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Abstract

A slow rate of curingandthe long time necessary to achieve full strerigthled cold asphalt migs
(CAM) to be consideredpoorerin comparisorto hot mix asphalt over the last decaddss piece of
researchaimedto developa newfastcuring andenvironmentally friendlycold asphalt concret®r
binder coursemixture (CACB). It hasthe same gradatioasthat of traditionalhot asphalt concrete
mixturesbutincorporates a binatylendedcementitioudiller (BBCF) containing wastehigh calcium
fly ash(HCFA) andfluid catalytic cracking catalyst residue (FCZR}ivated byawaste alkaline NaOH
solution. The research concludahat incorporatingan alkali activatedbinary blendedcementitious
filler (ABBCF) with CACB significantlyimproves the mechanical properties and watesceptibility
In addition,the high performanc&BBCF mixture hasa substantial lower thermal sensitivity than
traditional hot asphalt concrete binder courseixtures SEM analysis revealed thdhe main
crystallisation had taken placeaat early stagef the new ABBCFMore significantly, the newCACB
mixture hasa comparablestiffness modulusvith thetraditionalasphalt concrete binder coursier a

very short curing timeléss than one day
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1. Introduction

Ecofriendliness, energy efficiency and cost effectiveness associated with safsignifieantdrivers
accountabléor the development of collituminousemulsion mixtures (CBEMas asubstitute fohot
mix asphalts (HMA) CBEMs are popular types of cold asphalt mixtur@@AMSs) that are produced
with no application of heat in conparison to traditional HMA. Consequently this technology
contributes tahe protection of environmental and occupational health and sifstgham [1], [2]In
contrast toHMA's, CBEMs do notachievetheir ultimate strength and other associategp@riesas
quickly after application CBEMs are identified to have low early strengtliong curing tims, the
resultant mixtures hang quite high porosies[3]. When comparing emulsion mixtsréo HMA in

generalthey are of arelatively low quality as demonstrated lyahim and Thom [4]

CBEM technologyfor road pavements has been employed in severatriesinThe USA and France
have been using CBEMs since the 1970's and seem talsaestantial bank édhowledgeaboutthe
performance of these mixturfs. The annualevels ofmanufacturdnasreached 1.5 million tonnes in
France[6]. However udng cold emulsified asphalt as structural laygtsch requirea longercuring
time for such materials to reach their full strength aftenstructionis restrictive,mainly in the UK
because of high sensitivity to rainfall by three mixes in the early stages of installatiofi/].
Characteristicexhibited by emulsion bound mixturesntinuously changgéstiffness modulus,utting
resistance, water sensitivity, fatigue resistarate.) untilthey reacha steady state at a fully cured
condition, although they may still contain a low amount of residuahter However evolutional
characteristichave beerexhibited byCAMs, especially during their early life, wheearlycohesion is

low, increagng gradually[8].

The mechanical propertiesf CBEMs have been examined by many researchers sudlerasl and
Wang [9]whofound that theaddition ofcemento emulsiortreated mixes res@tin anaccelerdabn
in the rate othe development of resilient modulug\nother studywasimplemented byHead [10]in
orderto improve the Marshall stability of modified cold asphalt mix.felend that withthe addition
of 1% Ordinary Portland Ceme(®PQ), theMarshal stability of modified cold asphalt mésimproved

approximately dold compared with wtreated mies An examination of the role oftement in



91 emulsiontreated mixes to enhance the siowprovemenof strength of these mixtures weesried out

92 by Schmidt et al. [11]They concludedthat when cemenvasaddedto the aggregate at the time the

93 asphalt emulsion was combined, mixes cdestier additionalresilient modulus (Mrilevelopednore

94  quickly andthere was higherwaterdamageaesistancePrevious studies on the mechanical properties

95 of threephase cemenasphalt emulsion composit€CAEC) reported that most of theropertiesof

96 both cement and asphalt weneesent inCAEC; longer fatigue lié and lowsensitivityto temperature

97 in cement concrete and higher toughnessflaxibility in asphalt concretg2]. Brown and Needham

98 [13] carried out studyon cementmodified emulsion mixtur@where the prime aim wake evaluation

99 oftheinfluenceof adding OPC in emulsified mixes. They used a granite aggregate grading in the middle
100 of 20mm dense bituminous macadam with a single-sketting emulsion. They concluded thtaOPC
101 addition enhanced the mechanical properties namely: stiffness modesistanceto permanent
102 deformation andhefatigue stength of the emulsified mixe®ruc et al. [7performedaninvestigation
103 to evaluatethe mechanical pperties of emulsified asphalt mixtures including%® OPC which was
104  substituted for mineral fillerA significant improvement was revealed withe additionof a high
105 percentage OPQeading them to speculatkat cement modified asphalt emulsion mixtures might be
106 utilized as structural layer Al-Hdabi et al. [14]carried outexperiments on the mechanical properties
107 and waterdamage resistancef coldrolled asphalt (CRA)incorporaing OPC as asubstitué to
108 conventioml filler and waste bottom ash (WBA). The results showedrssiderableenhancemenin

109 stiffness modulus and uniaxial creep testaddition towater sensitivity.

110 Other regarchimplemented byrang et al. [15]nvestegated theffect ofcement on the rheology and
111  stability of rosinemulsified anionic bitumen emulsioddey used ptical microscopy t@xaminehow

112  bitumen emulsiomreals and bitumen droplets morphology in cement and filldrey conclude that

113 cement unlike limestone filley reacts with rosin emulsified@adng to flocculation andthe partial

114  coalescence of bitumen emulsioRairther to ths, GomezMeijide and Pérez [16proposed a new
115 methodology for the ghbal study of the mechanical properties of CAMs. Tfaynd that bitumen

116 materialsstabilizedwith emulsion and recycled aggregates from construction and demolition (C&D)

117 are more flexible, showing improved resistance to permanent deformation and stiregdriluresin
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comparison to mixtures with natural aggregafidsat said, a higher water and bitumen content is

needed17].

Cement has been used widely @BEMs but cement production is accountable for 5% of global

greenhousga®es (GHG) [18]. However,CBEMs can be further developed whmanufacturedvith
waste materialshus addressing environmental and economic conc&éhat said,it is necessary to
replacecementwith waste materialthat ha the sameor betterperformanceResearch billis et al.
[19] considered a range of storage grade macadamsising of recycled aggregates frodifferent
sources bound by bitumen emulsion a@dound Granulated Blastfurnace Slag (GGBBhey
concludedthat stiffness and strength can develop when GGB®cisrporatedin high humidity
conditions.Thanaya et al. [20jonducted exgriments to use pulverized fly ash (PFARd#ler in cold
mix at full curing conditionsfinding the cold mix stiffnesgquivalento HMA. Al Nageim et al. [21]
studied the addbn of OPC andfly ashto CBEMSs as a filler replacement. Thegonducing an
experiment to show ttagevelopmenbdf mechanical properties & % (0 1 V t@id@@ify the possibility
of replading OPCwith fly ash. Recently,Nassar et al. [22¢onductednvestigationsto improve the
performance ofCold Asphalt Emulsion MixtureCAEMS) using binary and ternablended fillers
(BBF and TBF). They used OPC, fly asind GGBS for the BBF wlile TBF was obtaired by
incorporatingsilica fumes with BBF. They concluded thahe mechanicaland durabilityproperties
indicatedthat TBF was morappropriatehan BBF for thananufacture ofCAEMSs. In addition, they
stated thata TBF mixture would be effective in road pavemenidich weresubjectedto harsh

conditions both in hot and cold weathers.

Sadique et al. [23himedto develop a new cementitious materiafough theactivation of a high
calcium fly ashby a differentalkali sulphate rich fly asihey found that theement freectivation of
fly ash was very effectivel hey revealed thahe presence & structurecomprisingCa, Al, K and Si
with high pH intwo types offly ashes has the abilityto break the glassy phase in itement free
system.In addition, Sadique et al. [24performeda studyto explorethe pozzolanic reactivity of
calcium rich fly ash by blending and grinding it in a cenfes¢ systemThey reportedthat the

hydrationeffectsand strengtenhancemerit the new blend wereomparabldo cement.
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Fluid catalytic cracking catalyst residue (FC3R) is an industrigdrbguctgeneratedrom thefluid
catalytic cracking process in petrol refinerieacewska et al. [2%jivestigatedhe hydration of cement
paste as a function of adding spent catalgsidueto address catalytic craicl, reporting onthe
pozzolanic nature of the spent cataly@tey found both spent catalyst and microsilita be similar
whencombinedwith Ca(OH), andthatthe procesof hydration was highly exothermjpromotingfast
setting of the cement pasidas et al. [26studied the mechanical propertmfsmortars and roof tike
usinga fluid catalytic cracking catalysteddue with variousmixtures, varyingthe proportios of Na
OH andwaterglassThey concludedhatthe use of geopolymeis the design o& new product with

reducel CO, emissionsvas feasiblyand sustainabli| the constructiomsector.

Chemical activatiorsuggestshat some chemicals can be used to activate the reactivity of cementitious
components[27]. Alkaline activated ntarials have been shown to haeahancedhigher level
mechanical characteristitscomparison teement. Consequentithealkali activation of fly ash offrs
potential financial and environmental cost sasiwen used as a cement replaceni28}. Al-Hdabi

et al. [29]stated thathe incorporationof high alkaliwastematerial asa filler replacemenin CBEMs
providesan ambient environment to activate the hydration process of the incorporated cementitious

constituents

There is demand fahe development of sustainable no@BEMs which usewaste filler materia
activated by alkali waste solutisand as sucthe main aim of this study has beendevelopa fast
curingCold Asphalt @ncrete for Bnder course (CACB) mixtusg toexamine tle effect of waste filler
as a filler substitution on the performanceC#CB andsubsequentlyo compare the characteristiafs
this with conventional hot asphalt concrete binder course mixtiitesre is limited research on the
incorporaton of waste materials in thproductionof CBEM for binder coursgin road pavemest
None of thee studiehasinvestigated waste binary filler systemctivated by waste alkali solutian
Such linary blended cemefiifler (BBCF) can be activated to achiek@gher strength valuesithin a
shortperiod of time, eliminatinghie problers relating to curing timeandlow early strength of the

CBEMSs for binder course



171  This research has been carriedusing100% replacement of traditional mineral fillimestme filler)
172 by waste materialas the ge of thesenaterialds beneficial both in termaf being environment friendly
173 as well asoffering substantial economic advantag&shancemerstin mechanical properties were
174  evaluated by using the indire@nsile stiffnessnodulus,a high-temperature wheel tracking testd
175 thermal susceptibilityAt the same timea water susceptibilitytest wasperformedto examinethe
176  durability of the new CACBScanning Electron Microscopy (SEM) observati@salsobeenapplied

177  to investigate the microstructure of the new CACB mixtures.

178 2. Materials

179  2.1. Aggregates

180 The coarsend fineaggregatautilized in this researchto manufacturell the mixturescomprised of

181 crushed granitteom Carnsew Quarry at Mapeenryn UK. Thisis usuallyused to produce hot asphalt
182 concrete mixturgssothe selection of aggregate gradation followed hot mix asphalt guidelihes

183 physical propertiesf the coarseaggregate were: apparent dengt§7 Mg/m® andwater absorption

184 0.8%while for the fine aggregat@pparent densit?.65Mg/m? and watembsorption 01.%. A sieve

185 analysisaccording to the standaBfS EN 9331 [30] was performed on the aggregalbe aggregate
186  structure permitted a curve to be establistoedidwing EN 131081 [31]. Figure 1showsthe particle

187 size distribution curve of the aggregatherea dense aggregate gradation for asphalt concrete binder

188 course AG20 was used
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Figure 1. AC 20 mm dense binder course aggregate gradation

2.2. Chosen gradation

After discussion wittithe Liverpool Centre for MaterialSechnology (LCMT) industrial partnefghe
authorandsupervisory team aimeid develop a new CBEM with eontinuously graddraditionally
used for asphalt concrete binder course mixtuxsphalt concret&C 20 dense binder coursgxture

was used to produce referenmixtures (cold and hot)Asphalt concrete ia continuously graded
mixture a prominent typef mixture usd asabinder course and base in road pavesienhe UK Its
strength is derived from the interldnk of coated aggregates which provides the principal mechanism

for the material to transmit load.

2.3 Bitumen emulsion and asphalt

To prepare th€ACB mixtures, cationic $ow setting bitumen emulsion (C66Bwasused.This kind
of emulsionis designed for use in road pavensaridcommonmaintenance applicatioriBhanaya [32]
confirmed that cationic emulsion is preferreeicause ofts capability to coat the aggregate and to
guarantee high adhesion between aggregate parfitiefitumen base of the emulsion is 100/150 pen
while the bitumerresidualcontent is 60%ln addition, wo traditional binders consisting @00/150
and40/60 penetratiograde bitumerwith a softening point of 43.5°@nd51.5°Crespectivelywere

utilized for the control hot asphalt concrete binder course mixitgparatios.
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2.4. Filler materials

Two different wastes from the industry were employed andyeea as fillerreplacemergtin this
research high alcium fly ash(HCFA) which is obtained fronpower generation plasithrough
combustion betweeB60°C and110C C usingafluidised bed combustion (FBC) systefnsecondhigh
aluminosilicatevaste materiafluid catalytic cracking catalyst resid(feC3R) wasalso used. Aypical
commercial limestone fillefLF) anda commerciaDrdinary Portland cement (OP@ere utilized as
control mixtures for comparisorpurposedduring the researciChemical and mineralogical analyses
were carried outon the waste materiala orderto make a qualitative assessment of the geometric
features of the filler particles. The chemical compositiopsenergy dispersive -Xay fluorescence

(EDXRF) spectrometeare given in Table.1

Table 1 Chemical analysisf the chosen filler materials, %.

Filler type CaO SiO, Al:0z MgO FeO:; SO; K20 TiO2 Na&O

HCFA 67.057 24.762 2430 2845 O 0.340 0.266 0.473 1.826
FC3R 0.047 35.452 44.167 0.684 0.368 0 0.049 O 0

OPC 62.379 26.639 2.435 1.572 1.745 2.588 0.724 0.385 1.533
LF 76.36 16.703 O 0981 O 0.096 0.348 0.185 2.258

Tablel illustratesthehigh calcium content ofheHCFA used, showin@ goodatio of SiO, and Al2Q.
These outcomes are consistavith thoseof Sadique and ANageim [33] however the reported
guantity of CaO in tl currentesearch is higheThe main oxides ithe FC3Rare AbO; andSiO;, this

in agreement with theesultsof Mas et al. [26], Marmol et al. [34}t has beemeported that @cium
hydroxide read with pozzolanic materials (SikCand AbOs) in the moisture presentat normal
temperature to form calcium silicate hydrat€CSH) gel[35]. Lea [36]stated that soluble Sy&nd
Al,Os present in the glass phase of pozzolanic materials can react with Ga¢@dsed through the
hydration ofcement to make an ext@SH gel that improve the mechanical strength of hardened

concrete structuee
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Thetwo wastematerial's mineralogy was assed usingin X-ray diffraction (XRD) method (Rigaku
Miniflex diffractometer).Figure 2 showsthat the sample of HCFA is crystalline as it contains sharp
peaks without significanbackgroundnoise The major crystal peaks identified were: lime (CaO),
calcite (CaCQ@), mayenite (CaAl140s3), merwinite (CaMg[SiO4]) and gehlenite (CaAl[Al,Sig).

The diffraction pattern oFC3R illustratesthat the materialhas very low crystalline peaks witn
amorphous nature. Consequently, it will show high reactdufyng the hydration process and can be

used amnactivatormaterial as showhy the diffraction pattern in Figure 3.
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Figure 2.X-ray diffraction pattern of the HCFA

(lime-L, calciteC, gehleniteG, kelite-B, mayeniteM, merwiniteMr)
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Figure 3.X-ray diffraction pattern of thEC3R

K- kyanite (AbOsSi), Q tquartz (SiQ), M- mullite(Al¢Si:O13), Z- dehydrated G& zeolite

(Al 96Ca4s0354Sige)
2.5, Sodium hydroxide (NaOH) alkali waste

A sodium hydroxide (NaOH) alkali wasteolution producedfrom an acid neutralisation plant
FRQWDLQLQJ " 1, Dvast ude@ agh®alat ctivator. This caustic waste produetas
supplied byLambson Ltdoriginating atMagnesium Electron Ltd. It is a waste-psoduct of the

extraction of magnesium from sea water.

3. Samples preparationand conditioning

Currently, there is no agreddsign mixture for CBEMeitherin the UKnor worldwide, but mx design
procedures for CBEM have been presented by some authorities and resd&&;havs 38] The
Marshall mix design procedure, as specified by the Asphalt Institute (Marshall Method for Emulsified
Asphalt Aggregate Cold Mixture Design (M%)) [37], was used in this investigation for designing the

cold asphalt mixtures.

Firstly, aggregate gradatiomaschosenasoutlinedin section 2.2. Next, the initial emulsion content

wasdetermnedby using an empirical equation thgavernsthe aggregate gradatias recommended
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by the Asphalt hstituteManwal MS-14. This was followed byetermination of the prevetting water
content(PWWC)where the coating ability of the bitumen emulsion to aggregates is extremely sensitive
to the PWWC. Various prewetting water contents wemxaminedthe lowest ratio consistent with
satisfactorycoatingthen adopted.In addition,indirect tensile stiffness modulus te$f§SM) were
performedo choosghe optimum emulsion contefailowing the standar@S EN 1269726 [39]. This

is the only change to th@eviously mentionedhethod substituton of the Marshall tesby the ITSM

test. Finallyamix density test wasarried outo decide the optimum total liquid content at qaction
(OTLCC) (i.e. emulsion plus prevetting water contentproviding the highest mix indiret tensile
strength and densityfAs a resultthe PWWC, OTLCC and optimum residual bitumen content were
foundto be3.5%, 14% and 6.3%, respectiveljhesefindings are comparable to those published by

Al-Busaltan et al. [40], AHdabi et al. [41]

The materials were mixed in a Hobart mixas show in Figure 4 Aggregatefiller and prewetting
water wereincorporatedand mixed for 60 secondd a low speedAfter that, Bitumen emulsion was
introducedat a steady rateverthe next30 secondshe mixing processcontinuingfor a further120
secondsit the same spedgbllowing thisthemixedmateriaswereplacednto mouldsandimmediately
subjected to compactionith 100 blows of a standard Marshall hammer (impact compacton50
each side of theampleslt wasreportedby Nassar et al. [2ZhatMarshall compaction is an accepted
procedure used to create a suitably dense mat€halsampleswvereleft for 24 hoursat 20C in the
moulds and demouldedthe next dayAll the specimens were left in the lab a@Gand testedor
Indirect Tensile Stiffens Modulus (ITSM) test various ages, i.e. 1, 3, 7, 14 and 28 diyaddition,
four controlmixtures were prepared and &$for comparison purposé&he firstcontrol mixture was
an untreated mix withtraditional limestone filler (LF) which haithe same desigas other CACB
mixtures A mixture treated with 6% OP€mposedhe secondl'wo traditional asphalt concrete binder
coursemixtureswere also produced for comparison purposes. To manufacture the hot asphalt concrete
binder course, the laboratory mixing temperadwere fixed at 15460°C and 160170°C for the
100/150 pen and 40/60 pen, respectivélye proportions othe mixture by percentage of Marshall

samples are summarized in Table 2
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284 Figure 4 Photograplof mixer

285 Table 2 Details of the mix proportions of CACBs.

Mixture types Filler types Bitumen emulsion, % Prewetting, %
1.5% HCFA mix 1.5% HCFA + 4.5% LF 10.5% 3.5%

3% HCFA mix 3% HCFA + 3% LF 10.5% 3.5%

4.5% HCFA mix 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%

ABBCF mix 4.5% HCFA +1.5% FC3R 10.5% 3.5% waste NaOt

solution

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 100/15 -
Hot AC 40/60 mix 6% LF 4.6% base binder 40/60 -

286
287  Forwheel trackests slab samples were produced measud®§ mm bng 305 mmwide and 50 mm
288  thick compacted atn ambient temperature ia steel mould using a Cooper Technology Roller

289  Compactor devickllowing the standard BS EN 12638 [42]. Wheeltracktess wereperformedor



290 all cold mixtures at full curing conditi@intwo stages: slab samples were left in their mould fday
291 atlab temperature 20¢@isthe first stageStage twanvolvedplacingthe slab samples mventilated
292 oven at 40°C for 14 days teachtheir constant mas3his curing protocol was recommended by
293 Thanaya [32}o guarantee thaanentirely cured condition was reaché&thally, theslabs samplesere
294  allowed to cool at labemperaturg before staitig the process ofonditioring. Table 3 illustrates the

295  abbreviations used in this research and their meaning.

296 Table 3. List of abbreviations

Abbreviations Meaning
100/150 pen Hot asphalt concrete binder course with 100/4&0
40/60 pen Hot asphalt concrete binder course with 40/60 pen
ABBCF Alkali activated binary blendecementitioudiller
BBCF Binary blendedtementitioudiller
CACB Cold asphalt concrete for binder courses mixture
CAM Cold asphalt mix
CBEM Cold bituminous emulsion mixture
FC3R Fluid catalytic cracking catalyst residue
HCFA High calcium fly ash
ITSM Indirect tensile stiffness modulus
LF Limestone filler
OPC Ordinary Portland cement
OoTLCC Optimum total liquid content at compaction
PWWC Prewetting water content

297

298  4.Experimental program and tests performed

299 A variety oflaboratory tests wergarried outo evaluate the performance of the new CATBe main
300 laboratory programme covered the stifaenodulustemperature susceptibilityutting resistancand
301 resistancéo moisture damage assessesthg the indirect tensile stiffnesaodulus testwheel tracking
302 tesk at high temperatuseand stiffness modulus ratio, respectivdly.addition, scanning electron

303 microscopy was employed tovestigatehe microstructure of the new binder paste.

304
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4.1 Indirect tensile stiffness modulug &M) test

To assesthe load bearing capacity of the layeanufacturedrom the asphalt mix, the indirect tensile
stiffness modulus wadetermined The ITSM tests werecarried outat 20C andwere conducted on
cylindrical specimengollowing the BS EN12697%26 [39] usinga Cooper Research Technology HYD
25 testingmachineas shown in Figure.SNumerous researchesach asAl-Hdabi et al. [14], Nassar et
al. [22], Monney etal. [43], Al-Busaltan et al. [44have meased ITSM in order toevaluate the
stiffnessmodulus of CBEMsAt minimum offive sampleshave been used for each mixture typlee
modulus defines the vertical forc@dercontrolled stressThe test coditions were as shown in Table
4. Incorporation of the HCFA was achieved throdgh replacement of the conventiori@hestone
filler. Consequently, HCFA was selected for 100% replacemenidjile FC3R was used as
supplementary cementitious material gooducea binary blended cemerftller (BBCF). Sodium
hydroxide (NaOH) alkali wastgvas then incorporate as a replacemerior the prewetting water
contentto producean alkali activatedbinary blended cement fille(ABBCF). Following their
preparationthe samplesverekeptin the lab up to the time of testind.SM testwasconductedat1, 3,

7,14, 21 an@8 days

ThelTSM test waslsoperformedatvarioustesting temperatures, namely 5, 20 and@# investigate

the susceptibilityof CACB mixtures and control mixturde temperature
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Figure 5 ITSM Apparatus rachine

Table 4 Conditionsof thelTSM Test

Item Range
Specimen diameter, (mm) 100+ 3
Rise time, (ms) 124+ 4
Transient peak horizontal deformation, (umr 5
Loading time, (s) 3-300
3RLVVRQYYVY UDWLR 0.35
No. of conditioning plus 10
Specimen thickness, (mm) 63+ 3

4.2 Rutting resistance

The evaluation ofrutting resistance waachievedusingthe wheeltracking testwhich is a simulative
test to predict rut deptih accordancevith the standar@S EN 1269722 [45]. The test was performed
onslab specimenshichwere mixed and compacted &yoller compactofollowing the BS EN 12697
33[42]. Thewheektracking test adopted Wyjum [46] was usedo assess theutting resistancef the

CBEMs. Before the test, sladamplesvere conditioned @&0°C for at leas? hours Thewheeltracking
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345
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349
350

test involvesthe application of a wheel pressure (0.7 M&athe slab specimens (40805x 50 mm)
throughrepeated passes of a loaddaeel (0000 cycles)The travelingdistancevas 230+ 10 mm at
a speed of 42 = 1 cycles/miat a temperature o60°C. The resulting deformation on the slab is
measuredh each of the wheel pass€ggure 6showsthe HYCZ5 small sizevheeltracking equipment
used by LCMT labs while Table iBustrate the testonditions The tests were performenth five

specimens per mix type

Figure 6 Wheeltracking test equipment
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Table 5 Wheeltrack test conditions

Item Range

Tyre ofooutside diameter, (mm) 200-205

Tyre width, (mm) 505

Trolley travel distance, (mm) 230+ 10

Trolley travel speed, (s/min) 42+ 1

Contact pressure (MPa) 0.7+ 0.05
3RLVVRQYV UDWLR 0.35

No. of conditioning cycles 5

No. of testcycles 10000
Testtemperature, (°C) 60

Compaction Roller compactor
Specimen temperature conditioning 4hr before testing

4.3 Watersensitivity

Water sensitivity has a vital role in the mix design criteria fo@ D YHP H QW pb®tldf verw.H U TV
BS EN 1269712 [47] wasadoptedo assesshe moisture susceptibility of tHeACB mixturesalong

with cold and hotontrolmixtures.The giffness modulus ratifSMR) is expressed as the ratio of wet
stiffness todry stiffnessin the specimensThis was used to evaluate thesistance to water as

recommended b#l-Busaltan et al. [40], ABusaltan etl. [44], Al-Hdabi et al. [48]

In this testtwo ses of cylindrical specimensverefabricatedand separated usimgMarshall hammer
with five parallel specimens ipachsetof samplesThe first set of samplesknown as the dryset
(unconditioned)were kept dry at room temperat@9°C) for 24 hourdn their mould They were de
mouldedthe following dayand left in the lab for 7 daydhe secondset known as thewet set
(conditioned) were left atlab temperature2Q°C) for 24 hours, denouldedand kept in the lab for
another 4 day$-ollowing this a vacuum (6.7 kPa pressure) was applied to the specimens forl88gmin
after which they were lefmmersedor 30 minutesandsubmergedn a water bath for 3 days at4m
The twosetswerethentestedor ITSM wherdoy waterdamage resistanegasevaluatedy determiing

the SMR ratio of thesamplesn each setalculatedasfollows:

SMR = (wet stiffness / dry stiffness) x 100



369 4.4 Scanning electron microscopy (SEM) observation

370 The microstructuref the original raw materials and fracture surfaces from the binder pastes

371 examined using scanning electron microscofgEM). SEM is a technique for higresolution imaging

372  of surfaces used to examine the morphology of the objée.binder pastesf the ABBCF were

373 prepared and dry samples weénvestigated with the aid afispet scanning electron microscopyth

374  accelerating voltagh-25 kV. Proper fragments were taken off from the core of the @dstae age,

375 i.e. 3and 28days for SEM observation. It was very important to guarantee that the fragments were
376 snaedout of the cylinders by impact without touching any tools; if not, the paste surface would not
377 be a natural one and would not represent the materials featurestlyoRrior to carrying out SEM

378 observations, theamplesvere dried in a vacuum pump to eliminate any evaporable \idtey were

379 thenmountedonto aluminium stub®y means otloublesided adhesive carbon disksthin layer of

380 Palladium was useith coatthe fracture samples usiagputter coater to improve visibility.

381 5. Results and discussion
382 5.1.Performanceof CACBIin ITSM

383  Figure 7shows the evolution ahe indirect stiffness modulus tesver 1, 3, 7, 14, 28 days fdhe
384  activated mixtureby replacing the commercinestondfiller with HCFA. A significantimprovement
385 in ITSM of the CACB with HCFA wasdue tothe hydrationprocess thaproduce& another binder
386 resulting in additios to the bitumen residue binde€onsequently, the two bindegeneratd
387  microstructural integrity within thelCFA-emulsion mixturesThis resuléd inthe CACBmixturewith
388 HCFA becomingl7+ timeshigher than theeferencd.F mixture after jusB days, offering a stiffness
389  which overcoms thatof traditional hot asphalt concrete binaeursesl00/150 penetration gradie
390 less tharthree daysHowever, the stiffness of tHeCFA treatedmixtureis less tharthe stiffnessof
391 OPC byapproximately7% at 3 days.In contrastthere were no noticeabtdangs in stiffness for the
392 two grades of hot asphalt concrete binder camgele the control LF showed the lowest ITSM at all
393 ages.

394
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Figure 7. Influence of curing time on ITSM results

The second stagénaedto activate HCFA with-C3Rto generate bnary blended cement filler (BBCF).
The presence of pozzolanic particies-C3Rhelpto speed ufydration of the HCFA patrticleghich
leads taamore hydrated produdtigure 8illustratesthebehaviourof the CACBmixtures with different
percentage of HCFA and FC3R As a result, a new binary blended cement filler (BBCF) was
recommended ith 4.5% of HCFA and 1.5% &C3R Theperformance oF C3Rreveals its pozzolanic
activity which was reported byaya et al. [49]The reasoffior this enhancement is thétie pozzolanic
particlesof FC3R react with Ca(OH) released during the hydration process aetp to speed up
hydration of the HCFA patrticlesConsequentlymore hydratd products vere creaed. A balanced

oxides composition was expected togemeratedhn this composition within the BBCF.
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Figure 8 Influence ofreplacemendf HCFH with FC3Ron stiffness modulus aft& days

The third stagaimedto employalkali activation forfurther developmenif theBBCF by using waste
alkali sodium hydroxide (NaOH) as a replacemain8.5% ofthe prewettingwater content. Alkak
activaion offers the opportunityto employ waste materials, because the matprigertiesbased on
alkali-activated binders are oftagreaterthanthose of concrete and mortar prepared from standard
Portland cemerib0]. Some studis have found thahe addition ofilkali-activatorsraisethe pH of the
medium ofhydration whichimproves breaking and dissolution of the glassy phase of pozzolanic
material[51, 52] Li et al. [53]statal that fly ash can be activated by breaking down the glass phases
of particleghrougharisein the alkalinity of the mixture. Thesuattechniquaised tdncreag alkalinity

is by adding a NaOH solutiohlowever in that alkaline environmenit,is expected thaglass phases

of fly ash particleswill be broken and react with Ca(QHjreatingCSH gel. Figure 10shows that
CACB with an alkali activated binary blendezement filler (ABBCF) developeda higher stiffness
(approximately 33%j}han BBCF mixturesfter three dayswith 100% prewater replacement by the
waste NaOH solutian

It can beobservedirom Figure 9that CACBwith ABBCF offers a significant stiffness modulus
compaisonto all other cold mixtures. In addition, the rate of stiffness modulus development was high

through to th& daypoint whenbeforeareduction in rate was detectddhe target stiffnes2@(52MPa)
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for the hot asphalt concrete 100/150 pan beachievedn 1 dayby curingwith the ABBCF mixture.
It will then reach British and European requirements in terms of ITi8ever as reported bi.eech
[5], traditional cold mixtures only achieve thecessargtrength after 24 monthsAs a resultanew
cementitious material made completely from waste materials has been recomfoegpdticationin
CBEMSs. Theseresultsare consistentvith those achieved bgl-Busaltan et al. [40], AHdabi et al.
[54]. In addition, the stiffnessvaluesobtained in this research agesaterthan thoseachievedn the
afore mentionedstudies Aggregate and emulsion tyendthe method of activation in this research

may be the factors thdtaveled to this improvement.
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Figure 9 Influenceof curing time on stiffness modulus

5.2 Temperature sensitivity performance

Studying thetemperature sensitivity of CAGBcan offer a useful insight into thestabilization
mechanismof cold asphalt mixegzigure 10illustratesthe temperature susceptibiltgsultsof all the
cold and hot mixtures. The slope of the curve in a degarithmic plane characterigéemperature

susceptibility where the greater thete ofchangethe more temperature sensitive the mixtdree
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resuts of ITSM for thecold LF mixture is highly dependnton the test temperature appli¢dese
mixtures fail at 48C. The stiffness modulus of the LF mixture decrsasith the increase in
temperature. laddition,there is a strongrendapparentor boththehot asphalt concrete binder course
mixtureswhere they losaibout 97% of their stiffness when heating frof@ %o 45°C. Nevertheless,
CACB mixtures with OPC, HCFA and BBCF and ABBCF showed a substantial lower thermal
sensitivity than the.F mixture andboth hot asphalt ancrete binder course mixturebhe ABBCF
mixture hasan excellentperformancepotential regardingise in ahot climate Thesefindings are

comparable to those published by other autf®ts55]
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Figure 10 Temperatureensitivityresults

5.3 Performance of rutting in wheel track

The susceptibilityto permanent deformatiasf thecold asphaliconcrete mixturesy comparisorio the
hot asphalt concrete mixturegere evaluatedoased on the rut resulting frorepeated tracking of a
loaded wheel acrostabspecimesatahightemperaturé60°C). Figurellshowshe rutting tesresults

using the wheelrack There was a remarkable decrease in rutting deptbACB mixtures with HCFA
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OPCandBBCF. This might bedueto the production othe new binder from the hydration process
which make the new CACB mixtures more rut resistafibe LF mixture has thehighest rut depth
(occurringduring the first 1000 cyclg@sndicatingthat this mixture is more prone to ruttjmgveaing
the weakness of such mixtures in summer weather and hot regions.

It is of interest to note thate ABBCF mixturedramaticallyreducel rut depth anéxhibits considerably
higher rutting resistancéhanLF, OPG HCFA, BBCFand both control hot asphabncretemixtures
This might be related to the role of waste NaOH creating a dense microstaativaéed througtthe
hydration proces#ccordingly, the newABBCF mixture will be able to withstaratonsiderable traffic
loadng typical ofroad structuretodayindicating the potential advantage @pplyingthis mixture on

heavily trafficked roads
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Figure 11 Comparison of rut depth

5.4 Water sensitivitperformance

The water sensitivityresultsfor CACB mixtures with different filler materialand the hot asphalt

concrete binder course mixturaseshown inFigure 12 Hereit can beobservedhat the CACBwith
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HCFA, OPC,BBCF and ABBCF exhibit higher vala¢hanthereferencd.lF mixtureandbothgrades

of hot asphalt concrete binder course mixtulteseems clear thatlack of cohesioris the main reason

for theinferior performance againstateractionin thecold mixturemadewith LF. It can beobserved

that the stiffness for thenmersedsampledor CACB with HCFA, BBCF and ABBCEF is higher than

the stiffness of the dry sample@amplesimmersedn watershow anmproved hydration process ih

due tohigh water temperatur@0°C). Heatingaccelerated the hydration process and more hydration

products were producedccordingly, CACB mixtureswith HCAF, OPC, BBCF and ABBCEBre less

susceptibléo moisture damage.
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Figure 12 Water sensitivity Performancesults

5.5. Scanning electron microscopy (SEMjservation

Figure 13hows the SEM photographs after 3 and 28 days of curing for the paste sample and the original

raw materials (HCFA and FC3R in their dry state). Signifieanouns of hydrates were formed ah

early stage of curing within the alkali activated binary blended filler (ABBCF). SEM analysis revealed

a more pronounced miciiructural evolution after 3 days; no intact filler particles can be detected after

3 days curing the HCFA and FC3R powdgrarticles foundo be converted in to hydrates due to



492  successive hydration reactidmesehydration products created a dense material with high mechanical
493  properties which is consistent with the developmerthefstiffness modulusof the ABBF samples.

494  After 28 days, thesurface of ABBHs covered by CSH gelndPortlandite(CH). The structure of the
495 ABBCEF is denseandcrystalline products were mainly found in pore areathisfsampledue tothe

496 reaction of the active BBCBnd NaOH.Consequentlythe ABBCF mixture can be said to have

497  improvedproperties.

498 It is worth mentioning that the air voigsesent irthe ABBCF mixture were 10.25%comparison to

499  10.93% in the reference cold Lhixture revealing an enhancement of volumetric propertiesHer

500 ABBCF mixture. These findings are consisteiith those obtained biassar et al. [224nd Dulaimi

501 et al. [56] Serfass [57]reported that the higher air void content in compatat mixtures was the

502 result of water evaporation. If a comnson is made between CMA and HMA, many tiny voids are
503 present in the former due to the film made by coalescence and because the viscosity of the bitumen is
504 higher at ambient temperaturdassar et al. [22}ecently reported that the presence of hydration
505 products such as Ettringjtas a result othe use of OPC and fly ash (as a filler replacement) in the
506 capillary voids of CBEM, can enhance the volumetric properties (less porosity) by decreasing both the
507 pore size and their continuity. This prevents the movement of water and other aggresksivatfiuhe

508  mixture.
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514 Figurel3. The microstructures of thariginal raw materialand ABBCF pasteafter3 and 28 days
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6. Conclusions

A new fastcuring and environmentally friendly cold asphalt concffetea binder course mixture
(CACB) with high performance propertiesas developed athe Liverpool Centre for Material
Technology (LCMT).In this mixture,a novelalkali activated binary blended cemditier (ABBCF)
from wastematerials was used assabstitutionfor commercial mineral fillerBased on the results
achieved in the researplerformed thefollowing conclusions can be drawn;

1. A new binary blendedement filler (BBCF) from waste material was deysd from 4.5%
HCFA and 1.5%-C3R This BBCF was activated awaste NaOH solution to produce a novel
alkali activatedbinaryblendedcement filler (ABBCF).

2. In terms of stiffness modulus, the new ABB@ftxture offers astiffness modulug7 times
more thara mixture withcommercial limestone duafter3 days this a result ofhe improved
hydration productof the ABBCF.

3. The newABBCF achievedthe required stiffness for the conventional hot asphalt concrete
binder coursel00/150 per(2152 MPa) in lesthanone day.This will overcomerestrictions
around thdime required t@achieveacceptable stiffness for traditional CBEMs

4. The new ABBCFmixture has significant resistance to rutting in whetrhck tess at high
temperature Theseresults are much better than the two grade hot asphalt concrete binder
coursemeaningt can carryheavy trafficloadsin hot climate conditions.

5. In terms of wagr susceptibility the ABBCF offes a conditioning stiffness modulwshich is
more ttanthe unconditionedtiffnessand this resulis more than 100% SMRwhich is better
than the result for the two grades of hot asphalt concrete binder dewageessive curing with
ABBCF was accountable for the high water damage resistance.

6. The new ABBCFis significanty improvad with reference toresistance to temperature
sensitivity. It will thereforeprovide an appropriate solution resistance tdemperature
variations.

7. SEM provides evidender the existence of hydrate prodsiethich areresponsible for ITSM

development in the ABBF mixture.



545 8. Decreasing waste disposal and saving raw materials will be ensured and will contribute to

546 sustainable development.
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