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Abstract: In the present study the steel fibres coming from the end-of-life tires were
applied as a reinforcement of self-compacting concrete. The influence of the recycled fibres
and their mixture with glass or polypropylene fibres (hybrid mixes) on the flexural behaviour
of SCC was tested. The research revealed that the dosage of 1.5% of recycled fibres is highly
effective in the SCC matrix. The values of the residual flexural tensile strengths obtained in
the tests classified the R-SCC to be used as a partial replacement of the conventional rein-
forcement. The addition of other types of fibres to R-SCC caused the further enhancement of
flexural parameters with no negative effect on the distribution of the fibres in the mix.
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1. Introduction

In general, short fibres are added to the brittle concrete matrix to enhance its tensile
mechanical parameters and cracking resistance. The fibres improve the energy absorption
capacity of the concrete under dynamic loading. Because of these advantages, fibre reinforced
concrete (FRC) is applied in engineering structures, e.g. tunnels, water tanks, protective
structures. A broad investigation conducted globally displays an improvement of mechanical
parameters of concrete due to the application of the various types of fibres [1]-[3]. However,
the research mainly focusses on manufactured fibres.

If the immense need for reduction of the people-produced waste is considered, recycled
steel fibres (RSF) were investigated. Precisely, fibres from the end-of-life tires were considered
in this paper. The attempts to reveal the effectiveness in improving mechanical parameters of
concrete of the fibres from end-of-life tires can be found only in some research [4]-[6]. The
problem is associated with their poor efficiency in comparison to the same amount of manu-
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factured fibres in improving the flexural parameters of the concrete matrix [5]. In some of the
papers, it was proved that when the dosage of RSF is not higher than 60 kg/m?, the efficiency
of the fibres in the brittle concrete matrix is low [7], [8]. However, even in this case, the RSF
had a positive effect on the cracking behaviour of concrete [8].

In this paper, a significant amount of fibres was chosen because so far, the research on
the behaviour of concrete with high volume ratio of RSF has been sparse. It is believed it is
impossible to apply high amounts of RSF fibres to the concrete matrix because their shape
would impede the random distribution of the RSF in the matrix. Furthermore, the influence
on of the other fibres on the distribution of the RSF in the concrete matrix is unknown. There
is no research on the mixtures, in which the RSF were mixed with other than steel fibres,
therefore in this study a blend of steel and waste fibres was tested in section 5 [5] and the
flexural response of self-compacting concrete reinforced with mixes of RSF, polypropylene,
and glass fibres were investigated. High dosages of all types of fibres were used to highlight
their mutual impact on the parameters of the matrix.

This paper is a part of the comprehensive laboratory study on hybrid fibre reinforced
self-compacting concrete under quasi-static and high strain rates conditions implemented
under a grant. The results presented in the paper cover the flexural response of HFR-SCC. The
behaviour of the mix under high strain rates was discussed in sections 9 and 10 [9], [10]. The
designation for all the mixtures were the same in all the papers to facilitate the possible linking
of data and to draw further conclusions.

The first aim was to investigate when the high-volume ratio of RSF can be applied to
the concrete matrix.

2. Experimental program

2.1. Composition of the mix

The research aimed to apply the high-volume ratio of the waste fibres to the self-com-
pacting concrete matrix. The dosage of recycled fibres (R) was equal to 118 kg/m?, which
corresponds to a volume ratio of 1.5%. Such a large number of fibres decreased the rheological
parameters of SCC. Thus, the amount of superplasticizer and water had to be increased with
the reference mix. The composition of the mix was assigned with the condition that the slump
flow of the plain SCC and recycled fibre reinforced SCC (R-SCC) was equal.

Table 1. Mixture composition. Source: own study

Cement Natural Coarse Steel fibres (%) by

CEM sand aggregate Super- volume

142.5R (02 mm) (2-16 mm) -plasticizer Water R G PP w/c
Mix [kg/m?] [kg/m?] [kg/m?] [kg/m?] [kg/m?] [-]
SccC 580 927 695 18.4 202 - - - 0.34
R-SCC 1.5 - -
RG-SCC 580 927 695 20.3 223 15 05 - 0.38

RPP-SCC 1.5 - 0.25
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Table 2. Properties of the fibres. Source: own study

Aspect Tensile Modulus

Length Diameter ratio strength  of elasticity Density
Type of fibre Designation [mm] [mm] (L/D)[-] [MPa] [GPa] [kg/m?]
steel cord (from
the end-of-life R ~2+30 ~0.15 13+200 >2850 210 7850
tires)
glass G 12 0.014 - - - ~2500
polypropylene PP 12 0.038 - - - 910

Natural sand and coarse aggregate were sourced from locally available sources in Silesia
in Poland. The pebble aggregate was used. The exact composition of the mixes is presented
in Table 1 and Table 2.

Hybrid mixes were created by adding glass (G) or polypropylene (PP) fibres to
R-SCC. Dosages of these two types of fibres were also assigned experimentally. The 0.5% of
glass fibres and 0.25% of PP fibres were added to the R-SCC. The photos of the fibres used
in the analysis are collated in Fig. 1.

Fig. 1. View of the fibres used in the investigation: a) recycled fibres (R); b) polypropylene fibres (PP); c)
glass fibres (G). Source: own study

2.2. Flexural tests

Flexural tensile tests were performed to investigate the improvement of the mechanical
parameters of SCC after the application of fibres, with accordance with RILEM TC-162 TDF
[11] and PN-EN 14651 [12]. Notched beams of the dimensions of 150x150x600 mm were
subjected to the constant rate of deflection, equal to 0.2 mm/min. The CMOD was recorded
during the tests. The details of the test procedure and stand can be found in other works of the
author’s dealings with the flexure of FRC, e.g. [13]. For each mix, three beams were tested.

3. Results

The results from broad research, covering the behaviour of hybrid fibre reinforced
self-compacting concrete under quasi-static compression and high compression strain rates,
were presented in [9, 10]. Values of the quasi-static compressive strengths and accompanying
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strains of each mix, which were extensively discussed in previous papers, were presented in this
article for the comparison (Table 3). In parenthesis, the coefficients of variation were presented.

3.1. Rheological tests

The slump flow of the plain SCC and R-SCC were designed to be equal. The addition of
G or PP fibres reduced the slump flow diameter (SFD) and the time to reach 500 mm spread
(t500) of R-SCC (Table 3). During the development of the composition of the mixture, a strong
influence of the PP and G fibres on the workability of the SCC was noted. The results from
slump flow tests presented in the Fig. 2 indicate that the mix of R and PP fibres disturbed the
homogeneity of the mix the most. The research also covered the L-box tests, which showed
that none of the mixes was able to pass through the reinforcement in the spacing equal to
30 mm. The exact results were summarized in Table 3.

Table 3. Rheological parameters of HFR-SCC. Source: own study

L-box Compressive Strain at peak stress
SFD tso0 (H,/H,) strength x107
Mix [mm] [s] [-] [MPa] [-]
SCC 630 4 1 57.7 (11) 0.00240 (34)
R-SCC 630 4 0.52 53.5(2) 0.00273 (12)
RG-SCC 570 7 0.53 58.8 (4) 0.00300 (5)
RPP-SCC 580 6 0.53 52.7 (1) 0.00284 (19)

P [ (o 3
SccC R-SCC RG-SCC RPP-SCC

Fig. 2. Slump flow of the mixes. Source: own study

3.2. Flexural tensile tests

3.2.1. R-SCC

The results from flexural tests of the mixes were presented as load-CMOD curves in
Fig. 3, and Fig. 4. Each graph contains the load-CMOD curves of three beams and their
average.
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Fig.3. Load-CMOD curves obtained in flexural tests of mixes: a) SCC, b) R-SCC. Source: own study

The application of 118 kg/m? of fibres recovered from used tires caused the pronounced
enhancement of the mechanical parameters of the SCC (Fig. 3b). The maximum flexural tensile
strength of plain SCC increased about twice, due to incorporation of RSF. The post-elastic
mechanical parameters of SCC were significantly improved by recycled fibres, which can
be seen in the comparison of the results of the tests presented in Fig. 3b. The results of the
tests covering, e.g. residual and equivalent tensile strengths were presented in Table 4. The
coefficients of variation were presented in parenthesis.

Table 4. Flexural tests results. Source: own study

Equivalent
flexural tensile  Residual flexural
strength tensile strength
Jior  fior Jimax OFmax [MPa] [MPa] Toughness fri/ fior fra fra

Mix [kN] [MPa] [kN] [mm] foo = fegs oo Sra Jrs Jra [N/m] [-] [-]

12.78 4.09 12.9 0.04
C o o @y T - ) )

R- 16.78 537 239 032 734 549 7.60 626 497 4.15 61.24

scC @ () B Q) G 1) () @ @ 6 0 b4 06
RG- 20.32 6.50 27.6 060 7.10 6.37 8.77 6.69 531 4.33 67.26 14 0.61
SCC (6) (6 () (40 (13 O () 6 © (4 6 : :
RPP 17.79 5.69 283 0.38 8.80 6.67 8.95 7.39 5.69 4.62 71.52 16 0.64

SCC B B ©® @6 © O ® ©® 12 an ©

In the research, the hardening phase was observed before reaching the maximum load.
This type of flexural response is usually observed in the case of long fibres with the shape
that ensures a good anchorage in the concrete matrix. Even high number of straight, short
fibres was not able to trigger such an effect on the flexural behaviour of SCC, which was
previously investigated in [13]. Therefore, this research proves that the length together with
the curved and twisted shape of the RSF provides a very good anchorage of the RSF in
the SCC matrix. The fact that the type of steel used in the tires are characterized by much
higher tensile strength and ductility than the steel used for the production of typical fibres
should also be considered [14].
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In the previous work of the author [7], where the dosage of RSF was in the range of
30 + 60 kg/m’, their influence on peak and post-peak parameters of concrete were rather weak.
No hardening phase in the flexural response was observed in this instance. The increase of
the maximum load of concrete reinforced with recycled fibres did not exceed 25% of plain
concrete. The meaningful dispersion of the results with the increase of the volume ratio of the
fibres was noted. In the current research, this conclusion was not confirmed. A much bigger
dosage of the RSF than in [7] was analyzed. The proceedings of the load-CMOD curves were
comparable in the case of all the specimens that can be seen in the Fig. 3b. Notably, in [7]
the conventional concrete was exanimated, which means it needs to be vibrated, whereas,
in this study, self-compacting concrete was investigated. Thus, probably, the process of
vibration was responsible for the dispersion of the results in [7].

3.2.2. Hybrid fibres

The R-SCC mix was further improved with glass (G) and polypropylene (PP) fibres
(Fig. 4). Both types of fibres (G, PP) had a comparable influence on the flexural response
of the R-SCC. Their addition caused the increase of maximum load and flexural mechanical
parameters of the SCC matrix already containing the recycled fibres (Fig. 4).

a) b)
30 30
RG-SCC  —Beam1+3 % RPP-SCC —Beam1+3
“ -~Average 25 --Average
= 20 .20 -
Z Il
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= )
= &
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Fig. 4. Load-CMOD curves obtained in flexural tests of mixes containing hybrid fibres: a) RG-SCC;
b) RPP-SCC. Source: own study

The scatters between the load-CMOD curves of mixes containing hybrid fibres were
indeed more noticeable than in the case of the R-SCC (Fig. 3b). However, they still weren’t
meaningful. Although the dosage of polypropylene and glass fibres was high, it can be
concluded that the addition of other types of fibres did not affect the distribution of the
recycled fibres.

The comparison of the average load-CMOD curves obtained in all tests are presented in
Fig. 5. It can be clearly seen that additional fibres (PP or G) improved the flexural parameters
of the R-SCC. Polypropylene fibres seem to be more effective than the glass fibres. However,
this difference was not pronounced.
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Fig. 5.  Comparison of the load-CMOD curves. Source: own study

In general, the fibres bridge the cracks in the concrete matrix. Their effectiveness in the
brittle matrix depends mainly on the dosage, length and material of the fibres. The shortest
fibres can attract microcracks, while the longer ones delay the propagation of more significant
cracks. In this paper, the PP fibres in combination with the RSF fibres were more effective
in the matrix because their modulus of elasticity is lower than in the case of G fibres. The
density of polypropylene fibres is lower than the glass fibres. Thus, the number of PP fibres
was much higher in the matrix than in the case of G fibres. The difference in the impact on
the load-CMOD relationship is not pronounced because the length of both types of fibres and
their perimeter were somewhat comparable.

The investigations showed that the replacement of the manufactured fibres with the recy-
cled ones is possible. The 1.5% of volume ratio of the RSF resulted in the increase of flexural
parameters of the matrix. The enhancement that could be compared to the one obtained in the
case of hooked fibres is believed to be the most effective in the concrete matrix. However,
much smaller dosage of hooked fibres than the RSF would probably produce the same effect
on the flexural parameters of the SCC.

4. Application of recycled fibres

There are two main applicable standards that deal with FRC: RILEM TC 162-TDF [11]
and MC 2010 [15]. The procedure to obtain mechanical parameters from laboratory investi-
gation that can be further applied in the calculation of FRC according to RILEM TC 162-TDF
[11] was previously presented by the author in [7], where lower dosages of recycled fibres than
in this paper were analysed. Herein, the approach proposed by MC 2010 [15] was discussed.

Considering the FRC reinforced with conventional bar reinforcement, the fibres carry
the load in the tensile zone, which decreases the stress and strain in bars. MC2010 [15] clas-
sifies the FRC based on three parameters from flexural tests performed on notched beams: f; ;,
Jrs and f{ op. According to MC2010 [15], the fibres can be considered in Ultimate Limit State
(ULS) calculations when the conditions (1) are fulfilled:

fR,l > 0.4; fR,S

fLOP R,

In other words, the residual flexural tensile strength of FRC at the CMOD equal to
0.5 mm (f ;) should be higher than 40% of the flexural tensile strength at the limit of propor-
tionality (f; o). Thus, the fibres had to act in the concrete matrix after the cracking occurred.

>0.5 (1)
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Furthermore, when the CMOD reaches 2.5 mm the FRC should still have the residual tensile
strength (f; ;) not lower than 50% of the residual flexural tensile strength at CMOD = 0.5 mm
(fr.) and in truth 20% of f; p.
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Fig. 6.  The average residual flexural tensile strengths-CMOD curve for R-SCC. Source: own study

The residual flexural tensile strengths of R-SCC are depicted in Fig. 6. The R-SCC
residual strength class acc. to MC 2010 [15] is “a”. It can be clearly seen in Table 4 that the
dosage of 1.5% of the RSF exceeds the requirements (1). Though, the RSF could be used as
a partial substitute to conventional reinforcement and decrease the number of bars. However,
the L-box test results indicate, that the mix with such high dosage of fibres is not able to pass
through the reinforcement with a distance of 30 mm. Therefore, it could be applied in, e.g.
ground slabs, where the distance between the bars is usually much higher and can’t be lower
than 50 mm.

5. Conclusions

Based on the investigations performed, obvious advantages for the SCC brittleness with
the application of huge amount of RSF can be noted. The main conclusions are:

* The addition of 1.5% of recycled fibres to SCC resulted in pronounced enhancement
of the flexural parameters of the matrix.

» Based on the collation of current results with the results from the tests previously
performed, it can be concluded that the effectiveness of the RSF was much better in
self-compacting concrete than in conventional concrete. Thus, probably the influence
of the process of vibration on the results in much higher than it is in the case of manu-
factured fibres.

» Hybrid mixes containing RSF and glass or polypropylene fibres exhibit higher flexural
peak and post-peak parameters than the mixes containing only RSF.

» The addition of glass and polypropylene fibres to the R-SCC did not influence the
distribution of RSF in the SCC pronouncedly. The proceedings of the load-CMOD
curves obtained for the mixes with hybrid fibres were comparable.

According to the MC2010, the flexural parameters of all the mixes could be considered
in the ULS calculations of the structural elements.

One of the main conclusions from the research is that the manufactured fibres could be
replaced by the recycled fibres with the same effect on the flexural parameters of the self-com-
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pacting concrete matrix. Admittedly, higher volume ratio of the RSF should be applied to
achieve the same effect as it is in the case of manufactured fibres, nevertheless it is possible.
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