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ABSTRACT

Utilization of recycled aggregates in the production of concrete is now given lot of
emphasis as it is viewed as an effective waste management practice, which can
substantially contribute for the reduction of environmental deterioration. At the same
time this is a cost effective technology saving natural resources. Recycled Aggregate
Concrete (RAC) is now being used in many sectors of the construction industry. Though,
lot of research has been reported on RAC, very little information is available about the
effect of using recycled aggregate in the production of Fibre Reinforced Concrete
(FRC). This paper presents the results of experimentation conducted to evaluate the

Glass fibres strength and permeability characteristics of FRC produced with recycled coarse and
Poly propylene fibres fine aggregates. Three types of fibres viz., steel, glass and polypropylene were used in
Steel fibres the production of FRC. Compressive, tensile, flexural and shear strengths of Fibre

Reinforced Recycled Aggregate Concrete (FRRAC) have been evaluated from the
experimentation. Chloride ion permeability has been determined as measure of
permeability of FRRAC. The results of the study show that recycled coarse and fine
aggregates can be successfully used in production of fibre reinforced concrete.

INTRODUCTION

Recycled aggregatesare produced from the reprocessing of waste material s, the largest source being
congtruction and demolition (C& D) waste. According to Commonwealth Scientific and Industrial
Research Organization (CSIRO), C& D waste makes around 40% of the total waste each year (esti-
mated around 14 million tons) posing severe disposal problems. The reuse of this construction and
demolition waste in the form of recycled aggregatesin concrete opens awhole new range of possi-
bilitiesin the reuse of materialsin the building industry. With the introduction of legislation in the
form of rules and regulations in many parts of the world, more emphasis is being placed on the
utilization of recycled aggregatesin the production of concrete asawaste management technique for
sustainable construction. The effective management of C& D waste not only saves the natural re-
sources, which are being hugely depleted due to high quantity of concrete production, but also cost
effective. The use of recycled aggregate concrete (RAC) isviewed asan effective attempt to conserve
natural resourcesand preserving the environmental ecological balance.

Theresearch work carried out in the past on the use of recycled aggregatesismainly focused on
issues related to the processing of C&D waste, mechanical properties, mix design and durability
(Dhir et al. 1999, Poon et al. 2002, Xiao et al. 2005, Khaldoun Rahal 2007, Ann et al. 2008). In fact
suitability of coarse recycled aggregatesfor use in normal grade concretesfor alarge range of appli-
cations has been proven in a number of studies (Meinhold et al. 2001, Limbachiya 2004). Studies
concerning the structural behaviour of recycled aggregate concrete structural elements are also
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reported in literature (Konno et al. 1997, Han et al. 2001, Maruymaet al. 2004, Sogo et al. 2004, Xiao
& Lan 2004). The seismic performance of RAC structural elements are also reported (Xiao & Zhu
2005, Xiao et al. 2006).

Though, the concreteis strong in compression, it isbrittle under tensile loading. It isan estab-
lished fact that the mechanical properties of ordinary concrete and its ductility can be enhanced
significantly by the addition of randomly oriented short discrete fibres. These fibres act as crack
arresters, thus, improving the performance of Fibre Reinforced Concrete (FRC). The properties of
FRC depend significantly on thetype, volume fraction and aspect ratio (Iength to diameter ratio) of
fibres mixed in the concrete. Though it is established that FRC is superior to ordinary concrete in
many applications, very little research has been carried out on utilizing the recycled aggregatesin the
production of FRC. The strength and durability propertiesof Fibre Reinforced Recycled Aggregate
Concrete (FRRAC) are to be investigated for its better applications in construction industry. This
paper presentsthe experimental resultsconducted to establish the feasibility of using recycled coarse
and fine aggregates in the production of FRRAC. Three types of fibres viz., steel, glass and
polypropylene fibres were used in the production of FRC. Compressive, tensile, flexural and shear
strengths of Fibre Reinforced Recycled Aggregate Concrete (FRRAC) have been evaluated fromthe
experimentation. Chloride ion permeability has been determined as measure of permeability of
FRRAC.

MATERIALS AND METHODS

Cement: Ordinary Portland cement of 53 grade with specific gravity 3.06 wasused. Theinitial and
final setting timeswere found as40 minutesand 360 minutes respectively.

Natural fine aggr egate: Locally availableriver sand passing through 4.75 mm 1S sievewith afine-
ness modulus of 2.74 and water absorption in saturated surface dry (SSD) condition of 1.5% was
used. The specific gravity of the sand was2.61.

Natural coar se aggr egate: Crushed granite aggregate available from local sourceswith afineness
modulus of 6.73, and water absorption of 0.72% in SSD condition has been used. The specific grav-
ity of coarse aggregate was 2.75. The maximum size of the coarse aggregate was 20mm.

Recycled aggregate: The recycled fine and coarse aggregates that were used have been obtained
from the demolition waste of a sixty year old building in a thermal power station located in the
vicinity. The R.C.C. demoalition waste was processed in a crusher and then sieved. The fraction be-
tween 4.75mm and 20mm was used as Recycled Coarse Aggregate (RCA) and the portion passing
through 4.75mm sieve was used as Recycled Fine Aggregate (RFA). The specific gravity of RCA
was 2.69 with the water absorption of 3.12% and fineness modulus of 6.42. The specific gravity of
RFA was 2.71, and the water absorption of 8.2% with afineness modulus of 2.61.

Water : Potable freshwater avail able from local sources free from del eterious materials wasused for
mixing and curing of all the mixestried in thisinvestigation.

Fibres: Threetypes of fibreswere used in thisinvestigation to produce three types of FRCs. Steel
fibresof 1mm diameter and 100mm length with an aspect ratio of 100 were used. Glass fibres sup-
plied by Saint Gobain Company with a filament diameter of 14 microns and 12mm length with
specific gravity of 2.68 were used. Polypropylene fibres manufactured by Reliance Industry with a
commercial name ‘Recron-3S’ of length 12mm and diameter of 12 micronshaving a specific gravity
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of 1.36 were used.

Typesof concr ete mixes: Themain objective of thisinvestigation isto study thefeasibility of using
recycled coarse and fine aggregates in the production of FRC. Accordingly, three types of fibre
reinforced concreteshave been tried in thisinvestigation. For comparison purposes, aplain cement
concrete (PCC) mix of M 20 grade designed asper | S code method wasalso tried. Themix proportion
for manufacture of concrete specimens was 383.0 kg/m® of cement, 575.0 kg/m? of fine aggregate,
1265.0 kg/m? of coarse aggregate with awater-cement ratio of 0.6. Higher water-cement ratio of 0.6
has been adopted to satisfy the greater water demand that occurs due to the mixing of fibres and
recycled aggregates.

Steel Fibre Reinforced Concrete (SFRC) was produced by adding steel fibresin different volume
fractions ranging from 0.50 to 1.25% to PCC. Glass Fibre Reinforced Concrete (GFRC) was pre-
pared by adding glass fibresto the PCC in volume fractions of 0.5, 0.75, 1.0 and 1.25%. Similarly,
Polypropylene Fibre Reinforced Concrete (PFRC) was produced by adding polypropylene fibresto
PCC involumefractionsranging from 0.5to 1.25%. For eachtype of FRC, threetypesof mixeswere
prepared.

Typel: FRC with 100% natural coarse and fine aggregates

Type2: FRC with 100% RCA + 100% natural fine aggregate

Type3: FRC with 100% RCA + 100% RFA

Preparation of test specimens. Cubes of size 150 x 150 x 150mm, cylinders of 150mm diameter
and 300mm length and flexure beams of size 600 x 150 x 150mm were cast and tested for determin-
ing compressive, split tensile and flexural strengths. Double-L (push-off) specimens with inner di-
menson of 279.4mm x 203.2mm, as suggested by Balaguru & Shah (1992), were cast and tested for
determining the shear strength (Fig. 1a& 1b). Disc shaped specimens of size 100mm diameter and
50mm depth were cast for conducting the Rapid Chloride Permeability Test (RCPT) for determining
the chloride ion permeability. All the specimens were cured by immersion in water for a normal
curing period of 28 days before testing.

Compressive strength test: Compression test on the cubeswas conducted onthe 2000 kN AIMIL -
make digital compression testing machine. The pressure gauge of the machine, indicating the load,
hasaleast count of 1 kN. The cube was placed in the compressi on-testing machine and theload on
the cube was applied at a constant rate up to the failure of the specimen and the ultimate load was
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Fig.1(a): Plan of Shear mould. Fig. 1(b): Shear moulds.
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noted. The cube compress ve strength wascal cul ated as | oad per unit areaand ispresented in Table 1.
For each mix three specimenswere tested and average val ueswere reported.

Split tensile strength test: Split tensile strength test was conducted on the cylindrical specimenin
the 2000 kN capacity AIMIL make digital compression testing machine. The cylinders prepared for
testing were 150mmin diameter and 300mm long. After noting theweight of the cylinder, diametri-
cal lineswere drawn on the two ends in such away that they are in the sasme axial plane. Then the
cylinder was placed on the bottom compress on plate of the testing machine and aligned such that the
lines marked on the ends of the specimen are vertical. The top compression plate was then brought
into contact at the top of the cylinder. The load wasapplied at uniform rate until the cylinder failsand
corresponding load was recorded (P). From this load, the split tensile strength was calculated for
each specimen using equation (1) and the resultsare presentedin Table 1. For each mix, three speci-
menswere tested and average val uesreported.

2P
Split tensile strength (MPa) = ﬁ ()

Where, D and L are diameter and length of the cylinder specimen.

Flexural strength test: Thetwo-point bending test was conducted on aloading frame to determine
theflexural strength on beam specimensof size 600 x 150 x 150mm. The beam element wassimply
supported on two rollersof 4.5 cm diameter over a span of 450 mm. The loading was applied onthe
specimen through hydraulic jacks and measured using a 500 kN pre-calibrated proving ring. The
bending moment (M) on the beam specimen has been cal cul ated from the recorded flexural 1oad and
the flexural strength was cal culated as the ratio of the bending moment and section modul us of the
beam specimen (Table 1). For each mix three specimenswere tested and average val ues were reported.

Shear strength test: Double-L (push-off) specimenswith inner dimension of 279.4mm x 203.2mm
with awall thickness of 12.7mm asshown in Fig. 1 (a& b) have been used to determine the shear
strength. After curing, grooveswere cut along the shear planeto induce shear failure.

Shear tests were conducted on shear specimens in a standard compression testing machine as
shown in Fig. 2. The movement along the shear plane was measured using a dial gauge. The dial
gauge was mounted on steel angles attached to the specimen using epoxy. Thefailureload hasbeen
recorded for each specimen. The shear strength was calculated as load per unit shear area and is
presented in Table 1. For each mix three specimens were tested and average valuesreported.

Rapid chloride per meability test (RCPT): In the present work, the Rapid Chloride Permeability
Test (RCPT) apparatus has been used to determinethe chloride permeability. Inthistest, the move-
ment of chloride ionswas proportional to theintensity of electric current asmeasured by an ammeter
inthe power source. Thetest was carried out for duration of 6 hours and the current was measured at
15 minute intervals. The chlorideion permeability wascomputed asthetotal charge passed through
by using the equation (2).

Chlorideion permeability
Coulombs= (I + 1, +1,+1,+1,+1)mA x0.001x 60 x 60 (2

Where, |, I, aretheinitial andfinal currentsand 1, 1, I, and |, arethe intermediate currents.
More detailsabout thistest setup can befoundin Vaishali (2006). For each mix three specimens
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Table 1: Results of the experiments.

Type Mix Fibre Compressive Split tensile Flexural Shear
of design- volume strength (MPa) strength (MPa) strength (MPa) strength (MPa)

Fibre ation fraction
(%)

NA RCA RCA+ NA RCA RCA+ NA RCA RCA+ NA RCA  RCA+
RFA RFA RFA RFA

- PCC 000 281 233 226 298 259 248 390 348 331 746 6.72 6.48
Steel SFRC 050 297 255 248 346 312 298 460 424 410 892 811 7.73
fibre 075 304 263 259 361 329 321 491 453 446 923 852 8.26
100 323 296 282 389 372 349 542 526 491 1078 1059 994
125 341 316 303 412 391 372 566 552 526 11.84 11.72 1121
Glass GFRC 050 286 246 238 331 29 280 446 410 398 787 721 6.94
fibre 075 291 254 249 342 316 305 466 428 424 826 762 7.46
100 308 287 275 369 349 324 512 491 458 881 811 7.79
125 324 309 298 388 362 342 531 519 497 912 878 8.52
Poly- PFRC 050 292 252 246 337 306 294 453 418 398 867 7.79 7.62

propy 075 301 261 254 354 324 312 486 446 437 954 892 7.79
lene 100 317 292 278 384 362 342 531 516 486 1024 984 9.36
fibre 125 333 311 301 398 374 359 552 542 521 1121 1063 10.24

weretested and average valuesarereported in Table 2.
RESULTS AND DISCUSSION

Theresults of various strength tests conducted on different concrete mixes are presentedin Table 1.

Compressive strength: The compressive strengths of all concrete mixestried in thisinvestigation
werefound to increase with theincrease in fibre volumefraction. Thisistrue even for concrete mixes
prepared with recycled coarse and fine aggregates. Asan example, thevariation of compressive strength
of SFRCisplotted in Fig. 3. It can be seen that the compressive strength of all concrete mixes pre-
pared using RCA aswell asRCA + RFA increased with increasein fibre content. Similar trendscan
be noticed from Table 1 even for GFRC and PFRC also. Thistrend is expected because the fibresadd
tothe strength and stiffness of concrete. Maximum compressive strengths are achieved at fibrevol-
umefraction of 1.25% intherangestested. When compared to reference concrete PCC, theincrease
in compressive strength isin the range of 5.7 to 21.4%, 1.8 to 15.3%, 3.9 to 18.5% respectively for
SFRC, GFRC and PFRC prepared using natural aggregates (NA). Similarly, for SFRC, GFRC and
PFRC prepared using RCA, the increase in compressive strengths are in the ranges of 9.4 to 35.6%,
5.6 t0 32.6%, 8.2 to 33.5% respectively. For SFRC, GFRC and PFRC prepared using RCA + RFA,
the increase in compressive strengths are in the ranges of 9.7 to 34.1%, 5.3 to 31.9%, and 8.8 to
33.2% respectively. Among the three types of fibres used, steel fibres contributed maximum
compressive strengths, and minimum contributionswere recorded with glassfibres. Thus, it can be
noticed that addition of fibres have considerably improved the compressive strengths of concretes
prepared using recycled aggregates.

It can be noticed from Fig. 3 that the compressive strengths of SFRC mixes prepared with RCA
areless compared to those prepared using NA. Further reduction in compressive strength is noticed
for mixes prepared using RCA + RFA. Thistrend is similar even for GFRC and PFRC mixes al so.
The maximum reduction in compressive strength due to RCA is 14.1%, 13.1% and 13.6% respec-
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Table 2: Chloride ion permeability values.

Type of Mix Fibre volume Chloride permesability (Coulombs)
Fibre Designation fraction (%)
NA RCA RCA+RFA
- PCC 0.00 3906 6389 6842
Steelfibre SFRC 0.50 3429 5572 5869
0.75 3183 5191 5438
1.00 2749 3896 4012
1.25 2374 3683 3836
Glassfibre GFRC 0.50 3573 5771 6024
0.75 3324 5347 5581
1.00 2912 4028 4112
1.25 2516 3854 3921
Polypropylene fibre PFRC 0.50 3502 5663 5943
0.75 3289 5324 5568
1.00 2874 3992 4086
1.25 2462 3789 3872

tively for SFRC, GFRC and PFRC. It can a so be observed that maximum lossof compressive strength
dueto the use of RCA + RFA isabout 17% for SFRC, GFRC and PFRC (Table 2). Thus, the loss of
compressive strength in FRC due to recycled aggregatesisin the comparabl e range of that in PCC.
Hence, it can be concluded that recycled aggregates can be beneficially used eveninfibrereinforced

concrete mixesal so.

Split tendlestrength: The split tensle strengths of all FRRAC mixeswere considerably higher than
that of plain concrete at all volume fractions. For mixes with steel fibres prepared with RCA at
volume fraction of 1.25%, a maximum increase of 50.9% was recorded over plain concrete mix

prepared with RCA. Similarly, the increase in split tensile
strength for mixes containing glass fibres and polypropylene
fibreswereinthe order of 39.8% and 44.4% respectively over
plain concrete mixes. Theincreasein tendle strength due to the
addition of fibresisexpected because of the crack arresting and
crack deflection mechanisms of fibres. Also, it isobserved that
mixes containing steel fibreshave higher tensile strength when
compared to that of glassfibre and polypropylene fibre mixes.
The split tendle strength of all fibrous concrete mixes prepared
with NA, RCA or RCA + RFA increases with theincrease in
the fibre volume. For illustration, the variation of split tensile
strength of PFRC with fibre volume fraction is presented in
Fig. 4. It can be observed that the maximum split tensilestrengths
were for mixes prepared with NA followed by mixes prepared
with RCA and RCA + RFA. It can also be observed that the
splittensile strengths of fibrous concrete mixes prepared using
RCA + RFA are marginally lessthan those prepared with RCA
alone. Hence, RCA + RFA can safely beused in preparing fibre
reinforced concrete mixesalso.

Flexural strength: Theflexural strength results of the present
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investigation are presented in Table 1. The flexural strengths of all fibrous concrete mixes were
considerably higher than that of PCC. Theflexural strengthswere observedto increase with increase
in fibre volume fraction in the ranges tested with maximum flexural strengths being achieved at
1.25% of fibre volume fraction. When compared to reference concrete PCC, theincrease in flexural
strength isin the range of 17.9 to 45.1%, 14.4 to 36.2%, and 16.2 to 41.5% respectively for SFRC,
GFRC and PFRC prepared using natural aggregates (NA). Similarly for SFRC, GFRC and PFRC
prepared using RCA, the increase in flexural strengths are in the ranges of 21.8 to 58.6%, 17.8 to
49.1%, 20.1 to 55.7% respectively. For SFRC, GFRC and PFRC prepared using RCA + RFA, the
increase in flexural strengths are in the ranges of 23.9 to 58.9%, 20.2 to 50.2%, and 20.2 to 57.4%
respectively. Maximum flexural strengthswere contributed by the use of steel fibres, and minimum
with glass fibres. Thus, it can be noticed that addition of fibres have considerably improved the
flexural strengths of concretes prepared using recycled aggregates. Asan example, the variation of
flexural strength of GFRC with fibre volume fraction is presented in Fig. 5 for fibrous concrete
mixes prepared with NA, RCA and RCA + RFA. It can be observed from this figure that for fibre
volume fractions up to 0.75%, the difference between the flexural strengths of mixes prepared with
RCA and RCA + RFA isvery less. Thistrend issimilar even for SFRC and PFRC mixesalso. The
maximum reduction in flexural strength dueto RCA + RFA is3.3%, 2.9% and 4.9% respectively for
SFRC, GFRC and PFRC. Thus, thereduction in flexural strength dueto RCA + RFA isaobserved to
be marginal. Accordingly, the use of recycled fine aggregates in fibre reinforced concrete can be
viewed asviable solution in saving the natural river sand.

Shear strength: From Table 1, it can be observed that the shear strength of all FRC mixesisconsid-
erably higher when compared to that of PCC. Theincrease in shear strength isin therange of 19.6%
10 58.7%, 5.5% to 22.3% and 16.2% to 50.3% for SFRC, GFRC and PFRC mixes prepared with NA
compared to corresponding PCC mixes. Similarly, for SFRC, GFRC and PFRC prepared using RCA,
the increase in shear strengths are in the ranges of 20.7% to 74.4%, 7.3% to 30.7%, and 15.9% to
58.2% respectively. For SFRC, GFRC and PFRC prepared using RCA + RFA, theincreasein shear
strengthsare in the ranges of 19.3%to 72.9%, 7.1% to 31.5%, and 17.6%to 58.0% respectively. Fig.
6 showsthe percentageincreasein shear srengths of FRC mixes compared to PCC at afibrefraction
of 1.25%. From thisfigure it can be observed that the maximum shear strengths were recorded for
SFRC mixes, and minimum for GFRC for all types of aggregatestried. It can be noticed from Fig. 6
that the percentage increase in shear strength due to the addition of fibresishigher in mixes contain-
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ing RCA or RCA + RFA when comparedto NA. This
istruefor all the three types of fibre reinforced con-
cretesprepared in thisinvestigation. It can also be ob-
served that the shear strengths of fibrous concrete
mixesprepared using RCA + RFA are marginally less
than those prepared with RCA aone. Hence, RCA +
RFA can safely be used in preparing fibre reinforced
concrete mixes.

Chlorideion permeability: The results of chloride
ion permeability tests conducted on various fibrous
concrete mixeshave been presentedin Table 2. It can
be observed that with increasein the fibre volume the

chloride ion permeability decreases. Thisistrue for al the three types of FRC mixestried in this
study. Asan example, the variation of chlorideion permeability with fibre volume for SFRC mixes
is presented in Fig. 7. From this, it can be observed that the chloride ion permeability of mixes
prepared with RCA or RCA + RFA are considerably higher than those prepared with NA, as the
recycled aggregate is more porouswhen compared to that of natural aggregate, which isconsidered
asimperviousinert filler. It isal so observed that thereismargina increasein chloride ion permeabil-
ity for the mixes prepared with RCA + RFA when compared to those prepared with RCA alone. This
trendisthe samefor all the FRC mixestried in thisinvestigation. Hence, it can be said that recycled
fine aggregate can safely be used in concrete works, thus, saving the usage of natura sand. It can also
be observed that at fibre volumes of 1.00 and 1.25%, the

Table 3: Classification of permeability as per

ASTM C-1202.

chloride ion permeability values for FRC mixes prepared

with RCA or RCA + RFA are falling below 4000 which is

Charge (coulombs) Permeability
> 4000 High
2000-4000 Moderate
1000-2000 Low
1000-100 Very Low
<100 Negligible

Vol. 9, No. 1, 2010 -

classified as moderate permeability range asper ASTM C-
1202 classfication presentedin Table 3.

Thus, the addition of fibresisableto reduce thechloride
ion permeability of mixes prepared with recycled coarseand
fine aggregates below 4000 coulombs at 1.00 and 1.25 %
volumefractions. It can also be observed from Table 2, that
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the chloride ion permeability values of FRC mixes prepared with RCA or RCA + RFA are amost
comparableto the chlorideion permeability values of PCC at volumefractionsof 1.25%. Thisindi-
catesthat RCA or RCA + RFA can be safely used in production of durable FRC.

CONCLUSION

Maximum compressive, tensile, flexural and shear strengthsfor fibre reinforced recycled aggregate
concretearerecorded at fibrevolumefractions of 1.25% in therangestested. Steel fibrescontributed
the higher strengthswhen compared to glassand poly propylene fibres. The compressive strength of
FRRAC isfound to increase with the increase in fibre content. The split tensile strengths of FRC
mixesincrease withtheincreasein fibre content for all the mixes prepared with NA, RCA or RCA +
RFA. Considerableimprovementsin flexural strengthswere noticed dueto the addition of fibresto
concrete mixes prepared with recycled coarse and fine aggregates.

Significant increase in shear strength has been recorded due to the addition of fibresto the con-
crete mixes prepared with recycled coarse and fine aggregates. It is observed that the percentage
increasein shear strength dueto addition of fibresis higher in mixes containing RCA or RCA + RFA
when compared to NA. The chloride ion permeability of FRRAC mixes decreaseswith increasein
fibre content. Addition of fibresin theranges1.0-1.25% decreasesthe chlorideion permeability well
below 4000 coulombs even for mixes prepared with recycled coarse and fine aggregates which is
classified asmoderate permeability asper ASTM-C 1202 and can be safely adopted.

From both, strength and permeability characteristics, it isconcluded that recycled coarseand fine
aggregates can be safely used in the production of FRC mixes.
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