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Abstract

A wealkness irearly strengttandthe need for longecuring times in the case of cold bituminous emulsion
mixtures (CBEMsompared to hot mix asphalt have been cited as barrigrewosder utilization of these
mixtures. A inary blended filler material produced frdrigh calcium fly ash (HCFA) analfluid catalytic
cracking catalyst (FC3Ryas found to be very effective in providing microstructural integrity witiovel
fastcuring cold asphalt concrefer the binder coure (CACB) mixture Balanced oxide compositions
within the novel fillerwere identified asesponsible foanenhanced hydration reaction, resulting in a very
high early strength and a significant improvement in permanent deformatidrfatigue resistance
Improved water sensitivity for progressive hydration with the new binary filler wasstablishedvhile

SEM analysis confirmed the formation of hydration products after various curing ages
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1. Introduction

Currently,attempts to save energy and decrease emisBmmsasphalt paving applications have led to a
growth in the usage and accemarf sustainable pavement design practices. One of these pradiiees is
use ofcold asphalmixtures (CAMSs) as less energy is used when produdiagnain constituentsCAMs

can bedefined as bituminous materials mixed using aggregates and atdenbient temperatusg1].
Both economic and environmental advantacgn be achieved bigmovingthe needto heat substantial
volumes of aggregate compdito traditional hot mix asphal@, 3]. However, thesemixturesare inferior

in terms of theimechanical properties, highir voids,rain sensitivity and théong curing timeneededo
achievetheirfinal strength4, 5]. It is generally accepted that hot mix asphalt should approach its full design
strengthin a relatively short period of timehis enalihg its characteristics to be measured almost
immediately aftemanufactureFor anumber of reasons, the same approach cannot be appliddis[6].
The CAMs technologyadopted in thgpavement industry has been widely utilised in many counfivies
example, France and Turkayrecent gars Annual production is 1.5 milliotonnes inthe formerand 2

million tonnesin the later [7]. In contrast due to the weather conditions in the UKe use of CAMs is
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restrictedto base and subase courses of structural laygts8]. Subsequentlythe useof cold emulsified
asphalt as structural layeis restrictedbecause ofhe long periochecessaryor such material to readts

full strengthdue tothe UK weatherand because otigher sensitivity to rainfallin the early stages of
application[9].

Those mixtures havbeendescribed as evolutive materig® in contrast totraditional hot mix asphalt
which gainstrength rapidly as the material coolhey gradually achieve strengthwvhen the material
becoms dry, furtherdevelopingincreasing strength over timéhere are continuously changing properties
exhibited by emulsion bound mixtures (stiffness modulus, permanent deformation resistance, water
sensitivity, etc.which continueuntil they reacha steady state at a fully cured condititmgughthey may

still contain a low amount of residual wafét. Jenkins [1]Jdemonstrated that when moistiiseexpelled

from the mix, cold bituminous mixtures gain strength.

Conventional cement is commonlgadin cold mix asphalt as an enhanaath techniqueOne of the
benefits of this techniquefisat satisfactory strength can be reached in a phadd oftime[10, 11] Brown

and Needham [13xamineccement modified emulsion mixtsghe primary aimto appraiseheinfluence

of addingOrdinary Portland Cement (OPC)4aid mixtures. They used a granite aggregate grading in the
middle of 20mm dense bituminous macadam with a single-s&iting emulsion. They concluded thiad:
addition of OPC enhanced the mechanical properties, namiffiiess modulus, permanent deformation
resistance anthe fatigue strength of the emulsified mix&3ruc et al. [9lalsocarried outa study to assess

the mebanical properties of emulsifiedghalt mixtures incorporating®b Portland cemengubstantial
improvements wergeen withthe addition ofhigher quantities oPortland cement and they recommended
thatsucha mixture might be used as a structural pavatriayet

The reuse of waste materials in cold asphalt mixtures is generally promoted for two reasons: environmental
sustanability (cement manufacture is responsible for 5% of global greenhouss (G43G) [13]) and
ecoromic benefits Ellis et al. [14]investigated the performance of a range of stegagde macadams
consisting of recycled aggregates from differentrses bound by bitumen emulsion and Ground Granulated
Blastfurnace Slag (GGBS). The results revealed that stiffness and strength can develop when GGBS is added

3



83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

in conditions of high humidityThanaya et al. [15¢onducted experiments using pulverised fly ash (PFA)
as a filler in a cold mix at full curing conditiorthe cold mix stiffness wa®und to becomparable to that
of hot mixes

Al-Busaltan et al. [Slisedwaste material§waste fly astas thesubstitute for traditional mineral fillgto
develop a cold mix asphalt, a close gradeld bituminous emulsion mixtu(€BEMs) that hal outstanding
mechanical properties compared to traditional hot mix asphakicsudourse The result was thain
additional binder was produced frdahme hydration process that took place betweearwvihste fly ash and
the trapped water involved in cold mixtures.

Al-Hdabi et al. [16applied twosortsof waste fly ah as filler substiteisto produce new gagraded Cold
Rolled Asphak (CRA). The new CRA produced were found tbavea comparableperformancewith
conventionaHot Rolled Asphak (HRA) after short pgods of curing in terms aftiffness modulus and
uniaxial creep testdn addition,a considerable improvement in terms of resistaneeaterdamage which
reported.The effect of chemical additives comprisi@fpC, hydrated lime (HL) and a combination of HL
and GGBS omecycled mixture performanaeith asplalt enulsion was examined yu [17]. Heconcluded
thatthelevel of performance enhancement depends on the type and content of chemical aéfiyitiragion
products camesult instiffnessincremens and cohesion of the asphalt mastic of the recycled mixture.

It was reported by t AN R Y i H Wwhabtést condi@nsuch aspplied test temperature and loading speed
effect he stiffness modulus of bitumen stabilized materials along with other cold recycled mixtures.
Viscoelastic material behavioareaedfrom reclamed asphalt material (RA/RAR) addition tothetype

of bituminous binder appliedcan explain this Zak and Valentin [19)tated thaBitumen Stabilized
Materials (BSM) have higher air voidsless adhesion antss cohesion inthe internal structurein
comparisorto HMA. Accordingly, the fatigue performance of such mixture is inferior to HREcently,
Nassar et al. [2Q)sedbinary and ternariglended fillerdBBF and TBF}o see if there was aripnprovement

in Cold Asphalt Emulsion Mixture@CAEMS). Variousfillers sortswereused such as OPC, fly asbGBS

and silica fume. THe resultsindicatedthat the TBF was more appropriate than the BBF for CAEMs
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manufatureclaimingthatthe TBF mixturewould beeffective for use omoad pavementsubjectto harsh
conditions both hot and colaveather

Sadique et al. [21donducted research exploring the pozzolanic reactivity of calcium rich fly ash by blending
and grinding it in a cemetfitee systemfinding that the hydration products amdprovements irstrength

in the new blend ascomparable to cemertlarmol et al. [22]nvestigatedhe pozzolanic activity of FC3R

in Portland cement systerhg examiring the water/binder effectTheycompared reactivity thetakaolin
asynthetigpozzolan reporing that FC3Rhas ecompaablechemicalstructureand high pozzolanic activity
Accordingly, HCFA and FC3R have thetpntialto be employed as supplementary cementitious materials
(SCMs) to substitute traditional mineral filleks further support,Pacewska et al. [23kvealed that both
spent catalyst and microsilica have $hene potentidab be combined with Ca(Ok)esthe hydration process

is highly exotherrie, resulting inrapid setting of the cement pastdesefindings offer apotentialimpact

on sustainability by eliminating the need for cement in cold asphalt mixtures.

Despite extensive research into different types of CBEdIdate the problems retang to curing time, low
early strength, rutting resistance and water sensitivity of CBEMshtbinder course have not been
addressed. Therefore, developingadd asphalt concrete for the binder course (CACB) mixiitie high

early strength, resistaado water ingress and with minimal time requireraémtt structural loading would

be a breakthrough in CBEM research. Developing a novel binder to be used as a filler in CACB would
provide the enhanced properties mentioned above. Thereforayestigaton to establish aadvanced
method for developing cementitious binder suitable for CAGB beused as a filler has been carried out
in this study.A supplementary cementitious material derived from industrial waste has beenerseaitoe

the performaoce of the CACB mixtures.The indirect tensile stiffness modulus (ITSM) test, permanent
deformation resistance anests offatigue resistance were utilised to evaluate the effects of using high
calcium fly ash (HCFA) witha fluid catalytic cracking catalyfFC3R) onthe mechanical properties of
CACB mixtures The effect of usinghesemateriab on moisturedamage resistancsas evaluated by

determining the Stiffness Moduluafb (SMR).
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2. Materials and method

The properties ofthe materials thahave beenutilised in the preparation dbboratory samples agiven
below.

2.1 Materials

2.1.1 Aggregate

Coarse and fine aggregates were crushed griite Carnsew Quarry at MapBenryn in theJK, which

is generally used to produce hot asphalt concrete meixtd dense aggregate gradation the asphalt
concrete binder course AZD was used in this resear@s shown in Figure IThe aggregate structure
permitted a curve to be establisHelfiowing the standar&N 131081 [24]. This gradations normally used
on asphalt pavement binder course in the WKe physical specifications difoth the coarse and fine
aggregatehavebeendetailedin Table 1.

Asphalt concrete is by far the most common mixture in use as a binder course and base in road pavements
in the UK. Having a continuous gradeoffers a good aggregate interlockigiy it very good loaespreading

properties as well asgh resistance to permanent deformation.
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Figure 1. AC 20 mm dense binder course aggregate gradation



153 Table 1.Aggregate physical properties

Material Property Value
Bulk particle density, Mg/ 2.62

Coarse aggregate Apparent particle density, Mgfn 2.67
Waterabsorption, % 0.8
Bulk particle density, Mg/ fn 2.54

Fine aggregate Apparent particle density, Mg/im 2.65
Water absorption, % 1.7

Traditional mineral filler

(imestone fillen) Particle density, Mg/ fn 2.57
154
155  2.12 Bitumen emulsion and sphalt
156

157 Cationic slowsetting bitumen emulsiorfC60B5) designed for use in road pavement and general

158 maintenance applications, was udedprepare the cold bituminous emulsion mixturésanaya [25]

159 confirmed that cationic emulsion is preferred as a result abitgy to cod aggregate and to guarantee high

160 adhesion between aggregate particles. Table 2 illustrates the properties of the chosen bitumen emulsion.
161 Two grades of bitumen, soft bitumen of penetration grade (100/150) and hard bitumen of penetration grade
162 (40/60),wereused to make the hot asphalt concrete binder course mixtures. Tetdd2he characteristics

163 of these binders.

164 Table 2.Properties of (CaB5) bitumen emulsion
Description (C 60 B5) bitumen emulsion
Type Cationic
Appearance Black to dark brown ligid
Base bitumen 100/150 pen
Bitumen content(%) 60
Particle surface electric charge Positive
Boiling point, (°C) 100
Relative density at 15C, (g/ml) 1.05




165 Table 3.Properties o#10/60and100/150bitumen binders

Bituminous binder 40/60 Bituminous binder 100/150
Property Value Property Value
Appearance Black Appearance Black
Penetration at 2%C, (0.1 mn) 49 Penetration at 2%C, (0.1 mnm) 131
Softening point(°C) 51.5 Softening point(°C) 43.5
Density at 25C, (g/cn?) 1.02 Density at 25C, (g/cn¥) 1.05

166

167

168

169 2.13Chosenfillers

170 Two waste materials were used as filler replacement in this study: high calcium fly ash (WGIEA)s
171 generated from power generation ptng combustion at betwe&@b(°C and1100C using a fluidised bed
172 combustbon (FBC)system, and spent fluid catalytic cracking catalyst (FC3®jvaste material generated
173 viafluid catalytic cracking processin petrol refineries from the fluidised bed procds83R is a silica
174 aluminous based material similar to metakaolin alvhinake this material a promising prospeetith
175 referenceo theactivaion of the HCFA.

176 HCFA was blended with FC3R in different percentages to produce a new binary blended fi&snent
177 (BBCF) for the cold bituminous emulsiomixture. Limestondiller (LF) was utilised as the traditional
178 mineral filler whereas a commercially available Ordinary Portland Cement was used for comparison
179 purposes during the studyhe chemical analysis bgnergy dispersive Xay fluorescence (EDXRF)

180 spectrometeof all the fillerscan be seen imable4.

181 Table4. Chemicalanalysis of theselectediller materials, %
Chemical .6 sio, ALO: MgO FeOs SO KO  TiO: NaO
composition 23 9 &3 z 2 &
HCFA 67.057 24.762 2.430 2.845 0 0.340 0.266 0.473 1.826
FC3R 0.047 35.452 44.167 0.684 0.368 0 0.049 0 0

OPC 62.379 26.639 2435 1572 1745 2588 0.724 0385 1.533
LF 76.36 16.703 0 0.981 0 0.096 0.348 0.185 2.258
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As shown in Tabld, it can be seen th&tCFA is mainly composed of CaO with a good amount of,%iql
AlOs. It was reported thahe existenceof Ca, Aland Si in fly ashare significant in developing a new
cementitious materidfom wasteand byproduct material$21]. Sadique and ANageim [26]repated a
lower CaO content (57%in their investigationbut the proportion ofSiO. was higher 8%). The main
oxides inFC3R are AkOs and SiQ, this consistenwith thoseachievedoy Marmol etal. [22], Mas et al.
[27].

Lea [28]statedhat soluble Si@and ALOs presenin the glass phase of pozzolanic materials can redct wit
Ca(OH} whenreleasedhroughcementhydration tomakean extracalcium silicate hydrate (CSH) geblat
enhanceghe mechanical strength tife hardened concrete structure

The powdepattern ofHCFA in XRD shown in Figure 2 reveatdithat theHCFA sampleis crystalline as it
contains sharp peaks without significant noise in the backgrdumedmajor crystal peaks identified were:
lime (CaO), calcite (CaC{p mayenite (CaAl140s3), merwinite (CaMg[SiO4]) and gehlenite
(CaAl[Al,SiOy]). A similar mineraloy was reported bgadique and ANageim [26], Sadique et al. [29]
however no merwinite was deteciedhe later.

Thepowder diffraction in XRD shown in Figure 3 indicated th@BRhas very low crystalline peakehich
areamorphousn naturemeaning thait will demonstratéigh reactivity duringhe hydration procesand
can be used aspozzolanic materialThe following crystalline peaks werlentified: kyanite (AbOsSi),

guartz (SiQ), mullite (Al6Si>013) ard dehydrated G&\ zeolite (AlpsCausO3s4Sk).
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210 2.2Samplepreparation and conditioning

gi% In thisresearchOPC, HCFA and FC3R were utilizeddobstituteraditionallimestone filler in the CACB
213 mixtures.To date there is nauniversallyaccepted desigmixture for CBEMs although smemix design
214  procedures for CBEBIhave beersuggestedy some authorities and researchérs25, 30] The design
215 procedurdor the current studfollowedthe method impleented by th Asphalt Institut¢30], theMarshall
216 Method for Emulsified Asphalt Aggregate Cold Mixture Design (MB. Preparationaccording to the
217  design methoavascarried out as follows:

218 The first stepvasto decidethegradation of thaggregatasstatedn Section 2.11. Next,theinitial emulsion
219 contentwasdetermhed by usingan empiricalequationas recommended ke Asphalt institute manual
220 MS-14. The aggregate gradatibas amajoreffect on the initial emulsion content according to this equation.
221 Determining the prewetting water contenfPWC) has to be considered in light of the fact thegtcoating
222  ability of the bitumen emulsion to the aggregatéepengntonthe prewetting water contentThis is even
223  more pertinenmivhen the aggregate gradatmymprisesa highproportion of materials passing a §@n sieve.
224  Variouspre-wetting water contentsereexaminedo selectthe lowestatio andensurehat the coatingvas
225  satisfactory The optimumbitumenemulsion contenfOBEC)was decided by thimdirect tensilestiffness
226  modulustestaccording to BS EN 126976 [31]. Finally, amix density test wastilisedto decidethe optinal
227  total liquid content at compactiofOTLCC) (i.e. emulsion plus prevetting watercontentsproviding the
228 highest mix indirect tensile strength and densiycordingly, PWC OTLCC andOBECwere 3.5%, 14%
229 and10.8%, respectivelyThesdfindingsare comparable to thopablishedn otherresearchs, 32].

230 Cold asphalt concrete binder coursixtureswere producedby substitutingthe mineral fillerwith HCFA
231 and adihg FC3R in different proportions as a supplementary cementitiougnmahtThe indirect tensile
232  stiffness nodulus testwascarried outo evaluateheinfluence of HCFA and FC3R substitutighe results
233 compared withlthose forconventional hot asphalt concrete binder counséures Serfass et al. [6found
234  that cold mixes have evolutional characteristics mambyeir early life, where early cohesion is low and

235  builds up slowly.

11
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The proportionsof the mixture by percentageof Marshall samplesare summarized iffable 5 The
materials vere mixed in a Hobart mixeAfterwards, compaction was achieved by means of a Marshall
hammer with 100 blows, where 50 blows were applied to both faces of each spéicimaenreported by
Nassar et al. [2GhatMarshall compaction ian appropriate method to usemanufactur@anappropriately
dense mixture.

After compactionthesamplesvereleft for 1 day at 28C in the moul¢lthe next day they wee-moulded.
All the specimensverethenleft in the lab at 28 and tested atariousages, i.e. 1,,37, 14 an®8 days.
Fouradditional reference mixtures were prepared and tested for comparison pulpagdseated mixture
with traditional limestone filler (LF) was the firslavingthe same desigasother CACB mixturesThe
second mixturgvastreated witt6% OPC whiletwo grades ofiot Asphalt ConcretdC 20(third ard fourth
control mixtures)based on 100/150 pen and 40/60,peere tested ahe sameages The reference hot
mixtures alsohadthe same aggregate type amddation The bitumen content was 4.6% in accordasite
the standard BS EN 1381[24].

All the emulsion mixtures were fabricated and compacted at ambient temperBteréaboratory mixing
temperaturesf the hot mixesvere fixed at 15A.60°C and 160170°C for the 100/150 pen and 40/60 pen

respectively.

12



262  Table 5.Details of themix proportions ofCACBs

Types of nixtures Filler types Bitumen emulsion, % Pre
wetting, %

1.5% HCFAmIx 1.5% HCFA +4.5% LF 10.5% 3.5%
3% HCFAmMIx 3% HCFA + 3% LF 10.5% 3.5%
4.5% HCFAmix 4.5% HCFA + 1.5% LF 10.5% 3.5%
HCFA mix 6% HCFA 10.5% 3.5%
BBCF mix 4.5% HCFA +1.5% FC3R  10.5% 3.5%
HCFA-FC3R3-1 mix 3% HCFA+1% FC3R+2%LF 10.5% 3.5%
HCFA-FC3R3-2 mix 3% HCFA+2% FC3R+1%LF 10.5% 3.5%
HCFA-FC3R3-3 mix 3% HCFA+3% FC3R 10.5% 3.5%
Control mixtures

LF mix 6% LF 10.5% 3.5%

OPC mix 6% OPC 10.5% 3.5%

Hot AC 100/150 mix 6% LF 4.6% base binder 100/1E& -

Hot AC 40/60 mix 6% LF 4.6% base binder 40/60 -

263

264 Regarding the wheel track slalise sample mixtures for rutting tests were prepareddrsame wags for
265 the stiffness test#\ slab sample with a 400mm length, 305mm width and 50mm thickness was compacted
266 at ambient temperatuie the steel mould using a Cooper Technology Roller Compactor delioeing
267 the standard BS EN 12698 [33].

268 The slabspecimensvere kept in their moulds at lab temperature (20°C) for 24 hours before extréuton
269 represerihg the first curing stagetage twoinvolved curing the slabs 40°Cfor 14 daysremovng them
270 from the ventilated oven cooling and subjedhg to the wheel track test. This curing protocol was
271 recommended byhanaya [25}0 guarantee tha completelycured condition waseachedAll the tests
272  werethenperformed on CACBnixtures atafully curedcondition.For the fatigue testslab samplesiere
273 prepared and cured in the same way as for the wheel track test sainptdabsamplesverethen cut with
274  asaw toprovidea beam shape sample wi80mm length50mm heighind50mm width.

275  2.3Experimental program and tests performed

gg Theindirect tensile stiffness modulus (ITSkstandrutting resistancevereappliedto evaluatehe useof

278 the supplementary cementing material thre mechanical properties &@ACB, while SMR was used to

279  assess meture sensitivity A Scanning Electron Microscopy (SEMbpservatiorwas appliedo investigate

13
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297

the microstructure of thieydration productsMany researchetdor exampleAl-Busaltan et al. [2], Nassar
et al. [20] Thanaya [25], Monney et al. [34], Aldabi et al. [35] have reported measuring the ITSM in
order to evaluate the mechanical performance of CAMheettrackingtest wasadopted byOjum [36]to
characterize and assess thehanism of failure of CBEMd-our point bearbending tets which evaluate
the fatigue performance of CBEM&s recommended byl-Hdabi et al. [10] In addition, numerous
researchersuch af\l-Busaltan et al. [2], ABusaltan et al. []AlI-Hdabi et al. [37have reportecheasuring

water sensitivity in terms of Stiffness Modulus Ratio (SMRE8iMs following BS EN 1269712 [38].

2.3.1 Indirect tensile stiffness modulus (ITSMgst

The ITSM test isanontdestructive testisedto evaluatethe ability of anindividual layer ofa pavement to
distribute tréfic loads to the layebeneath. Currently, stiffness modulus is generally reismgnas a
significant performance property of bituminous paving materialsindedas an indication of the load
spreading ability of bituminous pavifayers.The test wasarried oubn five samples for each mixture type
following the standar8S EN 1269726[31] using Cooper Research Teclogy HYD 25 testing apparatus.

Test conditionsreshownin Table 6below.

Table 6 ITSM test onditions

I[tem Range

Specimen diametefmm) 100+ 3

Rise time (mg) 124+ 4
Transient peak horizontal deformatigpm) 5

Loading time (s) 3-300
PRLVVRQTV UDWLR 0.35

No. of conditioning plus 10

No. of test plus 5

Test temperaturg;C) 2005
Specimen thicknesémm) 63+ 3
Compaction Marshall 50blows/face
Specimen temperatuomnditioning 4hr before testing

14



298 2.3.2Wheeltracking tester

299

300 Laboratory wheetracking testswere appliedto evaluatethe rutting resistance dhe cold bituminous
301  emulsionmixturesfollowing BS EN 1269722 [39]. Wheeltrackingtestsusually measure the rut produced
302 bytherepeated passage of a wheel over asphalt corstasteamples. Bb samples of dimensions 400mm
303 length and 305mm width wem@eparedor the cold asphalt concrete binder coutsgiminous emulsion
304 mixtures and control mixtures. These samples were then testedtting susceptibilityin a small size
305 wheeltracking deice. The samples were tested at 45°C under application@d ad passes af7f00N
306 axle load.The longitudinal distance that the wheel tréa@throughon each passvasapproximately 230
307 mm.Thesmall HYCZ5 wheeltracking equipment used llye Liverpool Centre forMaterialTechnology

308 (LCMT) labswas usedJable 7 illustraing the test conditiong:ive slab samples have been &Hbr each

309 mixture type

310 Table 7 Wheeltrackingtest onditions
Item Range
Tyre of outside diametgfmm) 200-205
Tyre width, (mm) 505
Trolley travel distancgmm) 230+ 10
Trolley travel speeds/min) 42+ 1
Frequency load cycles per 60 s 26.5+ 10
3RLVVRQYfYVY UDWLR 0.35
No. of conditioning cycles 5
No. of test passes 10000
Test temperaturg°C) 45
Compaction Roller compactor
Specimen temperatummnditioning 4hr before testing
311
312
gﬁ 2.3.3Four-point beambending test

315 The fatigue life of asphalt mixturésdicatesits ability to resist repeated traffic loads without suffering
316 failure. Because of thisfatigue resistance is considered a main principle in design methods of flexible

317 pavemergand wagerformedhereusing astandard foupoint beam fatigue test. The fatigue life measured

15
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344

as equal to the number of load repetitions rasyih a 50% stiffness decreas&his testwas performed
according to BS EN 126974 [40] using the controlled strain method at a temperature of 20°C and 10 Hz

frequency under sinusoidal loading with no rest periodaarahtrolled strain criteria of 150 microstrain.

2.34 Water sensitivity

The ability of @phalt mixtures to resistarsture damage is critical to their lotgyrm performanceBeing
sensitive to moisture damageakes the asphalt mixtureventuallyfail in any of the failure modes, e.g.
rutting, fatigue, thermal crackingnd ravelling [41]. A water sensitiviy test wasappliedfollowing the
standarcEN 1269712 [38] to evaluae the mixturesfsensitivty under themoistureeffect. This testeveals

the effect of saturation andmproved water conditioning on the indirect tensile stiffness modulus of
cylindrical specimens of CBEMsperformedherefollowing EN 1269726 [31].

The watersensitivity test identifid that the interior bonding of the asphalt mixtu@sreducel due towater
existenceThespecimens were divided into two setee first set of specimens wekeptin the mould for 1
day before extraction and théeft at 20°C for another7 daysprior to the stiffness modulus test performed
at 20C; they represergd a dry condition.The secod set ofsamples weré&eptin the mould for 1 day
extractedandleft to cureat 20°C for 4 days before beingubjectedo a vacuum (with 6.7 kPa pressure for
30 minutes) an#teptsubmerged i glass jar foran additional 30 minuted-ollowing this thesesamples
were conditioned at 4C for 3 days before testingepreserihg a wet conditionFive specimengeretested

for each mixture typelhetwo sets wer¢hentested using the ITSM test, where the water sensitivity was
measured by determining the Btéss modulus ratio (SMR) ratio as follows:

SMR = (wet stiffness / dry stiffness) x 100

2.3.4Scanning Electron Microscopy (SEM) observation
Scanning electron microscopy (SEM) is a technique for high resolution imaging of sudaegsalthe
morphologyand internal microstructure of the particles and surface characterization of maiérisls.

technique will allowchanges to the hydratiggroductsas a result of using HCFA and BBCF fillerstire
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CACB mixtureto be examinedThe testsvere performed vihh an SEM resolution of-8 nm high vacuum
and test voltageanging from5 kV to 25 kVusinganInspect scanning electron microscope
Microstructuralanalyses werperformedoy employing SEM on selected paste samfiesde with HCFA
and BBCEH taken fromthe centre of the crushagpecimensThesespecimensvere used to detect changes
in the materials at various ages of curing. The pastes were moulded into csdingeesvhich were kept
for 1 dayatroom temperature and then demould&ppropriate piecegrerethentaken off the cylinders at
due age, i.e3 and 28 days for SEM investigations. It was essentiahturethat the pieces were srgul
out of thespecimendy impact without touching any toatsherwisethe paste surface would not be a natural
one and would nadccuratelyrepresent théeatures of thenaterials correctlyThe peces wergnountedon
aluminiumstubsusing doublesided adhesive carbon disksdsubjectedo avacuumA palladiumcoating

wasthen appliedo thesample prior to taking the SEM imagesusing an auto fine sputter coater

2. Results and Discussion

3.1 Performanceof CACB mixtures inITSM test

The first phase of the researcbrcernedthe effect of the substitution of conventional mineral filler with
HCFA on the stiffness ndulus of cold asphalt mixture$he ITSM test was run in accordance with BS EN
1269726 [31]. The results of ITSM test®f the HCFA eplacement are shown in Figuremhere it can be
seenthat the ITSM for 6UHCFA replacemenafter 3 days is around lifmes the referencr untreated
cold mix asphal{6% limestondiller- LF).

It is clearlydemonstratethattheadditionof HCFA as a substitutr limestondiller substantidly enhancd
the stiffness modulyghis improvement due téwo effects.The first isthe generation of another binder
made from th@rocess ohydrationasa resuliof the hydraulic reaction ¢iCFA in addition to the bitumen
residue binderSecondly,trapped water was lost during the hydrationtleé HCFA. Of note here
conventionahot asphalt concrete binder course mixtures do not display visible differences inoMe8M

time.
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Figure 4 ITSM resluts after 3 days

The second phase was achieved by adding FC3R in a binary filler as a substitute for HCFA with different
percentagef0%, 1%, 2% 3% and 4Pby the dry aggregate weight. The optimum composition within the
binary blended filler was found tme 4.5% HCFA and 1.5% of FC3R displayed in Figure &is creaing

the highest stiffness modulus afedays A balanced oxide composition was expected to be formits
composition within the binary blended filler. The presence of pozzolanic Ipartielped to expedite the
hydration of the HCFA particles, resulting in more hydrated products. It is expected that adding pozzolanic
materials with a high silica material will convert soluble calcium hydroxidéHjCproduced from the
hydration reactiorof HCFA filler, into dense calcium silicate hydrate {€H) because othe pozzolanic
reaction[29, 42] Nevertheless, in cases where the pozzolanic materials comprise significant quantities of
Al,Os, the creation of hydrous silicates is accompanied by the creation of hydrous calcium alydiates
Therefore, changesi W KH PDWHULDOVY VWUXFWXUH OHG WR H4HKRERQFHPHQV
utilisation of pozzolanic materials in the BB@¥notabledue toits energysavingpotentialandfrom an

ecological point of view.
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Figure 5 Influenceof substitutionof HCFA with FC3Ron stiffnessnodulus afteBdays

To explore the effect aflifferent percentages &fC3R on3% HCFA, Figure 6 showsthat a significant
enhancemenwas achieved in the stiffness modulus byitiwdusionof FC3Rat anearly agg3 days) The
inclusionof 1% of FC3Rto the mixtures containing 3% HCHRMprovedthe ITSM by around 60% within
3 daysln addition,mixtures coraining 3% HCFA activated by two different percentages@8R i.e., 2%
and 3%,achievedmore ITSM by pproximately245% and280% in 3 days, respectivelyMoreover the
stiffness modulus for mixtureomprising3% HCFA with 2% and 3% C3Rexceeded the taeg value for
a 100/150 hot asphalt concrete binder course after 3 daysd@vetopmenfrom the HCFA hydration
process waenhanceavhen the high silicalumina waste material, i.EC3R was applied as biehavedhs

an activating agennt the hydrationprocess of HCFA.
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Figure6. Influence ofactivatingof 3% HCFA by FC3Ron stiffness modulus aft@days
It is clear in Figure Tvhich show the results at ages 1, 3, 7, 14 and 28 curing iti@ysncreasing the
stiffness modulu®f a BBCF treatedmixture which hasa stiffness modulusnore than the OPC treated
mixture and als@qual to or greater thamaditional asphalt concrete hot nag,will producea suitable
material for use as a binder course layer for major heavy trafficked motoriyaysdudng the loads
transmitted by traffic to the foundation.
In general, it can be seen from Figutéhat when curing time increases, ITSM develops for HCFA, OPC
and BBCF mixtures as a result of the hydration procBse.|ITSM results improved greatly for BBCF
mixturesacrossall curing times. It worthy to note that BBCFoffers more thara 25% incrementn ITSM
after 1 daywhen compared to the HCFs a result of FC3R activation pitcing more hydration products.
It can be seen th8BCF behaviour is the same asttbhOPC, however the former offers more ITSivall
curing times
Therefore BBCF treated mixtureallow early and temporary trafficking wheire situ limitations prohibit

theinstallationof a surface courdeeforeelimination of traffic management. Téematerials also eliminate
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413  restrictiors applied tadoad engineergsingtraditional cold binder course by redagithe curing time to less
414  than 1 day

415 It is worth mentioning that the air voids of the CABC mixtunee10.53% and 10.2% for HCFA and
416  BBCF mixture while the reference cold LF mixture h&6.93%. Thesefindingsreveal an enhancement of

417  volumetric properties foEABC mixtures

418
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©
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-@®—-_F —-#-HCFA ——OPC —A—BBCF —e—100/150 pen —@=—40/60 pen
419
420 Figure 7 Influence of curing time on stiffness modulus
421

422  3.2Performance in viheektracking tests

423

424  All samples wereexposed to wheel tracking using the whigatking device followung BS EN 12697 22
425  [39]. Figure 8illustrates the rut depth at the centpalint of all slabs as a function of humber of cycles.

426  Deformation against number of passes was plofedmthis, it is evident that CACBnixtures withBBCF

427  andHCFA evidenceda maximum proportional rulepth of1.44% and1.59% after 10000 wheel passes,
21



428 which is considerably lower than that of the untreated cold mix aspiimid¢h hada maximum proportional
429  rut depthof 23.611 % after 1,000 wheel passe€ACB mixtures with HCFA and BBEhave better long
430 term rut performancethanthoseof the cold mix asphalt treated with OPC, hot AC 20 dense bin 100/150
431 and hot AC 20 dense bin 40/6@hich exhibited maximum proportional rut deptbf 1.49 %, 6.697 % and

432  5.331% after10,000 wheel passes, respectively.

Rut depth, mm

o T T T T T T T T T T 1
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Cycles
LF OoPC HCFA e BBCF emmmm=AC 20 MM 100/150 emmmm=AC 20 mm 40/60
433
434 Figure 8 Rut depth evolution

435 It appears that the rate of rutting in tBACB mixturewith BBCF reduces considerably with tim€&his
436 positive influence oBBCF on therut resistance of CBB was revealeth specimensvith 6% BBCF which
437 had a considerably longer life under thieeettracktest whe compared to control samples.

438

439

440
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3.3 Fatigue test results

The resistance of the cold mixtures, HCFA, OPCand BBCFas well aghe hot asphalt ancrete binder
course mixtures to fatigue cracking were assebgedsing the flexural beam fatigue te&illowing the
standard BS EN 126974 [40]. Constant strain tests were performedaat50 microstrain levelising
sinusoidal loadingt a frequency of 10 Has recommended B -Hdabi et al. [10]

The fatigue tests for all mixtures were carried owtlab temperature of 20°C. Initial flexuralfétiess was
measured at the 190oad cycle while #tigue life was defined as the number of cycles corresponding to a
50%decrease in the initial stiffness. According to the results presented in Bjduiseseenthat theBBCF
mixture exhibited higher fatigue failure cycleim comparisorio their cold counterpargisplayng average
fatigue failure cycles 0161782 whichis 19 times greater than that of the conttdt that fails at8322
cycles. Likewise, thélCF had fatigue failure cycles df15613 which wasl4times highethan that of the
control cold binder course with limestornghe BBCF performancean fatigue test is logical taking into
considerationthe stiffness modulufor such mixture after full curingwhich is much higher than the

referencd.F andtraditionalHMA mixtures.
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Figure 9 Fourpoint bending beam fatigue test results
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3.4 Performancein water sendivity

Water is the worst enemy of asphadincrete mixtures, as the existence of water may cause early failure of
a flexible pavemenf45]. The water sensitivity of the cold asphalt concrete binderseomixtures was
calculated by finding the SMR in accordance with BS EN 12BB[38], to examinghe impact of both
BBCF and HCFAsubstitutes for the conventioni@hestonefiller. However, ITSM was used instead of
indirect tensile strength as recommended by many reseasclodras\l-Busaltan et al. [2], ABusaltan et

al. [5], Al-Hdabi et al. [37]

Figure 10showsthat the SMR for CACB mixtures with 6% BB&nd6% HCFAIis more than 100%, which
indicates an excellent performance for these mixtures atibilatb the hydration preess of both fillers.
Accordingly, moisture sensitivity was eliminated through developing the bond between the binder and the
aggregate and generating a stronger bond with the asphalt binder. These resuietterthan those for

hot asphalt concreterider course specimens and reached the requirements for bituminous méttésials.

worth noting thatonditioning of the samples at high temperatures further activates the hydration process.
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Figure 10 Water sensitivity results

3.3 SEM observation

Firstly, both dry powdexd HCFA and FC3R were investigated under SEM in order to identify csange

the material during hydration. The SEMewi of HCF patrticles in Figure 14 shovs that they are flaky and

thin, while the morphologydr the FC3R patrticle@-igure 11b) is agglanerated and nespherical.

Figures 1ic and 11d display the SEM images of the HCFA and BBCF paafty 3 days of curing.
Significant variatiosin the microstructural configuration within the hydrates influenced by FE€8Rdent

in these two figuredn addition, theraredistinctions in the morphology ¢fie BBCF samplethe particles
staredreactng in the BBCF sample. This means that when the HCFA was activated by FC3R, hydration
was speeded up. The high stiffness exhibitgddmples formulated with BBCF can be associated with a
high degree of reaction of this materidbowever, it is cleathat many HCFA particlesad notreacted at

this early age and acted as a filler material.
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TheSEM miaograph of the fracture surfacEBBCF pastafter28 dayqFigure 11f), reveals thgeneration
of ageltlike calcium silicate hydrate (CSH) that cresstense microstructuréds a consequengcte material
developed a high level stiffness after 28 day3he CSH phase is the most sfipant since itcreateghe
essential cementitious or binding charactersstc the final productThe HCFA sample (Figure &) also
producegyood hydration products such as Portlandite (CH) and CSH gel, however the latterithan
in the BBCF samig. It was reported biassar et al. [2Qhat a higher degree of hydration in CBEMs as a

result of active fillers can produce a dense internal structure with less porosity.

26



506
507
508

WD [tilt
1mm 0

(c) (d)

/CH

e /
e

© (0

Figurell SEMimages: (a) morphologyf HCFA filler, (b) morphology oFC3R filler, (c) morphology
of HCFA paste after 3 days, (djorphology of BECF paste after 3 days,)(enorphology of HCFA paste
after 28days,(f) morpholay of BBCF aste after 28lays

27



509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

3. Conclusions
The following conclusions can be drawn:

X Substantial improvements were achieved in the stiffness modulus by replacing the traditional
limestone filler with byproduct fillers high calcium fly ash (HCFA) and fluicatalytic cracking
catalyst (FC3R)The binary blended cement filler (BBCF) comprg4.5% HCFA and 1.5%
FC3R significantly improved the ITSM both early and later ages for the BBCF mixture. When
compared with the control LF mixture, the stiffness maduhcreased more than 17 times after
just 3 daysIn addition, the new CACB is found to be equivalent to the traditional hot asphalt
concrete binder course after short periods of curing.

X A balanced oxide composition in the binary bleddement filler (BEF) was responsible for
advanced pozzolanic reactivitgchieved by activating high calcium fly ash with high
aluminosilicatevaste materialFC3R)

X The BBCF and HCFA treated mixtwdnave high resistance to water damadmproved
performancen the ITSM testfor conditioningsamplesesults inan SMR of more than 100%.
The water sensitivity of CACB mixtures containing BBCF is more than two times that of
untreated mixtures (LF}his alsobetter thartraditionalsoft and hard hot mixtures.

x The BBCF mixture offered a significantly longer life under the wheghcking test when
comparing the results with the untreatédmixture which showed a high rut depth in the wheel
tracking test reflected in poor permanent deformatiesistanceThe successful hydian with
the binary blended cement filler was responsiblerfeatingadvanced stiffnesability in addition
to high resstance to permanent deformataemonstrating the possible advantagieusing this
material on heavily trafficked roads.

X TheBBCF mixture revealea substantial improvement in fatigue Mibich wasl9timesgreater
in comparsonto thereference LF mixture.

x The morphology ofheBBCF samplevaries considerably with ageBCF was observed tweate

larger amountf hydratedproduds than HCFA According to the results achieved in this
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research, the formation of hydration products can be noticed at early ages whittsekfilaess
development.

X Replacing conventional limestone filler with waste materials will decrease cementinsage
CBEMs and will offer a positiveustainabilityeffect In addition,theproblems relating to carbon
emissioms (during production) and mixture temperature maintenance (during transportation and

laying) in the case of hot mix asphalill be mitigated ly using this novel CACB.
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