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Abstract

This study aims to investigate the effect of incorporating different quantities of steel fibres recovered
during concrete recycling on the mechanical properties of new steel fibre reinforced concrete (SFRC).
Mixes contained 20 kg/m? and 25 kg/m? of steel fibres, with recovered steel fibres at replacement levels
of 0%, 10%, 30%, and 100%. The recovered fibres were tested and categorized to determine the effect
of recycling on fibre properties. The compressive strength, elastic modulus, stress—strain behaviour in
compression, residual flexural strength of SFRC and inductive test were tested. The results demonstrate
that incorporating a small proportion of recycled fibre alongside virgin fibre is a feasible approach, with
a 10% recycled fibre replacement yielding superior performance compared to using 100% virgin fibre
alone.

Keywords: SFRC, recovered fibre, replacement ratio, stress-strain behaviour, residual flexural

strength, inductive test

1 Introduction

The incorporation of recycled materials into construction practices has garnered significant attention in
recent years, driven by the imperative to foster sustainable and eco-friendly solutions [1,2]. Among
these sustainable approaches, the use of recovered fibres (RF) in fibre-reinforced concrete (FRC) has
emerged as a promising avenue for enhancing both the mechanical properties of concrete and contrib-
uting to environmental conservation [3]. Many researchers have found that the use of RF from other
wastes, such as waste tires and waste plastics, has a significant effect on the mechanical properties of
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FRC, especially the flexural and tensile properties [4-6]. However, there are less investigated the RF
from FRC. Notably, Liu et al. [7] and Brecht et al. [8] found that replacing 100% of virgin fibres (VF)
with RF reduces the residual flexural strength of concrete in different decreased, primarily due to the
shorter average length of recycled fibres. Consequently, some researchers have statistically classified
RF geometry [9,10]. Additionally, the different recovery methods in the process of recovering RF have
different effects on the fibres [8]. Moreover, the mechanical properties of some FRCs can be improved
if different proportions of RFs are added to them [11].

The recovery of steel fibres from recycled concrete typically involves mechanical crushing fol-
lowed by magnetic separation. These methods effectively extract steel fibres, but the recovered fibres
often exhibit variations in shape, length. This inconsistency can make their performance in new con-
crete less predictable compared to virgin fibres. Despite these challenges, recovered fibres offer poten-
tial cost savings and environmental benefits, particularly in large-scale demolition contexts. While VFs
are more uniform and reliable, they are also more expensive due to their controlled manufacturing pro-
cess.

Hence, this study aims to investigate the fibres produced during the steel fibre-reinforced concrete
(SFRC) recycling process and explore the effect of the resulting RFs on the mechanical properties of
new SFRC. The findings are expected to contribute to the development of fully recycled concrete sys-
tems, supporting more sustainable construction practices.

2 Experimental programme

2.1 Material and specimen preparation

The cement used in the study was CEM II/A-L 42.5N (Cementos Molins, Spain). The NA was crushed
limestone from a quarry in Villacarca (Barcelona province, Spain) used in fractions 0/4, 4/12, and 12/20
mm. MasterPozzolith 7003 (Master Builder Solutions, Germany) was used as a plasticizer. The virgin
steel fibre used Dewmark Fibre Hendix prime 75/52 and the recovered steel fibre was obtained by
crushed SFRC, as Fig. 1(left) shows. The RFs were classified according to their shape into four cate-
gories: complete, other, bent at an angle of more than 90 degrees and less than 90 degrees, as Figure
1(right) shows. The percentages of fibres in each category were 17 %, 14 %, 26 % and 43 %, respec-

tively.

Fig. 1 The recovered steel fibre (left); types: a. Complete; b. Others; ¢. Angle < 90 degrees; d.
Angle > 90 degrees (right)

In order to compare the effect of using different replacement ratios RF on SFRC, the replacement
ratios used 10%, 30% and 100%, with fibre contents of 20 and 25 kg/m?, respectively. The details of
the mixture design are shown in Table 1.
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Tablel  Mix design of the tested concretes

Fibre
B} Aggregate (kg/m?3)
Con- rr?éen ‘ Water Plast. (kg/m?)
crete kg/m?3 kg/m?
(kg/m3) (kg/m°) | (kg/m°) 0/4 | 4/12 | 12/20 VE RE
mm | mm | mm
20-
0% 20 0
20-
10% 18 2
20 2.27
30% 14 6
20-
100% 0 | 20
25 350 192.5 779 | 264 703
0% 25 0
i 225 | 2.5
2.45
3205;0 175 | 25
25-
100% 0 | 2

For each concrete, three cylindrical specimens (@150x300 mm?3) and three prismatic specimens
(150x150x600 mm?3) were cast in steel moulds for each concrete mix. All batching was performed in a
laboratory concrete pan mixer (Collomatic 65/2 K-3) with a capacity of 35 I. For mixing, the fine and
coarse aggregates were put together first and mixed for 60 s after which the water was added with the
plasticizer and mixed another 60 s, after which the fibre was added for another 60 s of mixing. After
hardening, the concrete specimens were demoulded and cured under 100 % relative humidity at a tem-
perature of 22 °C £ 2 °C (i.e., standard curing conditions) until testing.

2.2  Test procedures

All specimens were tested after 28 days of curing, each type concrete was tested stress—strain behaviour
in compression, residual flexural strength and inductive test, all test details were displayed in Fig. 2.

Each group of three cylindrical specimens was used to test the stress-strain under compression and
each group of three prismatic specimens was used to test the residual flexural strength. For the stress-
strain testing, a compression testing machine (IBERTEST MEH 3000, Madrid, Spain) was used. The
residual flexural strength was tested according to EN 14651[12]. And the Servohydraulic Test System
(Instron 8505) was used. The Figure 2 (a) and (b) shows the test layout. To investigate the causes of
variability in experimental results for specific types of fibres, the number of fibres intersecting the
cracked surface was quantified. This was achieved by conducting a bending test to failure, after which
the number of bridging fibres was manually counted. Subsequently, an inductive test was performed to
evaluate the fibre distribution corresponding to different recycled steel fibre (RSF) ratios. For this pur-
pose, cubic specimens were extracted from the broken prism samples. Each prism yielded two cubes,
denoted as Cube A and Cube B, with dimensions of 150 mm per side, as illustrated in Figure 2(c).
These cubes were marked along three orthogonal directions—X, Y, and Z—and each direction was
tested three times to obtain average values. In addition, the Barcelona (BCN) test, a widely accepted
method for assessing the post-cracking performance of FRC [13], was conducted on the same cube
specimens to enhance the reliability and comparability of the results, as depicted in Figure 2(e).
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Fig. 2 The details of test layout: a. stress-strain under compression; b. 3-point bending test; c.
Schematic diagram of cutting prismatic beams to obtain cubic specimens; d. Test set-up of
inductive test; e. Barcelona test

3 Results and Discussion

3.1  Compressive stress-strain behaviour

Fig. 3 shows, for the different replacement percentages of RF, the stress-strain curves using a controlled
load ratio for the fibre content of 20 and 25 kg/m?® respectively, where each curve is an average of all
tested cylindrical specimens in each group. Regarding the shape of the ascending branch of the stress-
strain curve, observing Figure 3, it can be seen that the shape of the stress-strain curves for all concretes
is very similar, regardless of the RF replacement ratio. However, the stress-strain curve is different
when the highest stress point is reached. At a fibre content of 20 kg/m?, the highest curve is 10% RF
and the lowest curve is 30%. At a fibre content of 25 kg/m?, the highest curve is 100% and the lowest
is 30%. This is because when the concrete reaches the highest point of stress, the concrete matrix and
the fibres resist the stress together, while the shape and mechanical properties of RF are different from
those of the VF, resulting in different curves.

40 20-0% 40 25-0%
35 A N eesseeess 20-10% e 25-10%
/ 3 S -

30 — — —20-30% 30 VX - — = = 2530%

0“3 V1 Y 2 L v 20-100% ’D-cf\ ~ \."s,,,.. ————— 25-100%
2 : = 25 N \"-.“ -
EZO \(; 20 ~ S ‘
515 8 15 ~~<
[¥p] P

10 10

5 5
0 0
0 0.001 0.002 0.003 0.004 0.005 0 0.001 0.002 0.003 0.004 0.005
Strain Strain

Fig. 3 Compressive stress-strain behaviour: 20 kg/m? (left); 25 kg/m? (right)
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According to the stress-strain curve, the compressive strength of concrete can be obtained (usually
considered to be the peak stress), as well as the modulus of elasticity [14]. Fig. 4 shows the compressive
strength and elastic modulous (the coefficient of variation (CoV) in parentheses (in %)) for different
RF substitution ratios in the fibre content of 20 and 25 kg/m®. For the fibre content of 20 kg/m3, the
range of compressive strength is 34.0 to 36.4 MPa and the range of elastic modulus is 32.5 GPa to 33.5
GPa. While at a fibre content of 25 kg/m?, the compressive strength and modulus of elasticity were not
affected by the RF replacement ratio. The result agrees with the previous study [11]. Therefore, RF
doesn’t affect the compressive strength and modulus of elasticity of concrete.

mfc (MPa) mEc (GPa) u fc (MPa) Ec (GPa)
37.0 1 36.4(1.8) [ 34.0 37.0 - 31.8(10.7) - 32.0
i 335(23) 335(2.9) ] 70.9)  31.0(4.5)

360 35.4(0.5) 418} 335 36.0 135.4(66) - 31.0
—_ —_ = 30.4(1.0) —
S 35.0 1 34.5(12.7) S ©350 34.4(2.5) " 34.4(11.6) &
=3 240 34.0(4.8) (33082 = 240 29.7(1.1) - 3002
. N © O . - <]
= 2.5(1.5) s w

330 - 325 33.0 290

32.0 - 32.0 32.0 - 28.0

20-0% 20-10% 20-30% 20-100% 25-0% 25-10%  25-30% 25-100%

Fig. 4 compressive strength and elastic modulus: 20 kg/m3 (left); 25 kg/m3 (right)

3.2 Residual tensile strength

Fig. 5 shows the relationship between residual flexural strength after post-crack and crack mouth open-
ing displacement (frj-CMOD) with respect to RF replacement ratios (0%, 10%, 30% and 100%) at
fibre contents of 20 and 25 kg/m3. For most cases, the plotted lines represent the average values obtained
from three replicate test specimens. However, for the combinations 20-100%, 25-0%, and 25-30%, the
data reflect the mean of only two specimens. In these specific cases, one of the three test results exhib-
ited a significant deviation from the other two and was thus excluded from the average to ensure a more
representative depiction of the material behaviour. The curves show no significant differences in terms
of the flexural strength before the limit of proportionality (fLopr). However, afterwards, there are appear-
ing different situation. The curve of concrete using 10% RF is the highest than other concrete in both
fibre contents. For the 20 kg/m?, the highest is 10% and then is 100% VF, the lowest is 100% RF. For
the 25 kg/m?, there are different from the fibre content of 20 kg/m3. The concretes using mixture fibre
are higher than using 100% VF at fr1 and frz. But the lowest is using 100% RF at frz and fra.

As shown in Table 2, a statistical analysis was conducted on the number of fibres observed on the
fracture surfaces of all test specimens. The study found that at a fibre content of 20 kg/m?, the specimen
with 100% RF replacement exhibited only 19 fibers on the fracture surface—significantly fewer than
the other three groups. This reduction in fibre count may have compromised the crack-bridging capac-
ity, thereby contributing to the lower residual flexural strength observed at full replacement. Interest-
ingly, at a 10% replacement level, the number of fibres on the fracture surface didn't increase markedly
compared to the other groups; however, this specimen demonstrated the highest residual flexural
strength. This outcome aligns with findings from previous studies [11], suggesting that a small propor-
tion of recycled fibres may improve post-cracking performance, potentially due to enhanced fibre dis-
persion or synergistic effects between recycled and virgin fibres. At a fibre content of 25 kg/m?, the
fibre counts on the fracture surface, in descending order, correspond to the 10%, 30%, 0%, and 100%
replacement groups. This distribution helps explain why the specimen with 10% recycled fibre replace-
ment exhibited the highest residual flexural strength among the four, as a greater number of fibres
contributes to improved crack-bridging and post-cracking load transfer capacity.
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Fig. 5 Comparison of the effect of different replacement ratios on residual flexural strength of 20

kg/m? (left) and 25 kg/m? (right) of fibres.

Table 2 Statistics of the number of fibres on the fracture surface

Fibre number 0% 10% 30% 100%
20 kg/m3 32 32 27 19
25 kg/m3 43 52 47 31

To verify the reliability of the results, specimens were also tested using the BCN test. While BCN
test does not replicate flexural stress conditions, it effectively reflects trends in SFRC performance,
making it a useful tool for qualitative validation [13]. The test results for both fibre contents are pre-
sented in Fig. 6. At a fibre content of 20 kg/m?, the specimen with 100% RF shows a significantly
sharper post-peak drop, forming the lowest curve. This behaviour is consistent with the trend observed
in the three-point bending test, where 100% RF also resulted in reduced residual strength. In contrast,
the responses of the 0%, 10%, and 30% RF specimens are more similar. A similar pattern is observed
at a higher fibre content of 25 kg/m?, further supporting the consistency between the two testing meth-
ods and confirming the reliability of the experimental findings.

20-0% 20-10% 25-0% 25-10%
3571 20-30% 20-100% 35 T 25-30% 25-100%
3.0 f 30 F

g25 ¢ s 25

220} 220}

£ £

515 | ©15 |

g ~ g

Z 10 | \ |
05 05 F
0.0 0.0

fct  fo5  fl5  f25 35 fct  fo5  fl5  f25 35
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

Fig. 6 The results of Barcelona test: 20 kg/m? (left); 25 kg/m? (right)

In Fig. 7, the fr1 and frs residual strengths and the CoV in parentheses (in %) of concrete with fiber
content of 20 and 25 kg/m? are presented. At a fibre content of 20 kg/m?3, it is observed that the concrete
with 10% RF exhibits the highest fr1 and frs values of 2.91 and 3.65 MPa, respectively, surpassing other
concrete mixes. These values are 17.5% and 15.9% higher than those achieved with 100% VF. How-
ever, the concrete containing 30% and 100% RF shows lower strengths compared to 100% VF. At a
fibre content of 25 kg/m?, the highest fr is achieved with 100% RF, reaching 2.87 MPa, which is 40.1%
higher than the strength obtained with 100% VF. For frs, the highest value is recorded for 10% RF,
reaching 2.77 MPa, representing a 7.9% increase compared to 100% VF. In summary, the results indi-
cate that, at both fiber content levels, incorporating RF enhances certain properties of concrete, with
the optimal percentage being 10% at 20 and 25 kg/m®. However, the concrete mixes with 30% and
100% RF exhibit lower strengths compared to those with 100% VF.
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40 ¢ 3.65(37.85) afRl mfR3 40 mfR1 =fR3
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Fig. 7 The result of fr1 and frs: 20 kg/m? (left) and 25 kg/m? (right)

30

20

1.0 f

0.0

33 Inductive test

Fibre orientation has a significant impact on the mechanical properties of FRC. Accordingly, this study
examined the three-dimensional fibre distribution under different RF replacement rates, with the results
presented in Fig. 8. The AX, AY, and AZ represent the relative increases in inductance along three
orthogonal directions in this figure. Given that steel fibres influence inductance when subjected to a
magnetic field, these changes can be interpreted as indicative of the fiber distribution along each cor-
responding spatial axis. It can be found that the RF ratio not significantly affect the fibre orientation
distribution for both fibre content compares the concrete with 0 % RF. In addition, the inductance
values AX, AY, and AZ exhibit different rates of increase with rising fibre content. Notably, at 25 kg/m?,
AZ shows a more significant increase compared to 20 kg/m?, accompanied by a noticeable change in
the geometric representation of fibre distribution. Specifically, the originally equilateral triangle corre-
sponding to the 20 kg/m* mixture transforms into an acute triangle at 25 kg/m?, indicating a higher
concentration of fibres aligned in the Z-direction. This enhanced fibre orientation in the Z-axis contrib-

utes to the improved residual flexural strength observed at the higher fibre content.

AX
5.0

4.0

3.0

AY AZ AY
20-0% 20-10% 25-0% 25-10%
20-30% 20-100% 25-30% 25-100%

Fig. 8 The result of fibre orientation distribution: 20 kg/m? (left) and 25 kg/m? (right)

4 Conclusions

The main aim of this study was to investigate the impact of the replacement ratio of RF on the perfor-
mance of SFRC. To achieve this goal, the stress—strain behaviour in compression of SFRC cylinders
with varying RF replacement ratios was experimentally examined. Additionally, the residual flexural
strength of SFRC with different RF replacement ratios was tested. Based on the findings of this study,
the following conclusions can be drawn:

e  The experimental results indicate that, within the studied range of RF substitution ratios, the com-
pressive strength and modulus of elasticity of concrete remain relatively stable.

e Incorporating 10% RF yields the highest residual strengths at both 20 and 25 kg/m? fibre contents,
outperforming 100% VF by up to 17.5%. However, higher RF replacement rates result in strength
reductions; for instance, at 20 kg/m?, the fr1 and frs values for 100% RF are approximately 33.3%
and 30.2% lower, respectively, than those of the 10% RF mix.
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e The test results indicate that within the range of RF substitution rates studied, the overall fibre
orientation remains relatively unchanged; however, an increase in fibre content leads to a notice-
able rise in fibre concentration along the Z-direction.

The results of this study are valid for the range of parameters and variables tested. However, future
research should explore the durability of RSF within structural applications, as this could significantly
impact the long-term performance of SFRC. It is anticipated that the findings from this study will con-
tribute to the broader understanding of SFRC and its potential role in advancing the circular economy
by promoting the reuse of materials in construction.
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