
performance of asphalt concrete. Tabl& Ppresents the probability values
calculated through ANOVA. As it is obvious from the ANOVA results, the asphalt

content is the massignificant design variable since itsvplue for a confidence
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interval of 5% (p<0.05) is 0AB7. The aygregate type witlthe pvalues of 0.639
is also important althouglits p-valuesis slightly more than 0.05Table 57
represents the averagamber & cycles at 50% reduction in stiffnegsrtaining to

each type of mixture.

Table 5.6: ANOVA analysis for the extrapolated number of cycleso 50% reduction in
stiffness

Design variable Probability
Aggregateype 0.0539
Gradation 0.5288
Asphalt type 0.5844
Modification 0.105
Asphalt content 0.0237

Table 5.7: The average measured number of cycles at 50% reduction in stiffness

Specimen No. of Specimen No. of

code cycles code cycles
BC73Z0 25,657 LF73Z0 38,127
BC73S0O+ 62,057 LF73Z0 117,695
BF54Z0+ 3,573 LF54S0O+ 396,174
BF73Z0 822 LF54Z0 9,502
BF73Z0+ 595,867 LF5470+ 1,070,147
LC54SC 11,330
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Figures 511 and 512 in which the specimen types are divided to three groups
according to the effect of asphalt contents, show the response of each specimen type
to variations in asphalt content. The responses are the average number of cycles of
replicates at extrapolated 50%duction in stiffnessSimilar figures, in which all

of the 26 specimens are grouped according t@$iphalt contentre attached to

the appendix sectioaf this thesis. The figussincludes the number of cycles at

extrapolated 5% reduction irstiffness for each replicate.
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Figure 5.11: The average number of cycles for different types of specimens grouped
according to the asphalt content.

91



[y
N

e
o N
o o ]

E]
[
S

SO0

Cycles at 50% Reduction in
5

Ln (Extrapolated Number of
Stiffness Using Power Model)

2

O/ X X X OX
%%

R

A Al X o A A
SRS R R RS
Types of Test Specimens

bl

Fo
A

X

Q Q
POy
A% A%

Figure 5.12: The natural logarithm of average number of cycles for different types of
specimens grouped according to the asphalt content.

Figures 513 and 514 in which the specimen types are divided to two groups
according to the effect of aggregate types, show the response of each specimen type
to variations in aggregate type. The responses are the average number of cycles of
replicates at extrapolated 50% weton in stiffness. Similar figures showing the
number of cycles at extrapolated 50% reduction in stiffness for each replicate, in
which all of the 26 specimens are grouped according to the asphalt content, are

attached tahe appendix sectioof this thesis.
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Figure 5.13: The average number of cycles for different types of specimens grouped
according to the aggregate type.
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Figure 5.14: The natural logarithm of average number of cycles for different types of
specimens grouped according to the aggregate type.
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5.7 Analysis of variance tests (ANOVA) for slopes of the linear lines fitted

to log-log scale data of stiffness versus number of cycles
The 26 specimenwerealso investigated on the basis of the slope of the linear line
fitted to the loglog scale dataf stiffness versus number of cycl@hen they were
statistically analyzed for finding the significant mixture design variables affecting
the thermal fague performance of asphalt concrete. Tabl@ presents the
probability values calculated through ANOVA. As it is obvious from the ANOVA
results, theaggregate types the most significant design variable since #gjpue
for a confidence interval of 5% (p<0.05) is @20J. Theasphalt content and asphalt
type with the pvalues of 0.611 and 0.084%realso important althougtheir p-
values are slightly more than 0R Table 59 represents the averagdopes

pertaining to each type of mixture.

Table 5.8: ANOVA analysis for the sbpes of the fitted linear lines

Design variable Probability
Aggregate type 0.0027
Gradation 0.333
Asphalt type 0.0845
Modification 0.6419
Asphalt content 0.0611
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Table 5.9: The average measured slopes

Specimen Slope Specimen Slope
code code
BC7320 0.116 LF73Z0 0.064
BC73S0O+ 0.092 LF7320 0.083
BF54Z0+ 0.147 LF54S0O+ 0.055
BF7320 0.151 LF5420 0.093
BF73Z0+ 0.058 LF54720+ 0.056
LC54S0O 0.079
0.16
0.14
0.12
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Figure 5.15: The average slope for different types of specimens groupadcording to the
aggregate type.

Figure 5.15 in which the specimen types are divided to two groups according to the
effect of aggregate type, shows the response of each specimen type to different

kinds of aggregate. The responses are the average of sfdpe fitted linear lines.
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A similar figure in which all of the 26 specimens are grouped according to the
aggregate type, is attachedhe appendisection of this thesis.

As it can be seen in the Figurd% changes in the aggregate type vastly affects the
slope of the fitted linear linélhe resultgertaining to the aggregate typee in
complete agreementith findingsdiscussed in thevo previoussutsectionsAll of
thefindings areconsistent irrelation tothe significance of the aggregate type and
alsotheway that limestone outperformssalt.The magnitude of slopes represents
the rate at which the micro cracks develop within the asphalt concrete specimens.
Basalt, for example, has a shorter life@cling to thermal fatigue cracking because

the slopes pertaining this type of aggregate are bigger than limestone.

Changes in the asphalt content considerably affects the slope of the fitted linear
lines (Figure 5.16). The results obtained in thisssgbon are in complete
agreement with the findings discussed in the two previous subsections; all of the
findings are in agreement according to the significance of the asphalt content and
also the way that its variations influences the thermal fatigee dif asphalt
concrete. The biggest slope belongs to the asphalt content that is 0.5% less than
optimum which means that, the rate at which the micro cracks develop within the
specimen made with this asphalt content is the highest. With the 0.5% increments
in the asphalt contents the rate of the development of micro cracks decreases. In
other words, increasing the asphalt content improves the thermal fatigue life of
asphalt concrete. A similar figure, in which all of the 26 specimens are grouped

according tahe asphalt content, is attachedhe appendisection of this study.
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Figure 5.16: The average slope for different types of specimens grouped according to the
asphalt content.
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Figure 5.17: The average slope for different types of specimens grouped according to the
asphalt type.
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As it can be seen in the Figure 5.17, changes in the asphalt type affect the slopes of
the fitted linear linesThe results pertaining to the asphalt type are in complete
agreement with findings discussed for the effect of asphalt type on the number of
cycles at 35% reduction in stiffness. A similar figure, in which all of the 26
specimens are grouped accordinghte asphalt type, is attachedth® appendix
section of this study.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Introduction

The summarizedridings of this researdbgether with recommendations for future
work areincludedin thischapterlt is hoped that the recommendations made in this
study helpdevelopthe future researches associated with thermal cracking. T
methods, usedn this study for the measurement of thermal coefficient and,
especially, the thermal fatigueesistane of asphalt concretare unique
nonethelessthe summarizedindings in this researctdepend on the selected
mixture design variables, test proceduaed conditionsand,as a result, there is
no guarantee to expect that tlenclusionsof this study tobe completely
compatible with the findings of the othersearches

6.2 Conclusions

In this researcta TSRST machine was revised for measuring the thermal fatigue
performance of asphalt concrete. At first the thermal coefficients of the test
specimens were tmilated and then on the basis of the measured thermal
coefficients and the pertaining thermal strains, the cyclic loads were applied on the
specimensgn the constant strain modgen their thermal fatigue performance was
evaluated. A total of 26 specinewere used in this research anddbecome of

the experiments were analyzed by applying ANOVA method. The results of the
statistical analysis revealed the significant mixture design variables affecting the
thermal coefficientand thermal fatigue perforance of asphalt concreteThe

findings of the research are as follows:
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The aggregate type was proved to be an important factor affecting the
thermal coeftient of asphalt concrete. Limestone outperformed basalt by
resulting in smaller values of thermaletficients calculated for the asphalt
concrete specimens. Theasen for this behavior cabe attributed to the
thermal coefficient of aggregat¢hemselves

The effect of gradation on thermal coefficient of asphalt concrete tourted

to be important andine aggregates resulted in smaller coefficients of
contraction compared with the coarse ofié® reason of this behavior can

be attributed to the degree of interlock of aggregates. Fine aggregates have
a higher degree aptimuminterlock, and consequéynbring about smaller
thermal coefficients.

Asphalt type hd a strongly significant effect on the thermal coefficient of
asphalt concrete. ThHest specimens having an asphalt type with theehnigh
penetration value had bigger thermal coeffigevaluescompared with
specimens with low penetration vasu€he reason for this phenomenon can

be because of the different chemical compounds of the two types of asphalt.
The effect of asphalt content on thermal coefficient was considerably
significant and changein the asphalt content cadsdrastic variations in

the valus of thermal coefficientln this study, the optimum asphalt content
resulted in he smallest thermal coefficient meaning that the flexible
pavements made with that amount of binder are lessepto thermal
cracking.

The statistical analyses performed on different approaches for measuring
the thermal fatigue life of asphalt concrete almost resulted in the same
findings. For example, the ANOVA method that was applied for finding the
significant mixture design variables revealed thia¢ aggregatéype and
asphalt content have a dominating influence on the thermal fatigue
performance of asphalt concrete either of the applied approaches

However, the asphatiype did not show any significance in the results
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obtained from different methods bfdr the approachhat wasused for
measuringhe number of cycles at 35% reduction in stiffness.

The agregate type was proved to be a signifi¢aatorin terms ofaffecting

the thermal fatigue performanceof asphalt concrete. Limestone
outperformed basalt by resultingaonger fatigue lifén the test specimens
that it was usedThe rason for this behavior cahe attributed to the
physical characteristics of aggregati® surface texture and aggregate
shape As a result, using limestone in the mixtures improves the thermal
fatigue performance of asphalt concrete.

The effect of asphalt content on thermal fatigue performance of the asphalt
concrete turned out to be extrely significant and changes in the asphalt
content caused drastic variations in the thermal fatigue life of asphalt
concrete. In this study, increasing the asphalt content resulted in a
considerable improvement in the behavior of asptw@icretein termsof
resisting against thermal crackinthe reason for this phenomenon can be
attributed to oxidation. Higher asphalt content means lower air void in the
asphalt concrete, and, as a result, being less prone to oxidaxiokation
causes aging in the fldle pavements and makes them susceptible to
thermal cracking.

The influence of asphalt tygeecame significant jush the approach used

for measuring the number of cyslat 35% reduction in stiffness. The binder
with the lower penetration value of 54 tperformed the one with the
penetration value of 74 in terms of sustaining more number of cybles
approaching to 35% reduction in stiffness.

The results of ANOVA performed on thesponsg revealed that two design
variables have the same effect on thermal coefficient and the thermal
fatigue cracking of asphalt concreféhe obtained results indicate that it is
possible to make a correlation between the thermal coefficient value and the
number of cycles representing the fatigue life of asphalt cantimestone

and the binder with the penetration value of 54 resulted in smaller thermal
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coefficients and | onger fatigue | ives.
small, it means that its thermal strain will be small as well. As a result, when
thermalfatigue happens in a flexiblpavementhaving a small value of
thermal coefficient its fatigue lifecan belonger compared with the
pavement made o&n asphalt concrete with a high value of thermal
coefficient

In this study, the range of temperatureelidintial applied for measuring the
thermal coefficient started from +15 and endeeR&t In this temperature
range all of the thermal coefficients were easily calculated on thehragiat

side of the glass transition temperature. As a result, for megstimn
thermal coefficient pertaining to the temperatures above thetgdasgion
thereis no need to decrease the temperature to extremely low limits.
addition,that narrowange of applied temperature differential let the glass
transition temperaterbe calculated for more than 80% of specimens.

The patls that the reduction of stiffnedsllowed for the specimens tested
were similar to the paths attributed to the conventional traffic 4oad
associated fatigudn addition, theform of stiffness reductin paths all

indicated that the strain field was unified in most of the tests during the runs.

6.3 Recommendations for future work

The following recommendations give some ideas about the future works that can

be done on thermal fatigue cracking. It is hoped ththese recommendations are

applied in the future researches, they can alleviate the problems related to thermal

cracking.

1 Modifying the asphalt concrete with SBS did not show any significant effect

on the measurethermal coefficientsor the thermal fatigue behavior of
asphalt concreteAs a result, either the amount of modifignould be

increasear its type must be changed for the future works.
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1 Since the specimens used in this study were fabricated for the measurement
of thermalcoefficientandthermal fatigugerformance of asphalt concrete,

it was better to select the asphalt type according to the performance grade.
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Figure A.1: Thermal strain plots for all the specimens

109



Axial thermal strain (*E -4)

Axial thermal strain (*E -4)

Axial thermal strain (*E -4)

LF54Z0+(1)

e—Data
Fit

el =
NOWOWO BS~ANONDN

KR
N

KN
()]

-10 0
Temperature (AC)

@
o

-20 20

LC54S0-(])

e—Data

Fit

-10 0 10
Temperature (AC)

-30 -20 20

LC54S0-(11)

e— Data

Fit

-10 0
Temperature (AC)

20

Figure A.1: (Continued)
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Figure A.1: (Continued)
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Figure A.1: (Continued)
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Figure A.1: (Continued)
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Figure A.1: (Continued)
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Figure A.1: (Continued)
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Figure A.1: (Continued)
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Figure A.1: (continued)

Symbols used:

Aggregate: L=limestone, B=basalt; Gradation: C=Coarse, F=Fine; Polymer
modification: Z=no modification, S=SBS modification; Asphalt type: 54
and 73=pgetration values (0.1mm); Asphalt content: O=optimum,
O+=optimum + 0.5%, ©=optimumi 0.5%
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APPENDIX B

STIFFNESS REDUCTION PLOTS
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Figure B.1: Stiffness reduction plots for all the specimens.
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Figure B.1: (Continued)
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Figure B.1: (Continued)
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Figure B.1: (Continued)
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