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h i g h l i g h t s

� Steel fibers recovered from scrap tires were used to produce fiber reinforced concretes.
� The strength of the concretes were not affected with the use of waste fibers.
� Toughness of the concretes increased substantially with the waste fibers.
� Results obtained were similar to those expected from commercial steel fibers.
� Optimization process indicated that use of waste fibers may be more desirable.
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a b s t r a c t

The paper presents the results of an experimental program in which steel fibers recovered from scrap
tires were used to produce fiber reinforced concretes. Waste fibers having different geometrical charac-
teristics were used in the mixtures at different percentages. To have reference concretes, a plain mixture
without fibers and one mixture containing a commercial steel fiber were also prepared. Some mechanical
properties such as compressive strength, splitting strength and flexural strength were determined. Load-
deflection behaviors including the post-peak responses were monitored by means of a closed-loop bend-
ing test set-up. Test results showed that the fibers recovered from scrap tires affected the mechanical
behavior of concrete similar to the commercial fibers. Depending on the geometrical properties of the
fibers and fiber content, the descending branch of the load-deflection curves were modified with the
use of waste fibers, thus affecting the toughness of the concretes. Comparison of these curves indicated
that the performances of the waste fibers were lower when compared to the commercial fiber used.
Based on the test results obtained and the relative costs of the mixtures, a multi-objective simultaneous
optimization technique was also performed to determine the optimum fiber type and content. This pro-
cedure indicated that the use of waste fibers can be optimized for producing fiber reinforced concrete.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

An average lifespan of a typical car tire is considered to be five
years, although this period may differ significantly depending on
many factors [1]. According to International Organization of Motor
Vehicle Manufacturers, more than 90 million motor vehicles
(including passenger cars, trucks, and busses) were produced in
2014 and this amount is expected to increase in the coming years
[2]. The total number of the vehicles on roads is estimated as
approximately 1.2 billion by the same organization. Considering
that each vehicle has at least four tires, it can be calculated that
more than 4.8 billion tires are in use today. Due to the continuous
production of vehicles, it may also be assumed approximately

4 billion used tires are generated each year. The increasing trend
of vehicle production indicates that this amount will continue to
increase in the future. Some of these used tires can be regrooved
or coated and reused as second hand tires. The remaining tires
and the ones after the reuse are termed as end-of-life tires and con-
sidered as scrap. Safe disposal of such high amounts of scrap tires is
a major challenge. Since they became an important environmental
issue, land filling or stock piling of these tires is no longer allowed
in Europe or US [3,4]. With enforcement of stricter laws, realization
of their economical benefits and also increase in environmental
consciousness, the recycling rate of the scrap tires is now higher
than 85% in US, Europe and Japan, which makes them one of the
most recycled products [5–7].

A typical tire consists of approximately 47% rubber, 22% carbon
black, 17% steel cords, 5% fabrics, and the remaining percentage
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consists of some other minor additives [8]. Due to the high carbon
content of tires, the energy produced by combustion of rubber is
higher than that of coal [6] and tire-derived fuel is an alternative
to the fossil fuels. According to Rubber Manufacturers Association,
in 2013, 53% of the scrap tires in US were utilized as energy sources
in cement kilns, paper manufacturing mills and other power gener-
ation plants [9]. More than 32% of the recycled tires are processed
for material recovery and other uses [9,10]. There may also be
innovative uses of scrap tires, such as strengthening of structures
[11]. Scrap tires can be recycled by mechanical process or pyrolysis
technique. In the mechanical method; the steel cords in the tires
are pulled out by a punch-like mechanism, the tire is shredded
and the remaining steel is collected by magnetic separators. The
application of the mechanical method may vary from one recovery
plant to another. Crumb rubber (rubber granule) and steel cords
are obtained by the mechanical process. Pyrolysis method used
for recycling, however, decomposes the tire by thermochemical
process [12]. With the pyrolysis method, carbon black and oil are
also obtained in addition to the steel. Some of these recovered
materials find applications in new material production. For exam-
ple, the recovered rubber is used for the production of floor mats or
playground surfaces [13]. There is also extensive research on con-
cretes containing crumb rubber or rubber chips in which the aggre-
gates are replaced by rubber [14–20]. Unfortunately, the steel
recovered from scrap tires are not used in newmaterial production
and used only for the partial replacement of raw materials in the
iron production industry. A market analysis, however, indicated
that there can be important demand for this recovered steel [21].
The steel cords provide strength and rigidity to the tires. Due to
their high strengths, these cords may also be utilized in various
industrial applications. They usually have circular cross sections
but some may have a rectangular cross section and their diameters
usually vary between 0.1 and 2 mm. Both the mechanical and geo-
metrical properties of these recovered steel cords can be similar to
commercially available steel fibers used in concrete; therefore it
may be possible to use them in concrete technology.

Although there are many studies available on the use of recov-
ered rubber, studies on the use of recovered steel are very limited.
There are only a handful of studies available on the use of waste
fibers recovered from scrap tires for producing steel fiber rein-
forced concretes. However, there is growing interest in the use of
these waste steel fibers in concrete. One of the drawbacks of fibers
recovered from scrap tires is the variation in geometrical proper-
ties of these fibers. Unlike the commercially available steel fibers,
both the diameters and lengths of the fibers recovered from scrap
tires may vary [22–24], and some of them may be too long to pro-
duce fiber reinforced concrete, so they have to be classified before
use. The pull-out behavior of the recovered fibers may be similar to
those of the commercial fibers which may be attributed to the
irregular undulations of the fibers as a result of the shredding pro-
cess that can increase mechanical bonding [24,25]. Mechanical
properties of concrete containing waste steel fibers may be
improved due to the crack-bridging effect of the fibers in concrete
similar to the concretes produced with commercial fibers [26–29].
Available studies indicated that the theoretical models recom-
mended for the mechanical behavior of steel fiber reinforced con-
cretes produced with commercial fibers, may give different results
when different recovered steel fibers are used [30–32]. Production
of steel fibers is energy intensive, thus expensive process, and use
of the waste fibers for fiber reinforced concrete production can
reduce the need for steel fiber production, thus contribute to sus-
tainability of concrete industry. It should also be noted that the
prices of the waste fibers are significantly lower compared to those
of the commercial steel fibers. Thus, it may be possible that these
low cost, waste materials can be turned into value-added, mar-
ketable products. However, having a better understanding of the

effects of waste steel fibers on the properties of concrete and estab-
lishing their applicability as a reinforcement in concrete is needed
for industrial scale applications.

The main objective of the work presented herein is to provide
more information about the effects of steel fibers recovered from
scrap tires. An experimental investigation was carried out, the
results of which are presented in this paper. Waste steel fibers hav-
ing different geometrical properties were used to produce concrete
mixtures. A concrete containing commercial steel fiber was pre-
pared for comparison. A plain concrete without any fibers was also
produced. The details of the experimental program are presented
below.

2. Experimental

2.1. Materials

2.1.1. Cement and aggregates
An ordinary Portland cement (CEM I 42.5 according to EN 197-1) was used in

the concretes. Locally available natural aggregates, a natural sand with the size of
0–1 mm, and three crushed stone aggregates having sizes of 0–4, 4–12, and
12–22 mm were used. Both the aggregate grading and the maximum size of aggre-
gate were the same in all the concretes produced. The same superplasticizer was
also included to achieve enough workability for the different mixtures.

2.1.2. Fibers
At the beginning of the experimental study, waste steel fibers recovered from

scrap tires were obtained from different tire recycling plants. Some of these fibers
were containing rubber and textiles, and also rubber attached on the fiber surfaces.
In addition, some steel fibers had significant variations in their diameters. High
deviations in geometrical properties of the fibers and other materials such as rubber
may substantially reduce both the effectiveness of the fibers and performance of the
fiber reinforced concretes. According to information given from the recycling plants,
such problems are mostly due to the recycling procedures of the plants and can be
solved by some adjustments in the recovery procedures.

Among the various waste fibers received, three of them, recovered by different
tire-recycling companies were selected for the experimental study. There were sev-
eral reasons for selecting those particular fibers. The selected fibers were free from
any rubber or textiles that might affect the concrete properties. The fibers also had
consistent geometrical properties and their average diameters were not the same,
thus it was possible to obtain various fiber aspect ratios that can represent different
fibers and compare the effect of fiber geometry. The geometrical characterization of
the fibers was made by the measurement of their diameters and lengths on samples
of randomly selected 500 fibers from each fiber type. Table 1 shows the geometrical
characterization of the fibers used.

The codeW in Table 1 indicates the waste steel fibers recovered from scrap tires
and the numbers (0.3, 0.6, or 1.4) following W stand for the average diameter of
fibers in millimeters. As seen from Table 1, the diameters of the waste steel fibers
were not the same for a given type of fiber and there was a large variation, which
may probably be due to recycling of different tire types together, differences in tires
produced by various manufacturers and also various steel cords present in the tires.
According to the information given by the tire recovery companies that the fibers
received from, the fibers W0.6 and W1.4 were recovered by pyrolysis, but W0.3
by mechanical method.

Among the fibers considered in this study, the one with the 0.3 mm diameter
shown in Fig. 1 was a convoluted fiber with an average straight length of 52 mm.
The straight length of the fiber was used in the calculation of the fibers aspect ratio.
The other two waste fibers (W0.6 andW1.4), however, were straight fibers and they
had much longer lengths (such as 30–40 cm) when received. Since it was not pos-
sible to use them for fiber reinforced concrete production, these fibers (W0.6 and
W1.4) were cut into 50 mm lengths (Figs. 2 and 3). As a result, there was no scatter
in the lengths of these fibers when used in concrete, as it was possible to cut them
into any length. The reason for selecting 50 mm was to have similar lengths for the
waste fibers used. In addition, since the diameters of the waste fibers were different,
it was also possible to obtain different fiber aspect ratios with the use of the same
length of 50 mm. As seen in Table 1, these ratios were between 37 and 179 for the
waste fibers. The waste fibers W0.3 and W1.4 were single fibers. The fiber W0.6,
however, actually composed of six single steel wires wrapped together to form
cords. Cutting the cords into the length of 50 mm did not affect the cord and the
wires continued to stand together. However, as it will be explained in the discus-
sions section, some of the individual fibers forming W0.6 type of fiber separated
from each other during the concrete productions. Fig. 2 shows two W0.6 fibers,
and to demonstrate the structure of this fiber, the individual wires forming the fiber
were separated by hand for one of these fibers and it is also shown in the same
figure.
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