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ABSTRACT

EFFECTS OF MIXTURE DESIGN PARAMETERS AND COMPACTION
METHODS ON THE PROPERTIES OF ROLLER COMPACTED
CONCRETE PAVEMENTS

k e n gEmim
Doctor of PhilosophyCivil Engineering
SupervisorProf. Dr. K s ma i | ¥zg¢r Yaman

Co-Supevisor: Prof. Dr.Halil Ceylan

November 2019191 pages

The aim of the thesis is to develop laboratory compaction methodology sudable
simulatng field compaction procedurassed for creatingoller compacted concrete
(RCO mixtures. Based mothis methodology, mechanical performance and fracture
properties of RCC mixtures of different strength classese determinedandlong-
term fatigue performance of RCC mixtures with different strerigtrels was
investigated.

In this cotext, a thregohase experimental study was designed. First, mixtures with
different binder content and water amounts were prepared, and samples were made
using different compaction procedurés.compaction methodology using a double
drum vibrabry hand rdler was also implemented to represent field compaction
procedures irthe laboratoryand was used to prepare RCC specimens in the later
stages of the studpecond, the effegbf RCC mixture parameters on RCC properties,
especially fracture parameters, reedetermined fodifferent binder contents and
maximum aggregate sizes. Finally, for three RCC mixes of different performance
categories, the flexural fatigue performance was determaneddexpressed &N

curves.Theexperimental resultshowthat idealRCC mixtures cabe achieved with



water amounts of-6%, Vebe times in the range of 30 £10 sec, and a compaction ratio
higher than 96%lt was also observed that fracture toughnesas enhanced with
increasng binder dosage and maximum aggregate asitgughthe increasen binder
dosage or maximum aggregate size did not significaitange the fracture energy.
Moreover, the average fatigue strength of the RCC mixture, correspao@ingllion

load cycles, was found to be about3®2 of the ultimate tatic strengthAbove all,
compaction ratio, which is influenced by not only compaati@thodologie®ut also
mixture designs,js found to bethe most important parameters affecting RCC

properties

Keywords: Roller Compacted Concrete Pavement, Compaction Methodology,

Mecharncal Performance, Fracture Parameters, Fatigue Behavior
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CHAPTER 1

INTRODUCTION

Roller compacted concrete (RCC), as the namggestsis a concreteéechnology
produced from the same components as the traditional etertbat accomplishes
compadon using the heavy vibratingsteeldrum rollers and rubbseired rollers
during the fre$ state. Aggregates that account for883%6 of RCC volume have
significant effecs on RCC properties such as workability, compaction ratio
mechanical performancand durability. Even though RCC has the same ingredients
asconventionatoncretesinceit musthave a stiff consistency to hold the roller when
fresh at the sam@gme be wet enough to allow the aggregate to disperse inside the
paste. RCC has a highfine/aggregate content, different gradation, less binding
material andlower water contenthan conventional concrete pavemédarrington

et al., 2010).

With the development of vibratory compaction equipment the 1970s, this
technology begarto beused in Canada and the United States and this use was later
continued in other countries, with imgved speed, economisustainabilityand
advantages provided by RCC accounting for its increased use in dams, airports,
industrial warehose, military fields, pavement structures, and many other
applications (Ajar & Takdemian 2013.&i@6cé; ¥zc
1980s, especially in road construction, RCC pavesieate been widely used in
France, Germany, Norway, Sweden, Finlddenmark, Germany, Austria, Argentina

and Japan, while in the USA alone RCC pavement usage has exceeded 12 million
squae meters since 2011 (Yaman & Ceylan, 2013). Preference for using RCC
pavements even in countries with little concrete road experienicdymasults from

the fact that this type of pavement can be constructed using the same equipment used

in constructingraditional hotmix asphalt (HMA) pavements. In addition to its rapid



applicability, the experience gained from many applications alframdemonstrated

its economic benefits, since RCC unit costs are lower than those of conventional
concrete and asphaftavements (Pittman, 2012). Lower cement content, shorter

construction times, and lack of need for forms or reinforcing bars during the

condruction process has significantly proven the economic benefits of RCC

pavements.

In Turkey, the proven advantagesRECs have led to their use in dam construction

as well as for urban and rural road construction under both municipal and provincial
admnistrations. The first RCC application in Turkey was the downstream cofferdam

of the Karayaka Darm 1982 and 1983. Thei r st RCC dam in Turkey,
put into service in 2000 (Ozcan, 2008), and the first Turkish RCC road applications
weretailoredaa t est strip in Antalya in 2007 wunder
Pavement I nfrastr uct(known asfEcalane$) projécawiten Tr an s p oI
the scope of the European Union under the 6th Framework Project (Neocleous,
Pilakoutas, & Guadagni(®9), and more extensive use was carried out by the Denizli

Metropolitan Municipality in 2009. Thanks to the principalvantage of RCCs, that

they can be produced by the same equipment used for the traditional flexible asphalt
pavements, they have beenddy used in both rural and urban road construction,

mainly by the Samsun Metropolitan Municipality as well as by saotteer

municipalities (Yaman & Ceylan, 2013).

Although there are some RGfavemenspecificationsespecially inthe USA, much

work remairsto improve these specifications and form new guidelines for use in other
countries. Few studies have systematicatiyestigated optimum mixture design,
fracture properties, and fatigue performance, all very important, particularly in
pavement design. Taddress the inadequacy of relevant data in this,fielthree

phaseexperimental program was developed in this study

1) The first phase was aimed at developing appropriate compaction methodology and

ensure balanced optimization of strength, density@ntpactability by simulating



the RCC field compaction process under laboratory conditions. For this purpose, a
series b experimental studies were carried @aatregulae the proper compaction
methodology andsecure a satisfactory degree of compactionhimfield under
laboratory conditions. A compaction methodology using a double drunatergr

hand roller (DDVHR) was ab implemented to represent field compaction procedures

in the laboratory.

2) During the second phase, flexural and fracture properfid3GELs in different
strength classes were determined using beam specimens cut from the plates produced
using the DDVHRcompaction methodology previously developed for simulating
field-compaction procedures. In addition, cores taken from these platestuckeel s

to obtain compressive strength of RCC mixtures 2, 7, and 28 days after fabrication,
and the percentage of stréimgain with age was determined.

3) Results of the final phase of the stuayhich determinghe longterm fatigue
performance of RCCsith different strength classesermeexpressedh terms of SN

curves

Chapter 2 presents a threection comprehensivigerature review related to the scope

of the thesis. The first section covers RCC material selection, mixture design, and their
effectson RCC physical and mechanical performance. The second and third sections
describe fabrication of RCC specimens undboratory conditions and physical and
mechanical performance of RCC under field conditi@isapter 3 presents details of

the threepha® experimental program. Chapter 4 presents experimental results of each
of the three phases separately, with a detaleduation of results presented for each
phase. Finally, Chapter 5 describes and summarizes the main findings of the study and

providessame insightsnto possibleareas ofuture stug.






CHAPTER 2

LIT ERATURE REVIEW

The literature reviews presenteth three subsections. Since the first step of the study
was development of an appropriate compaction methodology and mixture design to
achiewe RCC field performance under laboratory conditions, citations on RCC
pavement construction are summarized infits¢ part of the chapter. In the second
and third parts of the chapter, the focus is on RCC fracture properties and fatigue
behavior to prode a background for determining fracture properties and fatigue
behavior of different RCC mixtures produced withetproposed compaction
methodology.

2.1.RCC Pavement Construction

Studies based on RCC pavemeats four mostlyto focus on three main topics-
material selection and mixture design, fabrication of RCC specimensnder
laboratory conditionsand 3 physical and mechanical performartestingof RCC

pavements.
2.1.1. RCC Material Selectionand Mixture Design

In the first phase o& study conducted bylazaree, Ceylan, & Wang, (2011), the
effects of differentementamounts on the physical and mechanical properties of RCC
were investigated. In #ir study, the amount of cement varied between 100 and 450
kg/m? (increasing by 50 kg/f and a single aggret grading was used (Dmax 19
mm). All mixtures were prepared with a constant Vebe time of 40 £ 10 sec. As a result,
the authorsndicated that RCCs tend to behave slightly diffefemin conventional
concrete, and the optimum amount of cemewoinsideringdensity, compressive
strength, permeable void percentamel water absorption capacitiegsfound to lie
between 225 + 25 kg fn



A study conducted by Chhorn & Lee, (201&aplored,consistency alteration under
differentamounts ohggregatgradationwater contentand chemical additives. They
choseVebe time as a representative measure of consistency and used three different
aggregate gradations and watententsvarying between 3.57.4%, while keeping
cement dosage constant (280 k§)inHowever, h# of theér measurementsvere
excludedbecauseheir vebe times were greater than 120 secombsy had two
observations feer thar experiments were completed. First, Vebe consistency times
were greater for mixes with higher finer aggregateemtniSecod, Vebe consistency

times were lower for mixes with higher water content. At the endeo$tiidy, the
researchers suggesta¥ebe consistency time for RCC mixtures between 30 and 75

seconds.

The same authors, Chhorn & Lee, (2016b), investijaneanohe publication,the

effect of aggregate gradation, cement dosage, water content, curing conditions, and
chemical additives on RCC characteristics. In RCC mixes, three different aggregate
gradations (with the term Fine Agg./Total Agg. ratio skwed to FA), F/A=30%

(under PCA lower limit), F/A=70% (over PCA upper limit) and F/A=50%, for three
cement dosages (2250-280 kg/n¥). The study concluded that while the highest
compressive strength value was associated with the mix with F/A=50%, whentce
dosa@ was considered there were no significant differences among test results. The
study, however, did recommend using 280 Kgionminimize the negative effect of
minor changes in water content on compressive strength. It also indicated that 98%
conmpaction dgree with respect to modéd proctor compactioncould be reachetb

attain higher compressive strength values.

A study by Aghaeipour & Madhkhan(2017) investigatedthe effect ofvarious
amounts of granulated blast furnace slag (GBkrSEed as binder material in RCC
mixtures on RCC durability (water absorption, percentage of voids, ultimate strength
under freeze & thayetc.). The study consideretivo different bineér contents (12
15%), three different granulated blafirnace slag contents (ZD-60% of total
cement weight),and five different water contents (44.755.56.257.0%). The



constant aggregate ragio the 40RCC mixeswere7:2:1 for 5 mm fine aggreate,
5-12 mm coarse agegate and 129 mm aggregataespectively The researchers
observed that the optimum water contemtrespondingo maximum dry density was
proportional to the amount of granulated blast furnace slag in thewthxheoptimal
portion found to bed0% of binder material weight.

2.1.2. Compaction Methods of RCC Specimensn the Laboratory

The compctionprocessin which the amount of awoidsin the mixturesdecrease
andthusthe density increasgsepresents an impiant stage irRCC appications.
Compactionreduces voids by forcing the aggregate partitdeearrangeallowing
smaller particles to fill spaces between larger particles, with water in excess of that
capable of being absorbed into aggregate partidlieg fine smallest val spacesThe
waterin the mixturealsohas a lubricating effect, helping small particles to fill the
voids.On the other hand, if thereiissufficientfine material or water in the mixture
or if the compression energy is inadequateait bequite difficult to achieve the
desired densityas the compaction energy RCC applicationss essentiato have
sufficient comp@actionenergy(i.e. compaction methods well as aadequatamount

of fine materiad and optimumwater contenin the mixture.The straigth and density
(i.e. compaction ratio) relationship for RCC mixtures is showfigare2.1, where it
can be seen thaespecially until the densitysesto 96% ofthe theoretical air free

density mixture strenth is quite sensitig to the amount of coraption.
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Figure 2.1. Compressiveteength vs density relationship for various RCC mixty&shrader, 1992)

Although the araunt of comction (.e., the desired densitgan bequite significant
for achieving sufficient strength in RCC applicatignacademic studies on RCC
sample production and compaction methods are very liragedmpared tahose on
RCC material selectiomnd mix design.Since it is weltkknown thatit is almost
impossible to produce RCC samples using steel drum ralieder laboratory
conditions various methods & been exploredor compacing samplesfor usein
academic studies tabtainrealistic stregth values and compton degrees similar to
those in thdield. However, these methods have been higahable amongarticular
researcherso theyhavenot beenstandardized anttheir test resultsnight not reflect
field conditions.The study conducta by Schrader,(2003) should be emphasized
because itdescribesthe effects of different compaction techniquesterms of
optimum water content, compressstrength and unitweights of RCC mixesThis
study, a quality control staffnemberof a RCC dam constructigiroject wasableto
apply several compaction technigues the samples taken from the dam construction
andhe therdescribed relationship betwencompaction techgue and characteristic
features of RCC such as strength and optimum water content vaspessentedn
Figure2.2.



Figure2.2, reveals thathe compation method hga sgnificanteffect on maximum
achievable strength and moisture content values. Furthermioe®, the compaction
energyis reduced optimum moisture content increasehile the corresponding
strength decrease A 10-ton vibrabry roller, provided the highestavailable
compaction energyproducedhigher strength values with lower moisture content.
Moreover,the author showed relationship betweethe compaction technique and
the consistency of RCQor evaluaing which technique ismore suitade for
consistencyranges independentof binder content(Figure 2.2b). Variation in
mechanical properties of RCC specimens compacted with different methdds
laboratory conditions was also examinederatureon studies of RCC ampaction
proceduress ratherlimited and and a standard compaction methbdsnot been
accepted by researalse It should also be kept in mind that the concrete mixtures
discussedh this study wereausedfor damconstructionhencethebinding amount \as
quite low compared tthose forroad applications.

Vibrating table(ASTM C1176, 2013pnd vibrating hammeiASTM C1435, 2014)
methods arexisting compaction methods standardizedh®/American Society for
Testing and Material (ASTM), andtwo nev compaction methodghe modified
proctor (ASTM WK59339, 2017)and the Superpave gyratory compact@SGC)
(ASTM WK33682) havebeenadded to the literatusndare about to be standardized.
Impact hammer and pneumatic hamuneage haalsobeendescribedn some studie
(ACI Committee 207, 1995; Choi & Groom, 2008pomeresearchers hawasotried
compaction tools specifidly designé to simulate fieldcompaction conditions
(Filho, Paulon, MonteiroAndrade, & Dal Molin, 2008; Neocleous, Angelakopoulos,
Pilakoutas, & Guadagnini, 2011)
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When compared to other compaction equipment, the SGC method is a rather new
developmentnainly used to prepatgotmix asphalt (HMA)specimensSGC uses a
combination of veital consolidation pressure and gyratory kneading effortjmgak

it capable of simulating fieldcompaction procedurem the laboratory(Collins,
Watson, Johnson, & Wu, 199Kasad, Muhunthan, Shasdhar, & Harman, 1999
Peterson, Mahboub, Anderson, Masad, & Tashman,;20@8g et al., 2018 SGCs
alsohave various advantageach as{(i) the amount of energy toebappliedcanbe
controlledby setting the number of gyrations) the samples coulde compacted to
the desired densitysingaheightbased setting, and (iii) the compaction process could
be monitored through height versus gyration curves or shearsvgysation curves,
etc.(Pasetto & Baldo, 2014)

SGCs were used for the first tirfi compaction of base and subbase matenaise
early 2000s, amthe resultsrefleded better simulationf field conditions than the
traditional proctor metho@Browne, 2006; Cerni & Camilli, 2011; Mokwa, Cuelho,
& Browne, 2008) Although the SGC methodhas most commonlpeenused to
compactHMA mixtures, the study emlucted byAmer, Delatte, &Storey,(2003 and
Amer, Storey, & Delatte(2004) stated that this method is also applicable to
manufactuing RCC specimensalthoughthe compaction degredthe consistency
and density of RCC specimengre strictly dependnton the number of gyratios
(Figure2.3).

Williams, (2013) compard the effects ofthe proctor method andhe Superpave
gyratory compactor method for determining optimum water contattitthe effect of
aggregate gwhtion on RCC mixestudiedduringthe second stagd the study The

17 different aggregate giations and types of aggregates used in this study were
sandstone, syenite, limestone and dolomvith eachmix compacted with two of the
methods mentionedbave, after whichthe optimum water content and maximum
density values were determined. As expdcfor the datassociated witlthe mixes
compacted with proctor method, a parabolic cueflected thelensitywater content

relationship with thepeakof the curve correspondg to the optimum water content.

11



Conversely the datdor the latter methodlid not reflect sucla parabolic curveand
the relationship wadinearly proportionalto water contentWater leakage was
observed during compaction of somexas with higher war contentand the point

at whichthe first leakage occurred was acceptettha®ptimum water conte(Amer,
et al., 2003)
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Figure 2.3. Unit weight vs. the number of gyrations curve for Superpave gyratory comAater
et al., 2003)

2.1.3. Performanceof RCC Pavemens$

Research studies performed under field cond#tioan be consided as the most
critical step ofthisliterature review for reasons suchcast and possible difficult field

conditionsthat have resulted iasignificantlack of studies performed ithefield.

Lee, Cho, & Park, (2014tudied mechanical performance of RCC pavements both in
the laboratory anuh thefield. Thatstudyconsistedof three shgeswith thefirst stage
determining the performanceof RCC specimens prepared from six laboratory
mixtures with three different binder contents (16800250 kg/nt), 4-6% water
contenf and constant aggregate gradatiath 20% ofthe binder replaced wh fly

12



ash.The RCC mixtures were compactedn the laboatory usinga vibrating table
(ASTM C1176, 2013)and 15x30 cm cylindrical specimens were manufaciatier
which strengtls after3,7 and 8 days of RCQabricationwere measwd Thesecond
phasdnvolvedrepresenting field compaction conditionsailaboratory with a small
scale vibrabry roller. A 50x70x20 cm section was pounedh RCC and corethen
taken. This procedure was followed feight mixturesreflecting 180-300 kgm?®
binder content md 4.55% water content. In the fingdhase four mixtures were
selectedn accordance witkhetest results of previoyzhass. Laboratory test results
at the end of the study suggested ttie required binder content should lpgeate
than 250 kg/mto providesufficient strengthg minimum of 28 day strength of 21
MPawas required fobicycle roads) and water content shouldybeaterthan 5% to
provide sufficient workability. In additiona 93% @mpaction degree (core dry unit
weight divided by maximuntheoretical dry unit weight) was determined wtika
required strengtlwvasreachedWith respecto field test evaluations, sufficient results
could be obtainefbr RCC pavements with thicknes&10 cm oressif binder content
was laver (250 kg/n? or less). When the compaction applications were compéred,
vibrating table anthesteel drum vibratory rollgrieldedsimilar compressive strength
valueswhile the smallscale vibratry roller (vibratory hand roller) used ithe
laboratay yielded10% highe strength tharither of thosenethodsWith respect to
surface roughness, they were not ablertoduceexpected results and there were

defects on pavement surfaces duthtecompaction methamogiesused

Another research study penned by Chhorn, Hong, &Lee, (2017) under field
conditions wagelated toincreasng performance of RCC pavements. Similathe
previous study, theusedfive pavement trial sectionsf 5 m width, 0.2 m thickness
and 580 m lengthiThe RCC mixturesused280 kg/n? binder content, 4.5% water
content, 0.1% air entraimg admixture, two maximum aggregate sizes (13 & 19 mm)
and 00.05% supeplasticiang admixture, so all mixtures had Vebe timesrying
between 3675 secondg:ineand coarse aggregate percentajgaremained constant
(50-50%). For all mixtures, Vebeoosistency times wer determined and fresh

13



concrete were taken to be compaaisithg avibrating hamme(ASTM C1435, 2014)
and after the field compaction process was completed, core samples weare ta
obtain physical and mechanical propertiesaddition to standardests, RCC surface
properties were examin@adterms otthelnternational Roughness Index (IRI) and skid
resistance number (SNpince the esearchersoughtto establish relationsps
between Vebe time and mechanical/physical praggeiiebe time was ¢&ated as a
control parameter. They alsmughtto find an optimum range for Vebe time to be
used in RCC pavement constructidhe final resulteflected aroptimum Vebe time
rangeof between 4and65 second$or criteriaof compressie strength, compaain
degree, IRland SN.

A study conducted blyaHucik & Roesgr, (2017)comparedhe results obtained from

field and laboratory catitions usingsamematerial contents and mixture designs in
terms of density and mechanical properties of RCC samples. Core samifias

study were taken from four different RCC road projects in lllinois (USA). For
laboratory experimrs, a vibrating hanmer, commoly preerred for RCC
compaction, andhe SGC methodwere used,possibly betterreplicaing field
compaction conditiong-heresults cominghevibrating hammer methagflected an
optimum moisture content between 5.8% am8®leading taafresh density betwee

2452 and 2508 kg/tnVebe times undes 22.7 kg surchargmad changedy 10to

20 seconds. To observe mechanical properties of the samples, compressive strength
tess (ASTM C39 / C39M18, 2018) splitting tensile srength tes{ASTM C496 /
C496M-17, 2017)and diseshaped compadensiontess (ASTM D731313, 2013)
wereapplied. At the end of the study,-gestwith 95% confidenceevealedhat the
compressive strength pairs of laboratory and field core specimens (of the same size)
differedstatistically possibly because tdwer density and highelensityvariationin

the field.Specifically, the cores takendm sites had appraxately 4% lower density
values than laboratory samplessultingin a45% reduction in compressive strength.

It was also stated that since field results were highly different from the laboratory

14



results, the vibratig hammer method it apply an excessie compaction energy

that could nobe accomplisheth field compaction
2.1.4, Literature ReviewDiscussion- Part |

Literature studieselated toRCC pavement applications generally consist of three
components: i) materiatelectionand mixture design, ii) samig production and
compaction methodologies under laboratory conditioasd iii) physical and
mechanical propertiesf RCC pavementsrhe material contents used in the primary
studies on RCCtheir amountsand effecs of physical and ethanical performare;

are summarized iMable2.1. The mixture design and compaction methods used in the
primary studies on RCC are also summarizedable2.2. The princil literature

basedindingsin this sectiorareas follows:

1 For RCC mix designsa soil compaction techniquéhat takes maximum
density as a referenomas preferred in a number stiudies Some researchers
alsogave prioritywhile designing the mixturéde RCC workability, correldaed

with consistency o¥ebe times

1 The amount of binder in the mixtures was mafs¢én chosento lie between
250-350 kg/n? and the optimum water ratio was gengratl the range of 5
6%. Thefreshunit weight of RCC also varitbetween 245@550kg/n.

1 Aggregates, accoung for 80-85% of RCC mixtures, have been frequently
discussed in the literaturstudies becausethey significantly affectRCC
workability, compactability, strength, thermal praes; and durability. The
maximum aggregate sizdescribed in the literatuneas generally selected
lie between 1219 mmandthe percentage of fine aggregate content to total
aggregate content changed betweer/8%. While the consistency of the
RCC mixures vasnot reportedin manystudies, the studgthatdid reportit
observed that Vebe consistency time was generally chdygeetween 360
secondso achievea workableRCC mix. Furthermore, RCC mixtures prepared
in the field had higher Vebe timedan those prepared ihe labaratory,

15



indicaing that a mixturespeciallyprepared in the laboratory widvebe time
of lessthan 20 seconds might not be stiff enough to dheieavy compaction

equipment used in the field.

Since RCCs are compacted lwit0-12 ton vibratory rollersn thefield while
they are fresh, the mostitical problem for RCC studies is the lackaafcepted
knowledge aboutompaction methodology that fully reflects fielohepaction
proceduresn the laboratorylt could be obsendethat RCC samples were
prepaed by researcherasng different compaction methods and procedures
under laboratory condition$t could beobserved that RCGpecimensvere
mostly preparedn the laboratoryusing either avibrating hammer(ASTM
C1435, 2014pr vibrating table(ASTM C1176, 2013)andalso seemed that
required procedures were not strictly followed in many of the studies. For
example to obtain higher unit weight the vibrating table method was
sometimesapplied for a longetime than specified in the standard tbe
vibratinghammer wa held on the specimen for a longer time than written in
the standardModified proctor, impact hammer, and pneumatic hammer
methodswere also preferred in somestudies Moreover, use othe SGC
methodcommonlyused to compadiiMA specmens has increaseadif RCC
compaction iritreaturestudiespecause¢his method reflects field compaction
conditions well inthe laboratory and provides higher degsad# compaction.
Finally, some researchers usgzkcial compaction equipment to prepa&R

specimens.

Theliteratureindicates thatylindrical specimens were mainly used for RCC
strength teststhe most important reasofor this choicebeing that the
production and compaction proces®f beamand cubicsamples is quite
difficult compared tahose used focylinder samplesand there iss yet no
specification on the production of RCC beam samples under laboratory
conditions.In the studiessompressive strengtladter 28 days for low cement
dosages (300 kg/fand below) were generally betwe@0-50 MPa.
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1 A limited number of literature studies comparing field conditions and
laboratory conditiongevealedthat laboratory results generally gave higher
density and strengthvalues than those from thefield. Compaction
methodology is considereid be an essentibfactar in obtaining different
densities in field and laboratory conditioespecially when it is thought that
a 1-2% change in RCC sample densitem lead toa 10-15% change in
strength(Amer, et al., 2004)The vibrating hammemethodcommonly used
to compact RCC specimens in laboratory conditions may be imparting too
much compaction energy properlysimulate feld compaction Also, because
the RCC mixtures produced under laboratory conditions have considerably
low vebe time, the fact that the RCC specimenay beginto act as
conventional concrete can also be a crucial factor. One ofitleal problems
in RCC field applications is thalbé density variation dependsthrecore zone
and italsodecreasewith depth regardless of the core area. These changes in
density reflect the significance of the compaction procedure in field
applicatbns, in particular he use of higher densitatherthanconventional
pavers , the use of thicker and stiffer foundateyrersbeneath the RC@&nd
the reduction of RCC lift thicknesseall consideredo significantly reduce

suchvariations.

In brief, while there is stilla lack of detailed specificatigg) to enable researchers
reach field compaction conditions tine laboratory thereis anincreasing number of
studies about RCC pavement. The important points gemgmdiscussions can be
summarized asmanipulation of exgting standards for the sake lnfjher degree of
compaction, possible contradictions between field and laboratory test rasdlthe
uncertaintywith respect tdhow academic studies reflect actual field applicatiéms.
light of thelimited number of sidies, t can beassertedhatthe compaction procedure
used in arRCC applications is the dominant facexplaining whyRCC laboratory

and field results.
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Table2.1. Some mixture desigand performance vaks in RCC pavement stud{@&engun, Aykutlu,

& Yaman, 2017)
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Table2.2. Some mixture designethods and comption methodologies used in RCC pavement
studieg(Sengun et al., 2017)

ReferencesRCC mixture design methocOpt'mum water amountSpecimen Compaction

determination methods
LR2015 Soil Compation Method Modified Proctor Vibrating Hammer
CL2016a  Soil Compaction Method  Vibrating Hammer Vibrating Hammer
CL2016b Concr?\;e;t(rl]ggsstency Vebe Apparatus Vibrating Hammer
HCW2011 Concr('a\;leetch:ggastency Vebe Apparatus Vibrating Hammer
AM2017  Soil Compaction Method Vibrating Hammer Modified Proctor
YUAT2015 Soil Compaction Method Vibrating Hammer Vibrating Hammer
LDRA2017 Soil Compaction Method Vibrating Hammer Vibrating Hammer
GMR2017 Concr?\;eet(égggstency Vebe Aparatus Vibrating Table
MAT2012 Soil Compaction Method Vibrating Hammer Vibrating Hammer
Theoretical Maximum Superpave Gyratory Superpave Gyratory
ADS2003 Density Method Compactor Compactor
y P (60-75-80-90-100)
Theoretical Maximum Superpave Gyratory Superpave Gyratory
ASD2004 Density Method Compactor Gompactor
y P (50-65-90)
NAPG2011 Soil Compaction Method Special Equipment Special Equipment

Vibratory Hand Roller and
Vibrating Hammer
Vibratory Steel Drum Roller
Vibrating Table Vibratory RubberTire Roller
Vibratory Hand Roller
Note: Reference abbreviations; the first letters of the surnames of authors and the year of

CHL2017 Soil Compaction Method VebeApparatus

Concrete Consistency

LCP2013 Method

publication.

2.2.Fracture Properties of RCC Pavements

The numbe of gudiesdescibed n the literature focusing on fracture properties of
RCCis limited. While it is clear that studies on determination of fracture parameters
are mostlyrelated tometal materials, for conventional concretéth studieson the

use offibersaffectingtoughneas and fracture parametensstprominent, this field is
relatively newwith respect toRCCs. Moreover, evethe field of conventional

concretehas become very difficult for researchéecauseunlike stee] concrete is
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heterogenaas, making the apjication of standard procedures for homogeneous

materials notisefulin concrete, anthaking resulinterpretation difficult
2.2.1. The Application of Fracture Mechanicsto Conventional Concrete

Fracture mechanics is the field of mechanics eamed with analyrig thefailure of
cracked and flawed materials and examining the conditions umhieh cracks
propagate(Anderson, 2017)Cracking is an essential feature of the behavior of
concrete applicationsvith concrete structures normally full of cracks under service
loads(Bazant, 2014) Although the first developments of fracture mechanics began
with Inglis, (1913)at the beginning of the 20th centufriffith, (1921) presentech

first explanation of the mechanism of brittle fracture using a new ersaggd failure
criterion. The Liner Elastic Fracture Mechanics (LEFM) concept wasdatesioped

by Irwin, (1957)usingWestergaard,1939)equations. Researaisestated that fracture
toughness (k), a material parameteised only to descrilarittle materials could be

sufficientfor defining crackpropagation and fracture failure.

In the 1960s, themweresome developmentslated tofracture mechanics of concrete.
Kaplan,(1961)adaptedpplication othe LEFM concept to concretandwhile many
researchers continued to work on applying LEFM on con¢aeanteri, 1982;Cook

& Crookham, 1978; Glucklich, 1963; Clyde E Kesler, Naus, & Lott, 1972; Mindess
& Nadeau, 1976; Shah & McGarry, 1971; Strange & Bryant, 197%eems that
classic LEFMshould note applied tanormalconcrete members because concrete |
a heterogneougmaterialwith a fracture process zone (FPZ) in advance of the crack
tip, as showrFigure2.4a.

As shown inFigure2.4b, many micro failuremechanismssuchas preventing cr&c
propagation of the aggregates at the kctgg; changing the direction of the crack or
branching of crack by cociding wih the aggregates, ceducing crack tip sharpness

of the cavities occur inside the FP{ Ak k ay a, Bayr am20@3) &

Thereforenot only do all these effects contribute to energy dissipation in advance of
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the crack tipput they also intect with one another, increasing problem complexity
(Jimenez Pique, 2002)

ﬁy
Quasi-brittle
4 >
CMOD Microcracks Aggregate 5 yi

Fracture process zone (FPZ)

P
()
After the
Debonding Srackt ? 4
p %
_________________ > s >‘4“V >O
Fracture The * Shielding * Deflection L Blunting
process zone crack [___> or kinking
(FPZ) ] tip f 4 4
Linear Before the ‘ i T‘&Z $m @
elastic (LE) crack tip Crack Bridging Branching
friction
(b)

Figure 2.4. a) Concept of FPZKim & Buttlar, 2009) b) Mechanisms of crack propagation for
concretgAkkaya et al., 2003; Jimenez Pique, 2002)

Because of thessuchmechanismgssincefracture toughness (K is insufficient for
determinng fracture properties of serbrittle materials such as concretmany
different nonlinear freture models have been develog€édmar & Barai, 2011)They

include:
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Fictitious Cra& Model (FCM)(Arne Hillerborg, Modéer, & Petersson, 19/6)
Cohesive Crack Model (CCMBarenblatt, 1962; Dugdale, 1960)

Crack Band Model (CBMj Bagant & Oh, 1983)
Two-Parameter Fracture Model (TPFKenq & Shah, 1985)

Size Effect Model (SEMj B antj 1984; Bazant & Sun, 1987)

Effective Crack Mode(Nallathambi & Karihaloo, 1986)

DoubleK Fracture Mode(Xu & Reinhardt, 1999)

DoubleG Fracture Mode{Xu & Zhang, 2008)

=4 =/ =4 4 A4 A A4 -

The complexity oexperimentally determining the fracture parametersede models
has restricted theumber ofstudiesfound in the literatur@n fracture mechanics of
concreteA threepoint bending tegtas beempplied toanotched beam to determine
fracture parametsr for three commonly used models (FCM, SEM, TPFM)
stanardized by RILEM(TC 50-FMC, 1985;TC 893FMT, 1990) Among these three
models, TPFM is particularly advantageosisice it does not require the use of
differentsized specimen®Vhile two values of K (stress intensity factor or fracture
toughness) and CTQMcritical cracktip opening displacement) obtained from this
model hasbeen shown to benosty independent oSpecimengeometriegJenq &
Shah, 1985)some studiebave assertethat the effect of geometnyith respect to
these parameterss not negligibé (Planas & Elices, 1989; Shi, Mirsayar,
Mukhopadhyay, & Zollinger, 2018)

Recent stdies on fracture properties of concrete, mostly concentrate on the effect of
mixture composition on fracture parameters anctir@ energyAkkaya et al.(2003)
investigated how compressive strength, wé#betement ratio and aggregate
concentation canchange fracture energf conventional concretd he final results

of thisstudy revealed that the compressive strength, wadleinding ratio, maximum
aggregate size, concreageand notch length were the parameters affeatongrete
fracture energy.That study observed thathe fracture energy of concrete increased
with enhane aggregate concentration and maximum aggregate size,amiilerease

in waterto-cement ratiogesulted indecrease in fracture energy.
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Because wateto binding ratioand concrete age are directly related to compressive
strengththe guideling of the International Federation for Structural Conc(€EB
Bulletin N0.189, 1988) compressive strength and maximaggregate size are taken
into consideration ifiracture energyredction. However,Yan, Wu, Zhang, & Yao,
(2001)stated that fracture energy would not permanently increase with compressive
strengthargung that the bond strengbetween matrix and aggregaténigh-strength

concrete could lead to a smooth fracture surface that absorbs less energy.

A study conducted bg. Tasdemir M.A. Tasdemir, Grimm, & Konig(1995)found

that the facture energy in high strefgteinforced concrete was affected by BiRZ

In addition, although there was a significant increase in compressive and splitting
tensile strengths in concrete containing silica fume compared to concrete without silica
fume, it was observed that fractuenergy decreased with increasing compressive

strength in higkstrength concrete.

Finally, in a current literature review bi¢halilpour, BaniAsad, & Dehestan(2019)
related tahe fracture energy of concrete and affected parameters, it was stated that all
parameters that change the imaaicalproperties of concretsuch as aggregate sjze
type, amount, binder ratio, watgrbinder ratio, type of fiber added, type, length,
guantity, ambient temperatyretc, can also affect the fracture energy of concrate.
separate examination of these efandicated thatn increase in wateto-binding
ratioresulted im decrease in fracture energy and thislamgelyrelated taanincrease

in porosity at the interface between the cement matrtktheaggregate. It waalso
seenthat anincrease in tb amount of cement paste might cause a deeredbe
fracture energy. In #t study, it was also stated tham increase in the maximum
aggregate size in concrete both increased the energy required taheragigregate
and enhanced the fracture eneafythe concretdecause arackresults ina longer
path due tacrack propagation arounthe aggregateThe effect of the sample size
testedwasconsidered in two ways. The finsasthegrowthin fracture energyue to

the longer crack path frommcreasiig the sample size. However, the secorasto
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decrease fracture energy by increasing notch lemgthiting from asmaller fracture

process zone.
2.2.2. Fracture Properties of RCCs

As it is mentionedat the beginning ofthe literature review, studies abofracture
properties on RCC are quite limited inethiterature the few relevant studies are

briefly summarized below.

In a part ofa comprehensive study byaHucik, Dahal, Roesler, & Amirkhanian,
(2017) on the determination of mechanical properties of fiber RCCs, fracture
properties of RCCs were inueggated.The aggregate gradatiaith 19 mm maximm
aggregate size and 280 kd/oement dosagevaskept constant during the study. A
total of twelve different RCC mixtures, one a control nwere formed using four
synthetic fikertypes and two steel fi types with different geometriesmd volumes.

A two-parameter fracture model (TPFM) developedéyq & Shah(1985)was used

to determine the RCC fracture properties, dptocedureother than the threpoint
bending tesbn notched beam samples proposgdRILEM TC 83FMT, (1990 was
applied.Researches prepared 15x30 cm cylindrical specimens to apply-stmped
compact tension (DCT) tesgtb determinghefracture properties of RCC. Indtstudy,
fracture energy (§ was determined according tioe RILEM TC 50FMC, (1985)
standard procedure, the sfor thefictitious crack model developed byillerborg

et al., (1976) At the end of the study, fracture parameters of RCC mixtures and
conventional concrete (PCC) mixtures were compattdr whichthe mixtures were
examinedwith respect tdracture properties sucls a@ritical intensity factor (k) and
fracture energyGr), with RCCs found t@roducebetter results than PCCs. In general,
fracture properties of RCC were found to be similabetterthanthose ofPCC. t
wasalsostated by the researchers that RCCtiree performancesspecially fracture
energy (@), improved with increasing fiber content.

In astudy conducted blyaHucik & Roesler(2017) discussed in detail in the previous

section,the RCC mixtureswith the samebinder content and mixture design were

24



producedboth in the fieldand in the laboratory and their mechanical performances
compared. In the last part of the study, the fracture properties of RCC mixtures were
discussedand,as inthe previous studythe two-parameter fracture model (TPFM)
was used to determine fractyparametersalthough they performed discshaped
compact tension (DCT) tesather thanof a threepoint bending test. As a result,
similar to density and stngthmeasurementdield resultswith respect tdracture
properties were lower than laborateegults. Since fracture properties are considered
to be good indicators of flexural capacity, it wassertedhat the lower fracture
properties obtainednderfield conditions could lead tower structural capacity of

RCC pavement than the predicted cafyabased on laboratory experiments.

In another studyby Ferrebee et al(2014)relaed tofractureproperties of RCC, the
effectsof bothnormal and recycled aggregates on fragharametersvereexamined.

In that study, a constant cement amount (267 kd)rwas used and optimum water
ratios were obtainetetween 5.8% and 6.4% for namimand recycled aggregate
gradations, respectiveland theRILEM TC 893-FMT, (1990) procedure bed ona
two-parameter fracture model (TPFM) was used to determine fracture properties.
Fracture energy was also determined according to RILEM TENSC, (1985) At

the end of the study, normal and recycled aggregate RCC mixtures exhibited
statistically sinilar results and when the conventional concrete (PCC) fracture
properties obtainettom in previous studies were compared for the same aggregate
ratios, it wa foundthat RCCs gave bettegsultsthan PCC in terms of fracture energy

(Gr) andcritical stress intensity factor (&.
2.2.3. Literature ReviewDiscussion Part I

Understanding how and undehat conditions failureoccursin a cracked material
forms the bas of fracture mechanics. The first studies on fracture mechanics were
developed orbrittle materials suclas glassfollowed by consideration ofluctile
materials. This concept, uspdmariy in defense industry designs after the Second

World War,came uder consideratiofor in concrete desigrafter the1960s.While
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many researchers @ studied the applicability at LEFM to concrete, ihas been
foundthat LEFM is not applicable since concrete is a deritile and heterogeous
material. Somewhat late several noslinear fracture mechanics developed for cement
binding materials haveeenapplied todetermiration of the fracture properties of
concrete. However, despite the development of many experimental test swtdod
numerical solutions, some ingsistencies regarding the parameters affecting the
fracture parameters of concretmainin previous research findings. It is unclear to
what extent the effect of currenthsed laboratory sample sipa finding fracture
properties changes the results.efidh are also questions about the extent to which
concrete mix designsnay affect comrete fracture properte In any event,
examination of thdimited number of literature studies investigatiRgC fracture

behaviomproducedhefollowing summarized findigs

1 It is seen thathe nonlinear TPFM developed byenq & Shah(1985)and
advancedy RILEM TC 89FMT, (1990)asa standard procedure is preferred

for determination of fracture parameters.

1 TheRILEM TC 50-FMC, (1985) standard procedutieat formsthe basis of
the fictitious fracture model developed by Hillerborg et al7@9ds preferred
for determinng the fracture energy  of RCC samples.

1 It has been reported that RCC mixtures exhibit similar or better fracture
behavior than conventional concretextures but since therare very few

studieson this subject, it is rigpossible to makérm generalizations.

1 In thosestudiessince the RCCs were produced by using vibratory hammers
under laboratory conditiong is not known to what extent the R&@mples

reflect field conditions.

1 The effect of comactionratio on fracture propertiegasnot considered in th

studiesfound
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Above all, many researchers have indicated that the fracture energy found by RILEM
TC 50-FMT, (1985 procedure isstrongly affected by sample se. In addition,
according tothis procedure the deflection at the midpoint of the beam should be
referencedn determinindracture energyalthough some studiémvebegurrefering

to the crack rauth opening displacement (CMOD) totaim more accurate results.
However, in 2003, a standafdr determiningfracture energy of concreteras
developed by the Japan Concrete Instifd(aS-001-2003, 2003)According to this
standard, fracture energy can be determiostig a CMOD-controlled test on
notchedbeam samples of standaddnensionsgven thought has been observed in
prior studiesthat this standardasnotbeenused to determine fracture enegfyRCCs.

One aim of tle presenstudy is tadetermingracture energies of RCC mixtures using
the more dvancedJCFS-001-2003, (2003) procedurerather thanthe traditional
RILEM TC 50-FMC, (1985) procedure.

2.3.Fatigue Behavior of RCC Pavements

Until recently therehavebeenonly a fewresearchstudiesdirectly investigatinghe

fatigue behavioof RCC, possibly becaudatigue tests are quite timeonsuming,
complex,and expensive. Another possible explanation is that some researchers have
used traditional concrete fatigue behavior in pavement déslevingthat RCCs

have mebanical properties similar tthose oftraditionalconcrete. The majority of
fatigue studies on RCC have been carried out by highway administrations and concrete
pavementssociations in the USAnd manyhave attempted to explathe fatigue
behavior of onventional concrete. Before proceeding to exarfatigue studies on

RCC, it will beusefulto discuss conventional concrete fatigue behavior.

2.3.1. Background to Fatigue Failure

As known, structures or materials exposed to repetitive loads may be subject to
permanent damage or sudden failure, revealed byahelopment of crackand such
a brittle failuretype is called fatiguefailure, accounting for ateast half ofall

mechanical fracturesmany unexpeatd The effecs of fatigue have been widely
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studiedfor aircraft, shif, bridges road pavemest autonotive structures frames,
cranes, machine parts, turbisgreactos, channel and dam shutseand components
forming offshore platforms. Another dangerous aspect of fatigue daitubrittle

fracturethat can occuregardless chmateriab ductility.

Studies on fatigue behavior of the materiag¢gyanwith the industrial revolutiorwith
fatiguefailure first introduced into the literaturduring the early years athe 19th
cenury because of aatastrophic failure in railway axleswused byepeated lads.
The first systematic study of fatigue effect was reportedhieyGerman scientist
Wohler, (1860) Bauschinger(1886 showed that the stresgrain behavior obtained
under a static tensila compression testight be quite different from the stresgrain
behavior obtained under repeated ®dd the periodup to thel950s,at which time
significantadvancementaere madein fracture mechanics, the studies were mostly
focused orusingfracture mechanicto explainfatiguerelatedfailures(Coffin, 1954;
Paris, Gomez, & Andersofh961) On the other hand, developmeotsunderstanding
fatigue behaviowere advancetb asignificantlydifferent stage with the introduction
of closedloop servehydraulic loading systems.

Figure2.5 shows aypical sinusoidal cyclic fatigue lodike thosefrequently used in

fatigue testg. In this typical gaph, the mean stresshalf the sum of the maximum

(k) and mini mum ,s ttrhees saensp is(thédifiedence setweea s s ( U
themaximums r e say @b d t he nnendthesstresss isghid ge ( pd)

difference between maximum and minimum stress diffeserioahis graph, strain

(&), moment (M), tor gque)canpeonsueredsatheress i nt e

thanstres, depending on fatigue design and test specimens
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Figure 2.5. Typical sinusoidal constant amplitude fatigue load

Fatigue tests are performed by applying cyclic loads to materials subjected to axial
compressioror tension, bending, torsipor simultaneousnultiple effectsthat are
representative of redife loading conditions. On the other hamaor materials such as
concretewhereadirect tensile tegnay bedifficult to apply, flexural fatigue tests are
often preferredand ftigue behaviounderthreepoint or fourpoint bending tests is
examinedor notched or normal beam specimdnssome special cases where fatigue
behaviorrequires adirect tension fatigue test, fatigue tests can be carried out on

compact square or disshaped tension samples.

The most commonlyusedtool for fatigue analysis and fatigue life estimation for
concrete is the stress life-{(§ curve, also knowmsa Wohler curve, obtained by
plotting thenumber of load repetitions/cycles tailure (N) corresponding tstress

ratios (S on alogarithmic scal€Figure2.6). In this approach, the stress ratio (S) is
expressed in terms of the ratio of the maximum stress applied to the ultimate strength
of the material obtained from statestsand fatigue testthatperformed with stress

or load control.Basquin(1910) first describedthe empirical formulation between
cyclic load or streses appliedto materials andhe number of loadepetitiors to

failure.
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Stress range (S)

Static Failure

Low cycle fatigue (LCF)
low fatigue life, high loading
high plastic deformation

High cycle fatigue (HCF)
high fatigue life,low loading

«—>
103 - 107 Fatigue limit or endurance limit
Fatigue limit does not exit
Log-Log plot Number of cycles to failure (N)

Figure 2.6. Typical SN curve(R.l., Stephens, Fatemi, R.R., Stephens, & Fuchs, 2000)

Another method uses Strainl i f-N) agpiach to life estimatiofor analysis of
straincontrolled fatigue testsvith plastic deformationsontributinga significant part

of the fatigue proces# this methogsince &tigue cracks generally arise from areas

of plastic strains in certain regions, fatigue life estimates are made taking into
consideration regions where such plastic strains areetdratedso this method is

also called the local stin approach methodt is mostly used in fatigue analysis of
notched elements where local plastic strains are concentrated-csin&iolled tests
better characterize the fatigue behavior of matgrg@articulaty under low cycle
fatigue (LCF) and/or etched samplesdViaterial fatiguemay take a very long time
especially in fatigue tests with more tharf 1®@ad repetition, due to the small size of
plastic strains,so high-frequency load/stressontrdled fatigue tests areisually
preferredForthisreason f at i gue t e st 4 appwacmagegénbraly st r ai n |
known as lowcycle fatigue (LCF) testsA &-N approach based on straiantrolled

tests arausually prefered over a conventional S\ approach in determining fatigue
properties of materialsompositionsor structuresespecially in aircraft, automotive,
electronics, information and manufacturing industries where hijgiecision

production in which plastic dermation vitalto the designs needed.
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2.3.2. Fatigue Behavior ofConventional Concrete

Since itis known that the majority of mechanical fractures occur due to fatigueseffect
many studiescan be foundn the literature on the fatigue behavior of metallic
materials Studies on fatigue afoncretehoweverpegarearlier, withconcretdatigue
studiesfirst performed byOrnum, (1903). In those studies, cement mortars and
concrete cubes were subjected to compression fatigusandfatigue strengtldue

to cyclic compession loadsvas investigatedl'he result was thatement mortar and
concretedisplayedsimilar compressive fatigue strength, approximately 55% of their
ultimate static final strength. Eliatigue strength of concrete was investigated for the
first time in thesestudiesand it wasdeterminedhat concrete coulthil due tocycle

loads

Thefirst research on the flexural fatigue strength of concrete was madkinymer,
(1922)in the lllinois Department of Transportatiém investigate pavemeibrner
breaking with the resulthatflexural fatigue strengtlvas found to b&3% of static
ultimate flexural strengthExtensive studies on fatigue behavior of traditional plain
concrete were carried ourt the periodip t01975. These studiethatmade significant
contributions to the literaturgyereconducted by researchers suctCaspps(1923)
Hatt, (1925) Williams, (1943) Kesler,(1953) Murdock & Kesler,(1958) McCall,
(1958) Neal & Kesler,(1964) Glucklich, (1965)andAntrim, (1967) These studies
created scientific knowledge on the fatigue behavior of concretehaadignificant

light on the work to be carried bduringthefollowing years.

The stresdife (S-N) approach most commonly used in concrete fatigue tests, is
particularly suitable for rigid materials such as concthtt do not exhibit large
deformatons under stress. TheNscurve of concretbasalsobeenused as a design
criterion in the design of concrete pavements. In 1974 a dedigfattyue curve was
used by the Portland Cement Association (PCA) in the USA for the firstusimeg a
SN fatigue curve created by combining fatigue curves okthifor conventional

concretesampledrom previous studie@Ballinger, 1971 Kesler, 1970)Suchuse of
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the SN fatigue cure (1974) inthe PCA method yielded some unrealistic results,
leadingto a minor modification of the higcycle fatigue section in 1984nd this
modified SN curve (Packard, 1984is currentlyused by PCA fotestingconcrete

pavements.

Transversefatigue cracks & also considered as a performance criterion in
mechanistic empiricgpavementdesign (MEPDG), that hasrecently found usén
developed countriedyut mostespecially in the USAand Ginada(Oztiirk, Tan,
keng¢n, &18YTadetermjne tBe appropriate design concrete thickness, the
desgn guide uses the number of allowable load repetitions based on a given stress
level in conjunction with a fatigueracking performance curve to predict the level of
slab cracking irthe field. This is followed by a trisdnderror approach using various
input combinations with a trial thickness until the desired fatigue damdge) ©r

failure criterion (e.g., 20% slab cracking) is rf@ordelon, Roesler, & Hiér, 2009)

2.3.3. Factors Influencing Concrete Fatigue Behavior

There are many parameters thah affect the concrete fatigue behaviand these
paraneters generally depend on mixture properties, loading conditiand

environmental factors.

All parameterganfluencing both fresh and hardened properties of concrete can also
affect the concrete fatigue behavior. These include the binder amount andigsppe
aggregate properties, wat@nder ratio, chemical and mineral additives, moisture
content,sample ageand curing conditionsStudiesrelated tothe effect of concrete
mixture parameters on concrete fatigue behavior are briefly summanzdde

following discussion

In a study about the effectf concrete age on fatigue behavior, the reseascher
investigated the fatigue strength of-@8y, 4month and 6month concrete samples
all with the same content. At the end of the study, the fatigue dteewig28-day, 4
month and 6month concrete specimengre found to bd0-60, 56355 and 5455%,

regectively. The researchers also stated that it was not clear that the fatigue life of the
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concrete increased with egalthough they foun@ significant de@ase in variation

with age Also, since fatigugests generallgrecontinuel for a considerable p@d of

time, researchers have recommended that the test should be performed on concrete
samples at longerm age to minimize a concretegain in strengthduring the test
(Yimprasert & McCullough, 1973)

In anotherstudy investigang the effecs of different concrete strengths on cogte
fatigue behavior, $\ curves were formed by applying compressive fatigue test
concrete spgmenswith four different strengths, 262, 84, and 103 MPa. At the end
of the studyjt was found thafatigue life decreased witlinincreasdan compresse
strength,andthe unit deformation of higbtrength concrete was smaller thhat of
low-strergth concretealthoughthe unit deformation rate was high@-K. Kim &
Kim, 1996)

When studies in the literatunavedescribedhe effects on fatigue behavior of mixture
parametes such as cement dosage, water content, aggregateatygpgradation all

of which significantly affect the static flexural strength of congrei® different
approachesan generally bebservedSome studiestate that these parameters do not
affect the fatigue behavior of the concrete as much as the static flexural stndrilgth,
othersclaim thatthey have as mucan effect on fatigue behavior as statexural
strength.The European Committefr Concrete (CEB$tatedthat the effect of these
parameters on fatigue strength was small anddsse:ffect on fatigue strengttman

its effect on static flexural streng{iCEB Bultenin No0.189, 198. Conversely the
American Concrete Institute (ACI) stated that many variables aftpttie static
strength, such as cement ratio, watement content, curing methods, tege, air
guantity and aggregate type, woulldve influencedatigue strengthto the same
degreg/ACI 215R92, 2002)

There have beena limited number of studies investigating the eBeat mineral
additives on fatigue behavior of concreteohlrestudy in which the effect of fly ash

and ground granulatedlast furnace slag on the fatigue behavior of concrete was
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investigated, it \as found thatise offly ash and ground granulated blast furnace slag
had a positive effect on the fatigue behavior of the condi®te, Carpinteri,
Spagnoli, & Sun, 2010yvhile in some studies it is argued that mineral additives may
shorten of fatigue life due @nincrease in concrete compressive strenghtiere are
therefore manyloubtsand disagreements foum the literature about the effeaf

mineral admixturesn the faigue behavior of concrete.

Fatigue tests include different loading conditions. In view of the fact that- load
controlled fatigue tests on concrete are prefernegestigations ofthe effects of
maximum and minimum stresses, stress range, meesssthewaveform types,
loading frequency and failure probabiligre mostly found in the literature. As
predicted, fatigue behavior is affected by stress range and the mean stress applied to
the specimen as well as the maximum and minirstress duringi fatiguetest. The

fatigue life ofaspecimen is reduced under high maximum stress and high stress ratio

andthe most dangerous fatigliée situation is the fully reversed conditiam which

Clminz'ljmax-
2.3.4. Fatigue Behavior of RCC

The number oftudiesin the lterature on the determination of fatigue behavior of
RCCis very limited and themain reasons for this is that fatigue tests are quite time
consuming, complex and costly. Another reason for the few studies of RCC fatigue
behaviorfoundin theliterature is hat some researchers have used traditional concrete
fatigue behavior in pavement desigmscauseRCC is thought to have mechanical
properties similar tdhose oftraditional concreteAlthough themajority of RCC
fatigue studies have been carriedt by highway administrations and concrete
pavement associations in the USand relatively fewacademic studies on RCC
fatigue behaviohave been publishedome of the significant studies on RCC fatigue

behavior are summarized below.
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2.3.4.1.Concrete TechnologyLaboratory (CTL)

One of the most significant studies on RCC fatibekavior was performed by CTL
(Tayabji & Okamote 1987) and theRCC fatigue curve obtained frothis study is
still used asareference in fatigue design of RCC pavements. In this stuuyse aim
wasto determine the engineering properties of R€@@r different RCC mixes with
binder amounts rangifrom 170 to 190 kg/dwere cast into test secti®f.0 m wide

3.6 m long and 20 cm thickthen compacted with a Xfn vibratoy roller under
actualfield conditions.The mechanical properties dhe RCCs were determined by
compressie, flexural, spliting tensile, elasticity and fatigue teatsng tle cores taken
from the field and the beams sawed from the field. In addition, cylindrical and beam
specimens were producé&mm the same mixtures in the laboratdoy compaison
with field results.When he fatiguetest parts of this study were taken into
consideration, 15x15x75 drbeam specimens sawed from the field weséntained
under curing conditions for about seven montlaster whichthreepoint flexural
fatigue teghg was perbrmed.The cyclingload was applied at stress ratios (applied
maximum stress/ultimate static flexural strength) ranging from 0.50 to OT®&.
loading frequency was selectasil0 Hz andheminimum load was chosen to be 10%
of the maximum load teliminae an impact effeabn the sample duringhe fatigue
test.Fatigue valas anda S-N curvefor RCC mixtures obtained from 23 beam samples
are shown irFigure 2.7. At the end of this study, researchers stated that RQLC
conventional concrete had similar mechanical properties and RO@d be
consideredhe sameas traditional concrete in pavement design.yTdleo indicated
that fatigue design poedures used for concrete pavements could be used in RCC

pavement desigby taking into accourthe RCC fatigue curve.
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Figure 2.7. SN fatigue curve for RCC mixturg3ayabji & Okamoto, 287).

2.3.4.2.Canada Cement AssociatioffSEM-2002013 2003)

Anothersignificant studies aimed at determining the mechanical properties 0§ RCC
wasperformed by the Canadian Cement Association in Z8881-2002013 2003)

In this study, four different RCC mixtures were formedh differentaggregate type
(granite and limestone), binder ratio (250 and 300 Rgand maximum aggregate
size (20 mm and 14 mmwith a conventional concrete pavement mixtursoal
prepared for comparison. The water content of the mixtures varied doetine5%.

In the fatigue test section of the study, fgaint flexural fatigue tests were performed
on a total of 37 beams of 10x10x4Ctdimensionsfabricatedfrom five different
mixtures produced in the laboratoihe loading frequency was chosen &% and
the stress ratio varied between 0.5 andTh&.fatigue test was terminated eithdren
aspecimen failed or the number of repetitibasireached D00,000. A static bendig
test waghenperformed and the residual strength determoredampleshathadnot
failed under 1 million repetitive load¥he specimen resilience after fatigue waso

determinedhsthe proportion of residual strength and the final static flexstraigth.
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At the end of the studyhefatigue strength of RCC mixturesas/found to be 60% of
the ultimate static flexural strengthfter 1 million repetitive loadsFor conventional
concreteon the other hand pavemetitis values specified as about 50%he results
of this study showed that RCCs had better fatigue resistthan conventional
concretemaking itunderstood that the use @tonventional concrete fatigue curve
in RCC pavement designs can be quite conservativedddign or software guitiees
obtained from the conventional concrete fatigue design curvethei ayabji and
Okamoto (1987) RCC design fatigtecommendations farse in the design of RCC
pavement maderior to this time were taconsiderRCC fatigue sengthsto lie
between 4660% of the ultimate flexural strengtalthoughin this studythat value
wasabout60% for RCC.

A simple example was also given to show the effecthefdifferencein fatigue
behavior between RCC and conventional concietgoavenent design. In this
exanple, thickness design wabkoserroughly for three different fatigugrengths of
40%, 50% and 60% of the ultimate flexural strengttith resulting slab thicknesses

of 185 mm, 160 mm and 145 mmespectively. Asexpected forthesevalues,
variations in &tigue strength resulted in a significant change in pavement thickness
should be kept in mind thathile this example is quite simple analighandno other
parameters such as load transfer coefficient, resilient modulus of
subgade/subbase/base, codi environmental conditionsetc. were taken into
account, it is cleathatfatigue behavior is an effective parameter in RCC pavement

design.

It was also observad thatstudy that maximum aggregate size had an effect on fatigue
strength with RCC mixures with a maximum aggregateze of 20 mmachieving
better fatigue tsength than mixtures with a maximum aggregate size of 14 mm

Neverthelesghis effect was not observedresultfrom static tensile strength.
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2.3.4.3.Concrete Technolgy Laboratory (CTL) -(Okamoto, 2008)

In another study by CTL in 2008, fatigue tests were pewdron 37 specimers
size 10x10x40crhand 44 specimensf size 15x15x75c/from three different RCC
mixtures. In tis study, the effect of different aggregate types (limestone, daomit
etc.) and different beam sample sizes on fatigue behavior werigated. It was
stated that both different aggregate types and different beam sizeegalteclose

to afatigue SN curve.

2.3.4.4. American Concrete Pavement Association (ACPAJRoden, 2013)

In 2013, & ACPAstudy by Roden (2013) was conducted to develop a fatigue model
for the design of RCC pavements. For the development of this new fatigue model,
reliability levels were considered by usingistiag RCC fatigue datdrom the
literature(Okamoto, 2008; SEM202013, 2003; Tayabg& Okamoto, 1987)First, all
fatigue datan published studiebelonging to different RCC mixtures and different
bean sizes (Tayabji & Okamoto, 1987; (SEA02013, 2003; Okamoto, 200&ere
collected and multiplied bgsize factor tallow conversiora15cmx15cm beam size.
After the conversion, 141 RCC fatigue data waokected from thehree studies and

the relatedigure is shown irFigure2.8.

In the second phase of the study, the new AGRXC fatigue modednd the existing
fatigue models werecompared andhe effect ofthe pavement thicknessaws
interpreted.The two developednodels werdirst compared to th@reviouslyused
fatigue designcurve of CTL (Tayabji & Okamoto, 1987)The fatigue models
developedor fatigue loads higheihtin he 40% stress ratio were less conservative

but werestill more ®nservative than the ratio below.
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Figure 2.8. A total of 141 RCC fatigue data obtained from the literature for the new fatigue model to
be developed by ACPARoden, 2013)

Since conventional concrete (PCC) and RCC have ghlyesamilar mechanical
properties, in some design software or design guides, conventional PG fat
modelsrather than theRCC fatigue modehre still usedto calculate pavement
thickness. Therefore, in the study the fatigue model developed by ACPACGr R
pavement was compared with the PCC fatigue model used for RCC pavement design
in some softwargrogramsSince theesult of the comparison waseport that these
two models exhibitg quite different behaviorsising conventional PCC fatigue
strength iNRCC pavement desigmas not recommendetiowever,there aresome
limitations and assumptions RCC fatigue models developed by ACPA. Above all,
RCC fatigue data developed for these mlsdvere obtained from previous studies
usingdifferent mixture contets, different compression methodologiaad different
sample sizeAlso, in studies where fatige data were obtained, there was no standard

for RCC specimen productiamderlaboratoryconditions.
2.3.4.5.0ther studies on RCC fatigue behavior

Sun et al.,(1998)investigated the effects of fly ash on fatigue behavior of RCCs. For

this purpose, five different mixes were prepared and a constant aggrexgdeagr
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with maximum aggregate size of 20 mm was used. The bindingrambthe four
mixtures formed from 0%, 15%, 3Q%nd 45%of fly ash varied between 36845
kg/cn® and the final mixture was prepared as conventipoeland cementoncrete
(PCC). Inthat study, the beam specimen sizes wazkected ad0x10x40 cm. The
four-point flexural fatigue test was appliedth a stress ratio rangg between 0.55
and 0.85 and the loading frequency was selected8&#$15. The fatigue test was
continued until fdure occurred.The SN curve was drawn for each mixture and
regressioranalysis was performednd datigue equatiothat includedhe stress ratio
(S),thenumber of load repetitiato faliure (N) andthefly-ash ratiowas proposed.

An increase in thslopes of the &\ curves vasobserved withincreasecamount of

fly ashin the mixtures. In other words, under constant fatigue load there was a slight
increase in the degree of fatigue damage waitincrease in fly ash content. On the
other hand, fatigustrengthwasenhanced slightly witlanincrease in the amount of
fly ash. It wasalsostated that all RCC mixtures yielded better fatigue strength than

normal PCC concrete

The main purpose of the study Gyaeff, Pilakoutas, Neocleous, & Perg€)12)was

to investigate how steel fibers obtained from used tires could contribute to the fatigue
strength of concrete pavements. Two different mixtures were prepared to represent the
concrete roadhefirst aconventional concrete pavement mixtuaedthe £cond vas

the RCC mixture. Recycled steel fibers were added to the coat0te 2% and 6%

of the concrete weight. An RCC mixture was also prepared with industrial steel fiber
for comparisonThe same aggregate gradation was used in both mixaiteaigh

while river gravel was selected fibre PCC mixture, basalt gravel was preferfed

the RCC mixture. RCC and PCC mixtures had leirsthmount of 380 and 300 kg#m
respectively, while 20% dhe bindersvereformedof fly ash in both mixtures. In the
four-point flexural fatigue test, thre@eam (15x15x55 cih specimeswereplaced on

top of one anotheand fatigue tests performed by applying with three different stress
ratios 0.5, 0.7 and 09, ata 15 Hz loading frequency. The minimum fatigue load was
selectd as 10% of the maximum fatigue load applied. At least three specimens were
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used for each stress ratio, and the fatigue test was conteithned until failure
occurred or the number tifad repetitions reached 2 millioAt the end of the study,

it was reorted thatrecycled fibers in conventional concrete improved fatigue
performancevith the best performance achievaga fiber mixture of 2% by weight.

On the other hand, the traditidn@CC mixture yielded betteresults than RCC
mixtures with fikers uner fatigue load valueabovethe 0.7 stress ratio. According to
the researchers, this was becabseepeated high fatigue loading could lead to better
compaction of RCC mixtures andttex aggregate interlochtherwise the addition of
fibers coutl resut in pore formation in mixtures and also cause a slight decrease in
aggregate interlock. On the other hand, all fiber reinforcement RCC mixtures
exhibited better fatigue resistance unttev fatigue loading, possibly due better
crack control. Inthe la$ part of the study, the design of road pavement with
conventional concrete and RCC with recycled fiber was compared with a simple case
in which only the fatigue effect was considered.a\result othiscomparison, it was
stated that the design¢knesscould decrease by up to 26% wihincrease in fatigue
performance of RCC. In addition, the researchers stated ftratatiguerelated
performance of road pavemenigiile beam sampls were used in the literature, the
roads normally behaved as plat€bey emphasized that the fatigue performance of
the beams actually reflected fieddnditionsat a lower level because the plates would
be about 309%tiffer than the beams.

The primary purpose of the study bylodarres & Hosseini2014)was to determine

the mechanical performance of 12 difint RCAnix combinationaisingnormal and
reclaimed asphalt pavement aggred®&P) with rice huk ash (RHA) ranging from

3% to 5% of cement amount in the RCC. A number of tests were performed to
determine the mechanical performararedafatigue testvas perfomed. In the study,
athreepoint bending flexural fatigue test was &ipd at a frequency of 1.0 Hz. Three
fatigue samples were tested for three different stress faéés 0.75 and 0.85, and a
total of nine beam samples (5x5x30%were usedHowever,it should be kept in
mind that the number dfiese samples is quitendor achiewng fatigue behaviar
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When the SN equations were examined,cibuld be seethat the increase of RHA
content in the mixtures caused an increase in the slopks 8N cuives. Similarly,
the slopes of the-8l curves for RARcontaining mixtues were also significantly
increased compared those fromconventional RCC mixture& remarkable aspect
of that study was investigain of the relationship between fatiguetavior ad the
energy absorption capacity of the sampleadingto the followng equationrelating

the SN slope (SV)o theenergy absorption capacitydef RCC.

O pomdYxcu® Y T@OY (2.1)

As a result, researchers fromatistudy stated that the fatigue life of RCC mixtures
containing RAP materials was lower than conventional RCC mixtimg¢sRCC
mixtures containing® RHA and the trditional RCC mixture gave close results.

2.3.5. Literature Review Discussion Part Il

Permanent and progressive damage or instantaneous and brittle fracture can be
observed in the internal structures of materialmymanentsor structures exposed to
repeateddads, even if these loads argnificantly less thatheir static strength. This
fatigue effect is mostly seen in designs in aircraft, automoéind manufacturing
industries and italso appears in the desighmany bridges, coastal structuresroad
pavement related to civil engineeringhe literature study of fatigue behavior of
metallic materials is quiteoluminousbecauséatigue effect areresponsible fomany

of the failuresin mechanical structuseOn the other hand, since the fatigue dffec
often not addresseid traditional concrete designs, relativégwer studieson this
topic are foundn the literature. Another reason for the€k is that determination of
the fatigue behavior of the canete is not agasy as determining staticesigths the

process is vergomplex time-consumingand costly.

With respect tahevery limited number of fatigue studies related to RCCoitld be
seen that the studiesremostlyfocusedon the developnre of fatigue design model
used in road pavement designtlie USA. In fact, there are generally two different

threadsn the guidelines or softwateols forRCC pavement design. The first is the
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use of traditional concrete-I$ fatigue nodels in fatiguedesign of RCC pavement,
acknowledgingthat RCC actsanuch like a conventional concrete pavement. The
second isdistinguishingRCC from the traditional concrete ambterminingthe
fatigue behavior of the RCC. Fatigue behavior studies on R&(@ mostly been
performedby those with a second opinion aimatdevelopng new RCC fatigue
models thatiffer from those ofconventional concref@andRCC fatigue studies in the
literature generalljhave suppored this second opinionWith respect tahe limited
numberof RCC fatigue behavidoundin the literature, the following findings can be

summarized

1 It has beeneported that RC@xhibitedbetter fatigue performance than
conventional concretewith fatigue strength of the RCC vag between
abou 55% and 60% dthe ultimate static strength.

1 In all studies exceprfayabji & Okamoto(1987) RCC fatigue tests were
performed on the beaspecimens produced the laboratory but it was
seen that no standard compaction procedure was applied in most of them.
However, the ratio of compaction in RCC specimens is knaaffect

mechanical performance significantly.

1 One of the most comprehensive studies on the fatigue behaviRC Gf
was carried out byrayabji & Okamoto,(1987) In four different RCC
mixtures, river gravel was usedth abinder ratio ranigmg from 170 to 190
kg/m®. A total of 23 beam samples were dubm RCC pavements
compacted by Hfon vibratory rollers in the field and subjected to fatigue
testing after seve monthsand theS-N curve obtained from the study
compared with conventional concreteNScurves. From this study,
researchers stated that RG&@d conventional concrete had similar
mechanical propertiesith respect tacompressive, flexural strengtand
elastic modulusand RCCgavement desigeould beperformed similarly

to that oftraditional concrete
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1 RCCbeams were subjected to fatigue Iehdtween 50% and 90% of the
ultimate static strength and fatigue tegf was mostly completedsing2
million load repetitionsat loading frequencies generally selectedlie
between 10 and 15 Hz.
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CHAPTER 3

EXPERIMENTAL STUDY

In this thesis, the experim&l program was conducted in three phases. In the first
phaseyariouslaboratory compaction methodologies were appieedifferent RCC
mixtures and relatiomsps between strength, density, and compactabilitywere
examinedand a compaction methodologysing a double drum vibraty hand roller
(DDVHR) was developed forsimulaing field compaction procedures; the
laboratory. In the second phase, the effexft RCC mixture parameters (binder
amount, aggregate gradation) on R@€Echanical properties ancdture parameters
were observed for different RCC mixtures producedti®yDDVHR compaction
methodology developed in the previous phase. Finally, in the third phase, for the three
RCC mixes of different strength performance oi#td in the previous phadéexural
fatigue performance was determined in terms & Surves In this chapter, the
materials and experimental methods used in thishinese studys described

3.1.Phase I: Effect of Laboratory Compaction Methodlogies on the Properties
of RCC

Since different compaction methodsave beerused to produce RCC specimens
describedn the literaturebutthere is still no fully efficient method that can be used
in laboratorieso represent field compactigroceduregMehta and Monteiro, 2006)
the aim ofthe first phase wa® developan appropriate conggtionmethodology and
ensurean optimization betwen strength, density and coagabilityin simulatingthe
RCCsfield compaction proceasnderlaboratoryconditions. For this purposCC
mixtures were ppared with different cement dosages, aggregate, sareswater
amountsthethree main factors aftingRCC propertie§Table3.1). A total oftwenty

RCC mixtures wer@repared andompacted by four different latatory compaction
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methodsmodified poctor, (ASTM D1557, 2012)vibrating hamme (ASTM C1435,
2014, vibrating table(ASTM C1176, 2013)and Superave gyratory compactor
SGC,(ASTM C1800, 2016)150 mm diameter cylindrical specimens were prepared
usingthese compaction methods for each mixtamed concrete frestiensities,28

day compressive and splitting tensileengths and porosity values were determined
from these specimendA pilot RCC road section was then prepared in the laboratory
using DDVHR to represent field compaction conditions for the selected mixtures and
values were found for concrete densities;da§ compressive and splitting tensile

strengthsporasity values and shrinkage.

Table3.1. RCC mixtures and compaction methods used in this phase

Mixture Proportions
Mix

Cement  Aggregate Water Compaction Methods
® Amount (kg/n¥) Dmax(mm) Ratio by weidt
1 200 12 Modified Proctor (ASTM D1557)
2 200 19 %3, %4, Vibrating Hammer (ASTM C143t
3 400 12 %5, %6, Vibrating Table (ASTM C1176)
4 400 19 %7 Superpave Gyratory
Compacto(SGC)*

*SGC could not be used in some water &tio

Material selection and mixture design, canponmethodstest proceduresnd the
resultsrelated tothe purpose othe thesisplan are presenteaelow under separate

subheading.
3.1.1. Material Selectionand Mixture Design

In all RCC mixtures CEM | 425 R type ordinary portland cemeptoduced in
accordance witthe TS EN197-1 and crushed limestone aggregates were.lis¢de
second and thirghaseof the experimental studyly ash and silica fume wer@so
used toproducehigh-perfamanceRCC mixtures. The fly ash obtained from the
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Sug6zi Thermal Power Plant is designated as Class F accordifd k C618-19,
(2019) and the silica fume was obtained from Antalya Etib&tdctrometdurgy
Incorporation. Chemical composition of the cementitious materials is givEabile
3.2. The specific gravities of the cement, fly asimd silica fume used in the study
were determined as 3.11, 2.61 and 2r26pectively, and the Blaine specific surface

area of cement and fly ash were determined as 3341 and 28@y) eapectively.

Table3.2. Chemical composition of cementitious materials used in the study

Chemical CEMI1425R Class F Fly Ash Silica Fume

. Portland Cement  (Sug6zi Thermal (Antalya Etibank
Composition Power Plant) Electrometallurgy Inc.)
CaO % 63.7 1.64 0.71
SiG % 18.5 56.22 91.00
Al;03% 4.6 25.34 0.58
Fe03:% 31 7.65 0.24
MgO % 1.62 1.8 0.33
SG; % 3.05 0.32 1.06
K20 % 0.91 1.88
Na:0 % 0.45 1.13
Loss of Ignition % 4.37 2.1 1.84

The physical properties of the aggregates determined by the related ASTM
standard¢ASTM C12519, 2019; ASTM C12-445, 2015; ASTM C1245, 2015)re
preented inTable3.3.

The aggregate grainze distribution(ASTM C136M-14, 2014; ASTM C33ML8,
2018)for three different aggregate sizes§@®nm, 512 mm, 1219 mm) used in the
study is giverin Figure3.1.
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Table3.3. Basic physical properties of fine and coarse aggregates.

Fine Aggregate Coarse Aggregate Coarse Aggregatt

Physical Properties FA (0-5mm) CA (512 mm) CA (12-19 mm)
Maximum aggregate size (mm) 5 mm 12 mm 19 mm
Specific gravity (SSD) 2.67 2.69 2.71
Specific gravity (OD) 2.64 2.68 2.70

Bulk density in compacted conditio 1791 kg/nd 1540 kg/nd 1488 kg/nd
Bulk density in loose condition 1668 kg/ni 1466 kg/nd 1395 kg/nd
Absorption % 1.24 % 0.29 % 0.18 %
Fineress modulus 3.2 - -

Figure 3.1. Fine and coarse aggregates gradation

The desired gradation of the aggregate combination was determined by considering
the recommendedRCC gradation band from the America@oncrete Pavement
Association(ACPA, 2014)and hot mix asphalt (HMA) gradation limits from the

48










































































































































































































































































































































































































































