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The behavior of concrete reinforced with the fibers obtained from the end-of-life tires under
high compressive strain rates was the scope of this research. The laboratory investigations were
performed using the Hopkinson Pressure Bar with a diameter of 40 mm. The waste fibers with
untypical geometrical parameters were applied to concrete with a dosage of 30 kg/m3 . The
pronounced increase of compressive strength of the RSFRC, when subjected to high strain
rates, was observed. The strain rate sensitivity of the RSFRC expressed by DIF was comparable
to the other results presented in the literature.
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1. Introduction
Cement-based materials reinforced with randomly distributed fibers are commonly used in concrete defense structures, civil infrastructure (bridges, tunnels,
rockfall protection galleries), building structures in the energy sector (water
tanks, nuclear containment vessels) or civil buildings (industrial floors). These
structures currently must withstand natural hazards such as tornadoes, ocean
waves or earthquakes [1, 2]. The man-made accidents or terrorist-induced projectile impact or explosions should also be considered [3, 4].
Nowadays, the manufactured fibers are mainly used as a reinforcement of
concrete. The present paper deals with fibers coming from the end-of-life tires.
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Considering the problem of the disposal of used tires, every opportunity to reuse tire components is valuable. One of the components created in the recycling
process is a steel cord. The geometrical characteristic of the recycled steel fibers
(RSF) differs much from typical fibers. The length of the fibers depends on the
process of their reclamation, and because they are an integral part of the tire,
it is impossible to obtain the fibers of one length. Thus, as a result, the fibers
with a small diameter and various lengths are obtained. It is also not possible
to avoid some rubber particles in the mix. As a result of all these features, RSF
are not frequently applied in structural elements, even though the investigation
of concrete reinforced with RSF under static conditions does not show obstacles
in the application of waste fibers to concrete [5, 6].
Furthermore, the RSF can be a substitute for short, straight fibers of a very
small diameter used as a component in many new types of ultra-high performance fiber reinforced concrete (UHPFRC) investigated by many researchers
[3, 7–14]. The high amount of the fibers is added to concrete, what significantly increases the costs of those types of concrete [13]. In the case of application of RSF, not only the economic but also environmental benefits can be
achieved.
Generally, the fibers have a minor effect on the same value of the compressive
strength under static conditions. The pronounced influence of fibers is noted on
post-peak parameters of concrete. The fibers delay the appearance of the microcracks and bridge the macro-cracks. Under static conditions, the micro-cracks
slowly propagate into macro-cracks [2]. In case of dynamic loading, the time
of fracture of concrete is very short. At once, micro-cracks develop into macrocracks, and other micro-cracks appear. As a result, more energy is consumed
and the higher value of compressive strength is observed [1, 3, 4, 7–13, 15–21].
Considering fibers, more of them participate in a fracture process under dynamic
than static conditions. Thus, their effect is more pronounced under dynamic than
under static loading. As a result, the strain rate sensitivity of concrete reinforced
with fibers based on the Hopkinson Bar tests is lower than the plain matrix
under compression [16–18] and tension [19]. However, some researches indicate
that under shear loading the influence of fibers is limited [20].
This paper discusses the preliminary results of an ongoing experimental program carried out with the use of the Split Hopkinson Pressure Bar to investigate
the effect of RSF on strain rate sensitivity of concrete. The concrete reinforced
with different types of fibers [7–13, 17] and composites [21] was studied with
the use of SHPB. However, the RSF has never been investigated in the existing
literature.
In this study, the complete dynamic stress-strain curves are analyzed and
discussed. The main results are presented using the state-of-the-art technology
and methods.
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2. Experimental investigation
2.1. Materials
The concrete reinforced with fibers coming from the end-of-life tires (RSFRC)
is the scope of this study interest. The detailed composition of a matrix is presented in Table 1. The Portland cement CEM I 32.5R, locally available sand,
coarse aggregate, and silica fume were used to create the concrete matrix. The
silica fume was used in the amount of cement equal to 10%. The water to binder
(cement with silica fume) ratio was equal to 0.58.
Table 1. The composition of the RSFRC.
Cement
CEM I
32.5R
[kg/m3 ]
350

Natural
sand
(0–2 mm)
[kg/m3 ]
622

Coarse
aggregate
(2–16 mm)
[kg/m3 ]
1036

Silica
fume
[kg/m3 ]

Water
[kg/m3 ]

33

221

Steel
fibers
(%)
by volume
0.38

W/B
0.58

The general view of the recycled steel fibers is presented in Fig. 1 and their
parameters are summarized in Table 2. In Fig. 1 it can be seen how different
from typical fibers the longitudinal shape of RSF was. The stochastic length of
RSF which was in a range of about 2–30 mm is clearly visible. Among the fibers,
some rubber particles and also a few fibers of a bigger diameter can be found.
The dosage of waste fibers was equal to 30 kg/m3 , what was adequate to the
volume ratio of 0.38%.
Table 2. Properties of fibers from the end-of-life tires (RSF).
Length
[mm]

Diameter
[mm]

Tensile strength
[MPa]

Aspect ratio
(length/diameter)

2÷30

0.15 ± 5%

≥ 2850

13÷200

Longitudinal
shape
irregular
(curved, twisted)

Fig. 1. Fibers from end-of-life tires – recycled steel fibers (RSF).
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The fibers decreased the workability of the concrete. However, no negative
influence on the rheological parameters of the matrix was noticed. The fibers
were distributed homogeneously in the concrete matrix during the mixing process.
The cylinders (150 × 300 mm) and beams with the dimensions of 100 × 100 ×
500 mm were prepared. The static compressive tests were performed on cylinders
in the servo-hydraulic testing machine. The specimens for the dynamic tests with
the diameter of 40 mm were cut from the beams, and the external surfaces were
polished to ensure their parallelity. This method was chosen to ensure the homogenous distribution of fibers in the specimen tested under dynamic conditions.
All the specimens were prepared at the Silesian University of Technology.

2.2. Strength tests
The RSFRC specimens were tested under static compression in 3000 kN hydraulic compression testing machine with the constant rate of loading. The compressive tests were performed on cylinder specimens with a diameter of 150 mm
and height of 300 mm. Five specimens were tested in compression at the age of
28 days. The static tests were performed at the Silesian University of Technology.
The quasi-static compression strength of the concrete reinforced with waste
fibers was equal to 46.4 MPa. The strength of plain concrete where no fibers
were added was equal to 45.4 MPa. Thus, as in case of manufactured fibers the
waste fibers insignificantly increased the fc of concrete. The research dealing with
the influence of the fibers on flexural parameters of the same mix as presented
in the paper can be found in [6]. Based on it, the fibers increase the post-peak
flexural parameters, however slightly.
The dynamic compressive behavior of RSFRC was studied with the use of the
Split Hopkinson Pressure Bar (SHPR) recently built at the Military University
of Technology (Fig. 2). This testing arrangement is equipped with bars of a large
diameter, what makes it suitable to test the specimens made from brittle RSFRC.
The SHPB consists of the incident, transmitted and striker aluminum bars of
diameter equal to 40 mm. The diameter and height of each specimen were equal
to 40 mm. During the test, the specimen fell apart into many pieces which
splattered at high speed in every direction. To ensure safety, it was necessary to
mount the timber safety box around the RSFRC specimen (Fig. 2). The total
length of the device which is equal to 12 m was determined by the diameter of
the bars. The polymer wave-shapers were used to achieve the equilibrium state
in the specimen. Three specimens were tested for each of two analyzed impact
velocities. The specimens were tested under dynamic conditions at the age of
60–90 days.
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Fig. 2. The Hopkinson Pressure Bar with RSFRC specimen sandwich between
the Hopkinson bars.

3. Results and discussion
3.1. Wave profiles in the bars
The propagation of the waves in the bars during the tests performed with two
impact velocities is presented in Fig. 3. It can be noted that the plateau of the
a)

b)

Fig. 3. The signals in the incident bar and transmitted bar obtained in the tests with: a) lower
impact velocity and b) higher impact velocity.
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reflected wave was reached in the time corresponding to the maximum value of
the transmitted wave, what is desired considering the SHPB test requirements.
During the Hopkinson Pressure Bar test, the striker bar impacts on the incident bar and produces the compressive strain wave (εi ). The wave propagates
through the incident bar to be divided into transmitted (εt ) and reflected part
(εr ) when reaching the interfacial surface of the specimen. The wave propagation is measured at the center of each bar with the use of a pair of strain gages
attached symmetrically onto the opposite surfaces of the bars.
Assuming that the specimen is in the equilibrium state, the stress and strain
in the specimen and strain rate can be calculated based on Eqs (3.1)–(3.3). The
specimen strain can be determined directly from reflected wave using Eq. (3.1).
The transmitted wave is proportional to the specimen strength and can be used
for its calculation based on Eq. (3.2), while the reflected wave is used for strain
rate calculation (3.3)
(3.1)

2cA
εh (t) =
L

ˆt
εr (t) dt,
0

(3.2)
(3.3)

AA EA
εt (t),
AP
2cA
ε̇h (t) =
εr (t),
L

σh (t) =

where L, AP are the length and the cross-sectional area of the specimen, and
EA , AA , cA are the Young’s modulus, the cross-sectional area and the elastic
wave velocity of the pressure bar, respectively.
3.2. Stress-strain diagrams
The compressive strength of RSFRC under static conditions was equal to
46.4 MPa. The RSFRC specimens were tested using two impact velocities, what
produced the strain rates of 83 to 152 s−1 in the specimens. The stress-strain
curves obtained in the tests performed with two impact velocities are graphically presented in Fig. 4. The main results from the dynamic tests of RSFRC
are presented in Table 3.
The strain rate effect was observed for RSFRC. The increase of strength with
the increase of strain rate was noted. Meanwhile, the strain at peak strength and
toughness decreased with the increase of strain rate. For lower impact velocity,
the strain rates were in a range of 83–98 s−1 . The plottings of the strain-stress
curves are comparable, what can be seen in Fig. 4. In the case of higher impact velocities, the strain rates were equal to 142 and 152 s−1 . The scattered
plotting was more pronounced in the case of higher strain rates (matched with
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Fig. 4. Stress-strain diagrams obtained in the Hopkinson Pressure Bar tests on RSFRC.

Table 3. Main results from tests of RSFRC under high strain rates.

92

Dynamic
compressive
strength
[MPa]
53.62

1.16

83

53.70

1.16

Strain
rate
[1/s]

98

Static
compressive
strength
[MPa]

46.4

DIF

Average
DIF

1.12

Strain
at peak
stress
×10−3
2.32
4.70

Toughness
[Nm]
91.4
87.9

49.68

1.07

5.41

85.8

142

63.52

1.37

0.82

63.2

152

62.63

1.35

0.75

80.2

1.36

blue in Fig. 4). This can be attributed to the fact that in the case of higher
strain rates the equilibrium state was less satisfied. Moreover, this led to conclusion about the modification of the device to achieve the equilibrium state in
the specimen for the higher impact velocities.
The determination of strain rate in HPB tests is crucial for comparison purpose. In Fig. 5 the variation of strain rate, stress in the specimen and the method
of determination of strain rate are shown. The preliminary tests were conducted
to choose the suitable wave-shaper considering the equilibrium state. The example of the equilibrium state obtained in the test with lower impact velocity
is presented in Fig. 6. In the present paper, the strain rate was assigned as an
average during almost the entire process of loading. The average strain rate was
calculated from the strain rate corresponding to 30% of the maximum stress un-
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Fig. 5. The determination of strain rate.

Fig. 6. The equilibrium state in the specimen tested with lower impact velocity.

til the same point after the failure. In some papers, the strain rate at maximum
stress was presented. In other works, the average strain rate was calculated from
the values of the strain rate at a plateau, what in the authors’ opinion is the most
appropriate approach. It is desired to achieve the plateau in the strain rate in
the post-elastic phase. In the present investigation, this condition was difficult to
fulfill. It is worth to point out that other researchers also indicated the problem
of achieving the constant strain rate [17]. However, our research allows to draw
conclusions for further research. Based on our experiments the conclusions were
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made about the shape of the striker that should be used to achieve the desired
variation of strain rate.
3.3. Dynamic Increase Factor
The influence of various types of industrial fibers on the mechanical parameters of cement-based materials under high strain rates was analyzed in details in [22]. In the literature, different types of concrete reinforced mainly with
a high volume ratio of fibers reaching 4% were tested. It was observed that the
strain rate sensitivity of cement-based materials decreases with the addition of
fibers. In other words, the dynamic compressive strength of fiber reinforced concrete is lower than that of plain concrete. This relationship is dependent not
only on the amount and shape of fibers but also on the properties of the matrix [22].
In Fig. 7, the comparison of dynamic increase factor (DIF) obtained in the
latest investigations discussed in [7–13, 17] is depicted. The description presented
in Fig. 7 contains the author(s) name, year of publication and the fibers volume
content that was applied to the matrix. The DIF is the ratio of dynamic compressive strength to static compressive strength. The average values of DIF obtained
in the present research were equal to 1.12 and 1.36 for two investigated impact

Fig. 7. Strain rate sensitivity of cement-based materials reinforced with fibers.
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velocities, respectively (Table 3). These results of the preliminary research are
comparable to the results obtained by other researchers, what can be seen in
Fig. 7.
The dynamic compressive strength in almost all research did not exceed twice
the static compressive strength. Furthermore, the strain rate sensitivity of the
specimens reinforced with fibers was lower or close to the sensitivity of the matrix. The compressive strengths of those tested cement-based materials were in
a range of 86–158 MPa [7–13].
The exception was the investigation performed by Hao & Hao [17], where
the concrete reinforced with fibers was more strain rate sensitive than the plain
matrix. In this case, the values of DIF reached the highest observed values equal
to 3.6. The observed high strain rate sensitivity can be partially explained by the
low compressive strength of the tested specimens, which was equal to 35.5 MPa.
However, under high strain rates, the compressive strength does not seem to
influence the behavior of concrete [23].

3.4. Failure pattern
As expected, the most pronounced effect of steel fibers was noted on the failure pattern. Analyzing the degree of visible destruction of the RSFRC specimens
it can be observed that it increased with the impact velocity (Fig. 8). However,
this difference is not pronounced. This might be attributed to the fact that only
30 kg/m3 of RSF were added to concrete. The geometrical parameters of the
fibers could also be relevant. The fibers seemed to be pulled out from the pieces
of concrete. Considering the various lengths of the RSF, it is hard to draw a conclusion about breaking of any of the fibers. The characteristic cone shape in the
static compression tests could be seen in case of both impact velocities.

Fig. 8. RSFRC specimens after the tests with the use of SHPB.

BEHAVIOR OF CONCRETE REINFORCED. . .

129

4. Conclusions
This paper presents the results from the preliminary tests of an ongoing
experimental program carried out in Poland with the use of recently built Split
Hopkinson Pressure Bar of a diameter of 40 mm. The effect of the waste fibers on
the behavior of concrete under the dynamic loading was investigated. The strain
rate sensitivity of concrete reinforced with 30 kg/m3 of fibers coming from the
end-of-life tires (RSFRC) was confirmed. The obtained values of DIF fit well
in the range of the results specified by other scientists dealing with industrial
fibers. The influence of the fibers on the failure pattern was insignificant, what
may be connected with the application of a comparably small amount of fibers
and their geometrical characteristic.
This preliminary research indicates that the waste fibers could be a substitute
for manufactured fibers in the structural application that could suffer from high
strain rates. It is worth to mention the benefits to the environment that are
connected with re-use of that kind of fibers.
The conducted research allowed to verify the research method and showed
the directions of the device modification to achieve the desired variation of the
strain rate.
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