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The New Boundaries of Structural Concrete
Session C — New Scenarios for Concrete

Assessment of the potentialities of recycled steel fibresfor the
reinfor cement of cement based materials

J.A.O. Barros, Z. Zamanzadeh P.J.D. MendésL.A.P. Lourencd

ABSTRACT: Recent research is evidencing that adding sibebd recycled from wasted tires can
improve the post-cracking behaviour of cement bassaterials, enhancing the ductility, energy
dissipation and impact resistance of elements nm@adehis type of composites. As a consequence,
Recycled Steel Fibre Reinforced Concrete (RSFR@eafs as a promising candidate for both structural
and non-structural applications. To contribute foe assessment of the potentialities of RSFRC, an
experimental program composed of three series twhed beam bending tests with concrete reinforced
with 45, 60 and 90 kg/frof recycled steel fibres (RSF) was carried outlbiermining the post-cracking
residual strength parametefis,, defined according to the recommendations of th8-€IP Model Code
2010. Based on the obtainkd;, the constitutive laws characterizing these tflR&ERC were determined
and used to estimate the reinforcement potenéalitif RSFRC for structural applications. A dataebas
with fr,; corresponding to industrial steel fibres (ISF) vbaslt in order to compare the post-cracking
performance of RSFRC and concrete reinforced withustrial steel fibres (ISF). This paper describhes
experimental program, and presents and discussexbthined results.

1 INSTRUCTION
1.1 Oveview

Concrete is the most frequently used constructiatenal in the world. However, it has
low tensile strength, low ductility, and low energysorption. An intrinsic cause of the
deficient tensile behaviour of concrete is its lamghness and the presence of men-
tioned defects. Therefore, improving concrete toags and reducing the size and
amount of defects in concrete would lead to bettercrete performance. An effective
way to improve the toughness of concrete is thectidd of a relatively small fraction
(usually 0.5-2.0% by volume) of short fibres to teacrete during mixing.

In the fracture process of fibre reinforced corer@RC), fibres bridging the cracks in
the matrix can provide resistance to crack propagand crack opening before being
pulled out or stressed to rupture. After extensitalies it is widely reported that such
fibre reinforcement can significantly improve trensile properties of concrete (ACI
1996), (Bentur et al. 1990) and (Wang et al. 2000).

Fibre reinforcement is also used for the reductibshrinkage cracking of concrete as-
sociated with hardening and curing processes. Qtbeefits of FRC include improved
fatigue strength, wear resistance, and durabBtyusing FRC instead of conventional
concrete, section thickness can be reduced ankiiegacan be effectively controlled,
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resulting in lighter structures with a longer légpectancy. FRC is currently being used
in many applications, including buildings, highwayerlays, bridges, airport runways,
precast concrete industry and tunneling (ACI 199Bgntur et al. 1990) and (Wang et
al. 2000).

1.2 Concretereinforced with recycled steel fibres

Recent research is showing that adding to cemesgdomaterials recycled steel fibres
(RSF) from wasted tires can decrease significatitly brittle behaviour of these
materials, by improving its toughness and postkingcresistance. As a consequence
Recycled Steel Fibre Reinforced Concrete (RSFR@gars as a promising candidate
for both structural and non-structural applicatiqAsello et al. 2009). The use of
Recycled Steel Fibre (RSF) as reinforcement in @ecowill benefit the environment,
since the fibres are currently a waste arising ftbmrecycling of tires. However, the
lack of a general design framework and simple aegigdelines for concrete reinforced
with RSF is perceived as one of the main barrierdhe use of RSF in concrete
construction. Although the flexural behaviour of FHREC is similar to that of
conventional SFRC (Tlemat et al. 2004) it is nottai@ whether existing design
guidelines, developed specifically for SFRC, carsbecessfully applied for the flexural
design of RSFRC. Therefore, the authors deemedssageto examine these guidelines
in order to assess their suitability for RSFRC ahdgcessary, to propose appropriate
modifications to the guidelines.

2 EXTRACTION OF FIBRESFROM WASTE TIRE PROCESS

Tire shredding and the cryogenic process can be asmechanically obtain RSF from
used tires. In addition, steel fibres can be oletiny utilizing anaerobic thermal degra-
dation, such as conventional pyrolysis and micrasaduced (AMAT 2003). The RSF
adopted in the present experimental work was sepdy RECIPNEU company, and
the cryogenic process of waste tires is the ong@taddby this company, which is com-
posed by the four following stages (Figure 1): ok tire size is reduced by various
means; 2) tires are then fed into cryo-chamberfiaragn with liquid nitrogen to -184° C
(-300° F); 3) hammer mill reduces crumb to partiokd various sizes; 4) steel is re-
moved magnetically throughout process. The RSHmddarom this process (Figure 2)
are characterized by different diameters, lengtiitsshapes, and present irregular wrin-
kles.

3 EXPERIMENTAL WORK

To assess the potentialities of recycled fibregHerreinforcement of concrete elements,
the test program indicated in Table 1 was carrigid lBour specimens for each mixture
were prepared. Note that for all the specimensempf similar concrete strength class
were used in order to perform a reliable comparisbthe mechanical properties. The
specimens with recycled steel fibres were testetdatiays, while the specimens with
industrial steel fibres were tested at 28 days.

Table 1. Designation of the series of tests ofetygerimental program

: Reinforced with Reinforced with :
Mix recycled fibres industrial steel fibres Content of steel fibres [kof
M 45 M45 RSI M45 |SF 45
M 60 M60 RSI M60 ISF 6C
M 90 MO0 RSI M90 ISF 9C




(c) (d)

Figure 1. Overview of the industrial process tosfarm tires in fibers for using in concrete:
a) Tires to be recycled, b) Tires transformed &cps of rubber, ¢) Stock of pieces of rubber,
d) Cryogenic tunnel to put the pieces of tire ia fassy state, e) Tunnel hammers to break the
pieces of rubber in glassy state and f) The filamesseparated hyagnetic and collected in a
container

Figure 2. Recycled steel fibers extracted from auntilves



During the execution of the concrete mixes, the/aked steel fibres were gradually
added to the mixture to get, as much as possitienzogenous fibre distribution into
the concrete. Table 2 shows the three mix propusticsed.

Table 2. Mix proportions per concrete cubic m
LF FRS | CRS FA

Mix C [k W [k SP [k CA [k SF [k
M_ 45| 380.5 326.2 126.8 6.09 362.6 574|6 510/1 - 45
M 60| 380.5 353.0 140.0 7.83 237.0 710}0 590)0 600

M_90 | 408.0 395.0 150.0 6.26 263.0 6580 4460 78.090
C=Cement; LF=Limestone Filler; W=Water; SP=Supestitézer; FRS=Fine River Sand; CRS=Coarse RivedS&A=Crushed
Aggregates; FA=Fly Ash; SF=Steel fibres

3.1 Test setup and methodology

The specimen geometry (Figure 3), the position dintensions of the notch sawn into
the specimen, the loading and specimen supportittmm&l the characteristics for both
the equipment and measuring devices, and the tesegures to characterize the
flexural behaviour of RSFRC (Figure 4) are all givdsewhere (CEB-FIP 2011) and
(RILEM 2000).
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Figure 3. Three point beam bending test setup

Figure 4. Test setup

Figure 5 presents a typical relationship betweenapplied load and the crack mouth
opening displacement (CMOD) obtained from a threpbeam-bending test. Using
this type of relationships, the load at the limfitppoportionality (k) and the residual
flexural tensile strength parameterg;(fcan be obtained. ks the highest value of the
load recorded up to a deflection (or CMOD) of 0o



e | 1 | cMoD [mm]_
CMOD , = 0.5 CMOD , =1.5 CMOD , =25 CMOD , = 3.5

Figure 5. Typical load F — CMOD curve of FRC (CEBRR2011)

Based on the force values for the CM{J> 1 to 4, see figure 5), the corresponding
force values, f- are obtained, and the derived residual flexweasile strength parame-
ters are determined from the following equation:

3FL

2bhg,

Where &; [N/'mm?] and F [N] are, respectively, the residual flexural témsitrength
and the load corresponding to CMOD = CMO@m], b (=150 mm) and L (=500 mm)
are the width and the span of the specimen, gn@=h25 mm) is the distance between
the tip of the notch and the top of the cross eacti

1)

fRj

3.2 Experimental results

As reported in the literature (Pilakoutas et al0£0the main effect of the fibres is to
control the crack propagation, maintaining the knath in the limits according to the
exigencies of the application of FRC; as a consecgiethe flexural behaviour is
characterized by a residual strength in the pastking stage that is much higher than
its corresponding plain concrete, resulting a $igamt improvement of the material
toughness. As expected, the failure in flexuredibispecimens was due to fibres pull-
out, since fibre rupture occurrence avoids the hmation of the potential benefits of
fibre addition in terms of energy absorption argldeal strength. In Figure 6 the curves
flexural stress versus deflection are presentedafbrthe tested specimens. In the
M45_RSF specimens (45kgirof fibres) a larger dispersion of the results wasined,
which indicates difficulties of assuring a suitabistribution of the fibres. The average
curves for the RSF series are depicted in Figurdt@sd verified that the post-cracking
flexural strength was smaller in the M60_RSF tharthe M45_ RSF, which can be
justified by extra difficulties on assuring prop#ore distribution in the M60_RSF
specimens. Taking this into account, the mix contjos for the M90_RSF was
tailored by increasing the content of cement, limes filler and fine river sand, and
adding fly ash in order to improve the conditions & better fibre distribution. The
flexural behaviour recorded in the three point begdests with beams of Industrial
steel fibre reinforced concrete (ISFRC) is illusgchin Figure 7, and the comparison of
RSFRC and ISFRC curves are depicted in Figure BleTa and Table 4 include the
average values for the equivalent and residualfxtensile strength parameters for
tested RSFRC and ISFRC specimens, respectively.t®tlee reasons already pointed
out, the equivalent and residual flexural tensilgameters were the lowest in the
M60_ISF series. The graphical representation ofdbeivalent and residual flexural
strength parameters for all the tested series psesented in Figure 9. From the
comparison it is verified that the deflection hamig phase registered in the ISFRC
specimens (from crack initiation up to flexuralg@e strength) was not developed in the
RSFRC specimens. This indicates that the fibefosement mechanisms for relatively
small crack width levels are not effective in thBRdue to the geometry and surface



characteristics of these fibers. However, the ftakstrength of RSFRC specimens is
almost constant and of the same order of the flxensile strength up to the ultimate
crack width recorded in the executed tests (3.5.mm)
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Figure 6. Flexural stress versus deflection cufeethe: a) M45_RSF, b) M60_RSF, ¢)
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Figure 7. Flexural behaviour of ISFRC in Figure 8. Comparison of the flexural behaviour
three point notched beam bending tests. of ISFRC and RSFRC.



Table 3. Equivalent and residual flexural tensitersgth parameters for RSFRC

Series fret,L feq,2 feq.3 fr1 fr2 fr3 fra
[MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa]
M45 RSF 5.866 5.449 5471 5.57p 5.622 5.2)70 4,947
M60 RSF 5.045 5.311 5.113 5.184 5.182 4.9/76 4.560
M90 RSF 4.562 6.783 6.354 6.627 6.565 5.906 5.560

Table 4. Equivalent and residual flexural tensitersgth parameters for ISFRC

Series fret,L feq.2 feq.3 fr1 fr2 fr3 fr4
[MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa]
M45_ISF 5.148 8.661 7.872 8.613 8,369 6.834 5.641
M60_ISF 6.620 10.493 8.643 10.431 7,395 4.868 3.400
MO0 _ISF 5.991 12.755 11.311 12.376 12,009 9.713 85/.3
7 - 14
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Figure 9. Representation thk foq andfr i parameters for the series: a) RSFRC, b) ISFRC

Figure 10 shows the relationship betwédgyy andfeq,3 obtained in the tested RSFRC
specimens. It is verified a clear linear relatiapdietween these two parameters, which
Is in agreement to previous research with SFRCisyerts (Barros et al. 2005).
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Figure 10. Relationship betwe&g.andfeqs

The relationships betweds,,» and fr1, and betweerieq,z and fr 4 are represented in

Figure 11. It is also verified a linear trend betwehese parameters.
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For a more enlarged comparison, the database (Blected by Moraes Neto (2013) in
terms offr; values in concrete reinforced with hooked el®ls was used in the present
work. Since the fibre volume percentalyg,and fibre aspect ratioli/€k), (quotient be-
tween fibre lengthls, and fibre diametewg) are practically the unique common infor-
mation available in the works forming the DB, thatistical analysis performed with
the collected data for the characterization offhst-cracking behaviour of SFRC was
governed by the criterion of deriving equations tloe fri dependent on the andl+/dk.
The authors are aware that this is a quite simpjgaach to simulate the fibre rein-
forcement mechanisms, since other variables likefithre-matrix bond strength, fibre
inclination and fibre embedment length influence thalues ofri (Cunha et al. 2010),
but this information is not available in those warRherefore, a relatively large scatter
of results is naturally expected for the relatiopshiri-(Vs, 1¢/df). Preliminary statistical
analysis by considering also the bond strengthalss carried out (Moraes Neto 2013),
but the obtained results have revealed that byalspting these parameters, the disper-
sion of the results increase significantly, sindarge scatter of bond strength values ex-
ists in the bibliography. Taking this into accoutie statistical analysis was carried out
and the following equations were determined:

| cl | 0.8
fry = kg [Evf [—ldLJ =75 EEVf E-ldLJ [MPa] )
f f
| c2 | 0.7
fra =Ko [Evf E»dLJ =6.0 [Evf E»dLJ [MPa] 3)
f f
fR3=k3[fR1=0.85[fm (4)

Figure 12 comparessf and frs, and ki-fra from the experimental results of this
database with those obtained from the RSFRC spesina these figures different
markers were adopted for the results of the databwath ISF (IFRSCC) and RSF
(RSFRC). It is verified that in ISF and RSF simiteend was obtained for theiffrs
and &i-fra.

Figure 13 compares fandVs from the experimental results of the database thitise
obtained from the RSFRC specimens. In these figdifésrent markers were adopted
for the results of the database with ISF (SFRSCG@)RSF (RSFRC). It is verified that
the ki-Vr relationship for the RSF is close to the lowerrmbof the &i-V+ results for the
ISF.
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4 CONCLUSIONSAND DISCUSSION

In this paper, the experimental work was carried tw evaluate the mechanical
properties of recycled fibre reinforced concreta.te basis of results obtained by three
point bending tests, the following concluding reksacan be made:

* Since fibre rupture occurrence avoids the mobilirabf the potential benefits of fibre
addition in terms of energy absorption and resiciiangth, the failure in flexure for
all the tested specimens was due to fibres pull-out

* From the comparison of the equivalent and resiflealiral strength parameters
for all the tested series it is verified that tledlection hardening phase registered
in the ISFRC specimens (from crack initiation upflexural tensile strength)
was not developed in the RSFRC specimens. Thisatek that the fiber rein-
forcement mechanisms for relatively small crackttvigvels are not effective in
the RSF due to the geometry and surface charaateraf these fibers. Howev-
er, the flexural strength of RSFRC specimens iatmonstant and of the same
order of the flexural tensile strength up to theemeate crack width recorded in
the executed tests (3.5 mm).

» Itis revealed that up to a deflection&f the energy absorption capacity of the
RSFRC designed is linearly dependent on the deflectherefore, it is enough
to analyze the evolution of the, b, because the comments can be also applied to
feq,s

» It is verified that, for steel fibre reinforced awate with recycled fibres, there is
almost linear relationship betweenr Fand fr 3 and a similar tendency was ob-
served between thexFand I 4.
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