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Abstract

An investigationhas been undertakemo investigatethe influence of rubberinclusion at
differentlevelsof stabilizationon the behaviourof cementedyranularmixtures understatic
andcyclic flexuraltesting and tocompare this witlmixtureswithoutrubber Both areintended

to beusedas base courses of sergid pavement structur8%, 5%, and 7%f cementy dry
weight of aggregate were used for stabilization purpédgsberiation of cemented aggregate
was conducted byeplacing 30% ofhe aggregate dhe 6 mm fraction size byn equivalent
rubber volumeTheinvestigated propertiesereflexural strengthstatic and dynamic stiffness
moduli, toughnessand fatigue life Damage due to cyclic loading was evaluated in tesfs
stiffness e@gradationand permanent deformation accumulatiétexuratinduced cracking
behaviourwas also investigatedResults reveal thahe rate of flexural strength increase is

higher for the reference cemented mixturess stabilizer quantity increase, both static and

dynamic stiffness moduli increased while rubberization mitigated these two parameters at all

stabilizer contentsToughnessand fatigue lifewereimproveddue torubber modification at
investigated stabilizer contentSlexuratinduced cacks always tend to propagate through

rubber aggregateegardless athe quantity otement.
1
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1 Background

In the light of the consequences of current climate change and due to the expansion of the world,

solid waste management asalvingof natural resources hawecomehigh priorities. One of
the mostimportant waste materials is pasinsumer tires since the number of disposed tires
hasincreased dramaticallyear onyear.In western and eastern European countries, Middle
East, Japan, Latin America, North America, about 500 million old tires areabscavery year
as satisticsreveal(Oikonomou and Mavridou 2009Stockpiling and combustionto provide
fuel, are the main usage of discardedsat present timeBoth of these are, unfortunatehgt
environmentally sound solutisrHowever extensive researdhto using tirederived rubber in
concrete mixturessonducted over the lastirty yearsby manyscholargTopcu and Avcular
1997, Glineyisi et al. 2004 haloo et al 2008 Pelisser et al. 201 Eiras et al. 2014Youssf et
al. 2016, hasconfirmed thatrubberderivedfrom old vehicle tires when they incorporated in
concrete mixtureaffects both strength and stiffness detrimentdllyisrepresergan obstacle
limiting their usan structural applicationg o mitigate these disadvantages anufrtprovethe
properties of rubberized concrete mixtures, an effort was conductathémcehe adhesion
betweerrubber aggregate aradljacenimaterials.Guneyisi et al. (2004 Pelisseret al. (2011)
andYoussf et al. (201&ttributed thgoorproperties of rubberized mixture to the less adhesive
natureof rubber aggregatparticles. Therefore, some attempese conducted to achieve such

adhesion improvement. These asing sodiunhydroxideto ersure proper roughness of rubber

and alsamproving the interaction between rubber and other components by using silica fume

Thefindings indicatedsome improvement iperformance
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As pavement structures consumes laggentity of natural materials, replacing the latter
materials with rubbeaggregatewill ensurea higher degree of sustainability compared with
other application§Cao 2007Bar i ¢ i | ).eThis mmybe the2r@agothat many studies
conducted recentligaveusd different recycled and waste materials sucheagcled concrete
aggregatéLi et al. 2010, recycled asphalt pavement R@Ruppala et al. 20}.,7glass materials
(Arulrajah et al. 201pand construction and demolition waste COMuan et al. 201pfor
potential use in highway constructidhowever veryfew studies havevestigatedhe use of
rubber in cemepstabilizedaggregatenixtureswith relativdy low cement content® be used

in the pavement base course lay®ecently, Farhan et al. (201%tudied the influence of

differentamount of tire rubber aggregate the flexurabehaviourof cementboundaggregate

mixtures and Farhan et al. (2016) studied the behaviour of rubberized cemented mixtures with

different cementation levels under indirdensile loading However, few researchefiave
reportedthe effect of cement content dime flexural behaviour otementstabilized mixture
with and without rubber aggregate particl®reover these stabilized mixtures when used in
a pavement structurare normally subjected to vehicular cyclic loading. This necessifate

betterunderstanding, measuremetheir behaviour undesuchloading conditios.

2 Significanceand objectives

One of the most important stepscessary to allow thieeneficialuse of waste tires within
cementboundpavement layers to understand howhe inclusion of these waste materials at
different cement contenisayinfluencethe finalbehavioumwhen subjected to flexural loading
Flexural testing was selectetlie to its close simulation of field conditions. As pavement
structures are subjected to cyclic loading due to the movement of vethelbshaviour was

also evaluated under cyclic loading.



77 Cracking in cemerdtbound mixtures usually developsdue totensile stressedAs cracking

78  represerd the main disadvantage asingcemented layerdue toreflection of theseracks

79  throughthe overlying layersstudyingthe role thatementcontentplays on cracking tendency
80 and patterms the keyto optimizingmix design.Limited informationhas beefoundregarding

81  guantitativeinvestigation ottracking patternsef cementbound mixtures.

82

83  The objectives of this study are, firstly, to show the effeaemhentquantity, mainly on the
84  static anctyclic flexural behaviour and to characterize quantitatively the cracking behafiour

85  bothconventionabnd rubberizedementboundaggregate mixturg€CBAM s andRCBAMS).

86

87 3 Materials and preparation

88 3.1 Materials and their characterization

89  Limestone aggregai0 mm maximum sizg was usedn this study This type of aggregate

90 consists of differennhominal sizefractiors. Rubber from recycled tires was used in this

91 investigation. The gradation of both rubber and different aggregate size fractamstated in

92  (Farhan et al. 2016bPortlandcement was usdar stabilization of aggregatmixture Forthe

93  purpose otompaction and hydration of cemewgterfrom the public supplyas usedTable

94 1 shows the properties of cement used in this study while Table 2 presents the properties

95  aggregate.

96

97  3.2Mix Design

98  Since there are manypes of CementBound Granular Mixtures (CBGM) with maximum

99  aggregate sizes of 10, 14, 20 and 45 mmntbeerate aggregate maximum siuadue was
100  selected for the purpose of this study achievethe gradation of th€dCBGM2-0/20) as
101 specified in(BS EN 142271:2013, the combination ofifferent aggregate fractionsas
102  achieved on the basis of weight prapmsusing trial and error methd®arber and Hoel 2009

103  These proportioswereas follows11% of 20mm, 20%fdl4mm, 11% of 10mm, 13% ofrfém
4
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and 45% of particles less than 6mhnedesign aggregate mixture gradatisishown inFigure

1. The stabilization of mixtures was conducted using cement conte®i, &% and 7%y dry
weight ofaggregateThesewereselected based on the range studie(lypmpson 2001 Due

to its size similarity with that of rubber particles, the 6 mm size was seleidegartial
replacement by rubbéo ensureghe same aggregate packing. Therefordberized mixtures
were constituted by replacing 30%tbe volume of thisfraction by an equivalentvolume of
tire-derivedrubberaggregatevhich equals about 3.9% by the volume of the total aggregate
mixture The design wateguantityfor each cement coentwere adopted froraprevious study
(Farhan et al. 2016lon the basis oftcompaction requiremenisa accordance wit BS EN
132864:2003 through vibrating hammer compactibar the mixtures stabilized with 3%, 5%
and 7%cement moisture contestof 4.5%, 4.6% and 4.7%by dry weight of aggregate plus

cement mixturgwere usediespectively.

3.3 Specimenmanufacturing and curing

Variation due to the change of aggregate gradation, which anaggethe densityof the
mixture, was eliminated bpatching mixing andcompactioreach specimemdividually. The
mixing and other preparatory sgewere conducted according to the procedure reported
Farhan et al. (2015)n this procedurecement was added first to tfiee dry aggregatenaterial
thenthe productwas mixed for60 sec.with other aggregate fraction sizesluding rubber
aggregateThen,a mixing for120 secwas conducted after addititge desigmimoisturecontent
Oiled prismatic steel mouldsf 100mm x 100mm x 500mm dimensiomgere usedfor
speci mens 6 Onteathe mixiogavasifinisimed a vibrating hammer was utilized to
compactthe mixture insidehe preparedmoulds in three layersEach compacted layer was
scarified before compaction the next lay&n ensure accurateharacterization, nevious
investigations(Farhan et al. 20)5suggestednanufacturingthe specimenswith a height

slightly greaterthan required so as to facilitate obtainemgmooth surfacby trimming the
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excess thicknesss shown irFigure2a and2b. Threespecimengper mixwerefabricatedand
testedand the average value was presen@tce compactiomasachievedspecimens were
left covered in their moulds to prevenbisture loss. Then, these were demoulded on the next

day, wrapped with cling film and stored in wet plastic bagshfecuring period (2&lays).

4 Testing methodologiesand procedures

4.1 Quantification of flexural behaviour under static loading

A 200 kN capacityUTM was used to performtatic 4-point flexural testing Deformation
controlled (0.05 mm/min) tesig was adopted in this study. For each load application, the
deflection at mid span was measured throughtWbDTs. The average value dfansduces
readingswas adoptedas the deflectionfor each load applicatiorFigure 2c shows he static

flexural testingsetup.Thefollowing formula was used to computeeflexural strength

&3 % P
where FS=flexural strengthlL= span Fp=peak forceB=specimen crossection widthandH=
specimen crossection height. Flexuratiffnessmodulus was calculated basedtbe elastic
part of the loaddeformation relationship by adapgy 30% of the peak forceand the
corresponding deflectiofArnold et al. 201P The following equation was used to calculate
stiffness modulus%) value:

C o8&

* a8

wherg = mid-spandeflectionand F= applied force (30%)-The waterdisplacement method

was used to estimate the déynef specimens after the curing period.

Estimation of fexural toughness wanducted in terms of thrggarametersvhich are &, lio

and bo, as specified in ASTM C 1018.oughness indegan beestimatedastheratio of area
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underthe load-deflectioncurveat specific deflectiorto the area under the same curve at first
crack deflection. These specific deflectionsfanst crack deflection multiplied b, 5.50r 10
when &, 110 or 2o are being calculatedlltrasonic Pulse Velocity (UPWvas measuredon
destructively vidhe PUNDIT-plus apparatus accordance withSTM C597 In this test, the
speed of stress wave between tdarcerandreceiver wasneasured byhedirect transmission

method

4.2 Quantification of flexural behaviour under cyclic loading

Regarding the behaviour undgyclic loading, the same testing configuration as used in static
testing was adopted for investigation under cyclic loading. A st@ssolled testing mode at

a frequency of 2 Hz. was usgslobhan and Mashnad 2008 25 kN servecontrolled actuator

applied the load cyclically at different stress ratios with a haversine wavéfaramg 200

The repeated load cycles between two values. The maximum one was estimated from the static
flexural strength value based on the required stresg(&Rp About onetenth of theSR-based

load (Sobhan and Mashnad 2Q0@Gas applied asm@&inimumloadso as to prevent any impact

and hence to ensure accurate response measurement via instruments. Hence, a cempression

compression loading was adopted.

Regarding instrumentation and data acquisitan external higepeeddata acquisitiomlevice

was used since the idea was to identify the behaviour under cyclic flexural loading in terms of
damage accumulation during fatigiesting To this end, the loadhid span dynamic deflection

data was acquired at a rate of 20 points per secondthisc&ould ensure sufficient data to
describe a loadeflection cycle as reported 8§obhan (1997)Figure 3 shows the cyclic

loading test setup.
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In this paper, the fatigue life wasfuoheed by the full collapse point since, in the case of stress
controlled fatigue testing, there is negligible difference between a stiffness reduction criterion
and the full collapse poirfti 2013). Flexural dynamic modulus was calculated based only on
the recoverable deformatiooccurred duringfatigue testingusing the following equation

(Sobhan and Mashnad 2003

&
o _C &8 5

p g §

where:% = flexural dynamic modulus; = appliedcyclic force;] = recoverable dynamic

deformation. L, B andH are as defined previously.

4.3 Cracking behaviour quantification

A recent investigation conducted by Farhan et al. (2015) indicated that flexdwakd cracks

in prismatic samples of different rubber contents propagated through rubber particles. They
evidenced this by noting the quantity of crumb rubber particletdd@a the flexurafractured
surfaces. In this paper, it was intended to validate and ascertain whether mixtures with different
amounts of cement will experience the same crack propagation mechanism. To this end, the
samepreviousmethodology has been ki this research. In the first place, a high resolution
camera was used for capturing the fractured surface images. The captured images were then
converted from RereenBlue (RGB) mode to an eight bytes greyscale. This was then filtered
and thresholdednd finally the quantity of rubber particles was estimated. Figgteows the

image processing methodology used in this paper. ImageJ software was used in all the above
image processing and calculation stdggen, he rubber quantity on the fracturedfsges was

compared with that used in manufacturing.
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5 Resultsand interpretation

5.1 Behaviour under static flexural loading

5.1.1 Influence of stabilizer quantity on flexural strength and density

Table3 shows @nsities of prisms manufactured frafifferent amourg of rubber and cement
As clearly seen from dble 3, the cementcontenthas a slighy positiveimpacton the density

of compactednixturesdue toits filling of thevoidsbetween leger particles

Figure 5 showsthat using a greater quantity ofementimproved the flexural strengtbf
conventionaland rubbemodified mixtureswhich is obvious since such usage \iiltrease
hydration productsThis, in turn, enhaneghe bondstrengthbetween aggregafearticlesand
adjacentmaterials The same figure also shows thidite rubber inclusion at all cementatio
levels results in a drop in flexural strengtilue The difference between the strength of rubber
and natural aggregate is the main reason behind this drop in the réastreigthln addition
thehighdifferencebetween thetiffnesgsof rubberaggregate and othsurroundingmaterials
will make the rubber particles behave like vaidbhis, in turn, will increase the stress
concentration around thrabberparticles since surroundimgaterialsabsorb more stresses due
to the highstiffnessmismatch between these and rubber partetesaccordingly initiate the

cracks at the rubbgarticles.

5.12 Influence of stabilizer quantity on load-deformation relationships and toughness

Loaddeformationcurvesfor most of theinvestigatedmixturesare shown in Figuré. These
curves are used for toughness indices estimation as stated earlier in Secudhnilé.there is
clearimprovement in material toughness duerabber modification(Figure 7), increasing
stabilizer content seems to be ofalwviouseffect. Theindices &, lio, l20 for the CBAMs and
RCBAMs showedthe same behaviour at different cement contditits.likelyinterpretations

that whenacrack at micreevel reachearubber aggregate particle, the latter tends to absorb
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and make a relaxation of the stress at the crack tip. Moreover, since the cracks propagate

through rubber particles, such operation causegthening of crack path.

5.13 Influence of stabilizer quantity on static flexural modulus of elasticity

It is evident from Figured that similar trend for CBAMs and RCBAMs exist where both
showed an increase in their static stiffness modulus when the amount of stalsitirereasd

in the mixtures witithe same rate of improvemeniowever,it seems that the use of cement
contentof more than 5%haslittle effect compare to increasing cement content from 3% to
5%. It is known that the ability of the cemented pavement layer to absorb more stresses is
dependenbn its stiffness compared the stiffness of othelayersin pavement structure
Consequentlyincreasing stahbiter quantityin the mixturesbeyond 5% does not affect the
stress attractiveness of the layer. Rubber inclusion decrease the flexural stiffness of stabilized
layer at all examined stabilizer contents as presented in the same iigiate is expected in

the light ofthevery low stiffness of rubber aggregate particles compared to the stiffnihes of
naturalaggregate replacedhis will have a negative impact on stress atteactAnd sincea
cemented layer is normally brittle andnsitive to overloading and fatigue, such stiffness
reductionwill reduce theattractedstress in thematerials(when they are used within the
pavement structuregnd also results inlessfatigue sensitivty under vehicular loadingrhe

latter issue will ke discussed in Section 5.2.

5.14 Influence of stabilizer quantity on Ultrasonic Pulse Velocity (UPV)

The value of ultrasonic pulse velocity increases (Figuiss the amount of cement increase in
the stabilized mixtures iasimilar trendasobserved irnthe case o$tatic modulus oélasticity
This can beexplainedin the light oftheamount of voids in the mixture which greatly affect
the wave transmission speed. To some extent, @simgher amount of cement redsabe
voids due to its filling effet. As is well understood, théydration products increases as the

amount of cement increase. For this rea@wyas et al. (2013pstified the low voids in the
10



258  mixtures of higher cement conteMohammad (2011and Su et al. (2013bbserved similar

259 behaviour.

260

261  As can be seen frofRigure 9, UPV decreased witlubber incorporation at all investigated
262  cement content3he low stiffness modulus of the rubber aggregatams to bthe main reason
263  behind the reduction of the UPV value as reported Ziyeng et al. (2008)Aggregate
264 interlocking reduction in the case afbiber inclusiormight be anotheicontributoryreason
265  behind the drop of UPVThis interlockingreduction would reduce thmntactpoints between
266  natural aggregate of high stiffness whieh turn, reducesthe transmissionefficiency of
267  ultrasonic waveMoreover thehigh elasticity nature of rubber aggregate catisem to absorb
268  some of the wave energy. As for elastic modulus behaviour (F8)jutee improvement of
269  wave velocity seems more obvious for stabilized mixture in whichatheunt of stabilize
270  increased from% to 5%while little improvement occurs beyonkatamountof stabilization

271

272 5.2 Behaviour under cyclic flexural loading

273 5.21 Influence of stabilizer quantity and rubber on the fatigue of CBAMs

274  The fatigue life seems to be increased as a result of rubber inclusion for all inve stigabees
275  containingvarious amounts afemenitas shown in Figure 1@uch increase is more obvious at
276 7% cementontentand seems to keestressdependent phenomenarhere at a stress ratio of
277 90%, no clear behavioeixistswhile mixtures of different cemebntentshave longer fatigue
278  life after rubber modificationThe reason behind this might be due to the periothef
279  microcrackingphase The latterstage is normally longer in the case of stremstrolled mode
280  at lower stress ration one study,Farhan et al. (2016g)roved that cracks iniated and
281  propagated throughubber particles anthat sucha mechanism is responsibler toughness

282  improvement. They reported thdtamicrocracking levekubber particles tentb relieve the

11
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stresgs generatedt the crack tipSucha process retards the propagation of cracks which in
turn enhance materialtoughnessThe later improvemerdeems to be directly related ttoe
behaviour of the rubberized mixtures when they are subjected to repeated.ldhdirfigdings

are consistent with the conclusion reported Mpdarres and Hosseini (2014)his is also
consistent withthe outcomesof the toughnessexplanationmentionedabove From these
findingsand that stated earlier in in Secti®ri.2 (Figure7), it can be concluded that tiees a
proportional relationship betwednughnessand the fatigue life Moreover the suggested

mechanism of toughnegaprovement is behind the imp/ement of the fatigue life.

5.3 Evaluation of damage accumulation

Total deflection (recoverable plus permanent) were recorded for each cycle. A sample of such
total deflectiors is illustrated in Figure 1 For each cycle, the maximum (red line) and
minimum (green line) deflection were extracthgingthe fatigue lifelt is necessary, for the
purpose ofmonitoringthe stiffnessmodulus along the fatigue life, to calculate the recoverable
deflection fa each cycle. The latter parameter was calculated from the difference between the
maximum and minimundeflections It can be clearly seen frorthe deflection profiles
presented irFigure 1 that in the case of stress ratio of 90#tere aretwo regions The first
extends from the beginning urgiimost95%and 90%of the fatigue lifefor 3% and 7%€ement
contens, respectivelyOn the other hand, three regiomgpeawhena stress ratio of 85% is

appliedregardless of rubb@&r cementontent.

5.3.1 Permanent deformation accumulation

Permanent deformation accumulates graduallying fatigue, and is anindication that the
damage accumulaten the specimen as reported Byzybowski and Meyer (1993Figurel2
illustratestheinfluence ofcementuantityon theplasticdeformation accumulaticior CBAMs

12
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and RCBAMSs. With exceptionof mixturescontaining 3% cementontentwhich showed a
slightly higher permanent deformation, all other investigated mixtures presented low degree of
permanentleformationOnce again, tls can be attributed to the microcracking phdseation
thatoccuss at high stress ratso Themicrocrackingphase is very short at this stress condition
especially at 5% and 7% cement contehtaias followed by the macrocrackimpdasewhich
resuledin the collapse of the specimen without excessive deflediomever,at low stress

ratio (85%), specimengontaining crumb rubber with various cement contents experienced
higher level ofpermanentleformation The highest permeant deformation occurred when 7%
cement content was usekthe above explanation supports theeipretation oftie fatigue life

improvemenmentioned above in Subsection 5.2.1.

The rate of microcracking development in concrete specimens under cyclic load was observed
nondestructively byShah and Chandra (1970] heir resultsndicated that the microcracking
development was stable and slow in theeazfs70% and below stress ratio wherea808 and

higher, the rate of microcrack growth was fast@uch a conclusion is consistent with the

current findings.

Permanent deformation is alasstress ratiedependenparametems illustrated in Figure2l
Comparing Figure 4 (a and b) with Figurd2 (c and d) indicates that the rate of permanent
deformation at 90% stress ratio was not affectedrubper modification of the mixtures
regardless of cement contehrt contrast, atow stress ratig a greatexdamage accumulation
occurred after rubber inclusion. Mixturesntaining7% cementcontentexperienced larger
degres of damageaccumulation In addition, rubber incorporation resulteth greater

deformation at failure.

The above finding indicasghat the fatigue life of the material is related to the rate of damage

accumulation where mixtures experiencing higher damage accumulation Igst lamder

13
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cyclic loading.This finding indicates and confisthat the inclusion of rubber particles reduces
the sensitivity to the fatigue cracking by accommodating more accumulated d&ohban
and Mashnad (2002}udied the behaviour of rolleompacted concrete under fatigue loading.

Their results revealesimilar permanent deformation growth

5.3.2Degradation of dynamic modulus

Modulus of elasticity is one of the required inputs for pavement analysis and design. In the
latter process, thiparametelis assumed to be constant alongh the fatigue life of the
pavementayer. Since the dynamic modulus degradath time as a restibf internaldamage

of the materials, the idea of constamtdulusseemsnaccurate as reported (@liveira 2006.

Such inaccuracy increase for materials of higher degradability since the stiffness modulus
change significantlguringthe service life of the pavement layer. Consequeitily important

to ascertairthat the materialdo not have higher degree of degradatiemrthermore, such
observation may also heimderstandin@f behaviour and damage prooessf both types of
mixturesunder repeated loading. So, in this part of study, the degradation of stiffness modulus
is also quantified undesuch loading to bestreveal the role of rubber particles ithat

degradatiorprocess.

Comparisorof Figure B (a and b) with Figuré3 (c and d) revealthat there is no clear impact

of the rubber particles inclusion on the degradability of the stiffness modulus. For mixtures
stabilized with 3% cement content, a larger degree of degradability was obgenyezhter
dynamic modulus degradation would necessitateeasingayer thickness to ensure the same
stress/strain level in the layers above and below the layer made of this degradtgslal
Therefore, layers stabilized with low cement content woedpiire increase tirethickness to

allow for the dynamic modulus degradatimnthe structuraldesign However rubber particles

14



359  have no effect on thstiffnessdegradability andhe rubberized mixturedo not differ from
360  reference mixtures.

361

362 For the majaty of tested specimens, dynamic modulus degradation profiles showed two
363  regions. The first onwasbetween 0 an85% of the fatigue lifeThen,thiswas followed by a

364  rapid degradation stage. lirs study,Paul (2011examined the degradation of lightly stabilized
365 materials and presented similar behaviour which is consistent with the outcoineswifrent

366  study.

367

368  5.4Cracking patterns and behaviour

369  Figure ¥ shows the patterrs cracking of specimens madestabilized mixtires containing

370  different amourd of stabilizer As this figure indicates, the predominate failure pattern in the
371  case of lowstabilization statuss the propagation of cracks arouragjgregate particg(i.e.,

372 aggregatelislocationdue to low bondtrength. In mixtures stabilized with 5% cemeibntent

373  there are twdailure modesvhich areaggregate fracturing and aggregate dislocation. Finally,
374  the highly cementedpecimens experiencemimost aggregate fracturing.

375

376  This can be attributed to the bond strengdtweenaggregates anthe surrounding matrix

377  which is governed by different cemerdntentsthat alsocontrols thedensity of the adjacent

378  matrix (fine and cement) and formation of hydration products that gives a reasonable bond
379  strength Another contributoryfactor is the extentfowatercement slurrypenetrationinto

380 aggregate particles under vibrating hamoanpaction.

381

382  As can be seen frofigure 15 for all cement contents, the amount of rubber observed on the
383  fractured surface was greater than that originally used in the preparation of the rubberized

384  sample. This indicates that the propagation of cracks preferentially occurred through the rubber

15
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aggregate. However, at low cement content (3%), the difference between the two rubber
guantities was small as compared with that at 5% and 7%. This indicates a reduced tendency
for cracks to propagate through the rubber particles. It seems that the rehswh this
phenomenon is that, at 5% and 7%, the rubber particles were much the weakest points in the
cemented samples, attracting the cracks while, in weakly cemented mixtures, the weak bond
between aggregate particles and surrounding matrix represetetecd@e and almost equally

weak points.

In another investigation, Farhan et al. (2016) utilizech)X CT scans of samples that had failed
under indirect tensile loading and confirmed that the crack propagation was through the rubber
particles. This expanation supports the hypothesis given above regarding the mechanism

behind the toughness improvement due to rubber incorporation (Section 5.3).

6 Conclusiors
In this paperalaboratoryinvestigation was undertaken to study the role of stabitjgantity
on boththe static and dynamic behaviour of conventional and rubbadified cemented

granular mixtures. The main conclussaevealed from this study can be éidias follows:

1. Flexural strengtimproved for conventional and rubberized cemented mixtoetaining
higher amourt of stabilizer while replacing natural aggregate with rubbggregate
declines the flexural strength for all investigated mixtuegmrdles®f different stabilizer
contents Toughness improvement occurred due to rubber motiditat all stabilization
levels but increasingcementcontent has no clear impact on toughness of lio¢h

conventional andubberizedmixtures.

2. Crumb rubber inclusioneducedthe flexuralstiffnessmodulus at alktabilization levels.

Thegreaterdropoccurred in mixtures containing 3% cement contéhis behaviour was
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furtherobserved utilizinghon-destructive testingnd isconsistent with that observed under

indirect tensildoadingreported in previous research.

Examination of lhe flexuralinducedfractured surfacesevealedthat thepropagation of
cracks occurred through or adjacent tothe rubberaggregateat different levels of
stabilization This reinforcesprevious finding and alsgrovides a reason fothe flexural

toughness improvement.

Fatiguelife improved after rubber inclusion at different stabilizer contents since rubber
particles tends to absorb stress at the microcrack tip. The benefits of rubber particles over
the fatigue life appearedostsignificantlyat lower stress ratisince the latter ensutlea

reasonable microcracking period

Moderate and high stabilizatiothegreesensure less degradable mixtures while lightly
cemented mixtures showed higher degradabilitgspite their higher elasticity, rubber
particles haveno noticeable effect on thdynamic modulus degradatiasf cemented
aggregatemixeswhich in turn ensuethey donot affectadverselythe stress level in the

stabilized layer over the design life.

It seems that the rubber resianhdrelievesthe stresses atack tipswhen they arat the
microcracking stagexndfor this reasonthe effectiveness of threbberappeared at lower
stress rati@renot ata higher stress ratio. Thus, embedding rubber particleaxcéament
stabilized layeof enowgh thicknessto ensurelow stress ratio, may be useful in relieving

the stresses inside this layer and improvinditeeunder cyclic loading.
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466

Table 1:Properties of limestone aggregate

468
Property Aggregate fraction size (mm)
20 14 10 6 Dust
Oven dried density, Mg/ 2.633 2.607 2.608 2.427 | 2.668
Saturated surface dried density, M§/m 2.653 2.634 2.640 2.526 | 2.674
Apparent, Mg/m 2.685 2.679 2.693 2.696 | 2.686
Water absorption, % 0.74 1.03 1.2 4.1 0.26
469
470
Table2: Physical and chemical properties of cement.
Property Determined as
Specific gravity 3.15
Fineness 420
Oxide Determined as (%)
SiOe 19.6
Al203 4.9
FeOs 3.1
CaO 63.1
MgO 1.2
SCs 3.4
LOI 2.7
Chloride a<Cl 0.05
Alkalis as (NaO) 0.74
472
473
474
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Table 3: Densities of reference and rubberized mixtures

Stabilizer content, %

Std. Deviation

CoV

Mixture
3 5 7
CBAMs 2512.90 2529.65 | 2526.03
Std. Deviation 24.37 2.59 3.49
CoV 0.0097 0.00103 | 0.00138
RCBAMs 2449.30 2456.43 | 2462.50

3.46 4.94 3.50

0.00141 0.00201 | 0.00142
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Figure captions

Figure 1: Design gradation for aggregate mixture.

Figure 2: Some preparatory steps: a. specimeming; b. appearance of trimmed specimen
and c. static flexural testing arrangement.

Figure 3: Cyclic flexural testing setup.
Figure 4: Estimating the amount of rubber in the fractured surface.
Figure 5: Flexural strength for both conventional auttbermodified mixtures.

Figure 6: Loaedeflection curves for combination of rubber and cement quantity: a. C3RO0;
b.C3R30; c. C7R0 and d.C7R30.

Figure7: Toughness indices faonventional and rubbenodified mixtures
Figure8: Static flexural stiffnestor conventionabndrubbermodified mixtures
Figure9: UPVs forconventionabndrubbermodified mixtures

Figurel10: Influence of cemerguantityon fatigue lives oCBAMs and RCBAMsat stress
ratio of 90% and 85%.

Figurell: Typicaldeflectiornormalized cycles relationships for some investigated mixtures
at 90% stress ratio: a. C3R0, b.C3R30, c. C7R0 and d. C7R30.

Figurel2: Permanent deformation accumulation across fatigue life for some investigated
mixtures at 90% and 85% stressgaa. C3R0, b.C3R30, c. C7R0 and d. C7R30.

Figure13: Dynamic modulus degradation across fatigue life: a. rubberized mixtures at stress
ratio 85%, b. rubberized mixtures at stress ratio 90%, c. references mixtures at stress ratio
85% and d. references xhirres at stress 90%.

Figurel4: Fractured surfaces: a. C3R0, b.C3R30, c. C5R0 and d. C5R30, e. C7R0 and f.
C7R30. Black and red arrows indicate to failure around aggregate and through aggregate,
respectively.

Figure 15: Amount of rubber in the fractureatfaces for conventional and rubtmeodified
mixtures.
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Figure 1: Design gradation for aggregate mixture.
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591  Figure 4: Estimating the amount of rubber in the fractured surface.
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Figure 5: Flexural strength for both conventional anttbermodified mixtures.

Figure 6: Loaedeflection curves for combination of rubber and cement quantity: a. C3RO0;
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Figure 7: Toughness indices for conventional and rubimstified mixtures.
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Figure 8: Static flexural stiffness for conventional and ruvhedified mixtures.
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682  Figure 9: UPVs for conventional and rublmeodified mixtures.
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697  Figure 10: Influence of cement quantity on fatigue lives of CBAMsR@GBAMSs at stress
698  ratio of 90% and 85%.
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