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Abstract: Due to growing populations, approximately one billion scrap tires are generated annually
worldwide. This is a problem particularly in more developed countries where the per-head share of
scrape tires is much higher than the global average. The adverse environmental impacts associated
with landfilling scrap tires made it imperative to promote eco-friendly solutions such as utilizing
them in civil engineering applications. This paper explores the use of tire-derived aggregates (TDAs)
with large particle sizes that require less energy to produce as a substitute for traditional aggregates
in concrete production. A comprehensive experimental program was conducted to study the effects
of the TDA content on the density, compressive strength, elastic modulus, strain at failure, splitting
tensile strength, and flexural strength of rubberized concrete at 28 days. Furthermore, with the aim of
improving the tensile and flexural properties of rubberized concrete, the use of polyvinyl alcohol
(PVA) fibers was also investigated in this study. A total of 126 specimens, half of them containing
PVA fibers, were prepared from fourteen different concrete mixtures with varying percentages of
TDAs replacing coarse aggregates. Results indicate that a reasonable TDA content of less than 20%
can be used to produce concrete with comparable or even superior properties for specific applications
requiring moderate strength and higher deformability while reducing waste tires in landfills. In
addition, adding 1% PVA fibers to the mixtures was found to enhance the specimens’ compressive,
tensile, and flexural strengths and reduce the observed loss of strength rate in rubberized concrete,
especially at higher TDA contents. Overall, this research suggests that TDAs can be a sustainable and
cost-effective solution for applications that do not require great concrete compressive strength but a
more accommodating plastic behavior.

Keywords: tire derived aggregates (TDAs); rubberized concrete; polyvinyl alcohol (PVA) fibers;
compressive strength; elastic modulus; splitting tensile strength; flexural strength

1. Introduction

Urbanization is a globally increasing trend, as urban areas are currently home to more
than 55% of the world’s population, and this percentage is expected to grow, reaching 68%
by 2050 [1]. Hence, construction activities are expanding at an unprecedented rate, placing
a significant demand on natural resources and impacting the environment in terms of the
CO, footprint. The construction sector consumes more raw materials and energy than other
branches of the economy and generates a high proportion of waste. For instance, the global
production of municipal solid waste amounts to around two billion tonnes annually, at least
one-third of which is not managed in an environmentally friendly manner [2]. Municipal
waste is expected to increase to 3.4 billion tonnes by the year 2050. Typical solid wastes
include metals, wood, plastics, glass, and rubber tires, which form the focus of this paper.
Worldwide waste accumulation and the depletion of natural resources are accelerating
at an alarming rate. Thus, waste recycling is essential to control adverse effects on the
environment and to decrease the consumption of natural resources.
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Due to growing populations, approximately one billion scrap tires are generated
annually worldwide [3]. This is a problem particularly in more developed countries.
In 2019, 38 million scrap tires were generated in Canada [4] and nearly 265 million in
the United States [5]. Since disposing of waste tires in landfills contributes to serious
environmental problems, it is crucial to find an environmentally friendly solution. A
promising way to recycle scrap tires is to use them in civil engineering applications. For
example, tire-derived aggregate (TDA), made from shredded scrap tires, has been used
for many years in applications such as vibration control, lightweight embankment fill,
backfill behind retaining walls, backfill above and around buried pipes and culverts, fill
beneath shallow foundations, and as landfill drainage layers [6—18]. Another promising
approach is to incorporate TDAs in concrete to produce lightweight concretes with special
properties [19-22]. This enhances concrete sustainability by utilizing TDAs to replace
conventional mineral aggregates used in concrete while providing an opportunity to
recycle and reuse waste scrap tires. Because TDA production does not require sophisticated
machinery or techniques, the use of TDAs in concrete can also result in environmental and
economic advantages.

Several studies have been conducted to explore how the mechanical properties of
concrete are affected by the addition of TDAs to Portland cement concrete (PCC) mixes by
replacing fine and coarse aggregates with small-particle rubber aggregates derived from
scrap tires [23-33]. Most of the rubberized concrete research available in the literature
utilized crumb rubber, a fine material with gradation close to that of sand with particle
sizes ranging from 0.2 mm to 0.8 mm, e.g., [24,25,29], and coarser sizes ranging from 1 mm
to 4 mm [20,23,26-31]. On the other hand, less research is available where coarser particle
sizes of tire chips greater than 7 to 10 mm are utilized, e.g., [19,21,22].

Eldin and Senouci [34] studied the strength and toughness properties of concrete,
where some aggregates were replaced by TDAs. As the rubber content of the concrete
increased, these researchers observed a consistent decrease in both compressive and tensile
strength; however, the concrete toughness and ability to absorb fracture energy were
significantly enhanced. Similarly, Khatib and Bayomy [19] found that incorporating TDAs
in PCC resulted in a significant reduction in the strength and flexural performance of the
concrete, especially at higher TDA percentages. Nevertheless, these researchers recorded
significantly greater deflections before failure in the rubberized concrete samples than in
the control mixture samples. This feature can be advantageous in various applications,
as discussed below. Siringi [35] performed compressive and splitting tensile strength
tests on rubberized concrete, where 7.5% and 15% of the coarse and fine aggregates were
replaced by rubber particles. Silica fume was added to the mixtures to mitigate the expected
decline in compressive strength. In addition, Siringi [35] found that replacement of around
7% to 10% of the mineral aggregates by weight with TDAs could produce concrete with
greater ductility and toughness and reasonable compressive strength. Similar findings have
been reported by Nehdi and Khan [36], Zheng et al. [37], Ling [38], Sidiqi et al. [39], and
other researchers, who noted that increasing the rubber content decreased the compressive
strength and increased the axial strain at failure. Likewise, Tehrani and Miller [40] examined
rubberized concrete specimens with a lightweight expanded coarse shale aggregate, with
rubber replacement ratios ranging from 0% to 100% by volume. After performing impact
testing on the specimens, they found that the TDA reduced the strength but at the same time
enhanced ductility and toughness. El Naggar et al. [22] conducted an experimental program
where natural coarse aggregates in concrete mixtures were replaced by shredded tires, with
replacement ratios increasing in 10% increments, up to 100%. As expected, the results
showed a decrease in the compressive strength and elastic modulus of the concrete as the
replacement ratio increased. The results also indicated that the strain at the specimen peak
compressive stress increased with increasing TDA content, and the integrity of the concrete
after failure was enhanced. Consequently, it can be argued that although the incorporation
of TDAs in concrete has some undesirable effects on the concrete strength and stiffness,
it has been shown to improve several significant concrete properties such as toughness,
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ductility, resistance to abrasion, and the ability to absorb shocks and vibration. Such
properties are required in various applications, including machine foundations, railway
sleepers, traffic barriers, and concrete pavements.

It should be noted that most of the research conducted on rubberized concrete has
focused on the utilization of either crumb rubber or small-particle tire-derived aggregate, as
mentioned earlier. However, the production of small-particle rubber aggregates consumes
a significant amount of energy, thus compromising the effort to reduce the carbon foot-
print [41]. To decrease the carbon footprint of the concrete, the present study, therefore, aims
to replace large volumes of coarse aggregates in concrete with TDAs consisting of relatively
large particles that require less energy to produce. Furthermore, with the aim of improving
the tensile and flexural properties of rubberized concrete, the use of polyvinyl alcohol (PVA)
fibers was also investigated in this study. Fiber-reinforced concrete (FRC) has been used
extensively in precast concrete members, concrete slabs, and high-performance concrete,
e.g., [42—-44]. The propagation of internal cracks determines both the tensile strength and
flexural resistance of concrete. If cracks are restrained locally via an adjacent matrix, the
initiation of cracks can be delayed, and greater concrete strength can be achieved [43].
Crack initiation can thus be controlled by adding strong fibers to concrete. PVA fibers have
a high elastic modulus and tensile strength (i.e., 1600 to 2500 MPa) [42]. Some researchers
have shown that in addition to increased tensile strength, PVA-cementitious composites
exhibit enhanced fatigue resistance, energy absorption, toughness, ductility, and durability.
Such composites also exhibit strain hardening behavior, with strains at failure of up to 4%
in some cases [45].

PVA fibers were used in the current study to improve the performance of concrete
mixtures made with various percentages of TDAs with sizes ranging from 4.75 to 19.05 mm
replacing coarse aggregates. The performance criteria considered were the mechanical
properties of rubberized concrete with and without PVA fibers. The compressive strength
and stiffness, splitting tensile strength, and flexural strength of the concrete mixtures
investigated were measured to determine the influence of the TDA content and PVA fibers
on the concrete performance.

2. Experimental Program

Four trial mixtures were prepared initially, with different PVA percentages of 0.25%,
0.5%, 1% and 2%, to examine the workability, consolidation, design strength, and finishing
of the design mix. Trial mixtures with PVA fiber dosages exceeding 1% exhibited mixing
difficulties, dispersion issues, and reduced flowability during mixing, as the fibers tended
to reaggregate and bind to each other, forming hairball-like clumps. Similar observations
were made by [46,47]. For the main experimental tests, a total of 126 specimens made from
14 different concrete mixtures were prepared. As shown in Table 1, two of the fourteen
mixtures were control mixtures without TDAs. One of the control mixtures had no PVA,
and the other had 1% PVA fiber content. The other twelve mixtures had six different
percentages of TDAs, with and without PVA fibers. For this study, a naming convention
in the form of TDA X% was adopted, where X indicates the percent by volume of the
coarse aggregate replaced by TDA. For specimens containing polyvinyl alcohol fibers, the
percentage of PVA is also given. For example, the name TDA 40%-1% PVA means that
these concrete specimens had 40% of the coarse aggregate by volume replaced by TDA
and that a 1% volume fraction of PVA fibers was added to the mixture. Following the
initial preparation of the concrete control mixture, in the other mixtures, the cement content,
water—cement (W/C) ratio, and aggregate volumes were kept constant, with TDA used
as a replacement for an equal amount of the coarse aggregate by volume. Details of the
concrete mixtures investigated and their material proportions are presented in Table 1. For
each strength property examined, three specimens of each concrete mixture were prepared
to determine the average values. The effect of the TDA content and the volume fraction of
PVA fibers on the compressive strength, elastic modulus, strain at failure, splitting tensile
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strength, and flexural strength of concrete at 28 days was investigated in accordance with
the respective ASTM testing procedures, e.g., [48-50].

Table 1. Details of the constituents of the considered concrete mixtures.

TDA

#* of

W/C

CA

FA

Water

Cement

TDA

Specimen ID Content (%)  Specimens  Ratio  (kg)  (kg) (kg (kg) kg) VA%
TDA 0% 0 9 043 4685 2857 921 2117 0.00 0
TDA 10% 10 9 043 4216 2857 921 2117 163 0
TDA 20% 20 9 043 3748 2857 921 2117 326 0
TDA 40% 40 9 043 2811 2857 921 2117 652 0
TDA 60% 60 9 043 1730 2857 921 2117 9.03 0
TDA 80% 80 9 043 937 2857 921 2117  13.04 0
TDA 100% 100 9 043 000 2857 921 2117 1630 0
TDA 0%-1% PVA 0 9 043 4685 2857 921 2117 0.0 1
TDA 10%-1% PVA 10 9 043 4216 2857 921 2117 163 1
TDA 20%-1% PVA 20 9 043 3748 2857 921 2117 326 1
TDA 40%-1% PVA 40 9 043 2811 2857 921 2117 652 1
TDA 60%-1% PVA 60 9 043 1730 2857 921 2117 9.03 1
TDA 80%-1% PVA 80 9 043 937 2857 921 2117 13.04 1
TDA 100%-1% PVA 100 9 043 000 2857 921 2117 1630 1

* 6 cylinders and 3 prisms; CA: coarse aggregates; FA: fine aggregates.

2.1. Test Materials

Type GU Portland cement, along with locally sourced fine and coarse aggregates from
nearby pits and TDAs from Halifax C&D, a tire recycling facility situated in the area, were
utilized in this investigation. Figure 1 presents gradation curves for the used aggregates as
per ASTM C136 [51]. Similarly, the physical characteristics of the three types of aggregates
and their respective bulk densities as per the ASTM standards [52,53] are shown in Table 2.
NYCON-PVA RECS100 fibers were used as micro reinforcement in the PVA mixtures. The
physical properties of PVA fibers are presented in Table 3, whereas the fiber type and shape
are shown in Figure 2. As mentioned earlier and summarized in Table 1, 126 specimens
made of 14 different concrete mixtures were included in the final testing program.
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Figure 1. Gradation curves of the materials used.
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Table 2. Material properties of the constituents used.
Minimum Maximum .
Material Type Aggregate Size  Aggregate Size Bulk Der3151ty
(kg/m3)
(mm) (mm)
Cement PC type 1 _ _ 1506
Fine aggregates Masonry sand 0.15 4.75 1817
Coarse aggregates 12 mm gravel 4.75 19.05 1601
TDAs Shredded tires 4.75 19.05 557
Table 3. Physical properties of the used PVA fibers.
Properties Fiber Details
Fiber Diameter 100 microns
Fiber Length 13 mm
Specific Gravity 1.3
Tensile Strength 1200 MPa
Flexure Strength 25 GPa

Figure 2. Fiber type and shape.

2.2. Specimen Preparation

To ensure consistency, the same mixing procedure was used for all the mixtures. The
total volume of concrete required for casting the specimens (including 10% leftover concrete)
was determined. First, the interior of the mixing drum was wetted with water to minimize
the absorption of water added as part of the mixture. The aggregates were then added to the
drum of the rotary concrete mixer with one-quarter of the mixture water and left to mix for
one minute. Next, the TDA was added and mixed with the aggregates for another minute.
The cement was then added to the mixture and mixed for another minute. Finally, the
remaining water and the superplasticizer were added to the mixture and allowed to mix for
five minutes. The superplasticizer used was ‘Plastol 6400’, a polycarboxylate-based high-
range water-reducing admixture. For mixtures with PVA fibers, the fibers were sprinkled
onto the mixture by hand as the last step while the mixer continued to rotate at a normal
speed to ensure good dispersion of the fibers. After introducing the fibers, mixing was
continued for an additional 3 min. Upon completion of mixing, the concrete was dumped
into a wheelbarrow and remixed with a shovel until it appeared uniform. The specimen
slump tests were performed based on ASTM C143 [54] to ensure the workability of the
mixture and to determine the required amount of superplasticizer. If a slump test result
was less than 100 mm, then more superplasticizer was added, and the concrete was mixed
again until the 100 mm slump test requirement was reached. The target slump test result of
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100 mm was achieved for all specimens by adding different amounts of superplasticizer.
The fresh concrete was then poured into cylindrical plastic moulds with a diameter of
150 mm and height of 300 mm to produce the compressive strength and tensile strength
specimens and into prism moulds measuring 100 mm x 100 mm x 355 mm to produce
the flexural strength specimens, as illustrated in Figure 3. To ensure that there was no
excess air in the fresh mixture, the concrete was poured in three layers, and each layer was
evenly stroked 25 times with a tamping rod; then, the specimen was placed on a shaker and
vibrated for 1 min. The specimens were subsequently held in the curing room for 28 days.

Figure 3. Specimen preparation: (a) concrete material placed in the concrete mixer, (b) mixing of the
concrete material, (c) conducting the slump test, (d) compressive and tensile strength specimens, and
(e) flexural strength specimens.

2.3. Testing Program
2.3.1. Uniaxial Compression Test

As illustrated in Figure 4, in this study, uniaxial compression tests were conducted with
a 2 MN universal electro-hydraulic servo testing machine using the displacement control
approach. To obtain accurate test results, the capped concrete cylinders were centered on
the compressive arms. The moving plates were then applied uniaxial compressive loading
to the specimens at a rate of 0.5 mm/min, based on preliminary testing of the concrete
cylinders. The displacement-controlled loading approach was selected to capture the
post-peak behavior of the specimens. The compression tests followed the ASTM C39 [48]
testing procedure. The applied load was measured via a load cell, and the displacement
was measured by using four linear potentiometers (LPs) connected to a data acquisition
system. To detect lateral strains, LP #1 and LP #2 were positioned at opposite sides of the
cylinder at mid-height (see Figure 4). The other two LPs were used to measure the vertical
displacement and the accompanying vertical strains.
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Figure 4. Uniaxial compression test setup and instrumentation. LP: linear potentiometers.

2.3.2. Splitting Tensile Test

Splitting tensile tests were performed in accordance with the ASTM C496 [49] testing
method. As shown in Figure 5, the concrete cylinders were positioned horizontally between
the plates of the testing machine. Loading was then applied until failure occurred due to
indirect tension, resulting in vertical splitting along the diameter of the concrete cylinder.
The applied load was measured with a load cell, and the displacement of the testing
machine head was measured by using position transducers with a range of 0 to 100 mm.
The tests were conducted at a controlled loading rate of 70 kN/min, equivalent to an
indirect tensile stress of 0.98 & 0.01 MPa per minute.

™ Steel bar

Steel bar

Figure 5. Splitting tensile test setup.
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2.3.3. Flexural Strength Test

Flexural strength tests were conducted in accordance with ASTM C78 [50] in a servo-
controlled material testing system (MTS) using displacement control. As shown in Figure 6,
the specimens were positioned horizontally and rotated 90 degrees relative to their casting
position. Four screws were used to attach a custom-made steel frame to the neutral axis
of the concrete beam above the support points. The beams were loaded with a four-
point flexural load until failure. The four-point loading was applied at a loading rate of
1 + 0.1 MPa/min until fracture. The mid-span deflection of each flexural strength specimen
was measured by two LVDTs positioned at the center of the specimen and on opposite
sides of the frame. The load was measured via a load cell attached to the bottom of the
crosshead. Details of the test setup are illustrated in Figure 6.

Loading,
rollers

uEpor{ing " Supporting
roller roller .
: = ?22 - ” 4

Figure 6. Flexural strength test setup.

3. Results and Discussion

This section presents the results of the tests conducted. Two groups of mixtures were
considered: mixtures with and without PVA fibers. In the first group, with no PVA fibers,
seven different percentages of TDAs replacing coarse aggregates were tested: TDA 0% (the
control specimen for the first group), TDA 10%, TDA 20%, TDA 40%, TDA 60%, TDA 80%,
and TDA 100%. In the second group, with 1% PVA fibers, the same percentages of TDA were
tested: TDA 0%-1% PVA (the control specimen for the second group), TDA 10%-1% PVA,
TDA 20%-1% PVA, TDA 40%-1% PVA, TDA 60%-1% PVA, TDA 80%-1% PVA, and TDA
100%-1% PVA. In addition, to explore the workability, consolidation, design strength, and
finishing of the design mixtures, initially, four trial mixtures without TDAs were prepared,
which contained different percentages of PVA fibers: 0%, 1%, 1.5%, and 2% PVA. The
workability and consistency of fresh concrete are critical determining factors for the quality
of hardened concrete. Therefore, proper selection of the mixture ingredients, including
the PVA fiber dosage, and adjustment of the mixture proportions to achieve the desired
workability were critical. When PVA fibers are used in concrete, the workability of the con-
crete decreases due to water absorption by the fibers. Hossain et al. [54] reported that PVA
fibers significantly reduce the flowability and plastic viscosity of concrete. Shafiq et al. [55]
observed the need for an increased water-to-cement ratio and a sufficient superplasticizer
dosage to meet the target slump test results for PVA fiber mixtures. In the present study,
the desired workability was achieved for all mixtures by adding different amounts of
superplasticizer, as described above. However, mixing difficulties and dispersion issues
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were experienced during the mixing of trial mixtures with PVA fiber dosages greater than
1% since the fibers tended to reaggregate and bind to each other, forming hairball-like
clumps. Similar problems were reported by Dopko et al. [56]. Hence, it was decided that a
PVA fiber dosage of 1% would be used for the second group of mixtures in this study.

3.1. Concrete Density

The unit weight was determined while the concrete was fresh by the method defined
in ASTM C138 [57]. The unit weights for mixtures where coarse aggregates were replaced
by TDAs ranged from 2344 kg/m3 for TDA 0% to 1667 kg/m? for TDA 100%. Because
weight is dependent on the mixture constituents, the rubberized concrete mixtures had
a unit weight as much as 29% lower than that of normal concrete. Similar behavior was
reported by Pham et al. [21] and El Naggar et al. [22]. Details of the densities of the mixtures
considered are presented in Figure 7.

2500

2250

Density (kg/m?)
(]
S
S
&

[—y
9
n
=]

1500 1 L 1 L 1 L J
0 10 20 40 60 80 100

TDA Content %
Figure 7. Relationship of concrete density to the percentage of TDA content.

3.2. Compressive Strength

As explained above, in accordance with ASTM C39, uniaxial compression tests were
performed on 42 cylindrical test specimens measuring 150 mm x 300 mm at 28 days. In
Figure 8, it can be seen that the TDA content had a significant effect on the compressive
strength. For instance, TDA 10% specimens with no PVA exhibited a 25% drop in com-
pressive strength compared to the TDA 0% control case, i.e., a decrease from 39.9 MPa to
29.8 MPa. However, in mixtures containing 1% PVA fibers, TDA 10%-1% PVA specimens
exhibited a compressive strength loss of only 13% relative to the TDA 0%-1% PVA control
case, i.e., a decrease from 42.8 MPa to 37.1 MPa. Similarly, TDA 20% specimens exhibited a
33% decrease in compressive strength compared to the TDA 0% control case, whereas TDA
20%-1% PVA specimens exhibited a compressive strength loss of only 22% relative to the
TDA 0%-1% PVA control case. A comparison of the control cases TDA 0% and TDA 0%-1%
PVA shows that the addition of 1% PVA fibers to specimens with no TDAs increased the
compressive strength by only 7%, i.e., from 39.9 MPa to 42.8 MPa. However, the degree
of improvement increased to 24% when 1% PVA was added to TDA 10% or TDA 20%
specimens. Hence, it can be concluded that the addition of 1% PVA fibers improved the
concrete compressive strength and reduced the rate of strength degradation as the TDA
content increased. Likewise, it is evident from Figure 8 that as the TDA content increased,
the rate of compressive strength loss became more gradual. This was observed for all test
specimens with and without PVA fibers. As discussed in El Naggar et al. [22], the reduction
in compressive strength in concrete where coarse natural aggregates are replaced by the
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TDA is attributable to the lower modulus of elasticity of TDA in comparison to natural
aggregates, as well as to the weaker bonding between TDA particles and the cement paste.
Khatib and Bayomy [19] gave a similar explanation for this behavior, where they believed
that the occurring strength reduction with the increasing rubber content is attributed to
a combination of two interacting mechanisms. First, on loading, as the TDA particles are
much softer and more deformable than the surrounding cement paste, cracks initiate faster
around the TDA particles in the mix, accelerating the failure of the rubber—cement matrix.
In addition, due to the negligible adhesion between the TDA particles and the paste, soft
rubber particles behave as voids in the concrete matrix, reducing the strength.

S0

40

30

20

10

Compressive Strength (M Pa)

‘Without PVA

0 L " " i L a
0 20 40 60 80 100
TDA Content %

Figure 8. Relationship of compressive strength to percentages of TDA content and PVA.

The compression test failure modes of specimens with different percentages of TDAs
are illustrated in Figures 9 and 10 for specimens with 0% and 1% PVA, respectively. From
these figures, it can be seen that in contrast to the control specimens with no TDAs, the
rubberized concrete did not exhibit brittle failure when loaded in compression. Larger
macrocracks were qualitatively observed in the TDA 0% control specimens and in speci-
mens with lower amounts of TDAs (i.e., TDA 20% or less), while microcracks were observed
in the specimens containing greater amounts of TDAs. As shown in Figure 11, higher per-
centages of TDAs enabled the concrete specimens to undergo greater plastic deformation,
which slowed the fracture process and allowed them to sustain larger strain values at the
specimen peak compressive stress. This behavior is attributable to the ability of rubber
particles to absorb a higher proportion of the imposed energy, thus withstanding greater
deformations without full disintegration. In this case, the rubber particles act as springs,
delaying the opening of cracks that develop and preventing complete disintegration of
the concrete cylinder. Such energy absorption is an advantageous feature of rubberized
concrete. Thus, rubberized concrete can be utilized for applications that do not need great
compressive strength but instead require a more accommodating plastic behavior.
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Figure 9. Failure modes of test specimens without PVA fibers.

TDA 60% - 1% PVA  TDA 80% - 1% PVA TDA 100% - 1% PVA

Figure 10. Failure modes of test specimens with 1% PVA fibers.
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Figure 11. Relationship of the strain at peak compressive stress to percentages of TDA content
and PVA.

3.3. Modulus of Elasticity

The modulus of elasticity of test specimens at 28 days is plotted in Figure 12. The mod-
ulus of elasticity was obtained by calculating the slope of the relatively linear stress—strain
curves up to 45% of the compressive strength. The results show that the modulus of
elasticity of all the specimens decreased as the TDA content increased. In addition, a
comparison of the trends in Figures 8 and 12 indicates a direct relationship between the
modulus of elasticity and the compressive strength, which is similar to trends observed in
previous investigations of conventional concrete. Figure 12 shows that the TDA content has
a significant effect on the modulus of elasticity. In comparison to the TDA 0% control case,
TDA 10% specimens exhibited a 36% reduction in the modulus of electricity, a decrease
from 33.5 GPa to 21.4 GPa. As the TDA content increased, a similar trend was observed in
the specimens containing PVA fibers. However, the addition of PVA fibers resulted in a
slightly improved modulus of elasticity.

40

+ With 1% PVA
Without PVA

w
=

Modulus of Elasticity (GPa)
ek [\
[—] (=]

0 2 M 2 L " 2 2 L 2 2 " L 2 " M L 2 " " 3
0 20 40 60 80 100
TDA Content %

Figure 12. Relationship of the modulus of elasticity to percentages of TDA content and PVA.
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3.4. Splitting Tensile Strength

Figure 13 shows the relationship of the splitting tensile strength to the TDA content
of the test specimens. It can be seen that for all percentages of TDAs, the splitting tensile
strength of the concrete was improved by introducing PVA fibers to the mixture. However,
the degree of improvement increased substantially for mixtures with higher percentages of
TDAs. For instance, the addition of 1% PVA to TDA 80% specimens increased the tensile
strength by an average of 35%, whereas the addition of 1% PVA to TDA 100% specimens
increased the tensile strength by up to 66%. In general, the tensile strength decreased as
the TDA content increased; however, all mixtures with PVA fibers exhibited greater tensile
strength than the corresponding mixtures without PVA fibers. The decrease in strength
with increasing TDA content is mainly attributable to the weak bonding between the TDA
particles and the cement paste [22,43]. The mechanism of failure in the splitting tensile
strength test is different from that in the compressive strength test, as the failure occurs
along the paste and through the aggregates rather than the interfacial transition zone (ITZ)
due to the bonds between the cement paste and the aggregate particles [19].

Splitting Tensile Strength (MPa)
[

1
+ With 1% PVA
b Without PVA_
0 20 40 60 80 100
TDA Content %

Figure 13. Relationship of splitting tensile strength to percentages of TDA content and PVA.

3.5. Flexural Strength

The flexural strength tests showed that the control specimens with no TDAs withstood
the greatest applied loads before fracture. As was the case in the compressive and tensile
strength tests, the presence of TDAs in the mixtures likewise reduced the flexural strength
of the concrete. Because TDA rubber particles form relatively weak interfacial bonds with
the surrounding cement paste, failure occurred earlier in specimens with a higher rubber
content. However, in the specimens with PVA, the reinforcing effect of the PVA fibers
helped to compensate for the weak bonding of the TDA particles, thus partially overcoming
the loss of strength. As shown in Figure 14, the flexural strength of concrete specimens
with PVA fibers was approximately 30% greater than that of the corresponding specimens
without PVA. A comparison of Figures 15 and 16, presenting load versus deflection curves
for specimens without PVA and with 1% PVA, respectively, shows that the introduction of
PVA fibers not only restrained cracking but also provided significant residual post-peak
strength. In Figures 14 and 15, it can also be seen that specimens with a higher rubber
content exhibited better deflection behavior.
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Figure 14. Relationship of modulus of rupture to percentages of TDA content and PVA.
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Figure 15. Load versus deflection curves for specimens with different TDA contents and no PVA.
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Figure 16. Load versus deflection curves for specimens with different TDA contents, reinforced with
1% PVA.
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4. Conclusions

This paper presents the results of a comprehensive experimental program to in-
vestigate the properties and behavior of rubberized concrete containing large particle
(4.75 to 19 mm) tire-derived aggregates (TDAs), with and without enhancement by polyvinyl
alcohol (PVA) fibers. Based on this study, the following observations can be made:

—  Trial mixtures with PVA fiber dosages exceeding 1% exhibited mixing difficulties,
dispersion issues, and reduced flowability during mixing.

—  The rubberized concrete mixtures had a unit weight up to 29% lower than normal
concrete because of the dependence of density on the mixture constituents.

— Whenloaded in compression, the rubberized concrete did not exhibit brittle failure like
that of the control specimens with no TDAs. Larger macrocracks were qualitatively ob-
served in the TDA 0% control specimens and in specimens with low amounts of TDAs,
while microcracks were observed in the specimens containing higher percentages
of TDAs.

— The TDA content had a significant effect on the compressive strength. For instance,
specimens with 10% of the coarse aggregate by volume replaced by TDA exhibited a
25% decrease in compressive strength as compared to the control case with no TDAs,
while specimens where 100% of coarse aggregates were replaced by TDAs exhibited a
reduction in compressive strength of up to 77%.

— However, a higher TDA content allowed specimens to undergo greater plastic defor-
mation, thus slowing the fracture process and permitting specimens to sustain larger
strain values at the peak compressive stress. This behavior is attributable to the ability
of rubber particles to absorb a greater proportion of the imposed energy. Consequently,
rubberized concrete can be utilized for applications that do not need high compressive
strength but, instead, require a more accommodating plastic behavior, such as in
slabs-on-grade and concrete pavement applications.

— The addition of 1% PVA fibers to the mixtures enhanced the compressive strength of
the specimens, reducing the loss of strength, in comparison to the TDA 0% control
case, to 13% for TDA 10% and 69% for TDA 100%.

— Asexpected, the TDA content had a major effect on the elastic modulus of rubberized
concrete. However, the addition of PVA fibers was found to improve the modulus of
elasticity slightly, providing a higher range of energy absorption.

— For all TDA percentages, the tensile strength of the concrete was improved by intro-
ducing PVA fibers to the mixture, with a substantially greater degree of improvement
at higher TDA percentages.

— Because TDA rubber particles had relatively weak interfacial bonds with the surround-
ing cement paste, failure occurred earlier in specimens with a higher rubber content
that resulted in lower flexure strength.

— However, the addition of 1% PVA fibers to the specimens enhanced their flexural
behavior. The reinforcing effect of the PVA fibers helped to compensate for the weak
bonding of the TDA particles, thus partially overcoming the loss of strength.
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