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� The paper reports experimental results on FRC with industrial/recycled steel fibers.
� Recycled fibers from waste tires were employed in substitution/addition of the industrial ones.
� Concrete mixtures including different amount of industrial/recycled steel fibers were analyzed.
� The results demonstrate that industrial fibers can be replaced by the recycled ones.
� No significant decay was observed if the recycled fibers present adequate characteristics.
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a b s t r a c t

This paper summarizes the results of an experimental research on ‘‘sustainable” cementitious composites
internally reinforced with industrial and recycled steel fibers, the latter being recovered from waste tires
and employed in substitution and/or addition of the industrial steel ones. Specifically, six concrete mix-
tures including different amount of industrial/recycled steel fibers were produced and tested both in
compression and bending. The obtained results confirm the promising prospects already observed by
the authors in a previous study on concrete reinforced with recycled steel fibers obtained from waste
tires. Furthermore, they clearly demonstrate that industrial fibers can be replaced by an equal amount
of recycled ones without a significant decay in the relevant mechanical properties, provided that the recy-
cled fibers present adequate geometrical characteristics.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Plenty of researches aim at characterizing the mechanical
behavior of cementitious composite with short fibers randomly
dispersed throughout the matrix [1]. Relevant applications in this
field are based on employing metallic [2], synthetic [3,4], glass
[5], natural [6,7] and recycled [8] fibers. More recently, short rein-
forcing fibers modified with nanotechnologies have been also con-
sidered [9]. In principle, fibers can play a significant role in
enhancing the post-cracking response and toughness of the
so-called Fiber Reinforced Concrete (FRC). From both experimental
and theoretical standpoints, several studies have been performed
with the aim of investigating the mechanical properties of FRC
[10,11]. Nevertheless, for many years the lack of international
codes, standards and guidelines for designing FRCs limited their
actual use in structural applications. As a matter of fact, in the past,
FRC was mainly employed for controlling non-structural aspects,
such as cracking control, durability enhancements, etc. Incorporat-
ing fibers as reinforcement in partial substitution of classical steel
rebars has increasingly been considered in the last two decades, as
a result of the publication of many design guidelines and codes
[12]. Among various codes and standards, the very recent fib
new Model Code [13] represents one of the worldwide reference
for the design of FRC.

Moreover, in recent years, a significant research effort focused
on the suitability and efficiency of using various recycled materials
and industrial by-products as sustainable concrete constituents
[14–16]. In this regards, one of the most promising solution from
both environmental and technical point of view is to reuse waste
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tires whom two main constituents can be potentially obtained
from recycling. As a matter of fact, approximately 1.4 billion tons
vehicle pneumatics are sold annually in the world and, conse-
quently, many of them can be categorized as ‘‘end of life” tires
[17]. Therefore, there are strong motivations for investigating solu-
tions capable to reduce the negative environmental impacts of
waste tires during their service life (from the acquisition of raw
materials through to the recycling processes of the exhausted tire)
[18,19]. Specifically, several studies propose a Life Cycle Assess-
ment (LCA) for quantifying the material and energy flows in the
different life stages of tires [20,21]. LCA for unutilized scrap tires
is commonly used to determine the most cost-effective waste con-
version or reusing option [22,23]. From the technical point of view,
the internal steel reinforcement of tires can be reused in partial to
total replacement of industrial steel fibers commonly use in FRC
[24,25], meanwhile, rubber particles can be employed as partial
or total replacement of natural aggregates for obtaining a cementi-
tious composite often referred to as ‘‘rubberized concrete” [26–28].

In the recent years, several researches focused on the possible
employment of Recycled Steel Fibers (RSFs) derived from waste
tires for structural concrete production [29–40]. As a matter of
principle, these studies demonstrated that the geometrical charac-
terization of the RSFs can be highly variable: they are generally
characterized by a nominal diameter ranging between 0.1 and
2 mm with a corresponding average aspect ratio (i.e., length-to-
diameter ratio) ranging between 20 and 150. These variations
mainly depend on both the original source (i.e., tires typology)
and recycling processes. However, based on the results available
in the scientific literature [25,31], RSFs and Industrial Steel Fibers
(ISFs) exhibited similar mechanical response, both in terms of ten-
sile strength and matrix-to-fiber bond. Consequently, the resulting
Recycled FRC post-cracking behavior can be highly influenced by
the intrinsic geometrical characteristics of RSFs.

On the other hand, innovative studies on fiber-reinforced
cementitious composites addressed the possible combination of
different types of fibers (leading to the so-called Hybrid FRC,
HyFRC) which can play a synergistic role in enhancing the post-
cracking response of structural members [41].

In this context, the present study reports the results of an
experimental research carried out at the STRuctural ENGineering
Testing Hall (STR.ENG.T.H) of the University of Salerno (Italy), that
aims at investigating the post-cracking behavior of concrete rein-
Fig. 1. Recycled steel fibers d
forced with both industrial and recycled fibers obtained from
waste tires (i.e., HyFRCs). First of all, a detailed geometrical charac-
terization of the RSFs is executed. Then, several HyFRC mixtures
were produced beyond three reference mixtures: plain concrete
and FRCs with 100% of ISFs and RSFs, respectively. On these mix-
tures, the mechanical characterization of the pre and post cracking
behavior of FRC was performed through four-point bending tests
[42,43].

One of the main original aspects addressed in this paper is the
investigation of the mechanical response of the aforementioned
HyFRCs aimed at quantifying the effect of replacing industrial
fibers with an equal amount (in weight) of recycled ones. As a mat-
ter of fact, in the authors’ best knowledge only few experimental
studies have been carried out so far on these kinds of FRCs since
most of the studies mainly referred to the two ‘‘extreme” cases
of FRC (i.e, 100% of ISFs or 100% of RSFs) considered in this paper.
2. Materials and methods

2.1. Materials

2.1.1. Recycled steel fibers from waste tires
The RSFs employed in the experimental campaign reported in this work were

supplied by an Italian company that collects and recycles exhausted waste tires.
Around 20 kg of RSFs were received at the laboratory: they present highly variable
diameters and lengths and, moreover, they generally have irregular shapes (Fig. 1).

First, fibers were cleaned and selected by separating some thicker pieces of
steel, which were deemed not suitable for being used as spread reinforcement,
and rubber particles (Fig. 1). No further cleaning operations were performed as
the supplied RSFs did not present oil or other substances that could affect bond with
the cementitious matrix. Then, a detailed geometric characterization was per-
formed on a sample of 2000 fibers. Specifically, the geometric characterization
was performed by measuring (for each fiber) the following parameters:

- Fiber diameter (df): expressed in mm and measured by means of a micrometer
(Fig. 2); three diameters were measured (at the two ends and in the middle
of the fiber) and an average value was determined for each RSF;

- Fiber length (lf): expressed in mm and conventionally defined, in accordance
with the CNR-204/2006 specifications [12], as the distance between the outer
ends of a fiber;

- Developed length of the fiber (ld): expressed in mm and conventionally defined, in
accordance with the CNR-204/2006 specifications [12], as the total (‘‘devel-
oped”) length of the fiber along its axis;

- Curvature Index (CI): representing a shape index aimed at evaluating the curva-
tures (somehow a tortuosity index) of the fiber. It is expressed in percentage
and can be calculated through the following expression:
erived from waste tires.



Fig. 2. Characterization of fibers: micrometer for the diameter measurements.
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CI ¼ ld � lf
ld

: ð1Þ

If CI is equal to 0%, the RSF is completely stretched, otherwise CI equal to 100%
indicates that the fiber if fully curved;

- Aspect ratio (k): defined as the ratio between the fiber length (ld) and its diam-
eter (df).

Fig. 3 reports the frequency distribution of the measured fiber diameter and
highlights a multimodal (two/three) distribution: this can be attributed to the dif-
ferent origins of the waste tires from which the recycled fibers are derived (i.e.,
exhausted waste tires from different kinds of vehicles: cars, trucks, etc.). The result-
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Fig. 3. Frequency distribution of fiber diameter (df) measurements.
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Fig. 4. Frequency distribution of
ing measurements highlight that the fiber diameter ranged between 0.11 and
0.44 mm. An average value of 0.25 mm and a median value of around 0.22 mmwith
a standard deviation of 0.07 mm were evaluated. As already observed in previous
studies either performed by the Authors [25,34] or by other Research Groups
[32], diameters are characterized by a multimodal distribution: this is probably
due to the presence of tires from light and heavy vehicles disposed in the recycling
plant.

Fig. 4 summarizes the results obtained in terms of fiber length. As a matter of
principle, the graph highlights that the observed frequency distribution (ranging
from 6 mm to 74 mm) is characterized by an average value of 26.17 mm, a modal
value of 20.00 mm (with a range of 18–21 mm) and a median value of 25.00 mm,
with a standard deviation of 9.52 mm.
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Unlike the fiber diameter, the fiber length presents a unimodal distribution, as
already observed in previous studies carried out by the Authors [25,34]. The uni-
modal distribution of the results can be attributed to the shredding and cutting pro-
cedures performed within the recycling plant.

It is worth highlighting that the results obtained in term of fiber lengths are
quite similar to the ones reported in similar studies (e.g., an average value in the
range 26–30 mm is reported in [32]), whereas shorter fibers (with average length
in the rage 15–18 mm) were employed in a previous study performed by the
Authors [25].

Fig. 5 reports a comparison between the frequency distribution of the fiber
length (lf) and developed fiber length (ld): as expected, ld are higher than the lf.More
in-depth considerations can be obtained by analyzing the results in terms of Curva-
ture Index (CI). Fig. 6 shows that CI is lower than 20% in almost 60% of the sampled
fibers: this means that the RSFs used in the present study were quite aligned, with
limited curls and/or twists. Moreover, the unimodal distribution can be justified by
the recycling procedures adopted for the production of RSFs as in the case of the
fiber lengths.

The geometric characterization of fibers was completed by analyzing the aspect
ratio (k). Fig. 7 shows that k is highly variable between 17.48 and 321.74, with aver-
age value of 109.5, modal value of 100, median value of around 101 and standard
deviation of 45.55. The results obtained in term of aspect ratio are quite different
with respect to those already obtained in the literature: average values around
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Table 1
Geometric characterization of RSFs from waste tires.

Parameter Min Max Mode (value) M

df [mm � 10�2] 11.00 43.67 22.00 2
lf [mm] 6.00 74.00 20.00 1
ld [mm] 10.00 98.00 27.00 2
CI [%] 0.00 74.47 0.00 5
k 17.48 321.74 100.00 9
45 were determined in a previous study performed by the Authors [25,34], whereas
significantly longer fibers with average aspect ratio around 130 were considered in
other works available in the literature [32].

Finally, Table 1 summarizes the aforementioned statistical data obtained for the
geometrical characterization of the Recycled Steel Fibers.

2.1.2. Industrial steel fibers
Being produced on purpose to be employed as a spread reinforcement in FRC,

Industrial Steel Fibers (ISFs) are characterized by standard dimensions with an opti-
mized shape, featuring two end hooks. The length of fibers typically employed in
structural applications ranges between 6 and 70 mm, whereas diameters range
from 0.15 mm to 1.20 mm [44].

ISFs type Wirand� FS7 [45] were used in this study: their geometric and
mechanical properties are summarized in Table 2.

2.1.3. Fiber reinforced concrete mixtures
The concrete mixtures employed for all plain concrete and HyFRCs were pro-

duced by using Portland cement type CEM II/A-LL 42.5R in accordance with the
EN 197-1 [46] and a water-to-cement ratio equal to 0.49. The fine aggregates
(namely ‘‘sand”) were characterized by a maximum nominal diameter equal to
2 mm meanwhile the coarse aggregates were divided in two fractions: Class 1
(N1) with a nominal diameter ranging from 2 to 10 mm and Class 2 (N2) with nom-
inal diameter ranging from 10 to 20 mm. In addition, an acrylic-based superplasti-
cizer was added to the mixtures in order to achieve the necessary workability (i.e.,
for obtaining a slump class consistency S3 [47]). Table 3 reports detailed informa-
tion about the ‘‘reference” plain concrete matrix composition, which was kept
unchanged in all the FRC mixtures described below:

- one FRC mixture made with 0.75% in volume (i.e., about 60 kg/m3) of Industrial
Steel Fibers (ISFs);

- two mixtures prepared by replacing 50% (ISF = RSF = 30 kg/m3) and 100% in
weight of ISFs with Recycled Steel Fibers (RSFs);

- two further HyFRC mixtures prepared with an increasing amount of RSFs
against a fix quantity of ISF. Specifically, HyFRC mixtures with 1.00% and
1.25% (in volume), respectively, were cast for investigating cases characterized
by higher recycled fiber contents (i.e., 50 and 70 kg/m3) added to a fixed amount
of ISFs (30 kg/m3).

The choice of fiber contents and the combinations of ISFs and RSFs outlined
above were assumed keeping in mind the experimental results obtained in a previ-
ous experimental campaign [34], where the replacement of industrial fibers with an
equal amount of recycled one led to a significant decay in the post-cracking
response of FRC. Therefore, the present study was also intended at understanding
ode (range) Average Median Standard deviation

0–22 25.46 22.33 7.12
8–21 26.17 25.00 9.52
4–27 33.61 31.00 12.78
–10 20.19 16.67 14.04
0–100 109.05 101.74 45.55

Table 2
Geometric and mechanical properties of Wirand fibers FS7 [45].

Diameter Length Aspect Ratio Tensile Strength Elastic Modulus
[mm] [mm] [MPa] [GPa]

0.55 33 60 >1200 210

Table 3
Mixture composition (per cubic meter) of the cement-based matrix for plain concrete
and FRCs.

Materials Dosage
[kg/m3]

Sand 1012
Coarse aggregate N1 134
Coarse aggregate N2 764
Cement 320
Water 157
Superplasticizer (for plain mixture) 2.7
Superplasticizer (FRCs) 2.8–3.0



Table 4
FRC mixtures: fibers content and volume fraction.

Mixtures Labels Fibers amount ISFs RSFs ISFs RSFs

[%] [kg/m3] [kg/m3] [kg/m3] [%] [%]

Plain REF 0.00 – – – 0 0
SFRC i60–r0 0.75 60 60 0 100 0
HyFRC i30–r30 0.75 60 30 30 50 50

i30–r50 1.00 80 30 50 37.5 62.5
i30–r70 1.25 100 30 70 30 70

RFRC i0–r60 0.75 60 0 60 0 100
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if a higher amount of RSFs can somehow compensate the aforementioned decay.
Table 4 reports the concrete mixtures composition in terms of fiber content: SFRC
denotes the mixture with 100% of ISFs, RFRC indicates the one with 100% of RSFs,
HyFRCs denotes the three mixtures produced with different combinations of ISFs
and RSFs and, the plain concrete mixture is labeled as REF. More specifically, the
first column of Table 4 identifies the type of mixture (i.e., plain, SFRC, RFRC and
HyFRC). Then, the second column reports the label of the mixtures defined as iX-
rY providing the key information about the amount (expressed in kg/m3) of indus-
trial ‘‘i” and recycled ‘‘r” fibers. For instance, the label ‘‘i30–r30” refers to a mixture
containing 30 kg/m3 of ISFs and 30 kg/m3 of RSFs. Then, ‘‘Fibers amount” columns
indicate, both in terms of volume fraction and weight, the total amount of fibers
(i.e., ISFs + RSFs). Finally, the last four columns in Table 4 report the weight of indus-
trial and recycled fibers within the mixture and the relative percentage amount.
2.2. Methods

For each mixture, three cubes (150 mm � 150 mm � 150 mm) and three pris-
matic specimens (150 mm � 150 mm � 600 mm) were prepared. One cubic sample
(labeled as ‘‘plain”) was extracted from each mixture before adding fibers with the
aim of observing the properties of the sole cement matrix and, hence, figuring out
its contribution to the behavior of FRC.

In order to characterize the mechanical response of the produced FRCs, the
cubic samples were tested in compression, while the prismatic ones were tested
under four-point bending, as shown in Fig. 8.
Fig. 8. Experimental set-up of the four-point bending test.
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Fig. 9. Geometry of the notched beam te
All tests were performed after 28 days of curing and, before performing the
four-point bending tests, the prismatic specimens were notched in the middle for
about 45 mm in depth. The geometry of the tested specimens is depicted in Fig. 9.

Experimental tests were conducted according to the procedures described in
UNI 11039-2 [43] and UNI EN 12390-3 [48], for bending and compression tests,
respectively. Specifically, the four-point bending tests were performed in displace-
ment control and dedicated transducers monitoring the Crack Tip Opening Dis-
placement (CTOD) in the two sides of the notch tip were employed (Fig. 10) in
order to measure the average CTOD (i.e., CTODm).
3. Results and discussion

3.1. Compressive strength

Fig. 11 summarizes the results of the compression tests per-
formed on cubic samples on both plain and fiber-reinforced con-
crete mixtures. The results highlight that the unreinforced ‘‘plain”
mixtures (light blue bars in Fig. 11) are characterized by a certain
variability (with a compressive strength ranging between 23 and
30 MPa), even though the mixture composition of the cement-
based matrices was kept unchanged. The measured scatter can
be explained by the intrinsic heterogeneity of concrete mixtures:
45
 m

m

Crack Tip Opening
Displacement (CTOD)

150 mm

sted under four-point bending [43].

Fig. 10. Detail of a transducer measuring the Crack Tip Opening Displacement
(CTOD).
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as a matter of fact, it should be highlighted that the six mixtures
herein analyzed were produced with six different batches. More-
over, as already documented in the scientific literature [49], the
presence of fibers slightly influences the resulting compressive
strength of FRCs. Specifically, increasing amounts of fibers (or
higher aspect ratios) may enhance compressive strength of con-
crete up to a certain threshold, which mainly depends on the
aggregates and cementitious matrix quality. However, a bigger
amount of steel fibers (beyond that threshold) could have an
adverse effect on the resulting compressive strength, thus generat-
ing a loss in strength.

In almost all the cases analyzed herein, the presence of the
fibers leads to enhancing compressive strength between 5% and
10% (see the blue bars in Fig. 11) with respect to the corresponding
plain mixture. In fact, mixture i30–r70 is the only exception to this
general trend, as a slight reduction in strength (around 5%) was
actually observed: this can be due to the high amount of fiber char-
acterizing this mix (i.e., 1.25% in volume) in comparison with the
other specimens (0.75% and 1.00%), thus confirming the effect of
fibers on compressive strength already highlighted in the literature
[49]. Moreover, the resulting concrete densities (Fig. 12) shows a
non-monotonic relationship with respect to the total amount of
fibers: this further corroborates the observation that a small
amount of fibers may have a slightly positive effect of the matrix
strength in compression, which disappears for higher fiber
contents.
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3.2. Four-point bending tests

3.2.1. Experimental observations
Fig. 13 shows the experimental results derived from the four-

point bending tests [42,43] aimed at characterizing the post-
cracking flexural behavior of FRC mixtures under investigation.
Specifically, Fig. 13a–f report the experimental curves in terms of
vertical load (P) vs. average Crack Tip Opening Displacement
(CTODm, representing the average of the two opposite CTOD mea-
sures). In each graph, the black line represents the mean curve
(based on three tested samples), whereas the grey area indicates
the range of variation of the resulting curves.

On the one hand, the REF (plain) concrete presents a brittle fail-
ure triggered by the formation of the first crack (Fig. 13a). On the
other hand, the i60–r0 mix presents a post-cracking response
(under bending loads) characterized by a significant improvement
of toughness (Fig. 13b): this is due to the well-known bridging
action of the Industrial Steel Fibers [50–52].

The analysis of the curve reported in Fig. 13f highlights the
influence of the complete replacement of ISFs with an equal vol-
ume of RSFs: also in this case, referred to as i0–r60, the FRC is char-
acterized by a similar post-cracking behavior with that
corresponding to i60–r0. At first sight, this was a somehow ‘‘unex-
pected” result, as a significant decay in the post-cracking response
was observed in a previous study [34] when ISFs were replaced
with an equal amount of RSFs. A more in-depth analysis of both
constituents’ properties and resulting bending responses led to
detecting the aspect ratio of fibers as the main responsible of the
difference in results obtained in this study with respect to the ones
reported in a previous study [34]. As a matter of fact, as already
pointed out in Section 2.1, the RSFs employed in the present
research have an average aspect ratio significantly (almost twice)
higher than the ones adopted in [34]: therefore, the RFSs have a
more efficient behavior. Moreover, it is worth highlighting that
the results reported in this study and those obtained by the
Authors in a previous study [34] cannot be directly compared. On
the one hand, the matrices did not have the same composition,
on the other hand, the total volume of fibers was significantly dif-
ferent: 0.75% in this study (60 kg/m3) and 0.50% (40 kg/m3) in [34].
Further investigations, both experimental and theoretical in nat-
ure, will be conducted with the aim to better clarify the influence
of both the total amount and the aspect ratio of fibers in the result-
ing properties of hybrid FRCs. However, some deductions, based on
experimental results available in the literature [31,32], are figure
out at the end of the next subsection.

Similarly, also in the case of HyFRCs (i.e., i30–r30, i30–r50, i30–
r70) the presence of RSFs in partial replacement of ISFs does not
significantly affect the performance of FRC (Fig. 13c–e). Conversely,
in mixtures i30–r50 and i30–r70 the performance has improved
due to the higher total amount of fibers in comparison with the ref-
erences SFRC (i.e., i60–r0) mix.

3.2.2. Design relevant properties
A more comprehensive and objective analysis can be conducted

by considering the representative parameters defined by the UNI-
11039 part 1 [42] and 2 [43]:

- First crack strength (flf):

f lf ¼
Plf � l

h � ðb� a0Þ2
ð2Þ

where Plf represents the first crack load (in N), b, h and l are the
width (in mm), height (in mm) and span length (in mm) of the
tested beam, respectively, while a0 (in mm) represents the notch
depth;
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Fig. 13. CTODm–Vertical load.
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- Work capacity indices: U1 and U2 (energy absorption values) rep-
resenting the areas under the vertical load P-CTOD curve in a
representative range for the Serviceability Limit State (i.e., con-
sidering a CTOD ranging between CTOD0 and CTOD0 + 0.6 mm)
and for the Ultimate State (i.e., considering CTOD ranges
between CTOD0 + 0.6 mm and CTOD0 + 3.0 mm), respectively;

- Equivalent post-cracking strengths: the first (feq(0–0.6)) supposed
to be significant for the Serviceability Limit State (evaluated
as a function of the U1 parameter) [43], whereas the second
one (feq(0.6–3)) which is rather relevant for the Ultimate State
(evaluated as a function of the U2 parameter) [43];
-
Ductility indices, D0 and D1, that can be determined with the fol-
lowing equations:

D0 ¼ f eqð0�0:6Þ
f lf

: ð3Þ

D1 ¼ f eqð0:6�3Þ
f eqð0�0:6Þ

: ð4Þ



Table 5
Post-cracking toughness and representative parameters (mean values).

Mixture flf U1 U2 feq(0–0.6) feq(0.6–3) D0 D1

[MPa] [kNmm] [kNmm] [MPa] [MPa] [MPa] [MPa]

i60–r0 3.26 7.64 38.26 3.46 4.34 1.06 1.24
i30–r30 3.93 8.97 38.44 4.07 4.36 1.02 1.06
i30–r50 3.83 8.91 36.47 4.04 4.13 1.06 0.99
i30–r70 4.22 10.14 42.68 4.60 4.84 1.08 1.06
i0–r60 3.68 8.25 35.40 3.74 4.01 1.01 1.08
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Moreover, based on the ductility indices the post-cracking
response of the FRC mixtures can be defined [42]:

- ‘‘softening”, for D0 and D1 ranging between 0.5 and 0.9;
- ‘‘plastic”, for D0 and D1 ranging between 0.9 and 1.1;
- ‘‘hardening”, for D0 and D1 higher than 1.1.

Table 5 reports a summary of the aforementioned parameters
determined for the FRC mixtures under investigation. In addition,
Figs. 14 and 15 highlight the influence of the ISFs replacement with
RSFs by reporting the variation of the first crack strength and duc-
tility indices, respectively.

The results indicate that the presence of RSFs slightly increases
the first crack strength (Table 5 and Fig. 14). In fact, the reference
SFRC (i.e., produced with 60 kg of ISFs) presents a first crack
strength equal to 3.26 MPa meanwhile for both RFRC and HyFRC
i30–r30 produced with an equal amount of total fibers (i.e.,
0.75%) higher values were registered. Moreover, also the HyFRC
i30–r50 and i30–r70 mixtures, containing a higher total amount
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Fig. 15. Ductility Indices according to UNI-11039-2 [43].
of fibers (i.e., 1% and 1.25%), present higher crack strength values
in comparison with the reference i60–r0 mixture. These results
can be due to the higher steel area in the cross section developed
by the RSFs for a fixed amount of volume: it is worth highlighting
that the ISFs are characterized by a fiber length significantly higher
than the RSFs (around 60%).

On the contrary, the results in terms of ductility indices (D0 and
D1 in Table 5 and Fig. 15) highlight that RSFs slightly reduce the
FRC toughness. In fact the D0 changes from 1.06 (for i60–r0) to
1.01 (for i0–r60) when the RSFs fully replace the ISFs and to 1.02
(for i30–r30) when ISFs are partially (50%) replaced. In order to
recover this gap, a higher amount of RSFs was also considered as
in the i30–r50 and i30–r70 mixtures, which were characterized
by values of 1.06 and 1.08 of D0, respectively (Table 5).

Based on these results, it can be concluded that the post-
cracking behavior of SFRC, RFRC and HyFRC for small crack open-
ings can be defined as a plastic type, as in all cases D0 ranges
between 0.9 and 1.1. Conversely, when it comes to the ductility
index D1, the presence of RSFs moves the post-cracking behavior
from hardening (D1 equal to 1.24 for i60–r0) to a plastic (with val-
ues ranging between 0.9 and 1.1 in all cases in which RSFs were
used).

In the authors’ understanding, the reduced (and almost negligi-
ble) decay in the post-cracking response observed when ISFs are
(even totally) replaced by RSFs ought mainly to be attributed to
the higher aspect ratio characterizing the latter (i.e., about 110).
This argument is also supported by other experimental results
available in the literature [31,32], in which two different RSFs were
used and tested under 4 PB following the UNI 11039 specifications.
Specifically, Aiello et al. [31] reported 4 PB tests considering 100%
replacements of ISFs with RSFs characterized by an aspect ratio
(equal to 100), slightly lower than the one employed in the present
study; similarly, Centonze et al. [32] reported results of similar
tests carried out on FRC specimens with RSFs characterized by
slightly higher aspect ratio (equal to 130).

In both cases the volume fraction of RSFs was 0.46% and, hence,
the amount of fibers was similar to the one employed by the
authors a previous study of theirs [34]. Nevertheless, the decay
in the post-cracking response observed both in [31,32] was much
lower (e.g., D0 and D1 were 1.11 and 0.92, respectively, for 100%
ISFs, whereas 0.99 and 0.69 were the corresponding values deter-
mined for 100% RSFs) than in their previous study [34]. This obser-
vation corroborates the authors’ idea that the higher performance
of RSFs obtained in this study is mainly related to their higher
aspect ratio, rather than to the higher amount of fibers (0.75% in
this study vs. 0.50% in [34]).
4. Conclusions

This paper presented the results of an experimental research
aimed at investigating the mechanical behavior of concrete rein-
forced with both Recycled and Industrial Steel Fibers. Based on
the results presented herein, the following observations can be
highlighted:
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- the geometric characteristics of RSFs depend on the original
source (waste tires) and the procedure adopted for the recycling
process: the type of exhausted tires (cars, trucks, and so on)
defines the fiber diameter, meanwhile the processing proce-
dures play a fundamental role on the definition of the fiber
lengths (both the nominal and developed ones) and, conse-
quently, affects the aspect ratio of recycled fibers;

- as expected, compressive strength is slightly influenced (5%–
10% with respect to the corresponding plain mixture) by the
presence of fibers; specifically, as already documented in the
literature, small amounts of fibers slightly increase the com-
pressive strength, whereas this effect disappears for amount
of fibers higher of a certain threshold;

- conversely, bending response is highly influenced by the fiber
contribution in comparison with the plain mixture, as a signif-
icant increase in toughness and ductility was actually observed
in the post-peak cracking behavior;

- FRCs with RSFs were characterized by a significant post-
cracking toughness almost comparable with the one obtained
for mixtures with only industrial ones;

- this initially ‘‘unexpected” result can be explained by consider-
ing that the RSFs employed in this study had an average aspect
ratio (around 110), even higher than ISFs (around 60) and,
hence, they were capable to replace ISFs in bridging the cracks
opening within the concrete matrix;

- therefore, the results obtained in this study are more encourag-
ing than the ones reported in a previous paper [34] by the
authors: considerations also based on other researchers’ obser-
vations seem to justify the idea that the higher performance of
RSFs highlighted in this study is mainly due to their higher
aspect ratio (i.e., 110 vs. 47) with respect to the recycled fibers
mentioned in [34];

- however, both partial and total replacement of ISFs with an
equal amount of RSFs slightly reduce toughness and ductility
indices, especially for small crack opening values (i.e., those
related to the calculation of the ductility index D0) in which
the non-straight shape of RFSs have the main consequences;

- nevertheless, in all the cases the post-cracking response of FRC
is not substantially affected by the presence of RSFs and, replac-
ing ISFs with a higher amount of RSFs, reduces this gap;

- the presence of RSFs turns the post-cracking behavior of the
FRCs from crack-hardening to crack-plastic one for high values
of crack openings with a subsequent reduction in the D1 index.

Finally, the results analyzed in this study further confirm the
promising prospects emerging from previous studies on FRC with
Recycled Steel Fibers derived from waste tires. They clearly
demonstrate that industrial steel fibers can be replaced by an equal
(or slightly higher) amount of recycled ones without a significant
decay in the relevant mechanical properties, provided that the RSFs
are characterized by adequate geometrical characteristics.
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