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Abstract. In line with current “green” transport initiatives, Croatia plans to build over the next investment period a high 
speed railway line which will connect central Croatia and its capital with coastal regions of the country. According to 
design documents, the track system will be built using ballastless concrete solutions. In the scope of the project “Con-
crete track system – ECOTRACK”, researchers from the University of Zagreb – Faculty of Civil Engineering analysed a 
new material, i.e. the rubberized hybrid fibre reinforced concrete (RHFRC), in order to find out whether its properties are 
adequate for the proposed concrete track system. The RHFRC contains by-products from mechanical recycling of waste 
tyres (rubber and steel fibres). The study of fibre and rubber interaction and their contribution to mechanical properties 
of the fibre reinforced concrete is presented, as extensive research on positive interaction between industrial and recycled 
steel fibres has not as yet been made. The results show that the RHFRC is an innovative, sustainable and cost-effective 
concrete, which is fully compliant with criteria prescribed in relevant standards.
Keywords: fibre reinforced concrete, industrial steel fibres, recycled steel fibres, mechanical properties, recycled rubber, 
waste tyre.
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Introduction

Until recently, Croatian investments mostly focused on 
the construction of one segment of transport infrastruc-
ture – motorways. After becoming the EU candidate, 
Croatia became more oriented towards sustainable de-
velopment and soon it became clear that “green” trans-
port alternatives must be strengthened. In the oncoming 
period, Croatia plans to build a high speed railway line, 
which will connect central Croatia and its capital with 
coastal regions of the country. According to the design 
documentation, the track system will be based on ballast-
less concrete solutions.

During realization of the project “Concrete track 
system – ECOTRACK”, researchers from the Universi-
ty of Zagreb studied a new material, i.e. the rubberized 
hybrid fibre reinforced concrete (RHFRC), which could 
prove suitable for the proposed track system (Fig. 1). 

As the material most commonly used in the con-
struction of balastless concrete track systems, ordinary 

concrete presents many disadvantages such as the low 
energy absorption capacity, poor post-cracking behaviour, 
and therefore inadequate durability (Fig. 2). In this paper, 
fibre reinforced concrete with by-products from mechan-

Fig. 1. ECOTRACK – concrete track system based  
on innovative, environmentally friendly materials
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ical recycling of waste tyres (rubber and steel fibres), 
is studied in order to obtain an adequate alternative to 
ordinary concrete. 

Steel fibres are often used as crack arrestors and 
contributors to strength, deformability and toughness 
of composites. By reducing crack openings, improving 
ductility, energy absorption and post-cracking strength 
of composites, steel fibres are rightly considered as an 
optimum solution. The aim of this study is to determine 
a positive synergy between industrial and recycled steel 
fibres. Additionally, rubber is incorporated to assure en-
hancement of the concrete energy absorption capacity. 

The waste management protocol for the oncoming 
period is clearly defined in numerous EU Directives, and 
so the research in this field has become attractive from 
both economic and environmental standpoints. Starting 
from 2006, any kind of waste tyre disposal is forbidden 
(Council of the European Union 1999) and, at the same 
time, 6 200 waste tyres are reused with each kilometre 
of railway built using the studied material, which has 
brought about extensive improvements in the sphere of 
waste tyre management. On the other hand, an extremely 
high price of industrially processed steel fibres (approxi-
mately 1500 €/t) has resulted in the rise of price per each 
m3 of concrete, which further justifies this research, espe-
cially if the price of recycled fibres is taken into account 
(approximately 150 €/t). 

1. Application of recycled steel fibres  
in concrete technology

Several processes can be used to recover recycled steel 
fibres from waste tyres: the shredding and cryogenic pro-
cess for mechanical recovery, or the pyrolysis and mi-
crowave induced pyrolysis for recovery utilising thermal 
degradation (Pilakoutas et al. 2004). Previous research in 
this field mainly consisted in the study of fibre reinforced 
concrete properties and focused exclusively on recycled 
steel fibres, and comparison with steel fibre reinforced 
concrete containing industrial steel fibres (Achilleos 
et al. 2011; Aiello et al. 2009; Graeff et al. 2009; Ne-

ocleous et al. 2006; Tlemat et al. 2004). Recent stud-
ies (Graeff et al. 2012) on fatigue resistance of concrete 
pavements reinforced with recycled steel fibres suggests 
that for enhanced fatigue performance a combination of 
recycled and industrially produced fibres would be ideal. 
Possible synergy of recycled and industrial steel fibres 
has until now been briefly investigated in few papers 
only (Angelakopoulos et al. 2011; Bjegovic et al. 2012a, 
b, c; Krolo et al. 2012).

Steel fibres obtained by shredding during the recy-
cling process are irregular in shape and dimensions, and 
so their ability to provide for an effective stress transfer 
was considered questionable. Despite irregular undula-
tions it was demonstrated that steel fibres obtained during 
the shredding process give an effective mechanical con-
tribution to the bond performance (Aiello et al. 2009), 
and that their strength is best utilized when the used 
length ranges between 20 to 50 mm (Pilakoutas et al. 
2004). To obtain an optimum length, and to reduce inten-
sive labour during manual incorporation of recycled steel 
fibres into the mixture, an appropriate sorting treatment 
has been developed (Neocleous et al. 2011). The inves-
tigation of fibre reinforced concrete with recycled steel 
fibres implies that it has similar structural performance as 
the one prepared with industrially produced steel fibres, 
i.e. that it has an adequate energy absorption and good re-
sidual strength after cracking (Aiello et al. 2009). If more 
recycled steel fibres are added to the mixture, the post-
peak flexural behaviour is similar to that of the ordinary 
fibre reinforced concrete (mixture with 2% industrial 
and 6% recycled steel fibres by weight are comparable) 
(Achilleos et al. 2011; Neocleous et al. 2011). 

Parallel investigations were conducted to confirm 
positive synergy between steel fibres and rubber parti-
cles. According to the Turatsinze et al. (2005), the strain 
capacity before macrocracking localization is improved 
by rubber aggregate substitution. It was demonstrated 
that the presence of rubber particles in the mixture does 
not affect the ability of industrial steel fibres to transfer 
stress, i.e. that the post-peak behaviour improves with an 
increase in the amount of industrial steel fibres. In their 
research, Turatsinze et al. (2006) imply that as a low 
modulus aggregate, rubber particles act as crack arrest-
ers while steel fibres present a crack control mechanism, 
which is an indication of positive synergy between rub-
ber particles and industrial steel fibres. It was therefore 
concluded that the efficiency of industrially produced 
steel fibres does not change even when cementitious ma-
terials are rubberized (Nguyen et al. 2010). 

Meanwhile, Papakonstantinou and Tobolski (2006) 
conducted research on possible use of steel beads in con-
crete as an alternative to the steel fibre reinforced con-
crete. Steel beads usually contain 30% of recycled steel 
fibres and 70% of rubber particles. Relevant research 
results show that with the use of 2% of steel beads per 
volume, the compressive strength reduces by 2%, while 
at the same time the ductility increases by 20%. Possi-

Fig. 2. Problems encountered during use of the concrete 
ballastless track System
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ble disadvantage of the steel beads use in concrete is 
the interlocking problem which causes significant local 
worsening of concrete properties in localized high steel 
and rubber areas.

After proper analysis of the above mentioned re-
search results, it was established that an extensive re-
search is needed about positive interaction between 
industrial and recycled steel fibres. Based on previous 
results, the authors have concluded that an economically 
viable hybrid fibre reinforced concrete can be prepared 
by joint use of industrial and recycled steel fibres. Since 
positive synergy of industrially produced steel fibres and 
rubber particles has already been demonstrated, the study 
was extended to determine positive synergy between the 
hybrid fibre reinforced concrete and rubber particles in 
order to evaluate rubber contribution to the properties 
of the rubberized hybrid fibre reinforced concrete (RH-
FRC). 

2. Experimental work
2.1. Materials and mix proportions
Experimental work presented in this paper was con-
ducted during the project “Concrete track systems – 
ECOTRACK”. After analysis of problems that were 
registered in the previously constructed concrete track 
systems, researchers from the University of Zagreb de-
veloped an innovative low cost material to be used for the 
above mentioned purpose. In the course of investigations, 
more than 1000 concrete specimens were cast and pre-
pared in keeping with mix proportions given in Table 1. 
Only a part of the research is presented in this paper.

The main aim of the research was to prepare the 
hybrid fibre reinforced concrete through investigation of 
interaction between industrial and recycled steel fibres 
with or without incorporation of rubber particles in the 
amount of 5% of the total volume of aggregate. Three 
different fibre ratios (100IOR, 50I50R, 0I100R; abbrevi-
ation: 100I0R = 100% industrial fibre and 0% recycled 
fibre in the total fibre content) were selected and their 
influence on concrete properties was examined. The fi-
bre content was kept constant, 30 kg per m3, in order 
to examine the influence of fibre synergy, and to reduce 
“the balling effect” which is especially pronounced when 
recycled fibres are used in the mixture. 

Mixtures were prepared with CEM II/BM SV 
42.5 N, combination of four fraction (0–4, 4–8, 8–16, 
16–32 mm) crushed and alluvial aggregate, addition of 
silica fume and superplasticizer (polycarboxylic ether 
hyperplasticiser). A Croatian company for mechanical 
recycling of waste tyres supplied by-products needed in 
the investigation: rubber particles (0.5–2 mm) and steel 
fibres (irregular shape and dimension). Information on 
geometrical variability of the recycled steel fibres (in 
terms of length) is presented in the histogram (Figs 3 
and 4b). Diameter amounts 0.18±0.029 mm. Due to the 
relatively short length of the recycled fibres used in this 
study (majority have length less than 15 mm) it is ex-
pected that they cannot be as effective as recycled fibres 
with longer lengths. Industrial fibres, 35 mm long with 
0.55 mm diameter and bent ends, were used as reference 
(Fig. 4 a). 

Table 1. Mixture composition

Mixture Cement 
(kg)

Water 
(l)

Aggregate 
(kg)

Superpla-
sticizer (kg)

Silica fume 
(kg)

Industrial 
fibres (kg)

Recycled 
fibres (kg)

Rubber 
(kg)

100I0R 420 170 1743 2.31 21 30 0 0
50I50R 420 170 1743 2.31 21 15 15 0
0I100R 420 170 1743 2.31 21 0 30 0

100I0RG 420 170 1656 2.31 21 30 0 18.90
50I50RG 420 170 1656 2.31 21 15 15 18.90
0I100RG 420 170 1656 2.31 21 0 30 18.90

Abbreviation: I = industrial fibres; R = recycled fibres; G = rubber granulates

Fig. 3. Information on the geometrical variability  
of the recycled steel fibres (in terms of length)

0

10

20

30

40

50

60

70

2.11 4.76 7.41 10.06 12.70 15.35 18.00 20.65

Lenght (mm)

F
re

qu
en

cy

Fig. 4. Industrial steel fibres (a); Recycled steel fibres (b)

a) b)

S52 D. Bjegovic et al. Positive interaction of industrial and recycled steel fibres in fibre reinforced concrete



When used in cementitious composites, rubber is 
usually pre-treated so that a good quality bond at the rub-
ber/cement paste interface can be achieved. According to 
literature data (Segre, Joekes 2000; Marques et al. 2004; 
Segre et al. 2002), different rubber pre-treatments are 
available, but the one most often applied is immersion 
in the saturated sodium hydroxide solution. Meanwhile, 
due to a high amount of alkaline in concrete during the 
exposure period, the presence of sodium hydroxide could 
be the determinant factor for the composite’s durability 
(Marques et al. 2008). The research previously conduct-
ed by the authors (Bjegovic et al. 2011, 2010; Lakusic 
et al. 2011) implies that the concrete durability can be 
increased if the sodium hydroxide is replaced with cal-
cium hydroxide. 

During the investigation, the rubber particles were 
initially pre-treated in the saturated calcium hydroxide 
solution, then rinsed in potable water, and added to the 
mixture (Fig. 5) (Lakušić et al. 2012). A detailed research 
on the influence of calcium hydroxide is now under way.

2.2. Test methods
Three specimens were prepared for each mixture for each 
test. They were demoulded after 24 h, and then cured. 
The testing of concrete properties in fresh and hardened 
state was performed according to appropriate procedures 
(Table 2), including testing of toughness and impact re-
sistance.

Table 2. Testing and appropriate procedures

Test method
Density (EN 12350-6:2009)
Air content (EN 12350-7:2009) 
Slump test (EN 12350-2:2009)
Compressive strength (EN 12390-3:2009) 
Modulus of elasticity (HR U.M1.025)

Evaluation of flexural toughness
Evaluation of flexural toughness was performed using 
the following procedures: ASTM C1018, ASTM 1609, 
and RILEM TC 162-TDF (American Society for Testing 
and Materials 1998, 2008; RILEM TC 162 – TDF 2002). 
The above mentioned standards were used to gain better 

understanding of the composite’s ability to withstand cer-
tain loads and deformations without degradation. Tough-
ness is a measure of the energy absorption capacity of a 
material, and it is used to characterize ability of materials 
to resist fracture when subjected to static strain or dy-
namic or impact load (ACI Committee 544 2009). 

Although each of the standards is related to specified 
conditions and geometry, toughness parameters are used 
in this paper for quantitative comparison only. Toughness 
parameter values obtained from different standards are 
used to compare performance of various fibre reinforced 
concrete types, differing from one another by the quanti-
ty of recycled steel fibres and/or rubber granulates. 

The flexural performance was evaluated using the 
three-point load test over the 50 cm span, on prismatic 
specimens (15×15×55 cm), with 6 cm notch (Karihaloo 
1995). The bending test was performed using the elec-
tro-mechanical testing machine Zwick Z600E with the 
vertical displacement control. Rate of increase of net de-
flection was 0.05 mm/min up to L/600 of net deflection 
and 0.15 mm/min after that. The force was measured 
using the 50 kN load cell, class 0.5. To enable the three-
point loading of specimens without eccentricity or torque, 
fixtures with the supporting roller were used, which en-
abled rotation without any restraints. Two LVDT-sensors 
(HBM WA 10, class 0.5) were mounted on each side of 
the specimen to measure vertical deflection. The test set-
up is presented in Fig. 6.

The standard method according to ASTM C1018 was 
used to determine toughness indices (I5, I10, I20). These 
indices were calculated by dividing the area under load – 
deflection curve up to the prescribed deflection – with the 
area under the load – deflection curve up to the first crack 
deflection. The behaviour of the material up to the select-
ed deflection was described based on the toughness index 
values. Residual strength factors were determined from 

Fig. 5. Pre-treatment of rubber particles in the saturated 
calcium hydroxide solution

Fig. 6. Test setup for the three point bending test
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the toughness indices. Residual strength factors (R5,10, 
R10,20) represent the level of strength retained, by express-
ing the average post-crack load over a specific deflection 
interval as a percentage of the load at first crack. 

The flexural toughness can be evaluated using the 
ASTM C1609 standard in which main toughness parame-
ters are based on load – deflection curve recorded during 
the static flexural testing. The following typical points 
can be seen at the diagram: the first peak load and re-
sidual load correspond to specified deflections (L/ and 
L/150). The first-peak strength, fp is used to characterize 
flexural behaviour of the fibre reinforced concrete until 
appearance of first cracks, while residual strengths are 
used to describe the residual capacity of concrete after 
cracking, fL/600 and fL/150. The toughness, TL/150 is pre-
sented as a measure of energy absorption of tested spec-
imens, and can be determined as the total area under the 
load-deflection curve.

The tensile behaviour of the fibre reinforced con-
crete can even be determined according to the RILEM 
recommendation TC 162-TDF. Its tensile behaviour 
is evaluated in terms of area under the load-deflection 
curve, or by the load bearing capacity at a particular de-
flection. The load at the limit of proportionality, fct,L and 
the equivalent strengths, feq,1 and feq,3 are determined 
from the load-deflection curves at certain deflections. 
The energy absorption capacity is made of two parts: 
for plain concrete and from the influence of steel fibres. 
Accordingly, the energy absorption capacity was deter-
mined up to the following deflections: δL+0.65 mm and 
δL+2.65 mm, where δL is deflection of the limit of pro-
portionality. 

ASTM 1018 suffered from a number of drawbacks 
such as accurate measurement of first part of load vs. de-
flection curve, influence of determining of the first crack 
point to calculated toughness parameters, specimen size, 
insensibility of toughness indices to fibre type and vol-
ume (Chen et al. 1995; Gopalaratnam et al. 1991). As a 
result of these problems, ASTM C1018 was withdrawn 
in 2006 and replaced by ASTM C1609. The new stan-
dard represents an improvement but there are still some 
problems when it is applied to materials exhibiting de-
flection-hardening behaviour (Kim et al. 2008; Skazlić, 
Bjegović 2009). 

Barr and Lee (2003a, b) conducted a round robin 
test programme on the beam bending test recommended 
by RILEM TC 162-TDF. They found the recommended 
test is a good and robust testing system, although some 
minor inter-lab variations do occur. It was also conclud-
ed that toughness can be evaluated either from P-δ or 
P-CMOD curves and that relationship between these 
curves needs to be established for any given geometry.

3. Evaluation of impact resistance  
or dynamic strength

An improved impact resistance (dynamic energy absorp-
tion and strength) is an important attribute of FRC. The 
impact strength is described as the number of blows in 

a “repeated impact” test that is needed to achieve the 
prescribed level of distress (ACI Committee 544 2009). 
The instrumented drop-weight type impact test was per-
formed during evaluation of the HRFC impact strength. 
The testing was performed using the gravity drop ham-
mer guided by two columns (Fig. 7). 

The weight of the hammer (50 kg) and the drop 
height (10 cm) provide impact velocities and energy ca-
pacities for the test. The load of the falling hammer is 
transferred onto the specimen (7×7×7 cm) placed on the 
force transducer (500 kN load cell, type HBM, C6A). 
The force transducer is connected to the AD converter 
(National Instruments CompactDAQ) and a computer, 
which ensures a high speed acquisition of force signal 
over time (sampling frequency 50 MHz).

Specific impact energy increases with specimen size, 
particularly for high strength concrete (Mindess, Ried-
er 1999). Choosing relatively small specimens authors 
wanted to determine characteristic impact resistance of 
tested mixtures with reasonable number of blows, al-
though these results won’t be comparable to results of 
test performed on larger specimens.

4. Results and discussion 

The analysis of earlier studies reveals that extensive re-
search is needed on possible interaction between indus-
trial and recycled fibres. Additionally, rubber is incor-
porated to assure enhancement of the concrete energy 
absorption capacity. Possible synergy of industrial and 
recycled steel fibres could result in significant economic 
savings, and also in considerable environmental benefits, 
without influencing concrete properties, which is why 
this material can rightly be characterized as extremely 
viable.

Fig. 7. Layout of the instrumented drop weight system
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4.1. Properties of concrete in fresh state
Benazzouk et al. (2006) and Khaloo et al. (2008) indi-
cate that rubber particles have the capability to entrap 
air, due to their rough surface and non-polar nature. The 
presence of 5% of rubber particles in the total volume 
of the aggregate did not cause considerable changes in 
concrete microstructure (Table 3). Small amount of en-
trapped air obtained in composites with rubber particles 
is due to better filling of empty pores at the rubber/ce-
ment interface, because of the presence of silica fume in 
the composite.

Table 3. Properties of concrete in fresh state

Mixture Density (kg/m3) Porosity (%) Slump (mm)
100I0R 2.4756 2.30 50
50I50R 2.4550 2.30 55
0I100R 2.4894 2.30 60

100I0RG 2.4331 1.50 120
50I50RG 2.4169 2.00 70
0I100RG 2.4475 2.30 45

Guneyisi et al. (2004) indicate that 5% of rubber 
particles in the total volume of aggregate can be consid-
ered negligible in terms of concrete workability. On the 
contrary, the presence of steel fibres is associated with 
the decrease in concrete workability due to fibre tenden-
cy to interlock during the mixing process, which is also 
known as the “balling” effect (Neocleous et al. 2011). 

The authors believe that the decrease in workability 
obtained in this research is due to restrained conditions 
during concreting. Namely, due to the restricted condi-
tions in the laboratory at the Faculty of Civil Engineering 
of the University of Zagreb, the specimens were prepared 
in a precast concrete plant. The coarseness of the pre-
cast concrete plant technology was minimised by manual 
placement of all components into the mixer. The aggre-
gate was taken from the silo and kept in the closed space 
to obtain saturated surface dry conditions. During con-
creting, the quantity of all components was kept constant 
without correction of water to retain constant consistency 
class. It is therefore considered that the obtained differ-
ences in consistency class are due to aggregate humidity 
rather than to the incorporation of rubber and/or steel 
fibres (Table 3). Differences in consistency class were 
taken into account in subsequent analysis.

Low density of rubber significantly influences the 
concrete density in fresh and hardened state, which is 
dependent on the total quantity of rubber incorporated in 
the mixture. The quantity of rubber particles used during 
this research was too small to cause changes in the fresh 
concrete unit weight (Table 3).

4.2. Compressive strength
The concrete used for construction of special structures, 
such as high speed railways, has to meet several criteria 
in order to be able to achieve adequate mechanical and 

durability performance. According to the relevant stand-
ard, the minimum compressive strength class of concrete 
should be C45/55. 

The influence of each component is analysed tak-
ing into account differences in consistency class (Ta-
ble 3). The incorporation of rubber particles (5% by to-
tal volume of aggregate) was not a restraining factor in 
achievement of an adequate compressive strengths class 
(Fig. 8). Consequently, even though the rubber/cement 
paste interface is of inadequate quality due to paucity of 
the interface, its influence on the concrete microstructure 
can be considered negligible. Rubber composites exhibit 
an average decrease of 15% of the compressive strength, 
when compared to the ordinary fibre reinforced concrete. 

Recycled steel fibres did not cause variations in 
compressive strength. Current differences between com-
posites with different fibre ratios were the consequence 
of consistency class.

4.3. Modulus of elasticity
Khorami et al. 2007 point to the differences between rub-
ber particles and natural aggregate, with regard to modu-
lus of elasticity; modulus of elasticity of rubber is 25 
to 25000 times lower when compared to that of natural 
aggregate. Rubber can therefore withstand large defor-
mations, as it acts like a spring inside the composite and 
delays crack widening, as well as catastrophic failures 
(Aules 2011). 

Turatsinze et al. (2006) imply that rubber contrib-
utes to stress transfer when an external load is applied to 
the composite. The described behaviour is dependent on 
the quantity of rubber in the composite, and cannot be 
correlated with the presence of steel fibres (Nguyen et al. 
2010) (Fig. 9). A high modulus of elasticity of steel fibres 
has no influence on the composite’s modulus of elastic-
ity due to fibre minor contribution in terms of volume 
(Domagała 2011). 

Accordingly, regardless of the kind of steel fibres 
present in the composite, if the total volume is kept con-

Fig. 8. Mean compressive strength for mixtures  
with or without rubber particles
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stant, there will be no significant change in the modulus 
of elasticity. Due to the incorporation of rubber particles, 
an average decrease amounts to 9%.

5. Toughness

Rubber particles exert a positive influence on the tough-
ness of the composite, because they have a great capacity 
to absorb dynamic loads and resist crack propagation, 
especially if compared to ordinary concrete (Li et al. 
2004). The examination of load – deflection curves con-
firms higher toughness of rubberized composites, which 
allows for greater deformation without disintegration 
(Jingfu et al. 2008). A similar behaviour has been noted 
in fibre reinforced composites, where steel fibres hold the 
micro cracking mechanism and limit crack propagation, 
and so toughness and ductility are improved (Papakon-
stantinou, Tobolski 2006). The study of positive synergy 
between industrial steel fibres and rubber particles shows 
that the ability of fibres to transfer stress across the crack 
is not affected if rubber is present. The interaction be-
tween them shows that rubber aggregates act as crack 
arresters while fibres are conferring crack control mecha-
nisms (Turatsinze et al. 2005, 2006).

No research has so far been performed on the in-
teraction between industrial and recycled steel fibres 
during the post-cracking period. The tensile behaviour 
of the rubberized hybrid fibre reinforced concrete was 
evaluated according to the load bearing capacity at a par-
ticular level of deflection (Fig. 10). The used recycled 
fibre type did not affect much the peak flexural strength 
of the composite. Design parameters ffct, feq2 and feq3 
defined by RILEM TC 162-TDF were calculated. To pro-
vide quantitative comparison, the flexural behaviour was 
also evaluated according to the ASTM C1609 and ASTM 
C1018 standard methods (Table 4, Figs 11 and 12).

Since, it was determined that a higher quantity of re-
cycled steel fibres in the composite causes some decrease 
of the composite’s toughness compared to the ordinary 
fibre reinforced concrete, and additional optimisation was 
made by incorporating rubber particles in the amount of 
5% of the total volume of the aggregate.

The results point to the positive synergy between 
the fibre reinforced concrete and rubber granulates. It 
can be observed that although mixtures without rubber 
usually have higher flexural strength at first crack, the 
rubberized concrete exhibits a higher energy absorption 
capacity during the post-cracking period, and hence high-
er values of residual strength. The rubberized fibre rein-
forced concrete has on an average 16% higher flexural 
strength at final deflection of 3.00 mm, compared to mix-
tures without rubber particles (Figs 11 and 12).

Fig. 9. Mean modulus of elasticity for mixtures  
with or without rubber particles
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Table 4. Evaluation of tensile flexural behaviour 

Mixture

RILEM TC 162-TDF ASTM C1609 ASTM C1018

ffct,L feq,2 feq,3 fp fL/600 fL/150 TL/150 I5 I10 I20 R5,10 R10,20

(N/mm2) (N/mm2) (Nm)
100I0R 6.47 4.15 3.91 6.52 4.75 2.13 20.10 3.72 6.46 12.03 54.7 55.7
50I50R 6.53 3.63 2.96 7.05 3.60 1.55 15.63 3.41 5.65 9.72 44.8 40.7
0I100R 5.74 2.62 1.92 6.07 2.34 1.00 10.56 3.36 5.38 8.67 40.4 32.8

100I0RG 5.75 4.40 4.06 6.06 4.76 2.39 20.79 3.65 6.54 12.38 57.7 58.4
50I50RG 5.85 3.69 3.39 6.35 3.86 2.35 17.96 3.37 5.78 10.41 48.2 46.2
0I100RG 5.28 2.46 1.85 5.48 2.23 1.04 10.19 3.37 5.5 8.87 42.5 33.7

Fig. 10. 28 day splitting tension load – deflection curves
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6. Impact resistance

The impact resistance of RHFRC was tested using the 
instrumented drop weight impact resistance test. Test re-
sults are reported as specific energy consumed for the 
initiation of first cracks per unit volume. Dynamic force 
records over time for the specimen 100I0R (35 drops) 
are shown in Fig. 13. 

The record of force over time is obtained at each 
“repeated impact”, together with visual inspection, in or-
der to detect initiation of cracks on the specimen surface. 
First or initial crack (Ni) on specimen surface usually 
occurs after approximately 10 to 20 blows. Further load-
ing was continued until the complete breakdown of the 
specimen. The recorded number of blows which caused 
breakdown (Nu) is expressed as the ultimate impact 
strength of the specimen. 

The complete breakdown of the specimen occurs 
when crack has propagated throughout the cross section, 
or at actual full fracture of the specimen. Test results are 
reported as specific energy consumed for the initiation of 
the first cracks per unit volume.

The analysis of the results shows that the concrete 
energy absorption capacity decreases with incorporation 
of recycled steel fibres and their higher ratio to industrial 
ones in mixtures without rubber particles (Fig. 14). In 
order to improve lower impact resistance of FRC with 
recycled steel fibres, rubber particles have been incorpo-
rated in the mixture. Their high capability to absorb en-
ergy assures improvement of concrete impact resistance, 

Fig. 11. Design parameters ffct, feq2 and feq3 defined by RILEM TC 162-TDF

Fig. 12. Design parameters fp, fL/600, fL/150 and TL/150 defined by ASTM C1609
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Fig. 14. Specific energy consumed for the initiation  
of first cracks per unit volume
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especially in mixtures with recycled fibres. For example, 
by comparing mixtures 50I50R and 50I50RG it can be 
observed that the capacity to absorb impact energy is 
10% higher in case of mixtures with rubber.

Conclusions

The research presented in this paper focuses on positive 
interaction of industrial and recycled steel fibres with 
rubber particles to be used in construction of high speed 
railways. According to previous experience, it is obvious 
that the normally applied concrete presents many disad-
vantages when used for the above mentioned purpose. 
The presence of dynamic load calls for the use of con-
crete capable of absorbing significant energy, in order to 
prolong service life of the structure. The high strength 
fibre reinforced concrete is investigated because of its 
capability to control crack opening and, consequently, to 
achieve adequate durability.

High price of industrially produced steel fibres (ap-
proximately 1.500 €/ton) is one of the reasons why this 
composite is not usually applied. Since any kind of waste 
tyres disposal is forbidden since 2006, by-products from 
their recycling process (rubber, steel and textile fibres) 
are investigated as replacement for the normally used 
concrete components. During this research, a positive 
interaction between industrial and recycled steel fibres 
was investigated. 

By analysing mechanical properties of the RHFRC, 
positive interaction between industrial and recycled steel 
fibres can be confirmed when compared to the mixtures 
incorporating recycled fibres only. A low elastic modulus 
of rubber particles causes a decrease in elastic modulus 
of the composite, and a slight decrease in compressive 
strength. The interaction between industrial and recycled 
steel fibres has no influence on the compressive strength 
or elastic modulus of concrete. Accordingly, recycled 
steel fibres have great potential when interacting with 
industrial steel fibres. Their irregular shape and dimen-
sions result in lower toughness and impact resistance of 
the composite, but the enhancement of ductility, impact 
resistance and post-cracking behaviour can be assured if 
a small quantity of rubber particles is added. Taking into 
account the fact that recycled steel fibres are 10 times 
cheaper than the industrially produced ones, the price per 
m3 of concrete can be reduced by 20 to 50 % if such 
fibres are added to the composite.

More research should be conducted before structur-
al application of RHFRC. This includes investigation of 
durability properties of RHFRC to obtain the full profile 
of the material. Additional investigations are currently 
under way.

Notation
The following symbols are used in this paper:
L = support span 
LVDT = Linear Variable Differential Transformer, induc-
tive displacement transducer

F = applied force;
δ = deflection of the center of beam;
a0 = initial notch length;
I5 = toughness index; the number obtained by dividing 
the area up to a deflection of 3.0 times the first-crack
deflection by the area up to first crack;
I10 = toughness index, the number obtained by dividing 
the area up to a deflection of 5.5 times the first-crack
deflection by the area up to first crack;
I20 = toughness index, the number obtained by dividing 
the area up to a deflection of 10.5 times the first-crack
deflection by the area up to first crack;
R5,10 = residual strength factor; the number obtainedby 
calculating the value of 20 (I10 − I5);
R10,20 = residual strength factor; the number obtained by 
calculating the value of 10 (I20 − I10);
fp = peak strength, the stress value obtained for the peak 
load;
fL/600 = residual strength; the stress value corresponding 
to a net deflection equal to L/600 of the span;
fL/150 = residual strength; the stress value corresponding 
to a net deflection equal to L/150 of the span;
TL/150 = specimen toughness; the energy equivalent to 
the area under the load-deflection curve up to a net de-
flection of L/150 of the span;
feq = equivalent tensile strength;
fct,L = stress at the limit of proportionality;
Ni = first or initial crack on specimen surface; 
Nu = ultimate impact strength of the specimen;
ak,i = specific energy consumed for the initiation of first 
cracks per unit volume.
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