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Abstract:

The use of waste tyres in concrete was suggested to consume recycled tyres on a larger scale due to the
adverse environmental impacts of stockpiled end-of-life tyres. This research provides a comprehensive
analysis of the effect of rubber particle size and replacement percentage on quasi-static and dynamic
properties with a focus on improving the impact resistance of concrete in order to use in concrete road
barriers. Two rubber sizes; tyre shreds (15 mm) and tyre crumbs (2-4 mm) were used in the mixture designs
to investigate the size effect of rubber aggregates on concrete properties. Low replacement levels of 2%
and 4% were considered as itis a less explored area in the current research. The performance of rubberised
concrete road barriers with different replacement percentages and rubber sizes was investigated
numerically. The use of the optimised rubberised concrete mixture according to the obtained experimental
and numerical results on concrete road barriers was examined experimentally using a real-life vehicle barrier
crash test. The rubberised concrete barrier setup outperformed traditional concrete barriers in terms of
damage and vehicle acceleration. In conclusion, rubberised concrete is ideal for impact resistant structures
specifically for road barriers because of its increased energy absorption capacity, reduced crack
propagation, and decreased occupant impact severities.
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1. Introduction

Ensuring safety on the road is of utmost importance. While the automotive industry is constantly improving
vehicle safety, effective road barrier systems are also critical. However, research has shown that colliding
with a road barrier can be more harmful to motorists than colliding with the ground [1], indicating a need for
improved barrier designs. Rubberised concrete, which has shown promise in absorbing additional energy
during impact, has been suggested as a potential material for road barriers. Increasing the rubber content
in concrete can reduce the severity of impact and lower injury risks during crashes. The ability to absorb
kinetic energy is a crucial characteristic of rubberised concrete, making it necessary to investigate its
performance in crash scenarios to determine if this otherwise waste material is suitable for use in barriers.

Physical experimental crash tests are expensive and time-consuming, especially when assessing the
significance of barrier functions with various parameters such as shape, connection design, and concrete
material properties. Therefore, computer simulations of crashes are preferred for early evaluation of safety
barrier designs. A validated crash model can estimate the critical parameters of a specific barrier design
and conduct a parametric study to improve its behavior. Numerical simulations can also extract important
results such as stress-strain histories, internal energies, and reaction forces, which are difficult to obtain in
real crashes, providing a better understanding of physics and creating a more effective design. The LS-
DYNA finite element software is commonly used to evaluate vehicular barrier crashworthiness [2], and in
this research, it was used to evaluate the performances of the vehicle and the barrier for rubberised
concrete. The concrete material model was modified by validating predicted stress-strain curves against
experimental curves before conducting simulations of vehicle-barrier impacts using the modified material
models and comparing them to an experimental crash test.

Despite the usefulness of computational models, a physical test is required before a new barrier design can
be introduced to the market. The MASHO08 [3] standards were used to assess a rubberised concrete barrier
system with sixteen barriers containing 15 mm tyre shreds. Three main criteria, Structural adequacy,
Occupant risk, and Post-impact vehicle trajectory, were used to evaluate the performance of the new barrier
material. Criteria such as barrier performance (deflection and damage) and vehicle performance
(accelerations and velocity) were recorded to determine the system's overall effectiveness.



2. EXPERIMENTAL DESIGN

2.1 Materials

Recycled waste tyre of 15 mm (tyre shreds) was sourced from Tyrecycle in Somerton, Victoria. Tyre shreds
were derived from shredded truck tyres, which had no metal components and contain thread components
from tyre manufacturing. General Purpose Portland Cement was purchased from Cement Australia Pty
Limited and fly ash (Class F) was sourced from Boral Pty Ltd, Australia. Coarse sand which was the original
source was Yannathan, Victoria was obtained from Hanson Australia Pty Ltd in Port Melbourne, Victoria.
Manufactured sand was used to replace 20% of coarse sand by weight and was sourced from Hanson
Australia Pty Ltd in Port Melbourne, Victoria. The original source of manufactured sand was Kilmore,
Victoria. The aggregates with the sizes of 20 and 14 mm Gravel was obtained from Hanson Australia Pty
Ltd in Port Melbourne, Victoria. The 14 mm gravel was uniformly graded while 20 mm was singly graded
which were originally from Kilmore, Victoria. High-range superplasticiser was purchased from Sika Australia
and was used to ensure a workable mixture of concrete during mixing, placement, and curing.

2.2 Material Properties and Mixture Designs
Table 1 lists the properties of materials used in the mixture designs. The rubber particles were found to float
on top of the water while measuring the water absorption. To overcome this problem, rubber particles were

wrapped with a woven fabric and submerged in a water filled bucket followed by a gentle shaking to remove
entrapped air as much as possible.

Table 1. Density and water absorption of natural and rubber aggregates.

Coarse Manufactured 14 mm 20 mm Tyre shreds
sand sand Gravel Gravel (15 mm)
Particle density 2910 2630 2790 2880 1100
(kg/m°)
Water
absorption (%) 0.30 2.50 1.20 0.9 3.02

The high cost associated with recycling increases the material cost of tyre shreds. In tyre recycling, the cost
depends on the stage of recycling. Tyre particles with steel wires will be cheaper than tyre particles without
steel wires. Tyre shreds used in this research did not contain steel wire inside, as they are subjected to a
highly intensive recycling process. Hence, the cost of tyre particles used in the current research was as high
as $600/ton which were purchased from Tyrecycle, Australia [4]. Since tyre particles have a higher cost
than natural aggregates, a higher cost of rubberised concrete mixtures is inevitable. However, the
rubberised concrete mixtures were formulated in a way that the rubberised concrete cost does not increase
the control mixture cost by more than 10%. The tyre replacement level was 4% of the total volume of
concrete for the mixture designs. Tyre shreds which were 15 mm in size were used to replace 14 mm gravel.
Nevertheless, it is worth noting that the cost analysis within the study is completely representative of material
costs taken from the suppliers previously listed and does not consider production costs and other cost
factors.

Table 2 lists the mixture design used in the current research. RC mixture is identified with a code that
indicates the maximum size of the rubber particle followed by the rubber type and the volume of aggregate
replacement percentage. Hence, concrete with 4% replacement of 14 mm gravel with 15 mm tyre shreds is
denoted as 15TS-4.

Table 2. Concrete mixture designs.

Concrete constituents (kg/m3) Control 15TS-4
Ordinary Portland cement 300 300
Fly ash (Class F) 100 100
Manufactured sand (0 — 5 mm) 155 155
Coarse sand (0 — 5 mm) 620 620




14 mm Gravel 560 453

20 mm Gravel 540 540

Tyre shreds (15 mm) - 42
Tyre crumbs (2-4 mm) - -

Water 160 160

High-range superplasticizer 14 1.4

2.3 Sample Preparation

All dry materials were first added into a 50-litre capacity concrete mixer and they were mixed for two minutes
according to AS 1012.2.2014. During the mixing process, 75% of total water was gradually added to the dry
materials. Then, the high-range superplasticiser, which was mixed with the remaining 25% of total water,
was added. Trowels were then used to scrape off the concrete material left stuck in the mixing bowl to
ensure an even consistency of the mixture followed by another two minutes of mixing.

3. Experimental Test Results

3.1 Workability

Workability is important in the evaluation of a fresh concrete mix. Slump tests are the most common method
to measure the consistency and the workability of a concrete mix. A standard size slump cone was used as
specified in AS 1012.3.1:2014 for the slump test, which had dimensions of 300 mm height, 200 mm top
diameter, and 100 mm bottom diameter. The base plate had a size of 900 mm % 900 mm. The cone was
filled with three equal layers of concrete, with each layer tampered with 25 strokes using a steel rod. Any
excess concrete from the third layer (which sticks out of the metal cone) was removed using a trowel. The
slump height was measured as the distance between top level of the cone and the slumped concrete. The
recorded slump was 80 mm for 15TS-4 mixture design which is within the range for the road barrier
requirements for workability.

3.2 Compressive Strength

Compression tests were conducted in accordance with AS 1012.9.2014 with a cylinder size of 100 mm in
diameter and 200 mm in height. 28-day compressive strengths were measured by Blackwoods Readymixed
& Garden Supplies, Warragul. Six cylinders were tested, and the displacement control mode was used for
all of the cylinders. The recorded 14-day and 28-day strength results were 31.5 MPa and 34.3 MPa,
respectively. The rubberised samples were able to keep their shape intact once the peak load was reached.
This shows the bridging quality of cracks in rubberised concrete with tyre particles [5]. The observed rubber
distribution is shown in Figure 1.

(a) Rubber disribution of the tested specimen (b) Crack bridging of tyre shreds

Figure 1. Tested specimen for rubberised concrete.



3.3 Full-scale vehicle-rubberised concrete barrier crash test

3.3.1 Description of the Experimental Crash Test
The test was in compliance with the Test Level 3 (TL-3) of MASHO08. The barrier shape was the Rockingham
Pre-Cast F-shape. The barrier type used in the experiment is presented in Figure 2(a). The barriers were

connected through a steel T-Lok (Figure 2(b)). The vehicle used in the test is a Chevrolet Silverado 1500
Quad Cab (Vehicle type 2270P) and is shown in Figure 3.

(a) Experimental Rockingham precast concrete barrier (b) Top down view of the T-Lok (T and C components together)

Figure 2. Experimental 15TS-4precast barrier.

Figure 3. Frontal view of the crash vehicle for the 15TS-4 barrier system.
The test vehicle impacted the barrier setup with an actual speed of 99 km/h) at an angle of 26.3 degrees.

The crash test setup consisted of sixteen barriers. The impacting point was on segment 6 at 600 mm from
the joint between segments 6 and 7. The layout of the test is shown in Figure 4.

(a) Layout of the experimental test installation top down view



(b) Installation view looking downstream

Figure 4. Experimental setup the 15TS-4 barrier system.

3.3.2 Barrier Displacement

The maximum deflection of the experimental test occurred at joint 6-7, which was 1760 mm. There is a 39%
increase in displacement for 15TS-4 road barriers compared to traditional concrete road barriers. This can
be due to the differences in weather conditions, surface friction and the contact area of the barriers. Mainly,
the test performed by Texas Transportation Institute Proving Ground, Texas in 2009 was performed on a
concrete surface, while the rubberised concrete experimental test was on asphalt. This will make the
frictional forces lower for rubberised concrete increasing the dynamic displacement. The friction coefficients
between ground and vehicle and ground and barriers were utilised as 0.7 and 0.5, respectively for a wet
asphalt surface.

3.3.3 Barrier Damage

Rubberised concrete specimens show reduced damage under impact loading due to the crack bridging
property of rubber particles [6]. This is one of the main advantages of using rubberised concrete in road
barriers to reduce debris on the road after a crash event, as concrete debris is a safety threat to the crash
vehicle as well as to any incoming traffic.

The reduced damage with the use of 15TS-4 rubberised concrete for road barriers is presented in Figure 5.
It compares the damage to the barrier system at the impact point of 6-7 on the traffic lane side and the field
side. It can be seen that the damage to the impacted joint was reduced for the rubberised concrete barrier
system compared to the traditional concrete. Furthermore, there was no damage observed on the field side
for the rubberised concrete, while a large section of concrete was separated from the barrier for the
traditional concrete. These results prove the crack bridging quality of rubberised concrete and the advantage
of using rubberised concrete in road barriers to reduce the occupant risks during a crash event.

(a) Traditional concrete crash test damage (Left) at the traffic lane side (Right) at the field side



(b) 15TS-4 concrete crash test damage (Left) at the traffic lane side (Right) at the field side

Figure 5. Comparison of the barrier damage between control and 15TS-4 concrete barrier systems.
3.34 Test Vehicle Damage

The observed vehicle damage is shown in Figure 6. There was damage to the impact side of the vehicle
starting from the frontal end. The main concerns according to the standards are breaking of the windscreen
and the windows. However, the test vehicle did not demonstrate such damage. assuring the occupant safety
with 15TS-4 rubberised concrete road barriers, and passing this criterion.

(a) Front-end view (b) Rear-end view

Figure 6. Experimental vehicle damage for 15TS-4 road barrier test.

3. Conclusions

The research was able to successfully create a rubberised concrete material with similar costs to a
traditional concrete mixture, while maintaining the necessary strength to be used in concrete barriers. The
performance of rubberised concrete with tyre shreds was validated against an experimental car crash test,
which showed that the rubberised concrete barriers are valid for commercialisation against the MASHO08
standard. The following outcomes were achieved throughout the duration of the research:

A method to mix the rubber tyre crumbs and shreds into a mortar mix.

A rubberised concrete mixture design which achieved the necessary 28-32 MPa strength required for
barrier use.

A successful car crash test using the MASHO08 standard of the rubberised concrete barrier and submission
of the results to VicRoads for the commercialisation of the rubberised concrete barriers.
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