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Abstract: This paper reports on an experimental study of the uniaxial fracture energy of concrete 
reinforced with waste tyre rubber granulates of different size and with waste tyre chips containing 
steel belt wires. The concrete mixture has been prepared to provide a concrete class of C25/30 
according to Eurocode 2 normally used for typical slab-on-ground applications. Three different 
rubbers granulate: 0.4-0.7 mm, 2-3mm and 3-6mm and tyre chips of a size up to 20mm have been 
used. The dosage in the concrete matrix was kept 3.2% by volume. Cubic concrete specimens of 
dimensions 150×150×130 mm, with a 30 mm long and 3 mm wide starter notch cut at the top were 
uniaxially tested with the wedge splitting test method according to Tschegg. The addition of waste 
tyre particles was found to improve the post-crack ductility and fracture energy of plane concrete. 
The most distinctive increase was observed by concretes with waste tyre chips. 
 
 

1 INTRODUCTION 
Addition of steel fibre reinforcement to 

concrete very effectively enhances the 
deficiencies of low tensile strength, crack 
resistance and energy absorption capacity of 
plane concrete. However, the manufacturing 
process of steel fibre reinforcement requires an 
extremely high energy-consuming process. 
The motivation for this research was to find 
energy saving alternatives to steel fibres in 
concrete applications where high crack 
resistance and increased energy absorption 
capacity is needed, such as slabs-on-ground, 
industrial floors, pavements or overlay 
constructions. In recent years the addition of 
waste crumb rubber to concrete has been 
extensively studied. However, the literature 
generally focuses on using the particles as 
replacement for coarse or fine aggregate in 
concrete [1-5]. Research results indicate that 
with the introduction of rubber particles the 
toughness, ductility, plastic deformation, and 

impact resistance of concrete increased 
significantly. 

In this research an experimental study of 
the uniaxial fracture energy of concrete 
reinforced with waste tyre rubber granulates of 
different size and with waste tyre chips 
containing steel belt wires has been carried out 
employing the wedge splitting test method 
according to Tschegg [6, 7]. 

2 EXPERIMENTAL PROGRAM 

2.1 Concrete Specimens 

For experimental work concrete specimens 
of dimensions 150×150×130 mm³ with a 30 
mm long and 3 mm wide starter notch cut at 
the top of the specimen have been employed. 
The rectangular groove on the upper side of 
the cube, needed for the load transmission 
pieces, is achieved by gluing two stone pieces 
thereon (Fig. 1).  
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Figure 1: Concrete specimen for the wedge splitting 

test according to Tschegg [6, 7]. 

Concrete of a class of C25/30 according to 
Eurocode 2 standard has been used with a 
characteristic cylinder compressive strength of 
25 N/mm2. The coarse aggregate in the 
concrete matrix used was river gravel with 
maximum particle size of the fine aggregate 
8mm and of coarse aggregate 16mm. The 
water/cement ratio was 0.6. The mix design 
proportion of the concrete matrix was as 
follows: water 168 kg/m3, cement (type CEM 
II) 280 kg/m3, coarse aggregate 1026 kg/m3, 
fine aggregate 944 kg/m3 and superplasticizer 
18.7 g/m3.  

As fibre reinforcement, waste tyre chips 
and waste tyre rubber granulates of different 
size has been used (Fig. 2). These were 
supplied by one of the major tyre recycling 
company in Austria (Asamer) and originate 
from different types of cars and trucks. 

Tyre chips (Fig. 2d) are the result of the 
secondary shredding process and they contain 
a relatively small quantity of high tensile 
strength (1500-1900 N/mm2) steel belt wires 
and rubber particles of different size. The size 
of the tyre chips used for the specimens of the 
MV5 series was up to 20 mm (Table 1).  

Table 1: Concrete specimens 

Specimen Type of reinforc. Size range 
MV1 -- -- 

MV2 Rubber granulate 
(Fig. 2a) 0.4-0.7 mm 

MV3 Rubber granulate 
(Fig. 2b) 2-3 mm 

MV4 Rubber granulate 
(Fig. 2c) 3-6 mm 

MV5 Tyre chip 
(Fig. 2d) up to 20 mm

 

 
Figure 2: Waste tyre rubber granulates and chips 

added to the concrete matrix. 

The rubber granulates (Fig. 2a, b, and c) are 
the result of the separation process of rubber 
and steel wires after the secondary shredding 
process. Three different granulate size range 
have been used for the specimens MV2, MV3 
and MV4 (Table 1). 

The dosage of chips and rubber granulates 
in the concrete matrix was 3.2% by volume. 

2.2 The Wedge Splitting Test Method 
In the research the uniaxial fracture 

toughness of the concrete specimens have been 
determined with the widely adopted wedge 
splitting test method (WST), originally 
developed by Tschegg [6, 7]. It is a very stable 
fracture mechanics test capable to determine 
accurately the load displacement diagram of 
the test specimens beyond the maximum load. 
The major advantages of the WST are that the 
specimens are small and compact, the method 
does not require any sophisticated test 
equipment; it stores little elastic energy during 
testing and is well suited for inverse analysis. 
The WST method was comprehensively 
investigated by many scientists and it has been 
proved reliable for fracture testing of ordinary 
concrete at early age and later for lightweight 
concrete and for concrete reinforced with steel 
and synthetic fibres.  
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Figure 3: Principle of the wedge splitting test 

according to Tschegg [6, 7]. 

Figure 3 shows the setup of the WST 
method for uniaxial loading of a cubic 
specimen. The specimen is provided with a 
rectangular groove and a starter notch at the 
top (Figure 3a). The specimen is than 
positioned on a narrow linear support and the 
two load transmission pieces and a slender 
wedge are inserted in the groove. (Figure 3b 
and c) The load FM produced by the testing 
machine is transferred by the load transmission 
pieces from the wedge into the specimen, 
which leads to the splitting of the specimen. 
The friction between the wedge and load 
transmission pieces (equipped with ball 
bearings) is negligibly small (<1%). The 
vertical force FM, of the testing machine is 
converted to a large horizontal force FH and 
into small vertical force FV that does not 
disturb the propagation of the crack. The 
splitting force FH breaks the specimen in mode 
I. The crack mouth opening displacement 
(CMOD) is determined at the height of the 
load application line on both sides by 
electronic displacement transducers. The two 
electronic displacement transducers are used  

 

Figure 4: Wedge splitting testing machine. 

on the one hand to obtain the average of the 
load displacement and on the other hand serve 
as crack behaviour detectors. If the crack runs 
obliquely to the notch, the specimen is 
eliminated. 

The tests were carried out with a 
mechanical testing machine from Schenck 
RSA with a load capacity of 100 kN and a 
rigidity of 8×10-3 mm/kN (Fig. 4). The cross-
head speed was kept constant with 0.5 
mm/min for all tests. This loading rate 
corresponds roughly to the RILEM 
recommendation (TC-50 FMC 1985) [8]. The 
tests were carried out at a temperature of 21°C 
and a relative humidity of around 50%. The 
measured data were recorded by means of a 
state-of-the-art data acquisition system. First 
the load-displacement curves were determined 
and then from these the notch tensile strength 
and the fracture energy (crack resistance) were 
obtained. The displacement in the load-
displacement curve represents the average 
value of the two displacement transducers. 

From the load-CMOD curves the fracture 
energy absorbed by the specimens during the 
crack propagation until the separation of the 
fracture surfaces has been calculated.  
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3 RESULTS 

3.1 Specimen's Notch Tensile Strength 
The peak value of the load-displacement 

curve is defined as the notch tensile strength. 
The mean value and the standard deviation of 
the notch tensile strength of the specimens are 
given in the Figure 5. With addition of rubber 
granulates to concrete the notch tensile 
strength of the concrete decreases. For the 
specimens with low size rubber granulate 
(specimens MV2 and MV3) the decrease is up 
to 15% whereas for the specimens with higher 
size rubber granulate and tyre chips 
(specimens MV4 and MV5) the decrease is 
about 10%  
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Figure 5: Mean value of the notch tensile strength of 

the specimens. 

3.2 Specimen's Fracture Energy 

The fracture energy Gf [N/m] is defined as 
the post-crack energy absorption ability of the 
material and it represents the fracture energy 
that the structure will absorb during failure. It 
was calculated as the area under the splitting 
force-displacement curve until the complete 
separation of the fracture surfaces. The 
fracture energy for each series of the test 
specimens is given in Figure 6.  

The results shows that the presence of tyre 
chips (specimens MV5) and rubber granulates 
of larger size (specimens MV4) enhances the 
fracture energy of the plane concrete The most 
distinctive increase in fracture energy of 
specimens compared to unreinforced concrete 
specimens was observed by addition of tyre 
chips, i.e., up to 140% (specimens MV5).  
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Figure 6: Mean value of the fracture energy of the 

specimens. 

By the MV4 series the addition of rubber 
granulate to concrete resulted in a 30% 
enhancement of the fracture energy of the 
plane concrete. By other two series MV2 and 
MV3 there was no enhancement observed.  

The significant enhancement of the fracture 
energy of tyre chip reinforced concrete 
specimens is believed to be the result of the 
presence of the steel wires with combination 
of the rubber particles of different size. 

In such a way the cracking process during 
different stages of loading could be affected. 
Rubber particles of smaller size can bridge the 
microcracks efficiently, which develop in the 
first phases of the tensile loading and the 
particles of larger size and steel wires can be 
activated as bridging mechanisms at larger 
cracks. 

4 CONCLUSIONS 
In this research an experimental study of 

the uniaxial fracture energy of concrete 
reinforced with waste tyre rubber granulates of 
different size and with waste tyre chips 
containing steel belt wires has been carried 
out. 

It was observed that with addition of rubber 
granulates and tyre chips to concrete the notch 
tensile strength of the concrete decreases about 
10-15%. With the addition of 3.2% tyre chips 
by volume to the concrete a 140% increase of 
the fracture energy compared to plane concrete 
has been achieved. However further research 
is needed with higher dosage of chips and 
rubber granulates in the concrete matrix. 
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