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Engineered steel ﬁber has been used for reinforcing concrete since the mid-nineteenth century. The
inﬂuence of ﬁber reinforcement on the mechanical characteristics of concrete is commonly known and
thoroughly described in literature. The fast growing and vibrant market of engineered steel ﬁber is
increasingly disrupted by waste steel ﬁber obtained during recycling of tires. The lack of knowledge
about properties of the waste steel ﬁber signiﬁcantly limits its technically viable use. The main aim of the
conducted research program was to test waste steel ﬁber and to compare its properties with most
popular engineered steel ﬁber. Such properties as tensile strength estimated according to EN ISO 68921:2009, ductility tested according to EN 10218-1:1994, and tensile strength after ductility test were
considered. Waste steel ﬁber proved to be characterized by much higher tensile strength and ductility
than engineered steel ﬁber. Stressestrain characteristics of both the types of ﬁber also differ signiﬁcantly.
Conducted bends inﬂuence the tensile strength and modulus of elasticity of all tested waste and engineered steel ﬁber. The achieved knowledge would allow to create sustainable steel ﬁber-reinforced
concretes in a much more efﬁcient way.
© 2017 Published by Elsevier Ltd.
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1. Introduction
Fiber-reinforced construction materials have been known since
ancient times. In Pharaohs' Egypt mud bricks were reinforced by
straw. Romans used a whole range of different ﬁber of organic
origin to modify brittle clay bricks and lime mortars (Maidl, 1995).
When modern concrete was born at the beginning of the nineteenth century, its brittleness forced engineers to look for a new
type of reinforcement (Nawy, 1996). Steel bars, stirrups, meshes,
mats and ﬁbers were the answer to this challenge. Steel ﬁberreinforced concrete (SFRC) was one of the very earliest modern
structural materials (Havlikova et al., 2015). In the early twentieth
century, ﬁrst engineered ﬁbers for concrete reinforcement were
produced in different shapes and sizes. Over the years some
geometrical ﬁber shapes proved to be easy to produce and practical
to use (Spinella, 2013). Others did not catch up and were abandoned (Katzer, 2006). Currently, there are dozens of major producers of engineered steel ﬁber (ESF) located all over the world
(Katzer and Domski, 2012). Altogether they offer hundreds of steel
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ﬁber types differentiated by geometric shape, size, diameter, and
ﬁnishing of surface (Naaman, 2003).
The global market of steel ﬁber is assessed at 300,000 tons of
ESF sold per year and is growing very fast with a rate of 20% per year
(Paja˛ k and Ponikiewski, 2013). Over 90% of the steel ﬁber available
on the market is ESF with deformed ends, treated surface, twisted,
crimped, and hooked (see Fig. 1.) (Mohammadi et al., 2008). In the
past 15 years, the ESF market has been increasingly disrupted by
waste steel ﬁber (WSF) obtained during recycling of tires
(Ghorpade and Sudarsana Rao, 2010). Worldwide, over one billion
of fully exploited tires arise annually (Graeff et al., 2012). So far,
majority of these tires have been disposed to landﬁll (Pilakoutas
et al., 2004). Only a small fraction of used tires was reused in the
form of energy or materials (Aiello et al., 2009). Over the past 15
years, waste management of exploited tires has become a key
concern for many environmental bodies and agencies (especially in
the EU where in 2003 the disposal of tires to landﬁll was prohibited
and in 2006 the disposal of tire by-products to landﬁll was prohibited) (Neocleous et al., 2011). Very demanding European environmental legislation forced European states and tire industry to
signiﬁcantly change waste management of used tires (Achilleos
et al., 2011). New facilities dedicated to recycling of exploited
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Fig. 1. Examples of geometric shapes of commonly used ESFs.

tires were created all over Europe. Initially, material recovery
(rubber and steel) from used tires was done mechanically
(Angelakopoulos, 2011). The steel in tires is in the form of belts
running longitudinally around the perimeter of the tires. The steel
belts are made of thin steel wires with high carbon content, which
are woven together into thicker cords. The steel wires have
different conﬁgurations, but all are brass coated (Baranowski et al.,
2016). The cords are then woven again to form larger sheets of
braided steel. These sheets are sandwiched between two layers of
rubber (Torretta et al., 2015). Most tires contain two or three steel
belts. An ordinary light vehicle tire consists of 15% of steel by
weight. Average truck tires contain up to 25% of steel by weight
(Graeff, 2011). This complex internal structure is difﬁcult to recycle
mechanically. Early recycling facilities utilizing mechanical material recovery were “producing” long steel wires tangled together
forming a three-dimensional mesh, which could not be used as RFC
apart from slurry inﬁltrated concrete (SIFCON) and roller compacted concrete (Graeff et al., 2012). The ﬁbers were also signiﬁcantly contaminated by rubber parts, which inﬂuenced the overall
performance of achieved SFRC. Modern state-of-the-art tire recycling facilities are based on thermal degradation process. During
the process, tires are reduced to steel, char, liquids, and gases
(Graeff, 2011). The achieved steel ﬁber is clean (with no rubber
contamination), and its availability grows signiﬁcantly due to new
recycling facilities being open all over the world. Assuming the
100% tire recycling rate, there would be more than 500 000 tons of
recovered steel ﬁber in the EU alone (Pilakoutas et al., 2004). This
amount of WSF would cover the whole current global consumption
of ESF with 50% surplus margin. In a very near future, harnessing all
available WSFs will become a major problem. Using WSF as concrete reinforcement is no longer limited by ﬁber availability or poor
quality but by competition with ESF. Full knowledge about the
mechanical properties of WSFs is required (Bartolac et al., 2016) to
efﬁciently compete with ESF and eventually fully substitute them
on the market. Research programs dealing with WSF and conducted
in previous years were mainly focused on the properties of the
achieved SFRC. The properties of ﬁber (both ESF and WSF), apart

from some geometrical dimensions, were omitted in this research
and theoretical analysis. In authors' opinion, thorough knowledge
about ﬁber properties is essential for achieving high-performance
SFRC. The more sophisticated and demanding applications found
for SFRC, the more thorough knowledge about ﬁber properties
needed. The bond between steel ﬁber and concrete matrix is crucial
for maintaining speciﬁc mechanical properties of SFRC (Graeff et al.,
2011). Fiber can be either pulled out from the matrix or destroyed if
the bond with the matrix is strong enough. Therefore, ﬁber's
geometrical properties (deﬁning its external surface and hook efﬁciency) are so important for achieving high mechanical performance of SFRC. Fiber tensile strength and tensile strength after
bends inﬂuence multiple SFRC properties including dynamic
response and fatigue durability. Mechanical and geometrical characteristics of a steel ﬁber deﬁne the overall quality of the achieved
SFRC (Katzer and Domski, 2012). Nevertheless, the mechanical
characteristics of ﬁber are underestimated and neglected in ordinary SFRC designing. Keeping in mind all the above facts, the authors decided to conduct a research program focused on the
mechanical characteristics of the most popular ESF and WSF. The
comparison of these properties would enable efﬁcient and technically viable use of WSF for SFRC production. Modeling and
feasible SFRC mix designing are based on these data too. The most
efﬁcient utilization of both types of ﬁber reinforcement would also
be enabled. This paper initially presents the ESF and WSF chosen for
the study. It is followed by a description of testing methodology and
research program. The main results are presented in the form of
stressestrain relations after bends. The paper concludes with a
discussion.
2. Method section
As representatives of ESF, hooked steel ﬁbers offered by
different producers in Europe were chosen. The hooked type of ESF
is the most popular on the global civil and structural engineering
market (Domski, 2016). This popularity is followed by a vast
number of research programs focused on the properties of SFRC
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based on hooked ESF (Zollo, 1997). Therefore, the inﬂuence of the
addition of this type of ﬁbers on the properties of ordinary concrete,
self-compacting concrete, and concrete based on waste aggregates
is thoroughly described in numerous scientiﬁc publications
(Belferrag et al., 2016). Any new ESF or WSF entering the civil engineering market would have to compete with the hooked ESF
(Paja˛ k and Ponikiewski, 2013). Thus, comparing the properties of
WSF in question with the properties of different hooked ESFs is so
essential for successful harnessing of the WSF. SFRC with hooked
ﬁber is successfully used for industrial ﬂoors, road and airport
pavements, precast elements, marine structures, tunneling, blast
resistant
structures,
and
earthquake-resistant
structures
(Ponikiewski et al., 2014). Therefore, hooked ESF seems to be the
best reference point for the properties of WSF (Guoa et al., 2014).
ESFs offered by main global producers are characterized by the
aspect ratio of 20e152. Fibers characterized by the aspect ratio of
50 are statistically the most popular group of ESF in the world
(Katzer and Domski, 2013). That is why seven hooked ESF types
characterized by the aspect ratio of 50e80 were chosen for the
tests, as a precise representation of commonly used ESFs (Domski,
2015). All the types of ESF were made of cold drawn wire (Group I in
compliance with EN 14889-1:2009). Some properties of these ﬁbers were described and discussed in a previous publication (Katzer
and Domski, 2012). Geometric characteristics of these ﬁbers are
presented in Table 1.
WSF was sourced from the newly opened tire recycling facility
_
located in Rozental
(Poland). The facility was chosen as one of the
most modern in Europe and “producing” steel ﬁber free from any
rubber contamination. It is available as a mix of ﬁbers differentiated
by diameter (from 0.15 mm to 0.35 mm) and length (from 10 mm to
70 mm). Fibers characterized by diameter smaller than 0.24 mm are
present only in a small fraction and were rejected from the tests as
outliners. Before testing, WSFs were sorted and divided into two
groups. Group I consisted of ﬁbers characterized by diameter from
0.24 mm to 0.29 mm and was coded as “I e 0.29÷0.24.” Group II
consisted of ﬁbers characterized by diameter from 0.30 mm to
0.35 mm and was coded as “H e 0.35÷0.30.” Raw WSFs obtained
from recycling facility and both ﬁber groups separated from them
are presented in Fig. 2 (only ﬁbers with length larger than 30 mm
were considered for tests). The aspect ratio of WSF was ranging
from 28.6 to 291.7. Diameter distribution of both tested WSFs is
presented in Fig. 3 and summarized in Table 2.
Both WSF populations are characterized by negative skewness
(relatively high). In case of ﬁber diameter, negative skewness is the
desired population characteristic. It means that the distribution is
concentrated on the right side of the ﬁgure, the left tail is longer,
and there are few low values. The population of ﬁber H e 0.35÷0.30
is characterized by nearly zero excess kurtosis, whereas the population of ﬁber I e 0.29÷0.24 is characterized by positive excess
kurtosis; thus, ﬁber populations should be considered as mesokurtic
and leptokurtic, respectively. Leptokurtic distribution also known as

super Gaussian distribution is the most desirable in case of ﬁber
population characteristics.
The research program covered the tests of tensile strength of
ﬁber and ﬁber ductility. The tensile strength test was conducted
according to EN ISO 6892-1:2009. The test is characterized by a
constant rate of increase of the loading force. During the tensile
strength test, the full strainestress relation was followed and
recorded. The ductility test was realized on the end diameter before
deformation according to EN 10218-1:1994 (this procedure is also
described in ISO 7801:1984). During the test, a mounted ﬁber is
bent over a cylindrical support. The radius of the support depends
on the ﬁber diameter and ranges from 1.25 mm to 2.5 mm. A
photograph of the used apparatus with a mounted ﬁber and a
schematic diagram of ﬁber being bent during the test are presented
in Fig. 4.
After each bend, the tensile strength of ﬁber was tested. Both
tests were conducted on the population of 30 ﬁbers. The randomness of ﬁber sampling was ensured by using the table of random
numbers. The whole test procedure is as follows: 30 ﬁbers were
tested for tensile strength, 30 ﬁbers were bent once and then tested
for tensile strength, and 30 ﬁbers were bent twice and then tested
for tensile strength et cetera. In this way, to get results for one ﬁber
type after seven bends, 240 ﬁbers were used. The procedure was
conducted under strict statistical control. Dixon's Q test and KolmogoroveSmirnov test (Corder and Foreman, 2009) were utilized
for identiﬁcation (and rejection) of outliners and for assessment of
normal (Gaussian) distribution in all achieved populations of results, respectively.

3. Achieved results
The tensile strength of ESF declared by producers should range
from 800 MPa to 1250 MPa. The number of bends for these types of
ﬁber should be at least seven. Tensile strength requirements were
fulﬁlled by all tested ESFs. In case of a minimum number of bends,
ﬁber B-1.00 and E 0.80 did not achieve the needed values. The
tensile strength of tested ﬁber after bends is presented in Fig. 5. All
ﬁtted equations are linear functions. In case of ESF, the correlation
factor r ranged from 0.95 for ﬁber D e 0.90 to 0.97 for ﬁber A e 1.00.
Linear functions for WSF were ﬁtted with much smaller correlation
factor r, which was equal to 0.75 for ﬁber I e 0.29÷0.24 and 0.10 for
ﬁber H e 0.35÷0.30. The number of bends after which ESF failed
ranged from 5 (E 0.80) to 10 (G e 0.55). All ESFs lost their tensile
strength after each bending. The tensile strength of ESF after the
maximum number of bends before failure is lower by 15%e32%
from the “original” strength. The decline of tensile strength after
each bend takes place at a constant rate for all ESFs and is not
directly associated with the diameter of tested ﬁber or the
maximum number of bends. The largest loss of tensile strength was
registered for ﬁber A e 1.00 (32% after seven bends), but the second
largest loss was registered for ﬁber E 0.80 (27% after ﬁve bends).

Table 1
Geometric characteristics of tested ﬁbers.

Fiber
Fiber
Fiber
Fiber
Fiber
Fiber
Fiber
Fiber
Fiber

1
2
3
4
5
6
7
8
9

Fiber type

l (mm)

d (mm)

l/d ( )

Cross section

Producer

Code name

ESF
ESF
ESF
ESF
ESF
ESF
ESF
WSF
WSF

50
50
60
50
60
60
30
10÷70
10÷70

1.00
1.00
1.00
0.80
0.75
0.90
0.55
0.35÷0.30
0.29÷0.24

50.0
50.0
60.0
62.5
80.0
66.7
54.5
28.6÷233.3
34.5÷291.7

Circular
Circular
circular
circular
circular
circular
circular
circular
circular

A
B
C
D
E
F
G
H
I

A e 1.00
B e 1.00
C e 1.00
D e 0.80
E 0.75
F e 0.90
G e 0.55
H e 0.35÷0.30
I e 0.29÷0.24
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Fig. 2. WSFs acquired from the recycling facility and sorted into two groups.

Fig. 3. Fiber diameter distribution of both tested WSFs.

Table 2
Statistical characteristics of WSF diameter.

H e 0.35÷0.30
I e 0.29÷0.24

Median

Lower quartile

Upper quartile

0.33
0.27

0.32
0.26

0.34
0.28

The smallest loss of tensile strength taken place after eight bends of
ﬁber D e 0.90 and was equal to 15%.
The relationship between the number of bends and the tensile
strength is very different in case of WSF. Both tested WSFs are
characterized by much larger ductility (equal to 25 and 31 bends)
than any of the tested ESFs. The graphical representation of
ductility test in Fig. 5 was only prepared for the ﬁrst 20 bends.
Statistical characteristics of ductility distributions of WSF are presented in Table 3 and Fig. 6. The tensile strength of ESF seems to be
not inﬂuenced by bending. While analyzing Fig. 5, one has to
remember that linear functions ﬁtted for WSF relations are characterized by much lower values of correlation coefﬁcient r.

Skewness
0.38
0.76

Kurtosis

Test K-S

0.07
1.12

0.172
0.233

Therefore, the almost horizontal layout of the relation for ﬁber H e
0.35÷0.30 and the slightly increasing tendency of tensile strength
after bends of relation for ﬁber I e 0.29÷0.24 should be analyzed
with adequate reservations.
In comparison with ESFs that lose up to 50% of the initial tensile
strength after the maximum number of bends (usually from seven
to eight), WSFs are very resistant to the process. Maintaining the
initial value of the tensile strength regardless of the number of
conducted bends is a new property, so far not recognized by
standards describing steel ﬁber. This new mechanical characteristic, not achieved by ESF, is very important in case of ﬁbers foreseen to be used in concrete structures prone to all kinds of dynamic
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Fig. 4. Utilized ductility apparatus (left) and diagram of ﬁber being bent during the test (right) (Katzer and Domski, 2012).

loadings.
The presented stressestrain curves were achieved through
direct testing of ﬁbers. The length of the ﬁber and its diameter are
much smaller than the size of the standard round bar specimen
used for tensile testing of steel. Therefore, the achieved stressestrain relations of ﬁber cannot be directly compared with the
characteristics of steel specimens and any standard requirements
regarding steel as a material. Nevertheless, the charts presented in
Figs. 7e9 are worth analyzing for drawing some conclusions. In
case of all tested ESFs but one, presented curves show the
stressestrain relation of structural steel with clear proportional
limit and yield point. Using the yield point as an assessment tool of
mechanical characteristic of ESFs, one can divide ﬁbers into three
groups. Group I consists of ﬁber A e 1.00, C e 1.00, and D e 0.90
characterized by unchanged location of the yield point (roughly the
same value of strain) regardless of the number of conducted bends.
Group II consists of ﬁber B e 1.00, E 0.80, and F e 0.75 characterized by changing location of the yield point. The number of
conducted bends signiﬁcantly moves the yield point to much
higher values of strain. Group III consists of ﬁber G e 0.55 characterized by the stressestrain relation with no or very blurred yield
point. Bends signiﬁcantly inﬂuence the characteristics of almost all
tested ESFs making the relations more ﬂat (smaller stress needed
for creating the same strain) after every bend. This phenomenon is
clearly visible in ﬁve types of ESF. In case of the two types of ESF (C
e 1.00 and D e 0.90), only the stressestrain curve for the ﬁber with
no bends is different from the others. The relationships created
after the ﬁrst and subsequent bends form a dense population of
curves which are impossible to distinguish. These two types of ESFs
are also characterized by the same number of conducted bends
(equal to eight). Stressestrain curves created for WSF are signiﬁcantly different from the relations achieved for ESF. Larger strains
for small stresses were caused by straightening of WSF in the
beginning of the test. The majority of the curves' lengths could be
classiﬁed as elastic region with no visible yield stress or plastic
region. In both WSF cases, conducted bends signiﬁcantly inﬂuence
the stressestrain relation making them less steep. Ultimate strains
reach over 10% and 12% for ﬁbers I e 0.29÷0.24 and H e 0.35÷0.30,
respectively.
4. Discussion
The strain values of ESF are much higher than one would have
expected from the steel type and values of the modulus of elasticity
declared by producers. This phenomenon can be explained by
straightening a ﬁber during the tensile strength test. Hooked ﬁbers

are in theory straight, but in practice they are usually slightly
crescent. The second factor inﬂuencing the strain values is deformation of ﬁber during the ductility test. After one full bend, the
shape of a ﬁber is locally deformed. This deformation is straightened during the initial phase of the tensile strength test. A similar
situation takes place while testing WSF. These ﬁbers are not
straight at all before tests. They are deformed and micro-bent
multiple times over the whole length. During the ductility test,
the initial deformation of ﬁber inﬂuences the strain values which
are twice as large as in case of ESF. There are also signiﬁcant differences in general shape of stressestrain curves of ESF and WSF.
This phenomenon is associated with different types of steel used
for the production of ESF and steel belts in tires. The properties of
steel result from both its chemical composition and its method of
manufacture, including processing during fabrication. Steel used
for production of ESF is characterized by smaller ultimate tensile
strength, smaller ductility, and yield strength. Following the
changes of stressestrain curves after bends, one can assume that
the modulus of elasticity E of all tested ﬁbers would change with a
number of conducted bends. The values of E would drop by twothirds in some cases (B e 1.00 and G e 0.55). However, ﬁbers C e
1.00 and D e 0.90 maintained almost unchanged stressestrain
characteristics after all conducted bends inﬂuencing the value of E
by <10%. Changes in the modulus of elasticity of WSF are much
more challenging to assess due to large initial strains and varying
leaning of curves after conducted bends.
The stressestrain characteristics of ﬁber G e 0.55 are very
different from the characteristics of other ESFs. It may raise questions about the type and quality of steel used for production. The
characteristic of ESFs after bends is quite similar to that of WSFs.
Taking into account the largest number of conducted bends (in
comparison with other tested ESFs), the mechanical characteristics
of these ﬁbers are placed between ESFs and WSFs.
The properties of WSFs are utilized as concrete reinforcement.
WSFs do not have hooks that increase the force needed for ﬁber
pullout (Kim et al., 2008), but the diameter of ﬁber is smaller. Thus,
one volume unit of WSFs has much higher total external surface
than that of ESFs. Therefore, the effect of hook would be at least
partially suppressed by much higher surface bond. A comparison of
pullout test results of ESFs and WSFs should be conducted to precisely describe this phenomenon (Soetensa et al., 2013). However,
signiﬁcantly higher tensile strength and tensile strength after
bends of WSF than of ESF give more chance for future improvement
of SFRC. Elements prone to different types of dynamic loadings are
the ﬁrst choice of application of such ﬁbers. Apart from very high
ductility and tensile strength after bends, the used steel is also
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Fig. 5. Tensile strength of ﬁber after bends.

characterized by much higher resistance to the corrosion. In case of
dynamically loaded SFRC structures, one has to face a problem of
multiple small cracks appearing on the surface (Sucharda et al.,

2015). Water easily penetrates through these cracks and triggers
corrosion of ESF, which leads to failure of the whole element. SFRC
based on WSF would be much more resistant to such a process. A
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Table 3
Statistical characteristics of ductility distributions.

H e 0.35÷0.30
I e 0.29÷0.24

Median

Lower quartile

Upper quartile

Skewness

25.0
31.5

11.0
16.0

34.0
42.0

0.46
0.19

Kurtosis
0.51
1.21

Test K-S
0.106
0.150

Fig. 6. Ductility of tested steel ﬁbers.

new approach to designing such SFRC would be also needed taking
into account a different bond between such ﬁber and concrete
matrix because of steel type and geometrical properties (Soulioti
et al., 2011).
The executed research program provided some knowledge
about the crucial properties of WSF obtained from recycling of tires.
A thorough knowledge about geometry, tensile strength, and
ductility enables precise designing and modeling (Colajanni et al.,
2012) of SFRC created with this ﬁber. Harnessing ﬁber characterized by higher tensile strength and much higher ductility than
traditional ESF gives an opportunity to compose high-performance
SFRC dedicated to bear harmonic loading, fatigue loading, impact
loading, blast loading, and other incidental dynamic loadings
(Biolzi and Cattaneo, 2017). Possibly, the most important type of
SFRC with respect to WSF would be concrete created on the basis of
waste aggregates (Łapko and Grygo, 2016). So far, such concretes
have been reinforced by ESFs (Pastorellia and Herrmann, 2016).
Using WSFs instead of ESFs would further increase sustainability
and decrease carbon footprint of such concretes (Senaratne et al.,
2016). During the research program, WSFs were compared with
hooked ESFs. This type of ESFs as the most popular type of steel
ﬁbers available on the global civil engineering market was chosen
as a reference for the properties of WSFs. Short ESFs are rarely used
and relatively difﬁcult to obtain (Jian-he et al., 2015). Nevertheless,
comparing the properties of WSFs with those of ESFs of similar
lengths would be interesting and beneﬁcial for the development of
sustainable SFRC.
5. Conclusions
The properties of ESFs and WSFs were investigated and

compared in this study. Tested ESFs proved to be much more
diverse than the commonly assumed ﬁbers. The aspect ratio and
other geometrical properties are not associated with changes in the
mechanical characteristics of ESFs. More properties of ESFs should
be tested and analyzed at the same time (preferably using multivariate statistics) to get clear correlations. The type and quality of
steel used by particular ESF producers may be one of the key
underestimated factors. So far, the properties of ESFs were recognized as much dominant over the properties of concrete matrix that
no research effort was dedicated to thoroughly evaluate them.
The properties of both WSF populations are similar and their
application for a particular concrete would be limited only by
geometrical requirements. Stressestrain characteristics of ESF and
WSF differ signiﬁcantly. This phenomenon is mainly caused by
different types of steel used for the production of ESF and steel used
for tire production. The type of steel also inﬂuences other mechanical properties of WSF such as tensile strength and ductility.
WSF is characterized by much higher tensile strength and ductility
than ESF. Conducted bends inﬂuence the tensile strength and
modulus of elasticity of all tested ﬁbers, but WSF is ultimately
destroyed after up to three times more bends than ESF. Fibers C e
1.00 and D e 0.90 are the least prone to changes in stressestrain
characteristics after bends. Fibers B e 1.00 and G e 0.55 are the
most vulnerable to changes of stressestrain relation after bends.
Stressestrain relations of both tested types of WSFs have different
geometric characteristics in comparison with ESF. This phenomenon is partially caused by the type of steel and partially by initial
geometric deformations of WSF. During tensile test, the ﬁrst part of
the stressestrain relation reﬂects the straightening of WSF. Overall
strain of ESF and WSF after ﬁve bends is similar. For ESF, strains
after 6e10 bends are ultimate due to specimen failure. From the
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Fig. 7. Stressestrain relations after bends for ESF with a diameter of 1 mm.
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Fig. 8. Stressestrain relations after bends for ESF with a diameter of <1 mm.
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Fig. 9. Stressestrain relations after bends for ESF G e 0.55 mm and both WSFs.
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mechanical and the geometrical point of view, WSF can be used as
concrete reinforcement. Due to its high ductility and stressestrain
characteristics after bends, WSF gives an opportunity to compose
an efﬁcient SFRC dedicated to bear harmonic loading, fatigue
loading, impact loading, and blast loading. Keeping in mind that
WSF is made of different types of steel than ESF and the lack of
hooks (or deformed ends), a pullout test of WSF should be conducted. The achieved results should be compared with the pullout
characteristics of ESF. Before harnessing WSF on an industrial scale
in concrete industry, a possible chemical contamination of the WSF
should be tested to be sure whether it is safe to use as concrete
reinforcement. It would be beneﬁcial to test short and very short
ESFs and compare their properties with WSFs. A research program
comparing the properties of SFRC with respect to ESF and WSF
should be conducted.
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