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Abstract—The crumbed pieces of the rubber from worn out
tires are used as an additive with concrete to develop a novel
construction material. The physical, mechanical and durability
tests are conducted on concrete with 0%, 1% and 2% of
crumbed rubber with respect to weight of cement. Concrete
cubes with 2% crumbed rubber show a higher slump value, less
air voids, lower water absorption and higher compressive
strength in comparison with conventional concrete. The
crumbed rubber fills the voids present in the conventional
concrete cubes results in increase in dry density and decrease in
water absorption. The workability and compressive strength of
the concrete increases with the increase in the percentage of
crumbed rubber to 2%. The novel construction material
developed in this research is sustainable and green compared to
conventional concrete as it reduces the release of Carbon
Dioxide (CO2) and fuel consumption based on energy simulation
results from design builder software.

Keywords—crumbed rubber, green concrete, additive,
cementitious material, mechanical strength, durability study

L INTRODUCTION

Concrete is the most widely used construction material.
Manufacturing of cement which is the main component of
concrete is responsible for the emission of 1.7 billion metric
tons of COz [1]. Almost a pound of CO2 is emitted for every
pound of cement manufactured [2]. Concrete is a durable
building material that provides environmental benefits due to
its longevity [3] and at the same time, it is impacting the
environment in two ways: emission of carbon dioxide in
cement making and emission of heat energy as infra-red
radiations from concrete used in building, roads, bridges etc.

The environmental impact can be reduced by partial or
complete replacement of cement in concrete with the eco-
friendly materials. Currently, approximately one billion five
hundred million used and worn-out tires are accumulated
each year that could increase to 5 billion by 2030 [4—7]. The
tires are manufactured from synthetic rubber which are
generally disposed of in landfills, burned or stored which
causes tremendous environmental issues such as land and air
pollution and releases harmful gases [8—11]. The main aim of
this research is to find an alternative method to recycle the
non-biodegradable waste material -rubber from worn out
tires.

II. LITERATURE REVIEW

Synthetic rubber is a thermosetting polymer which has a
cross link formed between polymer chains and once these
chains are broken in melting, they cannot reform. The major
possible recycle option is to create Tire Derived Fuel (TDF).
This recycling method emits chemicals into the air which
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causes more environmental pollution [12]. Several studies are
available to replace part of fine and coarse aggregate with
crumbed and fine rubber. It is found that the crumbed rubber
of size less than Imm used in concrete failed to yield
promising results. At the same time, when crumbed rubber of
size greater than 1mm is used as replacement of aggregate
increases the ductility, damping ratio, energy dissipation,
toughness, and impact resistance but, the modulus of
elasticity, compressive and tensile strength are limited [13—
17]. The rubber particles act as a filler and help to reduce the
water demand of the cement paste, which can increase the
strength of the cement. In addition, it also improves the
durability of cement. Rubber particles can form a network of
air voids in the cement, which can reduce the permeability of
the material and make it more resistant to weathering and
other environmental impacts [14]. Additionally, the rubber
particles can act as a buffer to prevent cracking, which can
reduce the risk of material failure [18—19]. It is found that
adding waste rubber to cement can also improve the
workability of the material. Rubber particles can help to
reduce the viscosity of the cement paste [20]. Bala and Gupta
[21] reported rubber particles act as an insulator which
reduces the heat transmission rate through the cement.

Based on the literature review, worn out tires are used to
make TDF which releases heat and causes environmental
pollution. The crumbed tires are used as replacement of fine
and coarse aggregates. There are no prior studies of using
crumbed rubber as additive with cement. This article uses
different percentage of crumbed rubber as additives with
cement without any chemical treatment. The size of the
crumbed rubber varies from 4.75 mm to Imm and added as
an additive with cement in the ratio of 1% and 2% with
respect to weight of the cement. The physical, mechanical
and durability aspect of the concrete with crumbed rubber is
studied. In addition, energy simulation is carried out to show
the effectiveness of the newly developed crumbed rubber
concrete.

III. METHODOLOGY

The physical, mechanical and durability tests are
conducted on concrete cubes with 0%, 1% and 2% of
crumbed rubber with respect to weight of cement. Energy
simulation is carried out using the design builder software to
check the energy performance of the building constructed
with conventional concrete and concrete with rubber.

A.  Physical Tests

The physical tests are conducted on cement, fine
aggregates and coarse aggregates to ensure the quality of the
materials used in the research. The physical tests conducted
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on the cement are fineness test, initial and final setting time.
The physical tests conducted on fine and coarse aggregates
are sieve analysis, fineness modulus and specific gravity.
Water absorption and abrasion value are determined for
coarse aggregates.

1) Fineness test on cement

The fineness of cement is measured by dry sieving as per
ASTM A370 [22] and ASTM C786-10 [23]. The fineness of
the cement is also measured as specific surface by air
permeability method (Blaine method). Specific surface is
expressed as the total surface area in square centimeter of all
the cement particles in per gram of cement. The fineness of
cement is high with high specific surface.

2) Initial and final setting time of cement

Initial and final setting time of cement is measured from
Vicat apparatus conforming to ASTM C 187 [23].

3) Sieve analysis of fine and coarse aggregate

The particle size distribution of coarse aggregate is
obtained by passing a sample of coarse aggregate weighing
5000g through a set of sieves of size 80 mm, 40 mm, 20 mm,
12.5 mm, 10 mm and 4.75 mm confirming to ASTM C 187
[24]. The particle size distribution of fine aggregate is
obtained from a sample of 1375g through a set of sieves of
size 4.75 mm, 2.36 mm, 1.18 mm, 0.6 mm, 0.3 mm and 0.15
mm. Fineness modulus of fine and coarse aggregate is
calculated from the sum of cumulative percentage of
materials retained in the sieve.

4) Specific gravity and water absorption of coarse
aggregate

Specific gravity and water absorption of coarse aggregates
is determined as per ASTM C 127 [25].

5) Abrasion value of coarse aggregate

c¢) Concrete cubes
Fig. 1. Process involved in casting and testing concrete cubes.
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The abrasion value of coarse aggregate is measured from
Los Angles testing machine as per ASTM C 131-06 [26].

B.  Mechanical Tests on Fresh Concrete

Mechanical tests were conducted on fresh concrete both
with and without crumbed rubber to assess its workability and
air voids using a slump cone and pressure meter.

1) Slump cone test

The workability of the fresh concrete test was conducted
in the laboratory using a slump cone. The slump cone test is
conducted per ASTM C143-78 [27].

2) Pressure meter or air meter

Pressure meter is used to determine the air voids of
normal-weight fresh concrete as per ASTM C231 [28]. The
air content is read at the dial, which is calibrated for each
apparatus.

C. Compressive Strength Test on Hardened Concrete

Crumbed rubber is added with concrete and mortar cubes
as 0%, 1% and 2% with respect to weight of cement. Based
on the literature [29-30], it is found that if the percentage of
crumbed rubber is more than 2%, it reduces the hydration and
adhesion which in turn causes significant reduction in
interfacial bonding. Therefore, the study is restricted up to
2% only. The compressive strength of concrete and mortar
cubes is checked on the 7% day and the 28" day. Three
specimens are cast for each percentage and average value is
calculated.

The size of the concrete cube specimen is 150 mmx150
mmx150 mm. The Compressive strength test on the concrete
cubes is conducted on the 7" and the 28" day as per ASTM
C109 [31]. The steps involved in making and testing the
concrete cubes are shown in Fig. 1.

16l
d) Failed concrete specimen
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D. Durability Tests on Concrete Cubes

The durability of concrete and mortar cubes (with and
without crumbed rubber) are determined from dry density
and water absorption tests.

1) Dry density
The dry density is calculated by measuring the dry weight
of the cubes and volume of the cubes.

2) Water absorption
Water absorption is calculated as per ASTM C 158 [32].

E.  Energy Simulation

A single-story building with window openings of 30% of
gross wall area located in Jeddah, Saudi Arabia is taken into
account to study its environmental performances by changing
the materials used for the construction of the wall as
conventional concrete and concrete with rubber: The
following parameters are studied for both materials: energy
consumption, carbon emissions, comfort conditions (heat
gain through walls) and size of the cooling equipment (design
cooling load) using SBC 601 (2018) [33].

Cooling design calculations are carried out to determine
the capacity of mechanical cooling equipment required to
meet the hottest summer design weather conditions likely to
be encountered at the site location. These design calculations
are traditionally carried out using periodic steady-state
external temperatures calculated using maximum and
minimum design summer weather conditions and includes
solar gains through windows, walls, and roof.

The simulation is based on half-hourly temperature data

and energy flow measurements of the building is based on the
design cooling capacity. The cooling is available throughout
the year and the thermostat cooling temperature is set to 22 °C
[34]. The building is set to generate the simulation without
any occupants.

IV. RESULTS AND DISCUSSIONS

A. Physical Tests Results
1) Fineness of cement

Fineness of cement is calculated for 10g of cement. The
weight of the cement retained in 90-micron sieve is 0.3 g. The
percentage fineness of cement from sieve analysis is found as
3%. As per ASTM C786-10 [22]. The fineness of the cement
should be less than 10%.

The fineness of the cement is also calculated by using air
permeability apparatus and is found to be 3475 cm?g.
Minimum requirement of fineness of cement from ASTM
C204-18e1 [35] should be greater than 2800 cm?/g.

2) Initial and final setting time

The minimum initial setting time of cement is 45 minutes
and the maximum final setting time of cement is 375 minutes
as per ASTM C 403 [36]. From the test results, the initial and
final setting time of the cement is 164 minutes and 233
minutes respectively.

3) Sieve analysis of fine aggregate

Table 1 shows the weight retained, cumulative weight
retained, cumulative percentage retained and percentage
passing of fine aggregates in each sieve.

Table 1. Sieve analysis test results of fine aggregates

Sieve size (mm) Weight retained (g) Cumulative weight retained (g) Cumulative % retained % passing
4.75 9.76 9.76 0.71 99.29
2.36 59.63 69.39 5.04 95
1.18 94.67 164.06 11.93 88.07
0.6 386.14 550.2 40.01 60
0.3 528.36 1078.56 78.44 21.56
0.15 234.82 1313.38 95.51 4.5
Pan 61.62 1375 100 0
Sum 331.63

Fineness modulus of fine aggregate = (Sum of cumulative % retained) / 100 = 331.63/100=3.31.

4) Sieve analysis of coarse aggregate

Table 2 shows the weight retained, cumulative weight

retained, cumulative percentage retained and percentage
passing of coarse aggregates in each sieve.

Table 2. Sieve analysis test results of coarse aggregates

Sieve size (mm) Weight retained (g) Cumulative weight retained (g) Cumulative % retained % passing
80 0 0 0 100
40 0 0 0 100
20 0 0 0 100
12.5 1519 1519 30.39 69.62
10 3444 4963 99.20 0.740
4.75 37 5000 100 0
Pan 0 5000 100 0
Sum 329.65

Fineness modulus of coarse aggregate is found to be 3.3.

5) Specific gravity of fine and coarse aggregate

The specific gravity of fine aggregate and coarse aggregate
used in this study is 2.53 and 2.9.

The specific gravity of the aggregates should be in the
range of 2.5-3.0 as per AASHTO T 85 [37], and the analysis
result of the aggregates used in this research is within the
range.
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6) Water absorption of coarse aggregate

The water absorption of coarse aggregates used in this
research is 5% which shows that the texture of aggregates
used have more roughness and angular shape. The abrasion
value of the coarse aggregates used in this study is 13%.

B.  Mechanical Test Results on Fresh Concrete

Slump value is higher in concrete cubes with 2% crumbed
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rubber than cubes with 0% (conventional cubes) and 1%
crumbed rubber (Fig. 2). It shows there is an increase in
workability of concrete with the addition of crumbed rubber.
Air voids in fresh concrete with and without crumbed
rubber are measured by using an air meter. The result shows
less air voids and anhydrate phases in concrete cubes with
1% and 2% rubber compare to conventional cubes (Fig. 3).
This may be due to filling of voids with crumbed rubber.

C. Compressive Strength Test on Hardened Concrete

Compressive strength of concrete cubes with 2% crumbed
rubber shows an increase of 3.5% compared to conventional
concrete cubes and 9% increase compared to concrete cubes

2% rubber

1% rubber

with 1% crumbed rubber on the 28" day.

On the 7" day the compressive strength of concrete cubes
with 2% crumbed rubber remains same as conventional cubes
and is greater than cubes with 1% crumbed rubber (Fig. 4).
The crumbed rubber particles fill the gaps between the
cement, fine aggregates and coarse aggregates that increases
the compressive strength of the concrete cubes. It is also
found that the cubes with crumbed rubber gain strength with
time.

The average failure load of concrete cubes with and
without crumbed rubber is shown in Fig. 5, the cubes with
2% crumbed rubber has high failure load compared to
conventional cubes and cubes with 1% crumbed rubber.

140 142 144 146 148 150 152 154 156
Slum Value (mm)
Fig. 2. Slump value of fresh concrete with and without crumbed rubber.
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Air Voids (%)
Fig. 3. Air voids of fresh concrete with and without crumbed rubber.
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Fig. 4. Compressive strength of concrete cubes with and without crumbed rubber.
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Fig. 5. Failure load of concrete cubes with and without crumbed rubber.

D. Durability Test Results

The wet density of concrete cubes with 2% crumbed
rubber is less than cubes with 1% crumbed rubber and
conventional concrete cubes on the Oth, 7th and 28th day (Fig.
6) The dry density of concrete cubes with 2% crumbed rubber
is less than cubes with 1% crumbed rubber and conventional
concrete cubes on the 7th and 28th day. This shows the
crumbed rubber occupies the voids in cubes which reduces
the weight of the concrete cubes with 2% crumbed rubber
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Oth day

2.5
2.4605
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Wet Density(g/cc)
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2.35

W Conventional

7th day

W 1% rubber

(Fig. 7). The water absorption of concrete cubes with 2%
crumbed rubber is less than cubes with 0% (conventional)
and 1% crumbed rubber on the 7th and 28th day (Fig. 8). This
proves that concrete cubes with 2% crumbed rubber has less
voids as they are filled with crumbed rubber particles which
is hydrophobic. Rubber is hydrophobic and has water
resistant property, when mixed with cement or concrete it
will reduce the amount of free water penetrating in the
cement matrix (concrete cube), and this reduces the water
absorption.

2.564

I 2515

28th day

2.531 2522

I 2.452 I

2% rubber

Fig. 6. Wet density of concrete cubes with and without crumbed rubber.
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Fig. 7. Dry density of concrete cubes with and without crumbed rubber.
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Water Absorption (%)

7TH DAY

m Conventional

The rubber particles have low density and fill the voids
within the concrete. Concrete, by nature, has a porous
structure, and water is absorbed in these voids in a
conventional concrete. When rubber particles are
incorporated as additives, they occupy some of these voids,

reducing the total volume of pores available for water to enter.

The rubber does not create new porosity but replaces the part
of the matrix, which lowers the overall porosity [38].

E.  Energy Simulation Results

From the simulation results of a single-story building using
energy plus, it is found that the heat gained through the walls
constructed with concrete with rubber is reduced by 20%
compared to the wall constructed with conventional concrete
(Fig. 9). It is reflected in the design capacity of the cooling
plant of the building. The building constructed with crumbed
rubber concrete requires less energy capacity to cool the
building with the set point of 22 °C compared to the building

28TH DAY
2% rubber

Fig. 8. Water absorption of concrete cubes with and without crumbed rubber.

m 1% rubber

constructed with conventional concrete.

In Jeddah, Saudi Arabia, the peak summer period is from
May till August, and the hottest month is found to be July.
Fig. 10 shows the emission of Carbon Dioxide (COz) from
building for a year, and Fig. 11 shows the consumption of
fuel for a year from both the buildings. It is found that the
building constructed with concrete released less carbon
dioxide and consumed less energy compared to the one
constructed with conventional concrete.

From the energy simulation study, it is found that buildings
constructed from concrete with rubber show high comfort,
less cooling plant capacity, less fuel consumption and CO»
emission. The limitation of the simulation result is, the rubber
is added as a new layer not as the rubber from waste and not
as particles. This will increase the life cycle cost and
embodied carbon of the building compared to the building
constructed with conventional concrete.

1.2 162.5
1 162
0.8 161.5
0.6 161
0.4 160.5
0.2 160
0 159.5
Conventional Concrete Concrete with Rubber Conventional Concrete  Concrete with Rubber
a) Heat gained through walls as ratio b) Design cooling capacity (Kw)
Fig. 9. Energy simulation results for conventional concrete and concrete with rubber.
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50000 o
40000 e =——
30000 \// ¥
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0
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- Conventional Concrete Concrete with rubber

Fig. 10. Emission of CO: (kg) from the buildings for a typical year.
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Fig. 11. Energy consumption (kWh) of a building for a year.

V. CONCLUSION

From the mechanical tests conducted on hardened concrete
and mortar cubes, it is found that the cubes with 2% crumbed
rubber from used tires performs better than conventional
cubes and cubes with 1% crumbed rubber in terms of dry
density, wet density, water absorption and compressive
strength.

From the mechanical tests conducted on fresh concrete, it is
found that the workability of the concrete with 2% crumbed
rubber is higher than cubes with 0% and 1% crumbed rubber
with same water cement ratio. The porosity of concrete cubes
with 2% crumbed rubber is less than conventional cubes and
cubes with 1% crumbed rubber, due to less water absorption.

The experimental study gives promising results with the use
of crumbed rubber in concrete which reduces the amount of
cement used in conventional construction. It reduces the
greenhouse gas emission from cement production. The energy
simulation study shows promising results in terms of comfort,
cooling plant size, fuel consumption and emission of carbon
dioxide.

The use of crumbed rubber in concrete is sustainable and
green compared to conventional concrete. It reduces the
accumulation of nonbiodegradable waste thus protects the
environmental pollution. Further studies are required to
establish threshold percentages of crumbed rubber (e.g., 3%,
5%, 10%) on long-term durability (acid resistance test, s alt
water resistance test and rapid chloride penetration test),
workability and thermal properties (thermal conductivity and
insulation). It is suggested to include the cost and
ecotoxicology risk involved in making crumbed rubber
concrete.
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