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Abstract

This article investigates experimentally thehaviourof Rubberised Carete (RuC)with high rubber
contentso as tofully utilise the mechanical properties of vulcanised rubbBEne fresh properties and
shortterm uniaxial compressive strengih40 rubberised concrete mixes were asseddez parameters
examined includedhe volume (0 to 100%) and type of mineral aggregate replacement (fine or coarse),
water or admixture contents, type of binder, rubber particle propeatidsubbesurfacepretreatments.
Microstructural analysis using ac&ningElectron Mcroscog (SEM) was usedto investigate bond
between rubber and concrete the Interface Transition Zone (ITZ)This initial study led to the
development of @ “optimum” RuC mix comprising mix parametetsading to the highest workability
and strength at all rubbeontentsCompared to a neaptimised concrete with 100% replacement of fine
aggregateswith rubber the compressive strength of concrete with optimised binder material and
moderate water/binder ratio was enhanced by up to 160% and the workability wagesngignificantly

The optimisationproposed in this studwill lead to workable high rubber content RuGuitable for

sustainabldigh-value applicdons.

Keywords: rubberised concrete; tyre rubber; mix optimisation; sustainability; microstructure.
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1 Introduction

Worldwide tyre production isippproximatelyl.5 billion units/year and it is estimated that, for every tyre
placed in the market, another tyre reaches its service life and becomeg§ljvadteer 300 million tyres
reach their seice life every year in the Edlone,i.e. practiclly one waste tyre per person. Tyres used in
the automotivendustry are made with 780% highly durable vulcanised rubbemich cannot be asily
recycled Theinadequatalisposal of ubberfrom scrap tyress hazardouso the environment and human
healthand,as a resultstringent environmentétgislatiors hasze beenintroduced to managaich fvasté.
The EUdirectives prohibit the disposaf scrap tyres in landfills and favotire reuse of waste materials
ahead of recycling to minimise energy consumption (Landfill Direcfi991/31/E(2] and Direcive
2008/98/EC [3] respectively). Thishas increaseckfforts towards gemating new applications for
vulcanised rubber froracrap tyred44-12]. In the past two decades, humerous stubageinvestigated
the reuse ofecoveredyre rubber in concret® replace fractions of its mineral aggregd&42]. Whilst
rubberis a valuable material with high strength, duriépiind elasticityit can have aetrimentaleffect

on some of the fresh and hardemaechanical propertiesf concrete

In general, pevious literature on the characteristics dRuC mixesis contradictory highlighting the
difficulty of achievingsuitable mixes for catruction.Whilst someresearchrshavereporedsatisfactory
workability at all rubber contents and siZds8, 14], others have measuregro slump at 50%15] or
80% [16] aggregate replacement by volunfrevious experimentalvork often measurs concrete
workability through slumgd17, 18] Workability, however, is defined by the ease of mixing, placing and
consolidating fresh concretghile maintaining adequate concrete homogeridi®}, and thereforgthe
overallstability (.e. segregation and bleeding) thie fresh RIC mix hasto be taken into accotirDue to
the relatively low density of rubber compared to mineral aggregarescement RuC cylinders with
inadequate mix proportioning, consolidation or handling can exhibigh concentration of rubber at the
top upon vibratiorj20, 21] The increase iporosity ancentrappd air content (up to 30%t 25% rubber
replacement by volumg0]) is conceivably the main reason behind ploer fresh performancef RuC
[22]. Such increasemay be #ributed to rubber hydrophobicity irregular shape, rough texture,
contamination, iterlock among rubber particles and excessive friction with cepeste[23, 24]. Other

factors includdlocculation among fine rubbgrarticles particle gradatiomndmoisture conteni22].



The compressive strength of RuC redulog up to90% at high levels of rubber replanent(e.g. 100%

sand replacemen{25]. The lower compressive strength of RuC can be attributed to the relatively high
Poisson’s ratio of rubber particles (nearly 0.5), the high porosity of the camposi the weak rubber
cement paste bond (or Interfacial Transition Zone, I[PB) 27]. Other factors that reduce RuC stréngt
include segregation, lower overalliffness of the composite andstiag and consolidation techniques
[28]. Whilst such reduction is well documeed in the literaturfl4, 17, 24, 25,29-31], strengtlseems to

be influenced by ruldy content, size and properties, as welhasparameters and proportions (i.e. water

to binder ratio (w/b), type of chemicalmixture and binder materia\s a consequenceegsults from

compressive strength tests BuC cylindersre difficult to compare due to théd@irge scatte(Figurel).
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Figure 1. Normalised concrete compressive strength versusrubber content (data from [17, 25, 32-36])

Whilst rubber hydrophobicity and surface texture are known to weaken the bevetbetbber and
cement paste, the level of bond and load transfer at the robimemt paste interfads still unknown.
Microstructural analysisf RuC revealechigher porosityin the matrixatthe rubbetcement pastélZ, as
well as a larger ITZ, when cqrared to conventional concrdt®/, 38]. In fact, the ITZbetween rubber
aggregates and cement pastereasd from 6.65 um to 13.44um at 10% and 50% sand volume
replacementrespectively(38]. However,w/b was often varied with rubber conten{38], which could
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possibly affectthe hydration kinetics, mix porosity and ITZ density amidith. Scanning Electron
Microscopy (SEM)images have showa lackof bonding(gap)between theubber andcement pastat

their ITZ, as well adimited hydration products surrounding the rubparticles[37-39]. Conversely,
other studies show that rubbdsondswell to the cement matri30, 40]. This good rubbercement paste

bond has beeattributed tanterlock at the rough surface of rubber parti¢#s3.

It has been reportetthat zinc stearatdused toextendtyre servicelife in many developing countrigs
increasesrubber hydrophobicity and leads to a porous and weak rubberent interfacd41]. To
improve rubbeicement paste chemical/physical bondjt§], several rubber preeatmers have been
investigatedsuch aswashing with watef21, 35, 42], polyvinyl alcohol[43], NaOH[13, 41, 44, 45]
Ca(OHY), [46], silane coupling agenfd7], organic sulphur compoung48] or acid[40], as well agpartial
oxidation of the rubber surfadd9], exposure to UV radiation®0] or precoatingwith cement51],
mortar[26], silica fume[39], limestong52] or sand45]. Despite some success in rubber-ppeatments
(strength increas@ the range of 310% [18, 26, 41, 51, 52]yesults are often scattered andonclusive,
particularly whermmixes with pretreated rubber are not compared to mixes witheasived rubbef35,
42]. Theeffecs of the prareatmenton the oncrete hydration reaction and long term durabiidye not
been investigated-he pretreatments are also often cosdlydtime-consumingandcan only be justified

if concrete performance is enhanced.

The significance ofchieving an “ideal’packingof the concreteonstituentson its rheology, durability
and mechanical properties has bbaahlighted in the literaturgs3]. The packing of ganular particles is
influenced by their shape, texture, specific gravity, moisttwadition and mixing, placing and
consolidation technique§o date,an apropriatemethod forcharacterimg rubber particle properties
does not existpossibly due to thdifferent types of rubber, levels of contmation and thdack of
standardess. For instancethe specific density alubberreportedn theliteraturevariesbetween 0.5 and
1.3 [7, 2854]. Thereportedwater absorption values vary betwéaagligible” [27, 55] up to 42.1%33)].
Neverthelessiubber particles arbroadlycharacterised with a flakynd elongated shape, a rough scefa
(i.e. high friction coefficient) anchydrophobicity that is likely to affect its packing withms@ntional
aggregatef?1, 56] Due to their high surface area to weight ratios, #i$®likely that ultrafine rubber

particles interact by surface and inparticularforces[57]. To limit the influence of rubber size on
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concrete particle packing, mineral aggregates oftenreplaced with rubber particles of similar grading

[58].

Based on the previous discussidnis evident thathe lack of consensus in the literature, insufficient
understanding of RuC performance and adverse effects of rubber on comoeteties limit the
development/use of rubber in structural concrete applicatfiamslate, he use of RuGas beenmainly

limited to:

1) Nonstructural applications such as road barri&js thin overlays[8], concrete panelf9], paving

blocks p9, 31]and applications fathermal and acoustic insulation [5, Ghd

2) Low-medium compressive strength structurahcrete with reduced weight and increased ductility, as

well as resistance to vibrations, impact and cyclic 1¢ad$0-12].

To minimise the negative impact of rubber on concrete stretigtiuse of small volumes of rubkep to
25% of the total mineral aggregatés)often proposedil6, 59, 60] Thisinhibits the benefitshat high
quality rubbercan haveon the concrete toughness and ductil@g, 62]. The use of large amounts of
rubber in concretean also hae a positive environmental impact by reusing materials that would
otherwise be considered waste. Therefore, from a strucamélenvironmental prspective further

researchs neededo mitigate the negative impact of large amounts of rubber on cocbegteteristics

This article investigates experimentally the behaviour of RuC wgh hubber content so as to fully
utilise the excellent mechanical properties of vulcanised rublither article describean experimental
programmethat examineshe paramersthat influence the performance of RuC and describes a mix
“optimisation” exercise. Subsequently, the stptdgsents thenain experimental results and analyses the
factors influencing the fresh performance and compressive strength ofVRerGstructual observations
from scanning electron microscope (SEM) imagesasepresented and discusséddhis research is part

of the ongoingeU-funded collaborative research project Anagenrisip(//www.anagennisi.oryj/that

aims todevelop innovative solutions to reuse straptyre componentsThe results of tis study are
instrumentato understand the fundamental behaviour of RuC and contribute to the development of high

value structural applications


http://www.anagennisi.org/

2 Experimental Programme

A total of 40 rubberised concrete mixes and 180 standard cylindersZ@0m) were produced.o
optimise the mix proportiongand achievea RuC with satisfactory fresh propertieand shortterm
compressive strengthhe first part of the experiemtal study (Part lgxaminedRuC produced using
different water to binderratios (w/b), binder materia specimen preparation techniques, rubber
treatments and admixture conteats fixed rubber content of 40% of tHae aggregaterolume Based

on theresultsof Part 1 an ‘optimum mix’ was selectefdbr the second part of the study (Partt@)
investigatethe effectsof rubber contestand size on the oncrete compressive stigth. In Part 2,the
rubber replacg a) volumes of eithefine or coarse agggates(0%, 10%, 20%, 40%, 60%, 80%nd
100%), or b) volume of both fine and coarse aggregate$%, 40% and 60% totalaggregate

replacement).

2.1 Material Properties and Characterisation of Rubber Particles
High strength Portland Limestone Cement CEM B2.5 N (1015% Limestonefonforming toBS EN

197-1 [63]was used as main binda reduce the carbon footprint of the mixes. Alternative binder
materialsincluding Silica Fume (SF) (Microsilica- Grade 940) and Pulverised Fuel Ash (PFA) (BSEN
450 -1, Class N Category B LOiyere also examined'wo commercidly availablehigh range water
reducing admixtures were usg#l, 65]. Round river washedravelwas used as coarse aggred&tzes:
5-10 mm and 10-20 mm; Specific gravity: 2.@®sorption:1.28%6), whereasmedium grade river washed
sandwas used as fine aggregdt®izes: 65 mm; Specific gravity: 28 Absorption: 0.5%, Fineness
modulus: 2.64).Mineral aggregateswere replacedwith rubber particles ofroughly similar size
distributionto minimise theémpacton thepacking @ the concrete mix constituentBhe rubberparticles
wererecovered througmechanical shredding at ambient temperature and assottigd tgpes a) fine
(0-5mm) and coarseubber (510mm) from car tyres ank) largerubber chipg10-20mm) from truck
tyres. Fine rubbeparticles (85mm) weresortedin five size groups and a linear gradation wagdto
calculate their proportions. The rubbsurface, particularly the largaibber chips, was jagged and
contaminated with stédibres and fluff, as shown irFigure 2b-c. The relative density of tyre rubber
reported in the literature ranges from 0.51 [7] and up to 1.30 [R8Efore, the mass of rubber replacing

the mineral aggregates was calculated assumiatative density of 0.80.
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Figure2: (a) Finerubber (0-5mm), (b) coarserubber (5-10mm), (c) coar se rubber (10-20mm) and (d) mineral

aggregates used in the experimental programmes.

Tablel summarises gypical composition of rubber crumlzs reported by the provider, wher&agure3

shows he particle size distribution of rubber and mineral aggregaigsnedaccording toASTM C136

[66].

Table 1. Chemical characterisation of rubber granulatesand powder

COMPOSITION INFORMATION OF INGREDIENTS*
(data provided by ADRIA [67])

Polymers: 40-55%

Include Natural Rubber (NR), Styrene-Butadiene Rubber (SBR),
Isoprene Rubber (IIR), Isobutyletssprene Rubber (IIR),
Halogen Isobutylene-Isoprene Rubber (modified IIR),
Polybutadiene Rubber (BR), and Acrilonitril-Butadiene Rubber
(NBR)

Carbon black: 20-25%

Other (softener, filler): 2@0%

"Percentages of each constituent will vary according to mixtu
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Figure 3: Particle size distribution of rubber and mineral aggregates and ASTM 33 boundaries for fine,
medium and lar ge coar se aggr egates.

The rubber and mineraggregate shape and physical properties were evalaatddilows: particle
density andvater absorptio according taBS EN 10976-Annex C for lightweight aggregat¢&8]; bulk
densityaccording toBS EN 109-3 [69]; and flakiness indeaccording toBS EN 9333 [70]. Farticle
density, water absorption and flakinesd fine rubber particles (6mm) were not evaluatedas these

particlesfloat and agglomeratehus giving miskeading resultsThe aggregate properties aleownin

Table2.

Table 2. Physical and mechanical properties of rubber and mineral aggregates

Material(size Apparent Ovendry SSDf Water Specific Bulk  Flakiness

in mm) density  density density absorption gravity density  Index
(glen)  (glent)  (glen) (%) (g/cn)

Rubber (65) - - - - - 0.4-0.46 N/A
Rubber (510) 1.1-1.2 1.0-1.1 1.1-1.2 5.3-8.9 1.1 0.45 6.6-8.3
Rubber (1620) 1.1 1.1 1.1 0.8-1.3 1.1 0.48 10.4-17.5
Gravel (510) 2.69 2.60 2.63 1.24 2.65 151 7.1
Gravel(10-20) 2.69 2.60 2.63 1.24 2.65 1.58 9.7

Sand (0-5) 2.65 2.62 2.63 0.50 2.65 1.78 N/A

*Saturated Surface Dry

The results inTable 2 indicate thathe water absorption of the rubber particlesswnexpectedly high,

e.g. up to 8.9% for the-BOmm coarse rubber particléghis could be due to the difficulty othieving
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surface dry conditionandto the presence afontaminants (steel, fluff and others), which was particularly
high for the 510mm rubber particledt is also observedhat d rubber particles had a relatively low
uncompacted bulk density (0.40 to 0.48ngf)cin comparison to that of the mineral aggregates (1.51 to
1.78 g/cm). This can be attributed to the lower specific gravity of the rubber, butcatstotver packing

of the rubber aggregates. The lower bulk density of itk rubber particles (compad tothe larger
particles) coulde caused by surface irgarticular forceswhich leadto floccuation and agglomeration
amondgfine rubber[57]. Nevertheless, ore accurate data on particle density and size of fine raber
required before any conclusions can be draie 10-20mmcoarse rubber particles had hagliakiness
compared to the replaced grav@lable 2). This hgh flakiness indicates thahe conventional sieve
analysisis not suitable toneasureubber particle size$-or instance, rubber particles measuring 40mm in
one dimension and 20mm in the other orthogonal dimensions would still pass through aigo@enrhus

providing a misrepresentation of the actual particlessize

2.2 Mix Design and Parameters

A typical bridge pier mixdesignwith a target28-day compressivetrength of 40MPa was sed as
referencerfiix O), according to the proportions shownTiable3. This mix was selected because the RuC
investigated in this study can potentially be used in applications wheegieibdampingandbr energy
dissipationareneeded (e.gntegralbridges, earthquake resistant structures, éiiX).O was dsigned to

be highly flowablewith relatively high cementcontent, water to binder ratio (Ww/0.423 andfine to
coarse aggregate ratibhe concrete constituents wengixed as follows: 1)le aggregates (both mineral
and rubber)were drymixed for 30 seconds. All mineral aggregates were Saturated Surface Dry (SSD),
whereas the rubber particles were mixed dry asdeceived (excluding the mixes with pireated
rubber); 2) alf of the mixing watewasadded and mixed for another mte; 3) he mixwasallowed to
rest for three minutes; 4) the binder materials (including cement aedpmihzolanic materials) aride
remaining mixing watewere then added followed by a gradual addition of the admixtures antae5) t

concretewas thermmixed for another three mites.



Table 3. Mix design for the original mix (O).

Material Original mix (O)
Quantity/m®

CEM Il - 52.5 MPa 425 kg
Aggregates 0/5mm 820 kg
Aggregates 5/10mm 364 kg
Aggregates 10/20mm 637 kg

Fine aggregate : coarse aggreg 1:1.22

Water 180 |
Plasticiser (P) 251
Superplasticiser (SP) 511

2.3 Part 1. Mix Optimisation

The original mix O was very segregated, nbomogeneous and naohesive when rubber was
incorporated andconsequently, various mixes were attempgtedchieve improved fresh properties and
shorttermcompressive concrestrength.Table4 summariseslata fronrepresentative mixes in Part 1 of
the experimental programnwehile Table5 shows the rubber quantities uséd Table4, the tial mixes

are identified according to the different parameters examinatér to binder contg (w/b=0.3-0.38 —
mixes A), admixture contentB), rubber pretreatments €) andbindermaterial D). The number in the
ID represents the mix trial numbétor comparison purposes, a fixed rubber content of Wd%used to
replace thesandaggregategby volume)in all trial mixes In thisinitial study, the parameters leading to
the bestmix performance in terms of workability and compressive strength were selectdée: as
“optimised mix” parametersAdditional rubber contents of 10% and 100% were usedefbace
aggregatef theoriginal mix O andmix D. Note that the latter is the “optimum mix” selected based on
the fresh and hardened concrete performance, as described in s&dtiBrsTwo rubber prareatments
were examinedln mixes C.1 and C.2the rubber was prerashed with water to remove surface
impurities, airdriedandthen stored in a closed container under standard laboratory conthitimagtain
relatively constant moistarthroughout the studyn mix C.3,the rubber was preoatedwith silica fume
(SF) mixed with some water (10% of the cement weightle pre-coatedparticles werghen allowed to
rest for 20 min before they werenixed with the aggregates and remaining concrete constituents

following the sequencéescribedn sectior2.2
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Table 4. Representative trial RuC mixes examined in Part 1 (Aggregate quantities shown in Table 5).

Mix Cement SF PFA Fine aggregate w/b Other varied parameters
I.D. (kg/m® (kg/m® (kg/m®)  replacement

(%)
0.1 425 - - 0 0.423 -
0.2 425 - - 10 0.423 -
0.3 425 - - 40 0.423 -
0.4 425 - - 100 0.423 -
Al 425 - - 40 0.38 -
A2 425 - - 40 0.35 -
A3 425 - - 40 0.32 -
A4 425 - - 40 0.30 -
B.1 425 - - 40 0.423 Admixtures reducetly 20%
B.2 425 - - 40 0.423 SP reduced by 40%
B.3 425 - - 40 0.423 P reduced by 80%
C.1 425 - - 40 0.38 Rubber prevashed
C.2 425 - - 40 0.35 Rubber prevashed
C.3 340 42.5 42.5 40 0.35 SF as prdreatment
D.1 340 42.5 42.5 0 0.35 -
D.2 340 425 425 10 0.35 -
D.3 340 425 425 40 0.35 -
D.4 340 42.5 42.5 100 0.35 -

2.4 Part 2: Variation in Rubber Contents

Based on the resulfsom Part 1,the “optimum miX D was selectetb carry out an irdepth parametric
study inPart 20f the experimental programme. Rubber contemsevaried from0 to 100% of the fine
aggregate (FA)r coarse aggregaf@€A) volume. A combined replacement of both fine and coarse
mineral aggrgates(20%, 40% and 60% by volumevas also examinedable5 summarises theubber
and mineral agggate proportions used for the RuC mixes examined in Pait Bthermix parameters
werefixed to theoptimised mixproportions nix D, Table4). In Table5, the mixes are identified with an
ID that indicates th@olume of rubberreplacing aggregies inpercentagg0%-100% followed by the
type of aggregate replacement, i.e. “FR” for rubber replacing fine aggregdes(Dor‘CR” for rubber
replacingcoarse aggregat€5-20mm). The IDs 20CR20FRA0CR40FR and 60CR60FHEentify mixes

with 20% 40% and 60% combined replacement of CR aRdléspectively.
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Table 5. Proportions of rubber and mineral aggregate at different levels of replacement

Replacement Mix | .D Rubber Mass (kg/m°®) M ass of CA? M ass of FA?
Type T CR FR (kg/m®) (kg/m®)
None Plain - - 1001.0 820.0

10FR - 24.8 1001.0 738.0
20FR - 49.5 1001.0 656.0

Fine Rubber 40FR - 99.0 1001.0 492.0

(FR) 60FR - 148.5 1001.0 328.0
80FR - 198.0 1001.0 164.0
100FR - 247.6 1001.0 0.0
10CR 30.2 - 900.9 820.0
20CR 60.4 - 800.8 820.0

Coarse Rubber 40CR 120.9 - 600.6 820.0

(CR) 60CR 181.3 - 400.4 820.0
80CR 241.8 - 200.2 820.0

100CR 302.2 - 0.0 820.0

20CR20FR 60.4 50.0 800.8 656.0

CR&FR 40CR40FR 120.9 99.0 600.6 492.0
60CR60FR 181.3 148.5 400.4 328.0

%CA = oarse aggregate, FA = fine aggregate

2.5 Specimen Preparation
A total of 180 standardoncrete cylinders (16@200mm) and0 cubes (100mm) were castcording to

BS EN 12392 [71]. The aubeswere casto examine the development akial compressive concrete
strengthfor the hidhest rubber content (60CR60FR)3af7, 14, 28 and 52 dayEhe specimens weist
in two layersand vibrated om vibrating tablg15-2Gs perlayer). After casting, 8 readers to pinpoint the
lack of consensus, insufficient understanding and technological issuesates with RuC behaviour
specimens were covered with plastic sheets and kept underrdtéaiazratory conditions for 48s until
demoulding The specimens were thetoredin a mist roomuntil 24hrs prior to tesing. As the casting
face of mosRuC cylinders was uneven, two methods for cylinder surface preparation werenegarj
cutting and grinding the cylindeugaceaccording toBS EN 1230-3 [72],and 2) casting ofgypsum
caps (ASTM C61773)]). Figure 4a-b showhe concrete cylinders before and aftasting thegypsum
caps The capdgailed prematurely durinthe tess, leading to local crushingndfailure at the toghottom
of cylinders.Conversely, arface cutting and grindinfigure 4c-d) prevented local crushingnd was

usedfor testingthe cylinders presented in this study.
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Figure 4: Cylinder without pfep‘aration (a), cylinder with gypsum cap (b) and cut cylindersfrom D mix with
10%CR (c) and 100% FR (d).

2.6 Test setup and instrumentation

As no standard method exists for measuring the fresh propéstid’uC, thesewere evaluated using
slump tests (BS EN 1235D[74]), flow table tests (BS EN 12389[75]), or both depending oa visual
assessmentf ohe suitability of the test for each miAdditionally, avisual stability index (VSI) was used
to examine segregation and bleedargito classifythe mixes in descending order of stability (from 0 to
3) according toASTM C1611[76]. The hardened concrete densigs obtained at thdate of testing

after air drying for 2#rs.

The cylnders and cubes were testedinmiaxial compression using a cube crusbeB,000kN capacity &

a loadng rate of 0.6 MPa/according to BS EN 1239D [71]. However, the loading rate was reduced to
0.1 MPal/s to prevent prexture failure of (weaker) cylindemwith higher rubber content@bove 80%
sand orgravelreplacement To speed up the experimental programfrif) cylindersveretesedafter7
daysof casting, while the rest were testdter28 days.Two cylinders wergested for each mix in Phase
1 of the experimental programm&hereasat least fouicylinderswere tested for each mirn Phase 20

account for material variability

High resolution sanning electron microscopy (SEMhdEnergy dispersive Xay Spectrosbpy (EDS)
analyses were usdd observe the micrasicture of selected RuC samples. Timages were obtained in
backscattered electrdBSE) imaging modeCylindrical cores (25 mm didOmm height) were extracted
by cutting at the midheight of theRuC cylinders andhen coring at their centre. The face of each core

was polished manually using commercial sanding paper to achieve a surface rouglaiesg 6fum.
13



The samples were then polishgrduallyusing diamond paste of 6, 3, 1 and Qu2%, and washed with

isopropanol using aunltrasoniccleaner.

3 Results and analysis

Table6 reportsthe following results from Part 1 of the experimental progranaglump offresh mixes
(when measurements were possiblg)average flow valueg) segregationandd) 7-day compressive
strength Table 7 summarises theameresults for Part 2 of the experimental programasewell aghe
specific gravity andorrespondingtandard deviation (SO)f the 7day compressive strengtésults The
following sections summarise the most significant observations ofdtiegg@rogramme and discuss the

results listed in Tabte6 and 7.

Table 6. Results - Part 1 of the experimental programme

Mix I.D. Slump Flow Segregation  Compressive strength
(mm) (mm) vVsl) at 7 days (M Pa)

0.1 N/A? 700 0 46.8

0.2 N/A? 700 0 34.8

0.3 N/A? 685 2 14.1

04 N/A? 485 3 3.7

Al 190 520 0 21.8

A2 110 440 0 22.4

A.3 N/A? N/A? 1 31.9

A.4 N/A? N/A? 3 P

B.1 N/A® 640 1 -b

B.2 N/A? 575 0 =D

B.3 N/A? 580 0 b

C.1 N/A? 495 1 19.8

C.2 150 425 0 26.2

C.3 170 495 1 28.1

D.1 230 575 0 61.7

D.2 215 560 0 53.4

D.3 190 530 0 31.7

D.4 0 N/A? 2 9.6

& Mixes where flow or slump measurements were not possible
® No cylinders cast
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Table 7. Results - Part 2 on optimum mix D with different rubber contents

Mix 1.D. Slump Flow Specific Gravity = Compressive strength SD
(mm) (mm) (SG) 7day (M Pa) (%)

Plain 230 575 2.48 61.7 6.7
10FR 215 560 2.41 53.4 3.9
20FR 230 570 2.35 43.2 9.9
40FR 190 530 2.3 31.2 0.4
60FR 180 495 - 20.6 5.1
80FR 130 465 - 14.7 4.0
100FR 0O N/A” 2.13 9.6 7.4
10CR  N/A’ 590 2.4 45.9 6.6
20CR  N/A’ 535 2.34 32.7 18.5
40CR 45 N/A" 2.22 25.3 15.9
60CR  N/A’ 510 2.2 15.8 27.1
80CR 40 N/A" 2.06 14.3 9.4
100CR 70 380 1.98 8.7 15.9
20CR20FR 210 490 2.22 32.0 3.2
40CR40FR 185 - 2.05 10.7 0.0
60CR60FR 40 410 1.94 7.1 16.8

#Flow or slump measurements were not possible

3.1 Fresh Properties
The fresh properties dRuC mixes changed significantly with the addition of rubber, and therefore the

mix design was adjusted to achievgoodflow and no segregatiofigure5 showsthe flow table results
of mixesO andD (with CR or FR replacemeng)s afunction ofthetotal volume ofreplacedaggregate
The results indicate thatibber contents d¥% to 10% FRdid not changehe flow of theoriginal mix Q

However, theflow reduced by 30% & 100% FRreplacementwhich equalst5% ofthetotal aggregate
volume Thelatter mix wasvery harshunworkable and segregated, as showhigure 6a. Compared to
the plain mix0O, the plain mixD had much lower flowability (575 mm at 0% rubber replacem&itayy

reduced by 34% for mix Dvith the highest rubber content (100% ,GRR 55%replacementf the total
aggregate volumePespite the high rubber content in nid(55% total aggregate replacemenmpared

to 45% in mix O.4)the formemwasmore cohesive and homogeneous, as showigimre6b.
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Figure5: Flow table results for mixes O and D asfunction of the total aggr egate volume replacement

Eigure 6: View of flow tabletest of (a) mix O at 100% FR and (b) mix D at 100% CR.

The slump/flowvalues and levels of segregationTable6 show thatmost mixesachieved acceptable
flowability for casting and compacting purpogesept mixes 0.4, A.3 and A}4However,segregation
and bleedingvereevident in RUC mixes, aonfirmed by 1) shear failurén slumptest, particularly in
dryer mixes(an indicationto harshness antack of cohesionFigure 7a), 2) separation of coarse
aggregates frorfiner particles inflow table tests Kigure 7b), and 3) theresence of a mortar halé
gleamwasalsoobserved at the surface RLUC mixes with high water conterfB.1 and O.3)jndicating

bleeding.This can be attributed to rubber hydrophobicity, gmaticle gradingandconcrete porosity.
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60% CA repl. &
60% FA repl

The above results highlight the difficulty of achieving a highly flowabix without compromising mix
cohesion. To limit segregation and bleedisgfficient water was addedo hydrate the cemerdand
superplasticisersvere usedo aid mix flowability and facilitate casting.The use of SF and PFalso
limited segegation and bleeding and impexmix cohesion inmix D (Table 6). The effect of
water/admixture content and bindeaterialson RuC performance discussedn sections3.3 and 3.4,

respectively.

The optimisation ofthe mix proportionsed tosatisfactory fresh propertiésr RuC mixes ahigh rubber
contentsBased on the resultd this study, it is suggested to lintlie w/b ratio to 0.35 and use SF and

PFA to replac0%of the cement mag40% each).

3.2 Effect of rubber content
Figure 8compareghe average -day compressive strengti the originalmix O and optimiseanix D

(normalised to the strength of correspondimiges with no rubber) asfunction ofrubber replacingotal
aggregatevolume.Figure 8indicates that thetrength of the Ru@nixes reducedor all rubber contents
up toa maximum 0f92% for mix O (100% FRor 45% of thetotal aggregat@s This is in line with
previousstudies thateporta 90% reduction in compressive strength as a result of full replaceshent

sand with rubbef25].
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Figure 8: Variation in the normalised strength of O mix and D mix with FR replacement, CR and both

The plain mixD with no rubberhad SF and PFAand lower wb and consequentlyjt had higher
compressive strengthanthe plain mix O (se@able6). Nonethelesdgrigure 8shows that theeduction
in compressive strength due to increasing rubber comtanhtiesssevere m the optimisedmix D. For
instance, at 40% FRontent(equivalent to 1% total aggregate ptacement)the strength of mix O
reduced by 70%, wdreasthe drop was 49% in mix DSimilar resultswere observed imix D with CR

replacementas well as in mixewith combined replacement of CR and FR.

The reductiorin strengthshown inFigure 8is consistentvith the drop in slumpandflow discussedn
section3.1 Such properties are affected the higherair content andower workability of RuC, which

can be attributetb rubber hydrophobicity, texturand shape. The reduction in compressive strength can
alsobedue to a) lower contemif strong mineral aggregates (abberreplacemenits increased), and b)
rubberlow stiffnessand high Poisson’s ratio, which tendimguce lateral tensile stresses in the concrete
surrounding the rubber particles. Moreover, the reduction in strerfgtiixes 0.3 and D.3 (aimilar

40% FR) was 70% and 49%, respectivéhig(re §. This suggest that strengthreduction in RuQloes

notonly depend omubber content bulsoon other mix parameters and proportions.

Figure 9shows the reduction in density as a function of rubber content. In this figureletisiy
(obtained from standard cylinders) is normalised with referemtiget density of concrete mixestkvino

rubber. To allow direct comparisons, the rubber content is expressed as a peroénkegtotal mix
18



aggregate conteniThe results indicate thakegardless of the mix constituents, the concrete density
reduced with increasing rubber volume. Ti@duction is in line with the reduced compressive strength of
RuC mixtures and can be mainly attributed to the lower specdidty (SG) of the rubber particles, but
also to an increase in air conteihe SG of mix O was 2.54, 2.41, 2.33 and 1.92, respdctat 0%,
10%, 40% and 10% FR replacemenihe SG results frommix D (Table7) showthat the plain mix D
had a lower density of 2.48ompared to mix Oflue to theuse of SF and PFAhe SG reduced by 24%
as the sand was fully replaced with FE0@% FR replacemenih mix O. At 100% FR and 100% CR
replacement, the SG of mixd3 was reduced to 2.13 (14% reduction) and 1@8% reduction),
respectivelycomparedo mixes without rubbeiThe data irFigure 9andTable7 indicatethat,compared

to mix O, the density of mix D (with optimised proportions) redusede graduallywith increasing
rubber content. This suggests a more moderate increase in air content relagveitbér content in the
latter mix As a result, he mix optimisabn was proven effective at minimising the amounof air

introduced in the mix.

——D mix (FR)
—#& D mix (CR)
0.95 1
—¢— 0 mix
£
w
g 09 |
=
=
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=
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5
z
S~
0.8 == 100CR
0.75 . T T T T
0 10 20 30 40 50 60

Rubber content (% of total aggregate)

Figure 9: Variation of the density (normalised to the density of the corresponding plain mix) with rubber
content for the original (O) and optimised (D) mixes.

To assesshe effect ofhigh rubber contentsn the development afoncretecompressivestrengthover
time, aibe compressive strengths3, 7, 14, 28 and 56 daygere obtained for the optimisdRUC mix
with highest rubber conten6QCR60FR).At leastthree cubes were tested @age and themaximum

observedstandard deviationvas 1.6%. The results inFigure 10 indicate that the model proposed by
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Eurocode ZEC2)[77] estimates with reasonable accuracy the developmentbecompressive strength

of 60CR60FR Ru@ver time However,further expgimentalresults arenecessary téully confirm this

conclusion.
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Figure 10: Development of cube strength at 3, 7, 14, 28 and 56 days (mix 60CR60FR)

3.3 Effect of water and admixture contents
The data inTable 6 show thatat a rubber content of 40% FRhe freshflow of mix 0.3 (w/b=0.423)

reducedrom 685 mm to 52@nm, 420mm and hot flowablé for lower w/b contents(0.38for mix A.1,
0.35for A.2 and 0.3Zor A.3, respectively) Figure 11 shows the effect of w/b on the fresh flow and
compressive strength of RuCompared to mix O.3, the reduction in w/B@led to an increase in the 7
day compressive strengtiimixes A.1, A.2 and A.3 by 55%, 59% and ¥2GespectivelyThe reduction

in w/b also resulted in significant improvements in mix cohesion and homogeneity. éfowe/use of
w/b=0.30 fix A.4) led to a very dry,unworkable,segregated and namohesivemix, and therefore no
cylinders/cubesvere castThe extremely low flowability and the presence of segregation in mix A.3
(40% FR)indicated thasuchmix would béave inadequatelgt higher rubber contentSherefore a w/b

of 0.35was selected fdPart 2of theexperimental programme
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Figure 11: Variation of concrete flow and compressive strength with w/b at 40% FR content.

The mix water content alsofluences rubber distributionithin thetested concrete cylindeiSigure 1a-
b showthe distribution of rubber ispecimen®f mixesO.3and A2 with 40% FR(w/b=0.423 and 0.35
respectively) It is shownthat the rubbeaccumulated at the top of the cylinder dasthe original mix

(0.3),whereas mix A2 hada homogeneous distribution of rubber over the full cylinder height.

a)
Figure 12: Rubber distribution in (@) Mix 0.3 and (b) Mix A.2 with 40% finerubber content.

The reductiorof superplasticiser conteby 40%(in mix B.2) reducedheflow (by up to 16%)ut, more
importantly, led to a reduion in mix segregatior(segregation level reduced from 2 tpbddmpared to
mix O.3 with identical rubber contenfsee Table6). However, due to the relatively high amount of

lubricating water in the mixes artde rubber hydrophobicitya thingleam was observed at the surface of
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all B mixes,thusindicating bleedingBased on th@bove observation# is proposed to limit the w/b to
the minimum required for cement hydration and wager reducing admixtures to achieve the necessary
flowability. To maintain mix stability and homogeneity, flowability should be kept to a minimum. The

reduced w/b is alseecommended to prevent significant strength reduction.

3.4 Effect of SF and PFA replacement

The partial replacement of cemawith SF and PFA (10% each) improveignificantlythe concrete mix
performance Table 6). For instance, mix at w/b=0.35), had better fresh properties amnpressive
strength thanthe original mixes O and A (w/b=0.35) at all rubber contentsThe improved mix
performancelue to binder material alone ésidentby comparing migsA.2 andD.3 at 40% FR asthe
strengthand flowability of the lattewere42%and 20%higher, respectively Theeffectivenes®f SF and
PFA at enhancing RuC propertiean be attributed tits filling effect (improved packingaswell asto
its pozzolanic reaction with the cemdntdration productsPrevious researdv§g| indicates thafine SF
particlesalso reduce bleeding, thugnhancing packingn the ITZ (which in turn increasehe RuC
strength). The effect of the fine fillers on the packing of the cementitious mateaad RuC

microstructure are discussed in secti8rsand 3.8respectively

3.5 Effect of rubber particle size

The results inFigure 5 (andTable 7) show that the fresh flowability of RufS more affected by fine
aggregate replacement thlap coarse aggregate replacement, particularly at rubber coatemte 20%

of the total aggregateAt 100% FR replacement (45% of total aggregate volume), the mix was extremel
dry and unworkable, whereas a flow of 380mm was achieved for the mix with 100%pGRement
(55% of taal aggregate volume). This chr attributed to the filling effect of sand and its role in aiding
mix flowability, as well as the excessive friction caused by the fine rulargclps whichhavea rough

surface and a larger surface atempared t@oarse rubber particles withe same volume.

Figure 8revealsa marginal differencén the compressive strength of the optimised mixf[Zzoarse or
fine rubberis used as aggregateplacenent Suchdifferencevaries with rubber content arstemsto
peakataround 10% total aggregate replacement, wi&¢ed to conpressive strengthearly 20% dwer
than the strength achievedingFR (strengthsof 34 MPa \s. 42 MPa, respectively. This can be due to

the loadbearing role of théargercoarse aggregateshich transfer loaddirecty within the specimens.
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However for rubber contents ranging betwe2d% and 40%of the total aggregate similarconcrete
compressive strength was achieved regardless of type of rubber replacEnmermns. not in line with
previous studies reporting much lower compressive strength regpiating coarse aggregates as opposed
to fine aggregate$§24]. This deviationcan be attributed to comparisoraften being made between
different amounts ofubber. Unfortunately, numeroysevious studiegxpressthe rubber conterds a
fraction of the type of mineral aggregate replafmuhrse or fing)and therefore the actual amount of
rubber in the mix could vary depending on the coarse to fine aggnegmteleadingto comparisons

amongconcretes witltifferentoverallrubber contents [61].

The standard deviation (SD) in compressive strength for mixthsRIR replacement was 7.4%ik D.4
with 100% FR seeTable7). However higher SD was observed fGR replacement, with a maximurh o
27.1% at 60% CRThe higher variability associated witER replacemenimay be attributed to the
possible reduction in the amount of force that is transferred thrdivedt contact irthe stiffer mineral
coarse aggregatas well ago variations instiffness across the cylinddfor instance, ge to the larger
size and lower quantity of CRarticles atanidenticalreplacement leveds FR) theparticledistribution
throughoutthe cylindermay vary significantly amongtest cylinders, leading to the observed kigh

variability.

The dfects of combined replacement of coarse and fine aggreg@2@SR20FR, 40CR40FR and
60CR60FR)on RuC fresh properties and compressive strength are showirable 7 and Figure 8
respectively The compressivestrength of mix20CR20FR(20% total aggregate replacemen82MP3g

was higherthan that achieved witllOFR or 40CR (18% and 22% total aggregate replacement,
respectively)with strengtls of 31.2 and 25.3 MPa, respectivehs shown inFigure 8 At 60% total
aggregate replacement (60CR60FR), the strength reductiosimiar to that observed in 100%d~_For
100% CR replacement (45% and 55% of the total aggregates, resly@atiespite having a giner
overall rubber contentn terms of fresh properties, all mixes with combined CR and FR replacbatnt
good workability with good cohesion and limited ssgation.In particular mix 60CR60FR hadnuch
better cohesim and homogeneityompared to mixes wittotal fine (100FR)or coarse aggrega@00CR)

replacement.

23



The above observations indicate thatt low rubber contents, coarse aggregafgacementvas more
detrimentalto the RuC compressive strengtian fine aggregateeplacementThis effectwas not
observed at higher rubber contents, where rubber propertiesgteoontrol RuC behaviour regardless
of the type of aggregate replaced. Whilet compressive strength seems to be slightly more influenced
by CR properties, the FR was slightly more detrimental to the concretepfiegzerties, particularly at the
higher rubber contents. The combin€R and FRreplacement proved to be a suitable sotutto
maximise the rubber contents in RuC mixes without completbiginating coarse or fine mineral
aggregatesas well ago maintainsatisfactoryfresh properties and compressive strenigtix 60CR60FR
hada flow of 410mm, adequate cohesion and homeig¢ anda compressive strengif around 7MPa.
Suchproperties ahigh rubber contestwere only achieved with theptimised mixand combining both

CR and FRreplacementThe 60CR60FR mix is instrumental for future studies by the authors in which
high-rubbercontent RuC cylinders areonfinedto achievean environmentally friendlyhigh-ductility,

high-deformability concrete.

3.6 Rubber pre-treatments

The resultan Table 6 show that pravashing rubber with water did nenhancehe mix performance
significantly. A minor reduction in flowbility (3-5%) was observed in mixes C.1 and C.2 (with- pre
washed rubber), respectively, compared to mixes A.1 and A.2 with the same amwaeroflirectly

added to the mixNonegheless, the strength and density of mixes C.1 and C.2 were comparable to mixes
A.1 and A.2, respectivelyThese resultsonfirm thatprewashing the rubbes not an effective solution

to improve the rubbetement paste bondingikewise, pe-coating the rubber with SF (mix C.3) rather
than simply adding SF to the mix (mix D.3) did moprovemix performanceln fact, compared to mix

C.3, mix D.3 hadslightly higherslump, flow and strength 2%, 7% and 3%, respectively)Overall,the
variation in performance and density of the mixes withtprated particles compared to mixes with as
received particles falls within the standard variation anticipatetbimal concrete. Re-treatments are

also often costly, timeonsuming and aggressive to the concrete and rubber and should be only used if

significantbenefits are foreseen
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3.7 Influence of water and binder in packing

The effect ofoptimising thewater content and bindéype on the packing of the concretementitious
materiak was examined usiniipe wet packing methodevelopedy Wong and Kwaifi79]. Accordingly,

the samples were prepared as follosDry mix all binder materialfor 2 min; 2)Place all the mixing
water (based on selected w/b)arbowl; 3) Add half the bindeand admixtureso the bowl and mix at
low speed for 3 min; 4) Divigl the remaining binder and admixtures into four parts and adubttiens

(one after the other) to the bowl and mix for 3 minutes each; 5) GBlram dia x 100mm) cylindrical
mould with the mixture to excess. The cylindereigher vibrated or left unconsolidatesid he excess

paste is removed) Record the weight of thgaste in the mould.

Thebinder mixedollow the proportionsexaminedduringthe mixoptimisation ¢eeTable3 andTable4).
Four representative mixes were selectedtamine theinfluence ofw/b and binder material on the
packing of the cementitiousixes a) O— with w/b=0.423; b) A- 0.38 —with a w/b=0.38; c) A 0.35 —
with w/b=0.35 and d) B- with w/b=0.35 and SF and PFR&ach replacin@0% of he cement masgL0%
each) The voidcontents £) and s&id concentration¢) for mixes with/without vibration argehown in

Table8.

Table 8: Voidsratio, air ratio and solid concentration of cementitious mixtureswith/without vibration

Unconsolidated Vibrated
Mix
I.D. Voids content Solid Concentration Voidscontent  Solid Concentration
(e)° (b)° (8 ()

O 0.573 0.427 0.570 0.430
A-0.38 0.557 0.443 0.555 0.445
A-0.35 0.531 0.469 0.528 0.472

D 0.514 0.486 0.511 0.489

®Definedas the ratio of the volume of voids (voids content) to the bulk volume gfréimelar
materials’Ratio of the solid volume of the bulk granular material to its bulk voliitele

Table 8 indicates that the solid concentration was slightly higberall vibrated mixescompared to
unconsolidatednixes This increase insolid concentration igttributed to adecrease in voidsnd air
content upon vibratioTable8) andto the ‘settling of cementitious particlesAs thew/b reduced from
0.423 (O) to 0.38 (4.38) and 0.35A-0.35), thesolid concentrationincreasedby 4% and 10%,
respectively,indicating a betterpackingin the mix (vibrated and uronsolidatefl The highest solid

concentratiorn(14% increasecompared td mix) was observed when SF and PFAreused toreplace
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portions of thecement(seemix D, Table §. Moreover, ompared to mix A0.35 {vith identicalw/b), the
packing density omix D increased by% for both consolidatiotypes This can be mainhattributedto

the filling effectof SF andPFA [79].

The data inTable 8 show that the increase in solid concentration coincides with a reduction in voids
content thusindicaing a reduction in thenix water requirenent (to fill the voidsyand,in turn,a higher
compressive strength in mixes with higher packing densiiea fixed water contenthe excess water

(not filling the voids)can increasethe mix workability [79] up to thepoint where segregation and
bleedingoccur.This is in line withthe flow table testresuls summarisedh Table 6. For example the

flow for mix D.3 (with SF and PFA bindeid 20% higher than tht observed in miXA.2, despite having

identical w/b(0.35) and rubber content (40% FR).

3.8 Microstructural observations

Figure 13a-d show80x magnification images of RuC samples (at an age of 14 days) extracted érom th
following mixes a) Mix D with alternative binder materiagésd w/b of 0.35, b) Mix O with w/b of 0.423,

¢) Mix A-0.35with w/b of 0.35 and g Mix A-0.38 with w/b of 0.38The selected mixes had relatively
small rubber conten{combined20% (R and FR replacement) so as @mable the manufacturing of
samples including representative volumes of both mineral and raggipegates in all sample&verage
7-day cube strengttithree cubes per mix) for mixes D;A35, A0.38 and O ws40 MPa, 39.2 MPa,
37.9 MPa and 37.5 MPa, respectively, with a maximum standard dews&tsa. The darker featuras
Figure13a-drepresenvoids or rubber,ite mineral aggregates show an intermediate grey colbereas

the hydrated cement phase is represented by a continuous light grey, as pinpdtigaceib3c Bright

spots scattered across the images are either tyre steel Flyee (3¢ or unhydrated/partially hydrated

cement particles as observed at higher magnificafE08x) for mixes O and DséeFigurel3e-).
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Figure 13: SEM images at 30x magnification: Mix D (a), mix O (b), mix A-0.35 (c) and mix A-0.38 (d) and at
500x magnification: Mix D (€) and mix O (f)

Whilst the rubber and mineral aggregates were randomly distributechevewricrete samples, large gaps
(e.g.seeFigure13b) were evident between the rubber particles and the surrounding cement pastg (no

in Mixes O and AD.38). This effect could either be due to a) lack of bonding andeliméement

27



hydrationin the rubbereement paste IT.Zb) rubber detachment during specimen preparatort) a
combination of thewo. A highly porous ITZlayer surrounded theubber exhibiting a slightly darker
halo around the rubber particle (due to its lower dengiigure 13f). Overall the gaps between the
rubber and the cement phase are smallexamples extracted fromix D (Figure 13a) thanin those
extracted from mixe®© andA-0.38 (Figure 13 b andd, respectively) Thisis due to the higher water
content in mixesO and A0.38 which,alongwith the rubbehydrophobicity,create a film of ar around
the rubberjeading toreducedcement hydrationweaker bond and weaker ITié the rubber vicinity
Moreover,mixes O and Awere weaker thamix D, thuspromoting rubber detachmenthe improved
integration of the rubber particles mix D emphasiseshe beneficial effectof mix optimisationwith

lower water contentas well aghe filling effect of SFand PFA.

The images also reveakacks across the Infacial Transition Zone (ITZ) between the mineral
aggregates and the cement paste and in the cement Ipigstee (3f). This cracking @nbe attributed to
shrinkage of the cement paste and differential restrain provided by the aggrégatesak ITZ phase
between the cement and the aggregatesuch thinner in mineral aggregaté®mn inrubber particles
(Figure 13). This is in line withconclusions opreviousresearch that found ‘double porosity’ in th

ITZ surrounding the rubberggregatef38].

PFA particles (sphericahape) werebserved irSEM imagesf samples from mix OFigure13e).This
was validated using chemical analysismix D in this locality (at 1000x magnificationfigure 14a),
which shows thecombined presence ddilicon (Si), Aluminium (Al) and Oxygen (O),the main
constituent elements #FA. Chemical analysis of mixes D and Bidurel4a-b) shows that no Zinc (Zn)
was presenpnthe rubber surface (dmn theentireconcrete sampleXinc is often suspected to beause

of rubber hydrophobicity41].
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Figure 14: BSE elemental analysisfor samplesfrom mix D (a) and O (b) at 1000x magnification

The initial results from SEM observatioidicatethat the use of SF and PFA improved the bonding
between the rubber and the cement phase ingtimised mixes and reduced the thickness of the gap or
the weak ITZ. Nevertheless, the influence of sample preparation musalbated and more images are

needed from different parts of the sample to accfmuntariability.

4 Conclusions

Based on the refts presented in thiarticle, the following conclusions are drawn:

Effects of rubber:

1. Higher rubber contents reduce concrete workability, hardened concrete densitynanelssove

strength

2. The concrete strength appears to be more influenced by thél oubkeer volume rather than the

type of rubber replacement (coarse or fine aggregate replaceMevetythelessRuCfresh

29



properties were slightly inferior at high levels of fine aggregateeepiant. The combined
replacement of fine and coarse aggregates helps achieve high rubber eathentsimal

influence on strength and workability.
Mix optimisation:

1. Mix optimisation minimises the adverse effects of rubber on the coricgsteand hardened
mechanical properties. For instance, the replacemet6ffine aggregates with rubber reduced
the strength of the original mix (O) by 70%, whereas such reduction was éalin4Be
optimised mix (D).

2. Optimised RuC mixes (Dgnabled the use bigh rubber contents (up to 60% total aggregate
volumereplacement) whilst maintaining an acceptable workability and a compressivgtistof
7 MPa at 7 days.

3. Using SF and PFA to replace 20% of the cement mass incrisaseohcrete flowability by 20%
and thestrengthby 42%.SF and PFA haa filling effect ¢hus improving packing) and a
pozzolaniaeaction withthe cementhydration products.

4. Prewashing rubber with water or pre-coating w8k did not improveRuC performance.

Microstructure:

1. SEManalysis revealed a gap between rubber and the rabbesnt past&l Z, particularly for

larger rubber particlehe use of SF and PFA redudéds gap

Acknowledgments

The research leading to these results has received fumdinglie European Union Seventh Framework
Programme [FP7/2002013] under grant agreement n° 6037P2e authors also thank Richard Morris
from Tarmac UK for providing the Portland Limestone Cement (CEM Il 52.58 irsthis study.

References

[1] ETRA. The Eurpean Tyre Recycling Association. Available &ittp://www.etraeu.org [Last
accessed: 10/06/2014].

[2] Council Regulation (EC) 31/1999 of 26 April 1999 on the landfill of waste [1999] O2/LL18

[3] Directive (EC) 982008 of the European Parliament and of the Council of 19 November 2008 on
waste and replacing certain Directives [2008] OJ L312/3.

30


http://www.etra-eu.org/

[4] Siddigue R, Naik TR. Properties of concrete containing stiraprubberan overview. Waste
Management. 2004;24(6):563-9.

[5] Najim K, Hall M. A review of the fresh/hardened properties and appitafor plain(PRC) and self
compacting rubberised concrete (SCRC). Construction and Building Mat@64a0;24(11):2043-51.

[6] Montella G, Calabrese A, Serino G. Mechanical characterization of a Tire Deviaterial:
Experiments, hyperelastic modeling and numerical validation. Construction aifdin® Materials.
2014,;66:336-47.

[7] Atahan AO, Yicel AO. Crumb rubber in concrete: Static and dynamic éweu&onstruction and
Building Materials. 2012;36:617-22.

[8] Toumi A, Nguyen TH, Turatsinze A. Debonding of a thin rubberised and fibreforced cement
based repairs: Analytical and experimental study. Materials & Design;4802G-5.

[9] Cheng Z, Shi Z. Vibration attenuation properties of periodic rubber concreg¢sp&onstruction and
Building Materials. 2014;50:257-65.

[10] Mohammed BS, Anwar Hossain KM, Eng Swee JT, Wong G, Abdullahi M. Propeftigsimb
rubber hollow concrete block. Journal of Cleaner Production. 2012;23(1):57-67.

[11] Al-Tayeb MM, Abu Bakar B, Ismail H, Akil HM. Effect of partial dlegement of sand by recycled
fine crumb rubber on the performance of hybrid rubberimmanal concrete under impact load:
experiment and simulation. Journal of Cleaner Production. 2013;59:284-9.

[12] Mohammed BS. Structural behavior angknvalue of composite slab utilizing concrete containing
crumb rubber. Construction and Building Materials. 2010;24(7):1214-21.

[13] Li G, Stubblefield MA, Garrick G, Eggers J, Abadie C, Huang B. Developmentasfewtire
modified concrete. Cement and Concrete Research. 2004;34(12):2283-9.

[14] Toutanji HA. The use of rubber tire particles in conettet replace mineral aggregates. Cement and
Concrete Composites. 1996;18(2):1R85

[15] Gureyisi E, Gesoglu M, Ozturan T. Properties of rubberized concretes containing silica fume.
Cement and Concrete Research. 2004;34(12):2309-17.

[16] Khatib ZK, Bayomy FM. Rubberized Portland cement concrete. Journal @friaitin civil
engineering. 1999;11(3):206-13.

[17] Aiello MA, Leuzzi F. Waste tyre rubberized concrete: Propertiéseah and hardened state. Waste
Management. 2010;30(8):1696-704.

[18] Dong Q, Huang B, Shu X. Rubber modified concrete improved by chemictil @oating and
silane couphg agent. Construction and Building Materials. 2013;48:116-23.

[19] Daniel DG. Factors influencing concrete workability. Significaotceests and properties of concrete
and concrete making materials, Bridgeport. 2006:59-72.

[20] Turatsinze A, Garros M. On the modulus of elasticity and strain capaagffabmpacting concrete
incorporating rubber aggregates. Resources, Conservation and Recycling2@i8t 209-15.

[21] Richardson AE, Coventry KA, Ward G. Freeze/thaw protection of conciitteoptimum rubber
crumb content. Journal of Cleaner Production. 2012;23(-)036

[22] Neville A, Brooks J. Concrete Technology. Revised Edi#6@1 Standards Update. Harlow.
Pearson Education Limited; 1990.

[23] Giineyisi E, Gesoglu M, Naji N, Ipek S. Evaluation of the rheological behavior of fresh self
compacting rubberized concrete by using the HersBlugitley and modified Bingham models. Archives
of Civil and Mechanical Engineering. 2016;16(1):9-19.

[24] Eldin NN, Senouci AB. Measurement and prediction ofstinength of rubberized concrete. Cement
and Concrete Composites. 1994;16(4):287-98.

[25] Batayneh MK, Marie I, Asi I. Promoting the use of crumb rubber concrete imogewg countries.
Waste Management. 2008;28(11):2%71

[26] Najim KB, Hall MR. Crumb rbber aggregate coatings/greatments and their effects on interfacial
bonding, air entrapment and fracture toughness irceetipacting rubberised concrete (SCRC). Materials
and Structures. 2013;46(12):2029-43.

[27] Najim KB, Hall MR. Mechanical and dynac properties of selfompacting crumb rubber modified
concrete. Construction and Building materials. 2012;27(1):521-30.

[28] Ganjian E, Khorami M, Maghsoudi AA. Scrape-rubber replacement for aggregate and filler in
concrete. Construction and Building Materials. 2009;23(5):1828-36.

[29] Sukontasukkul P, Chaikaew C. Properties of concrete pedestrian bibomtt with crumb rubber.
Construction and Building Materials. 2006;20(7):450-7.

31



[30] Bignozzi MC, Sandrolini F. Tyre rubber waste recycling in-seffipacting concrete. Cement and
concrete research. 2006;36(4): 785

[31] Da Silva FM, Barbosa LAG, Lintz RCC, Jacintho AEP. Investigation emptbperties of concrete
tactile paving blocks made with recycled tire rubber. Construction andiByiMaterials 2015;91:719.

[32] Aliabdo AA, Elmoaty AEMA, AbdElbaset MM. Utilization of waste rubber in fstructural
applications. Construction and Building Materials. 2015;91:195-207.

[33] Bing C, Ning L. Experimental research on properties of fresh and hardenedizedleancrete.
Journal of Materials in Civil Engineering. 2013.

[34] Correia SL, Partala T, Loch FC, Segadaes A. Factorial design used to timedmmpressive
strength of mortars containing recycled rubber. Composite Structures. 2012927%1.

[35] FloresMedina D, Medina NF, Hernand&livares F. Static mechanical properties of waste rests of
recycled rubber and high quality recycled rubber from crumbed tyres used astggrelyy consistency
concretes. Materials and Structures. 2014;47(85343.

[36] Ling T-C. Prediction of density and compressive strength for rubberized concretes.block
Construction and Building Materials. 2011;25(11):4303-6.

[37] Gupta T, Chaudhary S, Sharma RK. Assessment of mechanical and durabilitjigsagdeconcree
containing waste rubber tire as fine aggregate. Construction andriguiiiditerials. 2014;73:562-74.

[38] Turki M, Bretagne E, Rouis M, Quéneudec M. Microstructure, physical anldamieal properties of
mortar-rubber aggregates mixtures. Construction and Building Materials. 2009273(5-22.

[39] Pelisser F, Zavarise N, Longo TA, Bernardin AM. Concrete made with egttiok rubber: effect of
alkaline activation and silica fume addition. Journal of Cleaner Produ@11;19(6):757-63.

[40] BenazzoukA, Douzane O, Langlet T, Mezreb K, Roucoult JM, Quéneudec M. Physchanical
properties and water absorption of cement composite containing shredded rubbsr @Gastent and
Concrete Composites. 2007;29(10): 782

[41] Youssf O, ElIGawady MA, Mills JE, Ma X. An experimental investigationrafrd rubber concrete
confined by fibre reinforced polymer tubes. Construction and Building Mate2iailel;53:522-32.

[42] Eldin NN, Senouci AB. Rubbsire particles as concrete aggregate. Journal of MateridBvih
Engineering. 1993;5(4):478-96.

[43] Ganesan N, Raj B, Shashikala AP. Behavior of-Gelisolidating Rubberized Concrete Beam
Column Joints. ACI Materials Journal. 2013;110(6).

[44] Segre N, Monteiro PJM, Sposito G. Surface characterization wytleelctire rubber to be used in
cement paste matrix. Journal of Colloid and Interface Science. 2002;328¢2):

[45] Meddah A, Beddar M, Bali A. Use of shredded rubber tireexgages for roller compacted concrete
pavement. Journal of Cleaner Production. 2014;72:187-92.

[46] Raghavan D, Huynh H, Ferraris CF. Workability, mechanicalgtigs, and chemical stability of a
recycled tyre rubbéifilled cementitious composite. Journal of Materials Science. 1998;334552.

[47] Huang B, Shu X, Cao J. A twsiaged surface treatment to improve properties of rubber modified
cement composites. Construction and Building Materials. 2013;40:270-4.

[48] Chou LH, Lin CN, Lu CK, Lee CH, Lee MT. Improving rubber concrete by waste orgaifio
compounds. Waste ManageménResearch. 2010;28(1):29-35.

[49] Chou LH, Yang CK, Lee MT, Shu CC. Effects of partial oxidation of crumb rubber penies of
rubberized mortar. Composites Part B: Engineering. 2010;41(8):613-6.

[50] Ossola G, Wojcik A. UV modification of tire rubbfar use in cementitious composites. Cement and
Concrete Composites. 2014;52:84.

[51] Li Z, Li F, Li J. Properties of concrete incorporating rubber tymtighas. Magazine of Concrete
Research. 1998;50(4):297-304.

[52] Onuaguluchi O, Panesar DK. Hardened properties of concrete mixtures iognpa@coated crumb
rubber and silica fume. Journal of Cleaner Production. 2014;82:125-31.

[53] Quiroga PN, Fowler DW. The effects of aggregates characteristice getformance of Portland
cement concrete. Research report. International Center for Aggregates ReseamisjtiJoif Texas at
Austin; 2004.

[54] Ho AC, Turatsinze A, Hameed R, Vu DC. Effects of rubber aggregatesgroded used tyres on
the concrete resistance to cracking. Journal of Cleaner Production. 201223{15:

[55] Ohemeng EA, Yalley RPR. Models for predicting the density and compressive strength of
rubberized concrete pavement blocks. Construction and Building Materials4 2GE58-61.

[56] Hernandelivares F, Barluenga G, Bollati MWitoszek B. Static and dynamic behaviour of
recycled tyre rubbeifilled concrete. Cement and Concrete Research. 2002;32(10):1587-96.

32



[57] Fung W, Kwan A, Wong H. Wet packing of crushed rock fine aggregate. Mataridl structures.
2009;42(5):631-43.

[58] Sukontasukkul P. Use of crumb rubber to improve thermal and sound propertiecas$tprencrete
panel. Construction and Building Materials. 2009;23(2):1084-92.

[59] Khaloo AR, Dehestani M, Rahmatabadi P. Mechanical properties of conorgning a fgh
volume of tire—rubber particles. Waste Management. 2008;28(12):2472-82.

[60] Holmes N, Browne A, Montague C. Acoustic properties of concrete panels with cobiver as a
fine aggregate replacement. Construction and Building Materials. 2019%57304.

[61] Reda Taha MM, EDieb AS, Abd EiWahab MA, AbdelHameed ME. Mechanical, fracture, and
microstructural investigations of rubber concrete. Journal of materralscivil engineering.
2008;20(10):640-9.

[62] Liu F, Zheng W, Li L, Feng W, Ning G. Mechaalcand fatigue performance of rubber concrete.
Construction and Building Materials. 2013;47:711-9.

[63] BSI 1971:2011. Cement. Part 1: Composition, specifications and conformity cifider@mmon
cements. 2011, BS EN 197 Part 1. London UK.

[64] Sika Limited. Sika Viscoflow 1000. Product Data Sheet. Edi#ibi®5/2015; Identification no: 02
13 01 01 100 0 000853. Availablehdtps://goo.gl/mMDfayLast accessed 10/12/2015].

[65] Sika Limited. Sika Viscoflow 2000. Product Data Sheet. Editisf10/2014; Identification no: 02
13 01 01 100 0 001325. Availabletdtps://goo.gl/kMfHcU[Last accessed 10/12/2015].

[66] ASTM Standard C136, 2006, "Standard Test Method for Sieve AnalfsiSne and Coarse
Aggregates”, ASTM International, West Conshohocken, PA, 2006, DOI:10.1520/C0136-06.

[67] ADRIA Abruzzo s.r.l. Available at:http://www.adriaabruzzo.it/ ADRIA/index.htm[Last accessed:
29/03/2016].

[68] BSI 10976: 2013. Tests for mechanical and physical properties of aggregates. Determufiat
particle density and water absorption. 2013, BS EN 1097 Part 6. London, UK.

[69] BSI 10973:1998. Tests for mechanical and physical properties of aggregates: Determofat
loose bulk density and voids. 1998, BS EN 1097 Part 3. London, UK.

[70] BSI 9333:2012. Tests for geometrical properties of aggregates. Detemonir@tiparticle shape
Flakiness index. 2012, BS EN 933 Part 3. London, UK.

[71] BSI 123962:2009. Testing hardened concrete. Part 2: Making and curing specimens fohstrengt
tests. 2009, BS EN 12390 Part 2. London, UK.

[72] BSI 123963:2009. Testing hardened concrete. Part3: Compressive strength of test spe2008

BS EN 12390 Part 3. London, UK.

[73] ASTM Standard C617/C617M 12, "Standard Practice for Capping Cylindrical Concrete
Specimens”, ASTM International, West Conshohocken, PA, 2012, DOI:10.1520/C0617_C0617M-12.
[74] BSI 123502:2009. Testing fresh conceetPart 2: Slumjpest. 2009, BS EN 12350 Part 2. London,
UK.

[75] BSI 123505:2009. Testing fresh concrete. Part 5: Flow table test. 2009, BS EN 12350 Part5.
London, UK.

[76] ASTM Standard C1611/C1611M 09b, "Standard Test Method for Slump Flow of Self
Consolidating Concrete", ASTM International, West Conshohocken, PA, 2009,
DOI:10.1520/C1611_C1611M-09B.

[77] Institution BS. Eurocode 2: Design of Concrete Structures: PhartGeneral Rules and Rules for
Buildings: British Standards Institution; 2004.

[78] The Concrete Society. The role of water in concrete and its influence on ppetimcrete
Society Discussion Document 2005 IX.

[79] Wong HH, Kwan AK. Packing density of cementitious materipést 2—measurement using a wet
packing method. Materiablnd Structures. 2008;41(4):689-701.

33


https://goo.gl/mMDfay
https://goo.gl/kMfHcU
http://www.adria-abruzzo.it/ADRIA/index.html

	1 Introduction
	2 Experimental Programme
	2.1 Material Properties and Characterisation of Rubber Particles
	2.2 Mix Design and Parameters
	2.3 Part 1: Mix Optimisation
	2.4 Part 2: Variation in Rubber Contents
	2.5 Specimen Preparation
	2.6 Test setup and instrumentation

	3 Results and analysis
	3.1 Fresh Properties
	3.2 Effect of rubber content
	3.3 Effect of water and admixture contents
	3.4 Effect of SF and PFA replacement
	3.5 Effect of rubber particle size
	3.6 Rubber pre-treatments
	3.7 Influence of water and binder in packing
	3.8 Microstructural observations

	4 Conclusions
	Acknowledgments
	References

