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Abstract

This study assesses the durability and transport propertgseadffibre reinforced rubberised
concrete (SFRRuC) which is proposed as an alternatimstruiction material for flexible
pavements. Waste tyre rubb&r incorporated in concrete as fine and coarse aggregate
replacement and blends of manufactured steel fibres apdledctyre steel fibres are used as
internal reinforcement. The fresh, mechanical and peoitiy properties of plain concrete are
compared with those of SFRRuC mixes having different subetis of rubber aggregates (O,
30 and 60% by volume). The chloride corrosion effects duexpmsure to a simulated
accelerated marine environment (intermittent wet-dry syale3% NaCl solution) is also
evaluated. The results show that, although permeabilityrfw@of permeable voids, sorptivity
and chloride penetration and diffusjoincreases with rubber content, this increase is minor
and permeability properties are generally within the rangegbfyhdurable concrete mixes.
No visual signs of deterioration or cracking (except supalfitis) were observed on the
surface of the concrete specimens subjected to 150 or 300oflayscelerated chloride
corrosion exposure and a slight increase in the mechgmimpérties is observed. The study
confirms SFRRuGsa promising candidate for flexible pavements with good diitsabind

transport properties.

Keywords: Rubberised concrete; Steel fibre reinforced concrete; Hybrid reinforcement; Flexible

concrete pavement.
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1 Introduction

Several factors are considered when designing road pavemeloiding traffic loading, sub-
grade status, environmental conditions, as well as cost amthlalty of construction
materials. Two different systems of pavements are coiovetly used inroads construction:
flexible asphalt or rigid concrete. The design of flexilpavement is based on the load
distributing characteristics of the component layevkjlst the design of rigid concrete
pavements is based on flexural strength or slab adtierible asphalt pavements can better
accommodate local deformations arising from loads aihd®vements, but lack the durability
of rigid concrete pavements that are by nature muclers. It is therefore desirable to
develop a pavement system with comparable flexibilitygphalt pavement, and ability to
withstand higher stresses as well as environmental altaeig its service lifeOne attractive
alternative proposed by the authors is concrete paventbat include high amounts of
recycled rubber particles (chips and/or crumbs), as @apaplacement of natural aggregates,
and recycled steel fibre reinforcement. These compositeretes, referred to as steel fibre
reinforced rubberised concretes (SFRRuC), can be azkighave low stiffness values similar

to asphalt and flexural strengths similar to conventiooatrete].

Over the past two decades, research interest in thetipbtese of waste tyre rubber (WTR) as
partial replacement of natural aggregates in the produafioconcretes (rubberised concretes

— RuC) has steadily grova [4-8RuC present reduced workability and increased air cgntent

compared to conventional concretes, as a result ofatngh surface texture of the rubber

particlesE EI] Though RuC can develop relatively high ductility and strapaciy, as well

asincreased toughness and energy dissipation compared tentiomal concrete [8-10this

is generally accompanied by a reduction in strength arfdeﬂia‘ . As a result, RuC

have been mainly used in low-strength non-structural applinati@.g. concrete pedestrian
blocks or lightweight fills). Different strategies to impeothe mechanical performance of RuC
have been investigated in recent years, including thei@ddif supplementary cementitious
materials to the binder mix to reduce the porosity and aig age strength development.
Increases in the compressive strength of RuC of up to 42%den achieveEI[Z] when using

10 wt.% silica fume and fly ash as partial replacemeRbatland cement in the concrete Bax
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The addition of fibres to RuC can enhance the mechanicfrp®nce of these composite
concretesXie et al. ] reported that the addition of manufaetusteel fibres (MSF) in RyC
mitigated the reduction in compressive strength while increassigual flexural strength.
Similar outcomes were reported in other studies by the aﬁ@ where SFRRuC presett
better compressive and flexural behaviour as well as ahigmergy absorption than plain
RuC. Although the fresh and mechanical properties of RUGERRUC have been studied by
several researchers, there is still a dearth of datgcially when both fine and coarse natural
aggregates are replaced with rubber particles in the lafgmes (exceeding 20% by volume

of total aggregates) necessary to achieve flexible canpeatements.

Few studies examined the durability and transport properties u#, Rvith notable
discrepancies being reported on the effect of rubbercfgmwin long-term performance. Water

permeability and water absorption by immersion generallyeass with rubber contept [14-

. This has been attributed to the additional water requirdduC mixes to maintain
workability, and the high void volumes between rubber particles andntgraste due to the
hydrophobicity of rubber. Conversely, several researdave observed decrease in water
absorption of RuC (up to 12.5% rubber for fine aggregates) tisngnethod of immersion
and related this behaviour to the impervious nature of ruiduicles. Benazzouk et ﬂl?]
reports that the addition of rubber crumbs of up to 40% volumeeiment pastes reduced
sorptivity, hydraulic diffusivity and air permeability. Siar observations are reported by
Segre & Joeke8] who also attributed this behaviour to tteplgobic nature of rubber.
The transport properties of these composite concretestrangly dependent on the distinctive
features of the starting concrete matrix, whose pedao® can significantly vary as a function
of mix design, age and curing conditions, among otheorfactvhich explains the variability

in results obtained from different investigations.

In a recent studyhe author] investigated the mechanical propertieEBRsIC mixes with
rubber particles used as partial replacement of both fideaarse aggregates (0%, 20%, 40%
or 60% replacement by volume), and different typesesldtbres (MSF and/or recycled tyre
steel fibres- RTSF) added in volumes of up to 40 k§/Itrwas concluded that all of the
examined SFRRuUC mixes are promising candidate materials domustructural concrete

applications with increased toughness and flexibility requargs) such as road pavements and
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slabs on grade, and meet the flexural strength chastagrdescribed in pavement design
standard EN 13877-1[54]. Concrete pavement slabs, howevesusaceptible to several
deteriorative processes that can be caused by the traofpggressive substandasoncrete,
such as corrosion due to attack by chlorides or carbondtienrate of transport of aggressive
agents is highly related to the water movement containedomncaus volume, whether in liquid
or vapour form, and to air permeabill?]. Aggressive sulegts such as chlorides can also

penetrate into concrete due téfasion and capillary action.

The chloride permeabilityn RuC remains largely unknown and studies examining . [19
reveal increased chloride permeability with rubber contehich can be significantly
reduced with the addition of fly ash and/or silicate fumasTs consistent witlbthe reduced
water absorption and permeability achieved in concretdsthviise additions. To the best of
the authors' knowledge, only limited information is availadtethe transport and durability
properties of RuC with large volumes of rubber replacerﬁ@, while the transport
and durability properties of SFRRuC has not been studied~ygtermore, there is limited
understanding on the mechanism governing chloride-induced cormissteel fibres in RuC
and its potential effect on long-term performardewever, there is a good consensus that the
main factors controlling durability of steel fibre reinfedcconcrete (SFRC), when exposed to
chlorides, include: (i) exposure conditions and age, (ii) g size of the steel fibres, (iii)
quality of the concrete matrix and (iv) the presen(xaranks.] Consequently, it is necessary
to understand the transport and durability properties of SFRR@Cebusing itin flexible

concrete pavements.

In this study, the fresh statmechanical strength, and permeability properties of SERE
SFRRuC are investigated and compaiidw fresh properties assessed include workability, air
content and fresh density. The mechanical performanegamined in terms of compressive
strength and flexural behaviour including flexural strengtlastic modulus and residual
flexural strengthThe permeability properties examined are volume of permealids gas
permeability, sorptivity and chloride penetrability (chloriden ipenetration depth and
diffusion). The chloride corrosion effects due to exposure to a sipdilatcelerated marine

environment (intermittent wet-dry cycles in 3% NaCl sokitiare also evaluated.
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2 Experimental Programme

2.1 Materialsand mix designs

211 Materials

A high strength Portland lime cement CEM II-52. &hintaining around £15% limestone in
compliance with EN 197-4], was used as primary binder to prade@ssessed concretes
Pulverised fuel ash (PFA) and silica fume (SF) were usedastial replacements of the
Portland cement (10 wt.% f@ach) in orderto optimize the particle packing in the mixture
enhance concrete strength and reduce permeability. Two eydegh range water reducer
HRWR admixtures, plastioés and superplastioss, were also added to achieve the desired
workability. A water/binder (Portland cements + silica fumiy+ash) ratio of 0.35 was used

in all mixes.

Natural round river gravel and medium grade river washedwarglused as coarse and fine
aggregates, respectively, in the manufacture of concretescoarse aggregates with particle
sizes of 5/10 mm and 10/20 mm had specific gravity (SG) of 2.6%ated absorption (A) of
1.2%, while the fine aggregates with particles sizes of 0/5hadhSG of 2.64 and A of 0.5%.

The rubber aggregates were recovered by the mechanical sigrefldehicular tyres. Rubber
particles were sourced in the following size ranges: 0t 0.52 mm and 26 mm, 5/10
mm, and 10/20 mnA linear gradation was used to determine the portion of eatiblpaize
andarelative density of 0.8 (measured by the authors using aseqative volume of rubber
was used for the rubber to determine the appropriate repdatday volume. Fig. 1 shows the
particles size distribution for the used natural and rubbgregates, obtained according to
ASTM C136 ].

A blend of two different types of steel fibres were usedinulated MSF, and b) cleaned and
screened recycled tyre steel fibres (RTSF). The pHhyaimh mechanical properties of both

types of steel fibre are shown in Table 1.
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Fig. 1 Particle size distributions for natural aggregatesrahter particles

Table 1. Physical and mechanical properties of steel fibres

Fibre Length Diameter Density  Tensile strength
type (mm) (mm) (g/cm3) MPa
MSF 55 0.8 7.8 1100
RTSF  15-45 (> 60% by mass <0.3 7.8 2000

2.1.2 Concrete mix designs

An optimized concrete mix design with targeted compressieagth of 60 MPa (cylinder) at
28 days of curing, typically used in bridge piers, as devdlbydraffoul et aIEP], was adopted
in this study. ltwas confirmed by the authors in a previous st@y [1] thatnbiisdesign suites

the replacement up to 60% of WTR without excessive degoadatifresh properties, yet

maintaining a mechanical performance suitable for paveowstruction.

The key parameters examined in this study were: (i) rutdogent, used as partial replacement
of both fine and coarse aggregates (0%, 30% and 60% replacbyngotume), (i) fibres
content (0 or a blend of 20 kgiMVISF + 20 kg/m RTSF), (iii) curing conditions (mist room
or 3% NacCl), (iv) age of testing (28, 9160 or 300 days).

Four different concrete mixes were cast and assessetiXleharacteristics and ID assigned

to each mix are reported in Table 2 and the mix proportari n? are shown in Table 3. The

5
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mix ID follows the format NX, where N denotes the amounubber content used as partial
replacement of both fine and coarse aggregates (0, 30 oy, 6@%e X symbolizes the
presence of steel fibre reinforcement and can be erher BF (Plain or Blend of Fibres,
respectively). For instance, 30BF is the rubberised ctenonex that contains 30% of rubber
particles as natural aggregate replacement and conskstndffibres (20 kg/MMSF and 20
kg/m® RTSF).

Table 2. Concrete mixes ID and evaluated variables

% Rubber
. replacing b MSF  RTSF
Concrete mixes ID ag%roelgg;fgs y (kaim®)  (kg/n?)
Fine Coarse
oP 0 0 0 0
OBF 0 0 20 20
30BF 30 30 20 20
60BF 60 60 20 20

Table 3. Mixesproportions for 1 rhof fresh concrete

Concrete mixes

Components

OoP OBF 30BF 60BF
CEM Il (kg/m?) 340 340 340 340
Silica Fume (SF) (kg/@) 425 425 425 425
Pulverised Fuel Ash (PFA) (kgfin 42.5 42.5 42.5 42.5
Aggregates 0/5 mm (kgfn 820 820 574 328
Aggregates 5/10 mm (kgAn 364 364 254 146
Aggregates 10/20 mm (kgfin 637 637 446 255
Water (I/m3) 150 150 150 150
Plasticir (I/m9)* 2.5 2.5 3.25 4.25
Superplasticisr (I/mq) 5.1 5.1 5.1 5.1

Rubber
0/0.5 mm (kg/rd) 0 0 16.5 33
0.5/2 mm (kg/rf) 0 0 24.8 49.6
2/6 mm (kg/n) 0 0 33 66
5/10 mm (kg/rd) 0 0 33 66
10/20 mm (kg/r) 0 0 57.7 115.4
Fibres

MSF (kg/n?) 0 20 20 20
RTSF (kg/n) 0 20 20 20

*It was increased as the amount of added rubber was secr€a.5-4.75 I/f)
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2.1.3 Mixing, casting and curing procedure

Due to the limited capacity of the pan mixer used, each msxcaat in three batchebhe

concrete constituents were mixed according to the sequeoam $n Fig. 2.

Dry mixing natural aggr egates /Adding half of the mixing water ) fStopping mixing and adding the )
and rubber particles and mixing » cementitious materials
30 seconds _ 1 minute PN 3 mln‘utes )
flntegrating steel fibres manually\ fRestarting mixing and adding the\
(by hand) and mixing P remaining water and chemical
admixtures gradually
\_ 3 minutes JRN 3 minutes )

Fig. 2 Sequence of mixing

Concrete wscastin two layers (according to EN 1239026] and vibrated on asfpaéble
(25s per layer). The fresh concrete was covered witdtiplaheets and kept under standard
laboratory conditions (2@ + 2 and 50t 5relative humidity RH)) for 48 hrs. The specimens
were then demoulded and stored in a mist room @2t 2 and 95+ 5% RH) to cure for 28
days. Following a period of 21 days, the 150 x 8@ and 100 x 200 mm cylinders were
removed from the mist room and sliced up, parallel to the thedveurface, into five shorter
cylinders (150 x 50 mm each) and two shorter cylinders (100 x 10@awhy), respectively.

All concrete slices were placed back in the mist room th@iend of mist curing (28 days).

2.2 Testing methods
2.2.1 Fresh state properties

The concretes fresh properties including slump, airesdrdnd fresh density were assessed
according to EN 1235Q , EN 1235607 E| and EN 12356 @ respectively.

2.2.2 Mechanical strength tests

The uniaxial compression tests were performed on conanbs 100 x 100 mm) according
to EN 12390-3:200 0] at a loading rate of 0.4 MPal/s. Three speciwvere tested for each

of the examined concrete mix
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The flexural behaviour of the concrete specimens was sasbdyy performing three-point
bending testsn prisms (100 x 100 x 500 mm) with 300 mm span, similar to that sugdssted
RILEM , using an electromagnetic universal testing machine. A Samda-and 15 mm-
deep notch was sawn in the concrete to force the crack faymat themid-span and to
measure the crack mouth opening displacement (CMOD) usiliyg gauge (125 mm-gauge)
The test was performed in CMOD control (0.005 mm/min for CM@inf0O to 0.1 mm, 0.2
mm/min for CMOD ranging from 0.1 to 4 mm and 0.8 mm/min for@Mfrom 4 mm to 8
mm). Two LVDTs mounted at the middle of a yoke (one on ead®)sias suggested by the
JSCE], were used to measure the net deflection at mid-$pa flexural strength values

reported in this study correspond to the average of thresunezaents.

2.2.3 Gasand water permeability

Cylinders of 150 x 50 mm were tested after 28 and 300 days ofjaa@mist room. Prior to
testing, specimens were pre-conditioned (oven dried) tovemater from the concrete pores
Rather than using the standardised preconditioning temperatut05 °C, which causes

cracking, mainly due to the removal of interlayer and bowater present in the hydration

products|[33-3f]a temperature of 80 °C was initially used on the 28 day specimens

attempt to minimise cracking. Constant mass was achieved aftg/s of dryingbut SFRRuC
specimens exhibited cracks of average width around 0.065 mn3)Rrghich can be attributed
to the different coefficient of thermal expansion of thieber aggregates. Although the values
obtained from the cracked specimens are not expected tot rife real permeability of

SFRRuC, these values are still reported in the follgvaind commented upon.

Fig. 3 Micrographs of cracked SFRRuC specimens after pre-conuhg at 80 °C
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To minimise cracking induexd during preconditioning, a reduced temperature of 40 °C was
adopted for treating the 300 day speciméssexpected, it took much longer to reach constant
mass (between 30 to 40 days). Considering the extended timeedetqudry the concretes, it
was decided not to expose the specimens to wet-dry chloridesiexpas a direct correlation
between gas and water permeability measurement and chloriekegelity would not be fajr

as the concretes would have completely different bgebke time each of testasconducted.

Oxygen permeability testsllowed the procedure recommended by RILEM TC 116-RCD-
[15], also called “Cembureau method”, using three 150 x 50 mm cylinders per mix. Sorptivity
measurements were conducted in two cylinders of similarfsllowing the recommendation
of the EN 13056]. After performing the sorptivity tese Same cylinders were used to
measure the volume of permeable voids (VPV) based ondbegures of ASTM C120,7]

also called the vacuum saturation method.

2.2.4 Chloride permeability and corrosion

Chloride permeability was evaluated in two different exposunelitions: (i) fully immersing
specimens in a 3% NaCl solution (placed in sealed plastitamers in the mist room until
testing); and (ii) wet-dry cycles (accelerated chlorideasion simulation), by immersion &
3% NaCl for 4 days followed by a drying period in standard ldboraenvironmerdl
conditions for 3 daysPrisms, cubes and cylinders were kept apart by at least 10 imgraus
specially designed fram@ll specimens were preconditioned for ion chloride penetragsts

using the unidirectional non-steady state chloride siiffio-immersion method described in EN

12390-11].

After preconditioning for 90, 150 and 300 days in NaCl expo$swel100 x 100 mm cylinders
per mix per condition were removed from the NaCl solugiod split into two halves at mid-
point according to the Nord test method NT Build A@,{B@]orimetric method. From each
freshly split cylinder, the piece with the split sectioranhe perpendicular to the exposed
surface was chosen for the penetration depth measureandntjas immediately sprayed with
0.1 N silver nitrate (AgNg) solution. Silver nitrate reacts with the chloride ioagant in the

hardened matrix to form white AgCl (white in colour); wheratgreater depth, silver nitrate

9
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reacts with the hydroxyl ion to forg2O (dark brown), as described in formulas (1) and (2)

:

Agt+ Cl™ > AgCl | (silver — white) Q)
Agt+ OH - AgOH - Ag,0 1 (brown) )

Chloride penetration depth was indicated by the boundary cot@unge within 10-15 minutes
after spraying. The chloride penetration depth was markégek atolour change boundary and
the depth was recorded as the average distance, takefife sections (Fig. 4). The cylinder
that registered the maximum average depth was selected fgsisiaad used to drill out binder
powder from the surface and colour change boundary to dateragid-soluble chloride
concentrationsBinder powders were also collected from reference specinieiswee
submerged in water for similar lengths of time to those imeatkin the NaCl solutions in order

to obtain initial chloride concentration values.

Fig. 4 Representative SFFRuC freshly split, sprayed and marketkfermination of

chloride penetration depth

The acid-soluble chloride concentration was measuredeat3i.724 emission line using a
Spectro-Ciros-Vision ICP-OES instrument which was calibratétd standards of known
chloride concentrations made up in 20% nitric acid. To cdleglaloride diffusion coefficients
from the immersion test results, the initial chlorigde@entration, chloride concentrations at
the surface and colour change boundary were determinedterduired to the error function
solution ofFick’s second law of diffusion, Eq. (3) according to the EN 1239 [38]:

Co=C+ (€ - ) (1-erf | 7] (3)

10
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where G is the concentration of the chloride ion as a fuamctf distance into the specimens
X, at any time t and is taken as the maximum averalgeide penetration of the depth boundary
measured by silver nitrate;; @ the initial chloride concentration; sds the chloride

concentration at the surface; anghfis the apparent diffusion coefficien

3 Resultsand Discussion

3.1 Fresh state properties

The slump, air content and fresh density of the coesrgudied are presented in Table 4. The
addition of fibres reduced the workability of the concrate] this effect is more notable with
the inclusion of both fibres and rubber in the SFRRuC sniker mixes OBF, 30BF and 60BF
the slump drops by 5%, 13% and 56%, respectively, when comyitethe plain concrete,
OP. The tendency of steel fibres to agglomerate contributeth@oslump reduction. The
decrease in slump as a result of adding rubber partistebec explained by the higher level of
inter-particle friction between rubber particles anddtieer concrete constituents (owing to
the rough surface texture and high coefficient of frictid rubber parties 7_9|]

Table 4. Fresh state properties of SFRRuC evaluated. Valuesentbasis correspond to

one standard deviation of three measurements

Concrete mix

Properties

oP OBF 30BF 60BF
Slump (mm) 223 (14) 212 (10) 193 (15) 98 (25)
Air content (%) 1.3(0.5) 1.4 (0.1) 3.4(1.1) 3.2(0.2)

Fresh density (kg/f 2405 (5) 2424 (9) 2124 (6) 1859 (4)

The addition of fibres did not induce notable changes iratheontent of the concrete. The
substitution of natural aggregate by rubber (mixes 30BF and 60hBR)ever, significantly
increased the air content of the fresh concrete byertiman 100%The increased friction
between fibres and rubber might cause fibres to agglomemdtérap more air. The rough and

hydrophobic nature of rubber particles also tends tol nepeer and therefore increases the

amount of entrapped air in the Wﬁ@]
11
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The fresh density of the SFRC mix, OB&slightly higher than that of the plain concrete mix,
OP, (Table 1) owing to the high specific gravity of the added fibid® density of the fresh
mix is significantly reduced when rubber particles are useddiage natural aggregates as a
result of their lower density (Section 2.1.1). For thdRREC, 30BF and 60BF, the density

decreases by 13% and 30%, respectively, compared to the pilaneten

3.2 Effect of chloride exposure in mechanical performance

3.2.1 Visual inspection

Figs. 5 a) and b) show the appearance of specimens after 150 and y3@3pdsure to
accelerated chloride corrosion conditions, respectivipr to chloride exposure, there were
no signs of rust on the concrete surface, which impliasttie fibres were protected by a thin
layer of cement paste. At the end of 150 days of wet-dryridelexposure, however, the
specimens shosd minor signs of superficial rust (Figapin regions where the fibres were
near the concrete surfadk large amount of rust is observed on the surface ofpbeimens
exposed for 300 days (Figb), mainly asa consequence of the corrosion of the steel frame
used to hold the specimens. Nevertheless, at all peridtie @iccelerated chloride corrosion

exposure, no sign of deterioration or cracks were obdermehe concretes.

Fig. 5 SFRRuC specimens after a) 150 days, and b) 300 days of wet-alngeldxposure

Fig. 6 shows the internal appearanca 8FRRuC splitted cube, 30BF, after 300 days of wet-
dry chloride exposure. Despite the external rusty appea&igesb), no evidence of rust is
observed on the fibres embedded in these concidtissindicates that steel reinforcement did
not corrode to any significant extent under the wet-drgrade exposure. This performance

may be explained by the reduced chloride permeability ofdheretes, as it will be discussed
12
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in detail in the following sections, and the discreéure of steel fibres embedded in the matrix,
generating smaller potential differences along the steédce and reduced cathode/anode
ratios compared to conventional steel re. [P3¢ uniform steel fibre surface due to cold-

drawing may also contribute to the enhanced stability agalmeride-induced corrosion,

compared to conventional st42].

Fig. 6 Section through a SFRRuC specimen after 300 days of wetidnyde exposure

In addition, the dense and uniform fibre-matrix interfatiansition zone (ITZ), composed
mainly of rich segregated lime, acts as a high alkalinityidraand protects fibres in the bulk
SFRC against chloride and oxygen ingr. Furthermore, even if the fibres corrode,
they do not have the potential to create bursting sselaé split the surrounding concrete, as

in the case of conventional rebar (see Fig. 7).

rebar concrete Steel fibres

Vv ‘. ‘

:\\' / ¢

Before corrosion  Cracks build-up  Spalling of concrete
due to corrosion  and rebar exposed

Fig. 7 Comparison between corrosion processes in convenste®llrebar and steel fibre

embedded in concrete
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3.3 Compressive strength

The influence of wet-dry chloride exposure on the compresstrength of SFRRuC is
presented in Fig. 8. Error bars represent one standard dev@itithree measurements
Comparable compressive strength values are seen forainecphcrete, OP, and the SFRC,
OBF, before and after chloride exposure. The replacenidimeoand coarse aggregates with
rubber particles, howevered to a significant decreas@ compressive strength. Prior to
chloride exposure, reductions of up to 54% and 86% in compresswgtst are seen in the
SFRRuC, when 30% and 60% of fine and coarse aggregates acedepith rubber particles,
respectively. The reduction in compressive stremgthainly attributed to the lower stiffness
and higher Poisson ratio of rubber compared to natural gafge The weak bond between
cement paste and rubber particles may also contribute siréngth degradation, as discussed

by the authors iﬂl] and Khaloo et al.12].

150

28 days (mist room)
I 150 days (wet-dry)
I 300 days (wet-dry)

100 + I I
50 4 I
|
0
oP OBF

30BF 60BF
Mix No

Compressive strength (MPa)

Fig. 8 Compressive strength of concretes assessed befoadtand50 and 300 days of wet-

dry chloride exposure

All mixes after 150 and 300 days of wet-dry chloride exposure presslightly increased

compressive strength, compared to the 28-day values measioreo pine chloride exposure

The increase in strengihattributed to the continuous hydration of the cementitgaste over

the periodof exposureowing to the high amount of pozzolanic materials used fuaceg

Portland cement in all the concrete mixes. The adddfosuch supplementary cementitious

materials is also expected to reduce chloride diffusi,[da]e to the combined effect of

14



394
395

396

397
398
399
400
401
402
403
404
405
406
407
408

409

410

411
412

413

414
415

well-developed granular packing, and increase tortuosithepore network in the blended

cementitious matrix, which improves corrosion resistanc

3.4 Flexural behaviour

The mean values of flexural strength at 28 days and aftaridb@00 days of wet-dry chloride
exposure are presented in Fig. 9. Error bars representstandard deviation of three
measurements. The addition of fibres to plain concraieQBF, enhances the 28-day flexural
strength by 28%, with respect to the plain concrete mixTOP partial replacement of natural
aggregates by rubber particles reduced the flexural strehgtie tested concretes, but to a
lesser extent than the compressive strength (frig.re 28-day flexural strength reduction of
SFRRuC mixes, 30BF and 60BF, in comparison tas@R% and 44%, respectively. OP. The
contribution of steel fibres in enhancing the flexurasith was anticipated as the thin fibres,
RTSEF, tend to “sew” the micro-cracks that develop in the matrix during logdivhile the thick
fibres, MSF, tend to control the propagation of wideicks and redistribute stres.

28 days (mist room)
10+ - 150 days (wet-dry)
| I 300 days (wet-dry)
g 8
=3
z
S 6-
o
45 B
S a-
=]
x
m <4
T
2 -
0
30BF 60BF
Mix No

Fig. 9 Flexural strength of concretes assessed before tardl&d and 300 days of wet-dry

chloride exposure

For all mixes, the flexural strength results are highéieaend of 150 days of wet-dry chloride

exposure than those of 28-day mist cured specimeaspasequence of the ongoing hydration
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of the cement in the concretdscreased residual flexural tensile strength has beebuaéd
by some authorsl]lﬁp increased roughness of the fibre surface induced by fommatio
corrosion products in their surface, which could increasefibre-matrix frictional bond.
However, this is unlikely to be the case here, as no ifteon@sion has been observed in this

work.

No clear trend can be identified in the flexural strangilues of the specimens at the end of
300 days of wet-dry cycles. While OP and 60BF mixes present Higkeral strength values,
compared to those of 150 days of wet-dry cycles, the flestnexigth values of OBF and 30BF
mixes are even lower than their respective strength at @8-fas variation may be the result
of the high natural variability in these specimens. It isketithat the flexural strength of OBF
and 30BF specimens was reduced due corrosion attack, as evidems® of the fibres

embedded in these specimens was not observed (see Secfipn 3.2.

Fig. 10 shows the average elastic modulus obtained tihoge prisms per mix over the three
periods of testing. Error bars represent one standardtideviaf three measurements. The

elastic theory was used to determine the flexural elastic m®dhyl using the secant modulus

28 days (mist room)

- 150 days (wet-dry)
300 days (wet-dry)

of the load-deflection curves (from 0 to 30% of the peakl)o

0 I I
30BF 60BF

Mix No

[e2]
o
1

N
o
1

Modulus of elasticity (GPa)
N
o
1

Fig. 10 Elastic modulus of all tested concrete specimens éefiod after 150 and 300 days of

wet-dry chloride exposure
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The addition of fibres induces marginal increase in the elastic modulus of OBF cdacre
compared with that of plain concretéowever, a significant reduction in the elastic modulus
results from the replacement of fine and coarse agtgegath rubber particles; reductions up
to 33% for 30BF and 77% for 60BF are observed, when compared. tbh@Reduction in the
elastic modulus is caused mainly by the lower stiffnesfi@frabber particles (compared to
natural aggregates) and to a lesser extent by the higheora®nt in these concretes, as
discussed in section 3.1. Similar to the compressive ardréll strengths, a general increase
in the average elastic modulus of all mixes after 150 and 300adayst-dry cycles was

identified, compared to 28-day compressive strength.

Fig. 11 presents the average flexural stress-CMOD cuegéestered in all prisms over the three
periods of testing. The sudden stress loss after the padkfdo the plain concrete mixes
indicates their brittle behaviour in tensiddn the other hand, all SFRC and SFRRuC mixes
show enhanced post-cracking load bearing capacity and sagnigoergy absorptioihis is

a result of the fibres bridging the cracks and controlliver tpropagation even after the peak
load, dissipating energy through pull-out and mobilising anctdrang a larger volume of
concrete. It is also evident that the post-peak endrggrption behaviour of the SFRC and
SFRRuUC specimens not reduced due to the accelerated wet-dry corrosion esgyoshich
emphasises the positive effect of the continuous hyxiragiaction of the cementitious matrix

during testing.

10+ 10+ 10+
* .
8 8| \- S’F
‘ot .y
] A R _ i -\
—~ -~ - - - i
D“.S 6 - * 64\ - - - o 6 "—"_~
= - e - - )= - - - - :~._
\z; I - ’-‘.- N AR = -\._
g 4 - ..r.‘“_ 44 - 4 “\‘.s
n St -
2 2
2,
0 o
0 : ; ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 1 2 3 4 0 1 2 3 40 1 2 3 4
a) CMOD (mm) b) CMOD (mm) C) CMOD (mm)
— 0P - - OBF = = 30BF 60BF

Fig. 11 Flexural stress-CMOD curves of the tested concretarapas a) before, and after

wet-dry chlorides exposure foj b50 and £300 days
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3.5 Transport properties

3.5.1 Evaporable moisture and volume of permeable voids

The loss of mass due to water evaporation after precomdd the specimens at 80 °C (28 day
cured) and 40 °C (300 day cured) was determined as the ratio bdtweettal amount of
evaporated water and the dry mass of the specimen. Tha waues (average of five
measurements) of evaporable moisture concentrationks;ed, are shown in Fig. 12and
the volume of permeable voids, VPV, are presented inlRig. Error bars correspond to one
standard deviation of five measurements fay &d two measurements for VPX direct
relationship between the d&nd VPV is observed for all the tested concretes, indeptynadén
the preconditioning temperature and curing age, where highezsvaf evaporated water are

obtained in more porous concretes.

0.05 14
B 28 days m 28 days

{ O 300 days 1 o 300days

12
0.04 s ]
] 10 4
0.03

g 1
() N—r
= I @) > ]
o 6
0.02 - * > =
Q
o © 4{ @ i
0.01 - 1 ©
2 -
0.00 0
OP  OBF 30BF 60BF OP OBF 30BF 60BF
a) Mix b) Mix

Figs. 12 @ Evaporable moisture, and b) volume of permeable voidH twfséed concretes

The addition of fibres generally results in reduced shgalaacking and in the establishment
of more tortuous and disconnected pore net [47], thus redd?V. For 28 days cured
samples, OBF mix exhibits, as expected, a decrease in VBMdjhhmarginal and within the
observed experimental error (average of 13%), whereaSERRRUC mixes exhibit a large
increase in VPV. This can be attributed to the rubber partithes,rough surface and

hydrophobic nature of which can help trap air on their surdacemake the interface more

porous and highly absorptive to Wa .
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485  Minor changes in the VPV values are observed in conc88esnd OBF for the two curing
486  conditions. This is unexpected as more mature concrgtesally exhibit reduced
487  permeability but this may be the result of the already high qualityhef concrete matrix
488 evaluated in this study. In concrete composites with mublgregates, 30BF and 60BF,
489  extended curing times reduce the VPV values by 24% and 93%, respedtishould be
490 pointed out that SFRRuC specimens exhibited severe crackimgpupoonditioning at 8C

491  (Fig. 3), which increased their permeability and caused theiyhresults recorded.
492

493  Baroghel-Bouny ] proposed a classification of the durabihtyreinforced concrete
494  structures based on "universal" durability indicators deteramea broad range of concretes
495  cured in water. According to the proposed system, conoreies with VPV between 6-9%
496  are categorised as highly durable. The VPV values of all thesrax@mined in this study are
497 lower than 6%, after 300 days of curing, even when rubberclesrtare used as partial

498  aggregate replacement, which puts them in the highly duralelgarst

499

500 3.5.2 Oxygen permeability
501

502 The oxygen permeability is not only influenced by the oVealosity, but also by the
503  proportion of continuity of larger peswhere most of the flow will OCCUEZI]. Fig. 13

504 shows the oxygen permeability results for 28 day cured spesi(pesconditioned at 8C)

505 and 300 day cured specimens (preconditioned &Y @xpressed as the intrinsic permeability
506 ‘K’. Error bars correspond to one standard deviation of thressurements. Due to the
507 extremely high permeability of the specimens resulting fithwn surface cracking upon
508 preconditioning at 8WC, the gas permeability for the 28 day cured specimens with rubber

509 particles could not be determined (the oxygen found its wayesytquickly).
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Fig. 13 Oxygen permeability results for all tested mixes

Considering the standard deviations as well as the expegheerors for both 28 and 300 days
results, the oxygen permeability values for SFRC specind&is, are comparable withose
of plain concrete, OP, indicating that the fibres datl modify mud the permeability of the
concretes tested. SFRRuC specimens, 30BF and 60BF, othénehand, show significantly
higher permeability values, up to 12 and 8.5 times respectiwatly, respect to the plain
concrete mix, OP. These concretes presented comparnatda@nts (Table 4) and VPV values
(Fig 12b), despite the differences in rubber content. Ticeedased oxygen permeability
recorded for the assessed specimens may be attributeddonpressibility of rubber particles
when pressure applied. If that is the case, then gas permeability madyoe the best way to

determine the permeability of RuC.

3.5.3 Water sorptivity

The main mechanism that governs sorptivity is capikamtion of water when a specimen is
partially saturate@@]. The difference in pressure causes the movement tef iant
through a porous material. Hence, sorptivity is derived bgsuring the slope of the amount
of water uptake per unit area as a function of the sqoateof time. The sorptivity results
measured for 28 and 300 days cured specimens are shown in.Fgrotdars correspond to

one standard deviation of two measurements
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For the 28 day cured samples, the addition of fibres to ptancretemix OBF, causes marginal
decrease in the sorptivity value, with an average of Watorespect to the plain concrete mix,
OP. For 300 day, however, OBF specimens record marginally rsghativity values, with an
average of 9%, than that of OP specimens. These reselts good agreement with the VPV
values (Fig 12.pconfirming that the extended curing time had only a minorcefa the

sorptivity and on the already high quality of the concreégrix evaluated in this study.

0.40

m 28 days
O 300 days
0.35
6
T 0.30
o~
E
g 0.25
Pl
2 0.20 1
g ]
o
%) a
0.15 i
o)
@ @
0.10 Q
oP OBF 30BF 60BF
Mix

Fig. 14 Initial and secondary sorptivity value$all tested mixes

The 28 days sorptivity results of the SFRRuUC specimens difi@nent trends. While the 30BF
specimens record the highest sorptiviy values, an averageh@fi#ér than OP mix, 60BF
specimens shows slightly highsarptivity value, average of 13% compared ta DPaddition
to the surface cracking upon preconditioning &3€he high values of sorptivity for the 30BF
specimens may be attributed to the large amofifine pores which dominated the initial
sorptivity behaviour, and hence increased the capillaryosudccording to Assié et ,4]
the finer the parsthe higher the capillary forces and thus the greatetahdency to imbibe
water. On the other hand, the high amount of large cowdseer particles in the 60BF
specimens, especially those located in the concretesurfaontact with water (see Fig.)15
could have limited the water absorption rate (owing tortbe-sorptive nature of rubber

particles) and dominated the initial sorptivity behaviour.
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Extending the curing time for 30BF and 60BF, i.e. 300 daysgcsigaificant reduction in the
sorptivity values, with average of 67% and 20%, respdgtivenen compared with the values
registered for concretes cured for 28 days. This is maaifted to the absence of surface

cracking upon preconditioning at 4D which results irmore realistic sorptivity values.

30BF 60BF

Fig. 15 Cross section view of the SFRRuC specimens used for tpevily test

When calculating the concrete sorptivity using the deptietpation approac, all

mixes examined here record sorptivity values less than StAnwhich places them in the
excellent durability class based on the durability index gseg by Alexander et. and

adopted i | .

3.6. Chlorideion penetration

Fig. 16 shows the chloride penetration zone after spréyi@l AgNQ at the end of 90 and
150 days of chloride exposure in fully-saturated and wet-drglitions. It is worth noting that
it was not possible to detect the change in colour in atlyeo$pecimens exposed to chlorides
for 300 days due to the dark colour of the concrete at thés éwing to the darkness of both
the silica fume and rubber particles added. This drawbadkeotolorimetric method for

assessing chloride permeability in concretes containing blenaeenteand silica fume has

also been previously report58].
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Fig. 16 Chloride contaminated zone of all concrete mixes ag¢tioeof 90 and 150 days of
chloride exposure in fully-saturated and we-dry conditions

Fig. 17 shows a comparison between the average chloridegt@medepths for all concrete
specimens. Error bars correspond to one standard deviatibe a¥¢rage depth measured in
two different specimend-or concretes exposdd wet-dry cycles, the chloride penetration
depth is in general lower than those of fully-saturated spat.In fully-saturated specimens
the chloride ingress is mainly governed by the diffusionhaeism. The process of chloride
ingress into concrete exposed to wet-dry cycles is a cotinnaf diffusion and absorption
as in partially saturated concretes the chloride solusiabsorbed by capillary suction and
concentrated by evaporation of Wa[59]. dwesults somehow contradict what has been
reported for other blended cement concrel@, [where the wet-dry cycle exposure to

chlorides typically leads to deeper chloride penetrationpewetlto fully-saturated ones. The
23
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duration of the wet-dry cycles, and particularly the degfedryness achieved, controls the
extent of ingress of chlorides, as higher degrees of dsyfaeilitate deeper chloride penetration
during subsequent wet cycl60]. Due to the low permeabiflityese concretes, it seems the
drying cycle was not sufficient to remove water beyond thecrede surface, hindering

capillary sorption of chlorides into the concrete.

30

90 days (fully-saturated)
90 days (wet-dry)

150 days (fully-saturated)
150 days (wet-dry)
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Fig. 17 Chloride penetration depth for all concrete mixes asdedste end of 90 and 150

days of chloride exposure in fully-saturated and we-dry ciomdit

The data presented in Fig. 17 also indicate that the dblpanetration depth at the end of 90
days of exposure & small and comparable, being in the range -6f Bm for the fully-
saturated specimens, and32nm for the wet-dry specimens. This suggests that up to 90 days
of chloride exposure, the penetration rate was not aggchlbgtéhe addition of rubbeAt the

end of 150 days of chloride exposure, however, the depth ofidghlpenetration in both
conditions generdf increased with rubber content. This is consistent wéhitgher values of
VPV obtained for SFRRuC specimens (sections 3.5.1).

For practical purposes, due to the small chloride penetrdiptins at 90 days and difficulty in
identifying chloride penetration depths at 300 days of chlaig@sure, only specimeas150
days of exposure (in both conditions) were consideretht determination of total chloride
concentration and apparent chloride diffusion coefficidiatble 5 presentihe total chloride
concentrations by weight of binder as well as the appatfdatide diffusion coefficient

measured at the colour change boundary for all of thesssd concretes. The chloride
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concentrations for the plain concrete and SFRC mixesndPOBF, were less than 10 ppm,
hence it was not possible to detect the exact total del@oncentrations and then calculate the
apparent diffusion coefficients for these mixes.

Table 5. Chloride concentration and apparent chloride diffusmeffecient in concretes after

150 days of chlorides exposure

Chloride concentration Apparent diffusion coefficient
Mix %wt of binder (102 m?s)
fully-saturated  wet-dry fully-saturated wet-dry
oP <10 ppm <10 ppm -
OBF <10 ppm <10 ppm -
30BF 0.109 0.234 1.89 1.83
60BF 0.151 0.157 7.74 3.92

SFRRuC mixes, 30BF and 60BF, present lower chloride contiensavalues gt both
conditions) than 0.4% by weight of cement, which is thetrnommolty assumed critical total
chloride concentration value inducing corros . This indicates that even with the
increased VPV and sorptivity caused by the replacement ofataggregates with rubber
particles (Section 3.5.1 and 3.5.3), the assessed conpretesnt high resistance to chloride

permeability.

SFRRuUC mixes, 30BF and 60BF, sham increase in the apparent chloride diffusion
coefficient at higher rubber contengsossibly due to their higher VPV and sorptiviiyhe
apparent chloride diffusion coefficients of the fullytgated and wet-dry specimens are
comparable for the 30BF mixes, indicating that under thmgesonditions used in this study,
the drying cycle hac negligible effect on chloride permeability. Similar resuits/e been
identified in high quality Portland cement based concreteduced with silica fume, due to
their refined porosity requiring longer drying times to obtaparticular moisture conte59].
On the other hand, 60BF specimen in fully-saturated condiggisters twice the diffusion
coefficient than that in wet-dry condition. Nevertheslewith the apparent diffusion coefficients
values observed here, SFRRuUC mixes can be consideiglaly durable concrete mixes
according to the durability indicators suggested by Assié ﬂl. [
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For inspection purposes, the authors collected concesbples at 50 mm depth from the
exposed surface from those specimens exposed to chlori@@dadays, in both conditions,
and the total chloride concentrations were measureel total chloride concentrations for all
of the examined samples were less than 10 ppm. This corthengood resistance to chloride

penetrability of all mixes.

4 Conclusion

This study examined the fresh, mechanical and permeabibfyepies as well as chloride
corrosion effects due to an exposure to accelerated narmm@nment of SFRRuC. Natural
aggregates were partially replaced with waste tyre rubbeclparand blends of manufactured
steel fibres and recycled tyre steel fibres were usesgir@fercement. Based on the experimental

results, the following conclusions can be drawn:

e The addition of fibores marginally decreases workability anatleases air content and unit
weight. The substitution of rubber aggregates in SFRRuC sneignificantly reduces
workability and unit weight (due to the lower density of rubber imcreases air content
by more than 100%.

e No visual signs of deterioration or cracks (except supatfitist) were observed on the
surface of concrete specimens subjected to 150 or 300 dayelafrated chloride exposure
Furthermoreno evidence of rust is observed internallythe fibores embedded in concretes
indicating that steel reinforcement did not corrode to any sigunif extent under the wet-

dry chloride exposure.

e The use of increasingly higher volumes of rubber aggrega8RRuC mixes reduces
progressively the compressive strength and elastic modtiamncreteFlexural strength is
also affected, though to a lesser extent due to the preskiites Hence, fibres are a key

component when RuC is to be used for structural pavementgaspo

e As a consequence of the ongoing hydration of the cementitiaisrials, a slight general
increase in the mechanical properties of all mixes afteah8@00 days of wet-dry chloride

exposure was identified in comparison to the 28-day mechammgerties.
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e While VPV ard sorptivity generally increase with incredsubber content, the change with
respect to plain concrete is minor. All mixes examined afterda8 of mist curing show
VPV values lower than 6% and sorptivity values lower thann@m®, which means that
they can be classified as highly durable concrete mixes.

e Due to the compressibility of rubber particles when pressirepplied the oxygen
permeability test can produce misleading results when ewrguRUC mixes with high

amounts of rubber.

e The depth of chloride penetration in both conditionsfslturaéd and wet-dry) generally
increases with rubber content. At the colour change deoryn 30BF and 60BF specimens
record lower chloride concentrations than 0.4% by wei§bement (critical concentration
inducing corrosiopand present apparent diffusion coefficients values witenrange of

highly durable concrete mixes.

It is concluded that SFRRuC is a promising candidate matferialse in structural concrete
applications with increased toughness and flexibility requergsnas well as good transport
and permeability characteristics. Future work should be duetwards investigating the
long-term performance of this innovative concrete in eggve environments such as freeze-

thaw resistance and fatigue performance.
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