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Abstract

Car tyres that have been dumped pose a global problem, as burning tyres causes significant air pollution. Reusing
tyres as crumb rubber (CR) particles in concrete as fine aggregate (FA) can help reduce environmental pollution.
However, previous studies have shown that using CR as FA has negative effects on the mechanical properties of
concrete. On the other hand, the incorporation of metallic fibers improves the mechanical properties of concrete.
The objective of this study is to determine if the addition of hooked-end steel fiber (SF) and straight galvanized
iron fibers (GIF) can compensate for the negative effects of the use of CR. In this study, 10% of fine aggregate
(FA) was replaced by CR, and either SF or GIF was used at conventional dosages (60 kg/m3 and 80 kg/m?) to
improve the tensile and flexural strength. Five concrete mixtures were evaluated: normal concrete (NC), crumb
rubber reinforced concrete (CRC), crumb rubber-steel fiber reinforced concrete (CSFRC), and crumb rubber-Gl
fiber reinforced concrete (CGFRC). This study concentrated on workability, compressive strength, tensile
strength, flexural strength, and toughness. Test results showed that replacing 10% fine aggregate with crumb
rubber decreased compressive strength by 44.5% and tensile strength by 28.21%. The inclusion of 60 kg/m?® SF
in CRC increased the compressive strength (28.2%), tensile strength (25%), flexural strength (51.67%), and
toughness (1439%) significantly. Almost similar performances were observed by Gl fibers with a dosage of 80
kg/m®. As expected, the inclusion of SF and GIF decreased workability. While the inclusion of steel fibers
improves crack resistance and ductility, the addition of crumb rubber enhances impact resistance. A well-
balanced mix of these elements may optimize concrete performance for uses like pavements and industrial floors.
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1. Introduction

Concrete is a fundamental construction material known for its strength, durability, and versatility, with global
production averaging about one ton per person annually (Huntzinger and Eatmon, 2009). To address
sustainability concerns, the incorporation of waste materials such as crumb rubber (CR) from discarded tyres into
concrete has gained considerable attention.

CR serves as a partial substitute for fine aggregate, aiding in the reduction of tire waste and its associated
environmental impact. Nonetheless, the inclusion of CR usually affects the mechanical properties of concrete
negatively due to poor bonding, reduced stiffness, and inconsistent distribution within the matrix (Abusharar,
2015; Ren et al., 2022). Research indicates that the compressive strength can decline by as much as 50% for fine
CR and 80% for coarse CR (Topcu, 1995), while tensile strength can fall by as much as 64% (Topcu, 1995; Van
Chanh, 2004). Additionally, both the flexural strength and elastic modulus are diminished (Abbass et al., 2018;
Lietal., 2017).

To counteract these impacts, metallic fibers, particularly hooked-end steel fibers (SF) and straight galvanized
iron (GI) fibers, are employed. Steel fibers enhance toughness, tensile strength, and performance post-cracking,
while Gl fibers, which are easily sourced in Bangladesh, also enhance strength. The addition of 1% steel fiber
leads to a slight improvement in compressive and tensile strength (Mohod, 2012), while adding between 0.5%
and 1% Gl fibers yields a 5% to 8% increase (Shao et al., 2022). Gl fibers exhibit the most significant increases
in tensile strength at a dosage of 1% (Sadi et al., 2022). Integrating CR with these fibers improves energy
absorption and ductility (Shao et al., 2022). While fibers generally decrease workability, the use of larger CR
particles might enhance it (Abusharar, 2015).

The objective of this study is to determine whether the addition of hooked-end steel fiber (SF) and straight
galvanized iron fibers (GIF) can compensate for the negative effects of the use of CR.
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2. Experimental Program

2.1 Properties of Materials

In this research, steel fibers (SF) imported from China were incorporated, each measuring 50 mm in length and
0.9 mm in diameter, featuring hooked ends to enhance anchorage within the concrete matrix. Additionally,
locally sourced galvanized iron (GI) fibers, with a diameter of 1.11 mm and a length of 50 mm, were employed.
Crumb rubber, derived from recycled tires, had a particle size of approximately 0.6 mm, corresponding to a 30-
mesh sieve with 30 openings per linear inch. Locally produced Portland cement (CEM 1/52.5N), compliant with
BDS EN 197-1:2003, was utilized as the cementitious material. Sylhet sand and crushed stone chips were used as
fine and coarse aggregates, respectively. The gradation curves for the fine and coarse aggregates are presented in
Figures 1(a) and 1(b), with their respective material properties summarized in Table 1. To improve the
workability of the concrete, a plasticizing admixture, CHRY SO Delta G8148, was used.
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Figure 1. Materials (a) Crumb Rubber (b) Steel Fiber (c) Gl Fiber
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Figure 2. Gradation Curve for (a) Coarse aggregate and (b) (i)Fine Aggregate (ii) Fine Aggregate + 10% CR

Table 1: Properties of Fine and Coarse Aggregate

Fine Aggregates Coarse Aggregates Crumb Rubber
No. Property Test Val Test val Test Val Unit
Standards alue Standards alU€ " Standards alue
Bulk Specific
1 Gravity (O-D) ASTM C128  2.53 ASTM C127  2.69 - - -
Bulk Specific

2 . ASTMC128 255 ASTMCI27 273 ASTMCI27 121 -
Gravity (SSD)
3 Absorption Capacity ASTMC128 094 ASTMCI127 138 ASTMD570 128 %
4  DryRoddedUnit oy 1586 ASTMC29 1554 : - kg/m?
Weight
5

Fineness Modulus  ASTM C136 2.84 ASTM C136 7.51 ASTM C136 2.67 -

2.2 Mixing Proportions

A total of five (5) concrete mixes were prepared. These included a control mix with 100% sand and no fibers
(NC); a mix with 10% sand replaced by CR (CRC); a mix with 10% sand replaced by CR and reinforced with 60
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kg/m? of SF (CSFRC), a mix with 10% sand replaced by crumb rubber and 60 kg/m3 of galvanized iron fibres
(CGFRC-60); and a mix with 10% sand replaced by crumb rubber and 80 kg/m3 of galvanized iron fibres
(CGFRC-80). The amounts of materials per cubic meter of concrete are presented in Table 2.

Table 2: Amounts of materials per cubic meter of concrete*

Fine Crumb Coarse  Steel

Mix Type V\(/E;(;r C?E; e)nt Aggregate Rubber Aggregate fiber G I(Izlgk;er Adr(nklg; ure I\?A(:\ /ti)
(kg) (kg) (kg) (kg)
NC 150 450 700 - 1100 - - 2.5 0.33
CRC 150 450 630 70 1100 - - 2.5 0.33
CSFRC 150 450 630 70 1100 60 - 2.5 0.33
CGFRC-60 150 450 630 70 1100 - 60 2.5 0.33
CGFRC-80 150 450 630 70 1100 - 80 2.5 0.33
*Inclusion of Steel or Gl fibers resulted in slightly higher than 1m? of concrete.
2.3 Preparation and Testing of Prepared Specimens

A concrete mixing machine was employed to thoroughly mix the materials, and a slump test was performed in
accordance with ASTM C143 to measure the workability of the concrete. Subsequently, the concrete was poured
into molds and compacted using a vibrator. A total of 15 cube specimens (6-inch) were prepared for the
compressive strength test, 88 cylindrical specimens (4-inch in diameter and 8-inch height) were prepared for the
compressive and splitting tensile strength test, and 15 prism specimens (150mmx150mmx500mm) were
prepared for the flexural strength test. All concrete samples were cured in water for 28 days.

The compressive strength tests of concrete cylinders and cubes were conducted in accordance with ASTM C39-
14a (2014) and BS EN 12390-3 (2019), respectively. The splitting tensile strength tests followed ASTM
C496/C496M (2011) while the flexural strength tests were carried out as per ASTM C78/C78M-16 (2016).

3. Results and Discussions

3.1 Workability

The slump values of the five concrete mixes used to evaluate the effect of crumb rubber and fiber additions on
the workability are presented in Figure 3. The graph shows that the inclusion of CR and fibers decreased
workability. The inclusion of the same amount of Gl fiber had slightly higher workability than that of the SF.
However, as the dosage of Gl increased, the workability further decreased.
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Figure 3. (a) Slump Test (b) Slump value for different trials

3.2 Compressive Strength

The effect of the inclusion of crumb rubber and fibers on the compressive strength of concrete is presented in
Figure 4. Figure 4(b) illustrates the variations in compressive strength for five concrete mixes using 4-inch
cylinders and 6-inch cubes. The NC specimens showed the highest compressive strength. The addition of CR
significantly reduced the strength by about 44-47% compared to NC. The inclusion of SF increased the
compressive strength, improving it by approximately 40-41% with respect to CRC. In Contrast, CGFRC-60
specimens showed a moderate increase (7-8%) compared to CRC, while the CGFRC-80 specimens showed
better improvement, with a 30-36% gain relative to CRC. These results confirm that the decrease in compressive
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strength with the addition of 10% crumb rubber could not be fully compensated by adding 60 kg/m? steel or 80
kg/m® Gl fibers. The inclusion of 80 kg/m® of locally available straight Gl fibers showed almost similar
performance compared to 60 kg/m® hooked-end steel fibers.
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Figure 4. (a) State of Specimen after Compressive Strength Test (b) Effect of Sample Size on Compressive
Strength for Different Trails

3.3 Tensile Strength

The effect of the inclusion of crumb rubber and fibers on the tensile strength of concrete is presented in Figure 5.
The NC specimens exhibited the maximum tensile strength. The addition of CR reduced the tensile strength by
about 44-47% compared to NC. The inclusion of SF increased the tensile strength, improving it by
approximately 40-41% with respect to CRC. On the other hand, CGFRC-60 specimens showed a moderate
increase (7-8%) with respect to CRC, while CGFRC-80 specimens showed better improvement, with a 30-36%
gain with respect to CRC. These figures confirmed that, like compressive strength, the decrease in tensile
strength with the addition of 10% crumb rubber could not be fully compensated with the addition of 60 kg/m?
steel or 80 kg/m3 Gl fibers. An inclusion of 80 kg/m® of locally available straight GI fibers showed almost
similar performance compared to 60 kg/m® hooked-end steel fibers.
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Figure 5. (a) State of Specimen after Tensile Strength Test (b) Effect of Sample Size on Tensile Strength for
Different Trials

34 Flexural Strength

The flexural test setup and the state of the specimen after a flexural strength test are shown in Figures 6(a) and
6(b), and the load versus deflection curve of five specimens with different concrete mixes is shown in Figure
6(c). Figure 6(c) indicates that the NC specimen reached the highest peak load (42 kN) but failed abruptly with
no residual strength, indicating the brittleness of NC. The CRC specimen showed similar behavior to the NC
specimen; however, the peak load was reduced by 40%. On the other hand, the CSFRC specimen reached a
comparable peak (40 kN) and demonstrated excellent post-crack behavior, with a 60% increase in residual
strength compared to fiberless mixes. Replacing steel fibers with an equivalent amount of galvanized iron fibers
(CGFRC-60) reduced peak load by 25% compared to the CSFRC specimen, although a similar residual strength
was maintained. Increasing the GIF content to some extent in the CGFRC-80 specimen improved both peak and
residual strength by 15-20% over the CGFRC-60 specimen.

Figure 6(d) presents the flexural strength for different specimens. The CSFRC specimen achieved the highest
value (5.5 MPa), a 57% increase over the CRC specimen (3.5 MPa) and even higher than the NC specimen. On
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the other hand, the CGFRC-80 and CGFRC-60 specimens reached 4.5 MPa and 4.0 MPa, respectively, marking
29% and 14% improvements over the CRC specimen.

In summary, the CSFRC specimen showed the best flexural performance, effectively balancing strength and
ductility. The inclusion of 80 kg/m?® of locally available straight Gl fibers provided almost similar performance to
60 kg/m® hooked-end steel fibers. The improvement in strength and ductility by the addition of steel and Gl
fibers is due to the crack-bridging properties of these fibers, as shown in Figure 6(b).
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Figure 6. (a) State of Specimen after Flexure Strength Test (b) Elaborated view of Specimen after flexural
strength test (c) Load Vs Deflection Graph for Flexure Test (d) Flexural Strength Variation for Different
Mixtures.

3.5 Toughness

The toughness values were calculated from the load-deflection curves shown in Figure 6(c) and are presented in
Figure 7. The NC and CRC specimens exhibited very low toughness values. In contrast, the mixes incorporating
metallic fibers showed substantial improvements. The CSFRC specimens achieved a toughness value of 119 kN-
mm, representing a 1439.3% increase over NC. The mix containing 80 kg/m® Gl fiber showed almost a similar
value of toughness (110 kN-mm). This figure highlights that the significant gains in energy absorption and
fracture resistance are primarily attributed to the incorporation of steel or Gl fibers.
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Figure 7. Variation of Toughness for Different Mixtures

4, Conclusions
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The effects of incorporating crumb rubber in combination with either steel fibers or galvanized iron (GI) fibers
on the mechanical properties of concrete were inspected in this research. While the inclusion of crumb rubber
contributes to sustainability and waste reduction, its use alone has an adverse effect on concrete's mechanical
performance. Specifically, replacing 10% of fine aggregate with crumb rubber led to significant strength
reductions: compressive strength depreciated by 46%, while tensile strength, flexural strength, and toughness
declined by 28.2% and 29.39% and 35.2%, respectively, compared to normal concrete (NC).

However, the addition of hooked-end steel fibers notably enhanced the performance of crumb rubber concrete
(CRC). The crumb rubber-steel fiber reinforced concrete (CSFRC) exhibited improved crack resistance and
stress redistribution. This resulted in a 41% increase in compressive strength compared to CRC. Tensile and
flexural strengths also increased by 25% and 51.67%, respectively, and toughness increased dramatically by
2275%.

The performance of locally available straight Gl fiber-reinforced concrete was also compared with hooked-end
steel fibers. At a content of 60 kg/ms3, Gl fibers led to lower mechanical properties compared to steel fiber-
reinforced mixes. Specifically, reductions were observed in compressive strength by 23%, tensile strength by
11.43%, flexural strength by 24.68% and toughness by 35.77%. Increasing the Gl fiber content to 80 kg/m3
marginally improved the mechanical properties, bringing performance closer to that of the steel fiber mix.

Moreover, the inclusion of steel or Gl fibers significantly enhanced residual tensile strength. In contrast, mixes
without fibers—such as normal concrete (NC) and crumb rubber concrete (CRC)—demonstrated no residual
strength, indicating a brittle failure after reaching peak load.

In conclusion, combining crumb rubber with steel or Gl fibers offers a promising approach to enhancing the
mechanical performance of sustainable concrete. Steel fibers, in particular, provided substantial improvements,
making them more suitable for high-performance and eco-friendly construction applications.
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