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Abstract: This study investigates the viability of incorporating high doses of recycled tire steel
fibers (RSFs) in concrete to enhance sustainability. To address this, RSFs are incorporated at volume
fractions ranging from 1% to 1.75% in the concrete mixture. The study evaluates various performance
parameters, including workability, elastic modulus, compressive strength (CS), split tensile strength
(SS), flexural strength (FS), linear shrinkage (LS), and water absorption (WA). Results show a 10%
improvement in SS and a 4% improvement in FS compared to plain concrete (ORFRC). Additionally,
RSF-reinforced concrete (RFRC) exhibits a maximum 15% reduction in LS. Water absorption slightly
increases, and adverse effects on CS and workability are noted with high RSF doses. RFRC can impact
the cost of rigid pavements due to reduced depth requirements. Disposing of discarded tires and
their by-products has emerged as a substantial environmental challenge, obstructing progress toward
achieving net-zero targets. As a sustainable solution, this study explores the potential utilization of
secondary materials derived from discarded tires within the construction industry. In conclusion,
this research highlights the significant potential of utilizing RSFs to enhance the sustainability of
infrastructure and contribute to more eco-friendly construction practices.

Keywords: waste recycling; fiber-reinforced concrete; waste tires; sustainability; durable materials;

concrete pavements

1. Introduction

One of the primary objectives of the United Nations is to promote environmental
sustainability through waste recycling. However, certain waste materials pose significant
challenges when transforming them into useful resources. Solid waste materials that cannot
be efficiently recycled are often repurposed and incorporated into different materials and
products, such as utilizing anti-stripping-treated waste ceramic in superpave asphalt
mixtures [1], silane-treated waste glass powder in concrete pavement [2], bagasse ash in
asphalt concrete pavements [3], water treatment sludge and stone dust in concrete [4], and
recycled waste glass in ultra-high-performance concrete [5]. One example of a major solid
pollutant is discarded tires, which can take up to 100 years to degrade when exposed to the
open air [6-8]. Therefore, finding effective techniques to reuse and repurpose waste tires
and their components is paramount.

Considerable research has been dedicated to the reuse and recycling of rubber ob-
tained from discarded tires [9]. In Europe, an optimized approach to managing used tires,
based on the principle of extended producer responsibility, has gained popularity for its
effectiveness [10]. Although the recovery rate for scrap tires in Europe and the United
States is approximately 90% [11], it is predicted that by 2030, there will be up to 5 billion
end-of-life tires (ELTs) in landfills and stockpiles globally [12]. It was estimated that China
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alone would produce 20 million metric tons of tires in 2020 [13]. Hence, other industries,
including the construction sector, must contribute to the utilization of discarded tires.

The European Tyre and Rubber Manufacturers’ Association (ETRMA) stated that the
burden of waste tires is increasing in Slovakia, where no waste tires are currently being
used for backfilling, public works, or civil engineering purposes [14]. The amount of steel
fiber that can be recovered from waste tires varies depending on the type of tire, with steel
accounting for approximately 10-15% of lightweight vehicles and 21-25% of trucks [12,15].
Steel cords and fibers constitute the third-largest component by weight in a tire, making up
15-17 percent of its total weight [16].

Various studies have explored the use of different types of fibers to enhance the me-
chanical properties of cement composites. However, industrial fibers of all types come at a
cost, with natural fibers generally being more affordable than their industrial counterparts.
For instance, the incorporation of natural fibers like jute and wheat straw fibers has been
shown to improve the mechanical properties of concrete [17-19]. However, natural fibers
have limitations in terms of biodegradability, bond strength with concrete, and decompo-
sition over time. In some cases, additional treatments are required to improve the bond
between natural fibers and cement composites, as demonstrated by Farooqi and Ali’s study
on pre-treated wheat straw fibers [20].

Furthermore, chemical treatments can enhance the bond between natural fibers and
cement composites in the short term but may negatively impact the long-term performance
of the fibers. Natural fibers, such as jute and wheat straw fibers, also tend to absorb water,
which can accelerate their degradation and lead to water seepage in concrete [17,18]. Simi-
larly, studies involving coconut fibers (shell and husk) have shown high water absorption
compared to plastic or steel fibers [21-23]. On the other hand, natural resources are also
depleting and come at a cost now; hence, natural fibers also have considerable cost, and
additional treatment required for increasing their bond and other properties enhances their
cost further. Therefore, natural fibers may not always be the optimal choice for achieving
reliable long-term results compared to non-biodegradable fibers.

On the other hand, certain artificial fibers, like glass fibers, are not chemically stable
when in contact with cement and other chemicals. By replacing industrially produced steel
or other types of fibers with waste fibers obtained from discarded tires, energy consumption,
greenhouse gas emissions, and costs can be reduced [24]. Qin and Kaewunruen [25] stated
that the average cost of industrial steel fibers (ISF) is over five times that of recycled
waste tire steel fibers (RSFs). The results show that using RSF replacements for ISF has
a considerable positive impact on the economy and the environment. Additionally, the
social function of RSF cannot be disregarded. Waste tires (and their components) cause
severe environmental issues [26,27]. The RSF performs equally to the ISF in improving
concrete split and flexure strengths, according to a previous study [28,29]. A comprehensive
review by Zia et al. [30] further supports the potential use of RSFs in cement composites,
highlighting significant enhancements in mechanical strengths.

However, it is worth noting that the available database of experimental studies related
to RSF-incorporated concrete (RERC) is still insufficient to draw conclusive findings regard-
ing the optimal content of RSFs for desired characteristics [31-35]. Particularly, the majority
of investigations [36-39] lack the experimental evaluation of RFRC for linear shrinkage and
water absorption, thus neglecting the essential aspect of RFRC’s durability. Therefore, there
is a need to extensively test the mechanical and durability properties of RFRC to enhance
the existing experimental database. Furthermore, the literature review indicates a lack of
information on energy absorption and toughness of RERC for all mechanical strengths.
Consequently, various properties and aspects are missing in the current studies regarding
the experimental properties of RSF-reinforced concrete, as shown in Table 1. The strength
properties of RSFRCs have indeed been evaluated in the previous studies, but as per the
limited literature review of the authors, the mechanical strengths, elastic modulus, capacity
to absorb water, and linear shrinkage have not all been reported so far for the same mix and
concrete type in one study. In addition, the influence of high doses of RSFs on the concrete
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properties has also not been explored extensively. Gul et al. [40] investigated the properties
of concrete incorporating meticulously selected RSFs, measuring 100 mm in length and
0.939 mm in thickness. However, this study did not provide data on essential characteris-
tics such as the elastic modulus (EM), water absorption (WA), and linear shrinkage (LS).
Similarly, Rossli and Ibrahim [36] explored the effects of RSFs with dimensions of 60 mm in
length and 0.80 mm in thickness on various mechanical properties.

Nevertheless, this research did not report critical parameters like EM, WA, and LS. In
the work of Leone et al. [41], concrete containing a low percentage of raw RSFs (ranging
from 0.3% to 0.46% by volume of concrete) exhibited a noTable 10% decrease in com-
pressive strength (CS) and a 3% reduction in split tensile strength (SS). However, critical
properties such as bending strength (BS), EM, WA, and LS were not subject to assessment.
Caggiano et al. [42] delved into the influence of RSFs measuring 26.17 mm in length and
0.25 mm in thickness on concrete properties. While their study revealed a 3% decrease
in CS, data pertaining to significant attributes including EM, SS, WA, and LS, were not
included. Pawelska-Mazur and Kaszynska [24] and Samarakoon et al. [43] both explored
the potential of raw RSFs to enhance concrete properties. However, their assessments did
not address crucial factors such as EM, WA, and LS. Among the limited existing studies,
Skarzyriski and Suchorzewski [44] and Zia et al. [45] stand out as the sole research efforts
that examined the impact of 0.50% to 0.75% of raw RSFs on concrete linear shrinkage (LS).
The findings of Skarzyniski and Suchorzewski [44] indicated an increase in LS attributed to
the incorporation of RSFs.

In contrast, Zia et al. [45] reported a decrease in LS at an RSF dosage of 0.75%, but
they observed an increasing trend in LS with a gradual rise in RSF dosage. Nevertheless,
further research is essential to validate the definitive influence of raw RSFs on controlling
LS. It is also noteworthy that the investigation of water absorption (WA) is a relatively
rare occurrence within the available database, with only a few studies, including those by
Shah et al. [46] and Akhtar et al. [47], exploring this characteristic.

Furthermore, the majority of the studies in this field have predominantly investigated
the influence of low dosages of RSFs. For instance, Rossli and Ibrahim [36] employed RSFs
in concentrations ranging from 0.20% to 1% by volume of concrete, Leone et al. [41] used
0.46%, Caggiano et al. [42] 0.75%, Vistos et al. [28] 0.50%, Samarakoon et al. [43] examined
0.50% and 1%, Skarzynski and Suchorzewski [44] investigated 0.50%, Aiello et al. [48]
considered dosages between 0.13% to 0.26%, Chen et al. [37] explored the range from 0.50%
to 1.25%, and Dorr et al. [49] studied the effect of 0.50% RSFs. Hence, there exists a critical
need to comprehensively evaluate the effectiveness of high doses of RSFs to determine
their potential implications on the behavior of concrete.

Moreover, it is crucial to underscore that the majority of existing studies have focused
on the influence of RSFs in a meticulously separated and purified form. However, com-
mercially available RSFs are typically presented in a raw state, characterized by varying
sizes and the presence of a minute rubber content. This divergence emphasizes the utmost
significance of assessing the impact of RSFs on a comprehensive range of mechanical prop-
erties and durability-defining attributes, including LS and WA, within the context of the
same concrete type.

To address this gap, the current research goal is to assess the strength and durability
characteristics of RSF concrete (RFRC). Different dosages of RSFs are examined using
locally available materials, including RSFs and the local concrete C20/25 from Bratislava,
Slovakia. This study is part of an extensive experimental program where high quantities
of RSFs, extending from 1% to 1.75% by concrete volume, are included. Approximately
one percent of polyester, small steel fibers, and rubber fragments were included in the mix
of the fibers used in this study. The mechanical properties, such as the elastic modulus,
compressive strength, split tensile strength, and flexural strength, are thoroughly evaluated.
Additionally, parameters such as densities, slumps, energy absorption, toughness, capacity
to absorb water by immersion, and change in length due to shrinkage are measured as well.



Sustainability 2023, 15, 15760 4 of 31
Table 1. Missing properties in the previous studies.
Missing in the Previous Studies
Authors
Strength Properties Other Properties
Gul et al. [40] EM WA, LS
Rossli and Ibrahim [36] EM WA, LS
Leone et al. [41] EM, BS WA, LS
Caggiano et al. [42] EM, SS WA, LS
Pawelska-Mazur and Kaszynska [24] EM, BS WA, LS
Samarakoon et al. [43] EM WA, LS
Skarzynski and Suchorzewski [44] EM WA
Aiello et al. [48] EM, BS WA, LS
Chen et al. [37] EM, SS, BS WA, LS
Shah et al. [46] EM, SS LS
Siraj and Kedir [50] SS, EM WA, LS
Koroglu [51] EM WA, LS
Abdul Awal et al. [52] EM WA, LS
Centonze et al. [53] EM, SS, BS WA, LS
Akhtar et al. [47] EM LS
Younis [54] EM WA, LS
Suleman et al. [55] EM, SS WA, LS
Peng et al. [56] EM, BS WA, LS

EM = elastic modulus, SS = split tensile strength, BS = bending strength, WA = water absorption, LS = linear
shrinkage.

2. Research Gap

The existing literature on recycled tire steel fiber-reinforced concrete (RFRC) fails
to provide adequate support for practical applications of RFRC within the construction
industry. Many critical aspects of RFRC experimental testing remain unexplored. These
include evaluating the modulus of elasticity, assessing durability-related properties such as
shrinkage and water absorption, and understanding how high percentages of RSFs affect
energy absorption and post-crack behavior. The current database lacks the essential infor-
mation required to determine the optimized content of RSFs for specific civil engineering
applications. Furthermore, evaluating locally available RSFs from Bratislava, Slovakia, is
essential to promote their effective utilization in concrete at the local level. To address these
research gaps, this study aims to:

Evaluate strength properties: conduct comprehensive assessments of the strength
characteristics of concrete containing high volumes of recycled tire steel fibers (RSFs) to
enhance the understanding of its mechanical behavior.

Analyze durability-defining properties: investigate crucial durability parameters,
such as shrinkage and water absorption, to comprehend how RSFs impact the durability of
RERC.

Assess energy absorption: study the capacity of RFRC to absorb energy and its
toughness characteristics, particularly when incorporating more than 1% RSFs by volume
fraction.

Enhance sustainability: explore the effectiveness of RSFs in improving the sustain-
ability of reduced-size concrete pavements.

By expanding the current database through these objectives, this research aims to
provide valuable insights for future studies and engineers concerning the utilization of
RSFs in concrete. This study also endeavors to enhance the understanding of the cracking
behavior, toughness, and energy absorption of RFRC when incorporating high percentages
of RSFs, making significant strides toward more sustainable and durable construction
materials.
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3. Experiments and Materials
3.1. Concrete and Ingredients
3.1.1. Concrete

In the current study, the local concrete of Bratislava was considered. The dry concrete
C20/25 of Cemix Betén, available in the ready-mixed form [57], was chosen. Detailed
information about the concrete can be found at [57]. Dry ready-mixed concrete was chosen
for this study because it is commonly used in construction projects. This choice reflects
real-world applications and ensures the relevance of our findings to practical construction
scenarios. Moreover, the locally available dry ready-mixed concrete was utilized to align
with the objective of the current study, which is to encourage the local adoption of RSFs in
construction practices.

3.1.2. Recycled Tire Steel Fibers

The EN 14889-1:2006 [58] compliant recycled tire steel fibers (RSFs) were utilized.
A small amount of rubber particles and polyester fibers were present in the RSFs used
in this study. The fibers’ dimensions and tensile strengths differed randomly. Figure 1
provides a photograph of the RSFs used. Statistical analysis, as conducted in the research
by Zia et al. [45] determined the frequency distribution of different fiber aspects.

Figure 1. Steel fibers recovered from recycled tires.

The RSFs had diameters ranging from above 0.05 mm to less than 1.882 mm, with
5.49% having diameters larger than 0.80 mm. The majority of the RSFs (31.5%) fell within
the length range of 10.5 to 13.4 mm. The RSFs had an average strength of tensile of
2459 MPa. The fibers were used in their raw form, as it was expected that approximately 1%
of impurities would not adversely affect the concrete’s characteristics when incorporating
a high dose of RSFs.

Moreover, previous research has indicated that rubber and RSFs can enhance impact
resistance [29]. Additionally, rubber particles adhered to steel fibers do not contribute to
increased corrosion, possibly due to the rubber’s ability to block water and chlorides [59].
Considering the minimal negative impact of the small amount of rubber and polyester
fibers, they were retained in the RSFs. This approach helps reduce costs associated with
processing the RSFs, as rubber constitutes a significant portion of the waste material.
Furthermore, previous studies have shown that waste polyester fibers can improve the
strength properties of concrete [60].
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3.2. Casting Procedures

The casting procedures followed the method described in previous research [45]. A
traditional concrete mixer was used for preparing concrete. To produce ORFRCs, water
and dry concrete were added to the mixer. The ORFRC was tested for slump before being
poured into molds.

The preparation of RSF mixtures (RFRC) began by placing the dry concrete into the
mixer drum, followed by the addition of 75% of the water. During the initial mixing stage,
the fibers were gradually incorporated into the mixture. To ensure the even distribution of
RSFs, an initial step involved separating them, since these fibers tend to clump together
due to variations in size and shape. Rather than adding all of the RSFs at once, a controlled
technique was employed. Small portions of the fibers were methodically introduced into
the mixer. These portions were gently dispersed over the concrete surface during the mixing
process until the required amount of RSFs was reached. This gradual introduction of fibers
was implemented to prevent any clumping or balling effects during the concrete mixing
procedure. In the final step, the remaining 25% of water was added, and the mixtures
were thoroughly mixed. Slump tests were conducted for the RFRCs at this stage, and the
mixtures were then poured into molds. The RFRCs were tested using the same techniques
as the ORFRCs, with compaction performed following the ASTM-recommended method.
All samples were cured in water tanks before undergoing testing.

3.3. Specimens and Testing Procedure

Specimens are prepared following the size requirements outlined in ASTM standards.
Each property was tested using three samples, except for the water absorption test, which
included two samples. An average of two readings were taken to represent the water
absorption. Other researchers also reported results by taking an average of two readings;
even the average of crack length was presented [61]. Research into ASTM C39 [62] and
ASTM C1585 [63] also supported our use of the average of two. Specimens were labeled
with specific symbols to denote the property being tested, with numbers representing the
percentage of RSFs added by volume proportion of concrete (1%, 1.25%, 1.50%, and 1.75%).
The specimens were indicated by labels of C for compressive strength, S for split tensile
strength and F for flexure strength, and numbers 1, 2, and 3 defined the sample symbol
for each specimen. The numbers 1, 12, 15, and 17 written before the RFRC represent the
1%, 1.25%, 1.50%, and 1.75% of RSFs included by the volume proportion of the mixture.
The summary of tests performed, including the specimen type and size, along with ASTM
standards, is demonstrated in Table 2.

Table 2. Details of standards, specimens, and tests.

Specimen

S. No Test Specification (ASTM Code) Ref.
Shape Size
1 Slump Cone 200 x 100 x 300 mm ASTM C143/C143 M-20 [64]
2 Density Cube 150 x 150 x 150 mm ASTM C642-13 [65]
3 Elastic modulus Cylinder 150 x 300 mm EN 12390-13 [66]
4 Compressive Cylinder 150 x 300 mm ASTM C39/C39 M-21 [67]
5 Indirect tensile Cylinder 150 x 300 mm ASTM C496/C496 M-17 [68]
6 Flexure Prism 400 x 100 x 100 mm ASTM C78/C78 M-16 [69]
7 Water absorption Cube 150 x 150 x 150 mm ASTM C642-13 [65]
8 Linear shrinkage Prism 400 x 100 x 100 mm ASTM C157/C157 M-08 [70]

The ASTM standards were followed for testing the specimens except for the elastic
modulus, computed according to EN 12390-13 [66]. For strength properties, the tests
included determining behavior, energies, and indices of toughness. The linear shrinkage
test followed a modified method based on ASTM C157/C157 M-08, with the specimens
being the standard prism size approved for bending strength following ASTM C78/C78
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M-16. The baseline reading was taken subsequent to 12 h of mixing concrete with water to
account for length changes during the early stage, as conducted by Khajehdehi et al. [71].

4. Findings and Evaluation
4.1. Workability and Mass

Table 3 demonstrates the slump test results. RFRCs showed less slumps than ORFRC.
The decrease in the slump for RFRCs can be attributed to the interlocking and restraint
action of the fibers. A significant reduction in slump was observed for 1IRFRC, 12RFRC,
15RFRC, and 17RFRC, with a 95 mm drop compared to ORFRC. The slumps of these RFRCs
were 79% lower than that of ORFRC. The inclusion of RSFs resulted in a marked decrease
in slump values. Consequently, it can be inferred that in the case of RFRCs, the use of
admixtures might be necessary to attain the same level of workability as plain concrete
with an equivalent mix design. However, RSFs above 1% do not further reduce the slump
of the concrete. This is consistent with previous research that has reported a decrease in
workability when RSFs are incorporated in concrete compared to ORFRC [31,43].

Table 3. Slumps and densities.

Slump Density
Batch Value Percent Comparison Value Percent Comparison

(mm) (%) (kg/m®) (%)
ORFRC 120 100 1968.8 100
1RFRC 25 21 1964.1 100
12RFRC 25 21 1964.2 100
15RFRC 25 21 1939.2 98
17RFRC 25 21 1971.1 100

Table 3 presents the densities of the hardened specimens. A maximum density of
1971.1 kg/ m3 was noted for 17RFRC. Compared to ORFRC, the densities of 1IRFRC, 12RFRC,
and 17RFRC showed no significant change. However, a slight decrease of 2% was observed
for 15RFRC. The presence of polyester and rubber in larger quantities, which have lower
densities, could contribute to this slight decline. Previous studies have also reported that
the density of RFRCs may exhibit slight variations [41].

4.2. Water Absorption and Linear Shrinkage

Water absorption (WA) helps to assess the concrete’s durability and porosity. The
water absorption test results are illustrated in Table 4. The outcomes of the water absorption
test revealed that the RFRC samples (IRFRC, 12RFRC, 15RFRC, and 17RFRC) exhibited
slightly higher water absorption compared to the control sample (ORFRC). This increase in
water absorption ranged from 1.5% to 2%, with an increase in the percentage of RSFs. This
can be attributed to the presence of RSFs, which may introduce additional pathways for
water ingress into the concrete matrix. The water absorption of RFRC slightly exceeded that
of plain concrete (PC) due to the higher porosity resulting from the elevated RSF content.
This high RSF dosage limited optimal compaction in RFRC. A similar trend was observed
in nylon fiber-reinforced concrete (NFRC), as noted by Zia et al. [17,72], where its water
absorption was slightly higher than that of PC due to the increased porosity resulting
from the substantial presence of nylon fibers. This abundance of fibers in NFRC hindered
effective compaction.
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Table 4. Water absorption and linear shrinkage test results.
Type of Concrete
Property
ORFRC 1RFRC 12RFRC 15RFRC 17RFRC

WA (%) 7.0 8.5 8.6 8.8 9.0

WA-CoV (%) 0.40 5.73 10.10 8.85 5.97
LS (%) 0.0165 0.0140 0.0165 0.0173 0.0175

LS-CoV (%) 0.00 4.51 30 7.26 8.08

Conversely, in the case of polypropylene fiber-reinforced concrete (PPFRC), reduced
water absorption was observed compared to plain concrete. This reduction was associated
with the presence of a suitable amount of fibers, which did not impede compaction, in
contrast to NFRC. Thus, it can be inferred that the addition of fibers with negligible
water absorption characteristics to concrete can significantly reduce capillary porosity and
conductivity among pores if incorporated in an amount that does not hinder compaction
due to increased heterogeneity [73,74]. In our study, a similar phenomenon occurred: an
increase in fiber dosage increased heterogeneity and porosity within the mixture, leading
to reduced compaction and, consequently, significantly increased water absorption.

Table 4 displays the linear shrinkage (LS) and corresponding coefficients of variation
(CoV). The LS results indicated that 1RFRC exhibited a slightly lower linear shrinkage
compared to ORFRC, with a reduction of 0.0025%. However, for 12RFRC, 15RFRC, and
17RFRC, a slight increase in linear shrinkage was observed, ranging from 0.008% to 0.01%.
This phenomenon can be attributed to the abundance of RSFs (1.25% to 1.75%), which
may have compromised the uniformity of concrete, subsequently affecting its drying
characteristics and contributing to an increased degree of shrinkage in the concrete. Similar
findings regarding increased linear shrinkage due to the inclusion of thick fibers and an
excessive amount of fibers, surpassing optimized dosages, have also been reported in
previous studies [44,75].

In conclusion, the inclusion of RSFs in concrete resulted in a slight increase in water
absorption and minor variations in linear shrinkage. These findings suggest that the
presence of RSFs may influence the concrete’s porosity and drying characteristics. However,
the observed changes in water absorption and linear shrinkage were within acceptable
ranges and are not expected to significantly impact the overall performance and durability
of the RFRC. Further investigations are warranted to study the long-term effects and
potential mitigation measures for these properties in RFRC.

Figure 2 provides a comparison of the results obtained from the water absorption test.
The water absorption of RERC samples (1RFRC, 12RFRC, 15RFRC, and 17RFRC) is shown
to be higher compared to ORFRC.
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Figure 2. Percentage values of water absorption.
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The water absorption increased by 20%, 22%, 25%, and 28% for 1RFRC, 12RFRC,
15RFRC, and 17RFRC, respectively, in comparison to ORFRC. It is evident that ORFRC
exhibited the lowest water absorption among all the investigated materials. The higher
water absorption in RFRC can be attributed to the less compacted nature of the RFRC
specimens compared to ORFRC. The introduction of RSFs into the concrete mix leads to
increased heterogeneity, which can result in higher water absorption. By optimizing the
fiber content and improving compaction through advanced techniques, it is possible to
reduce water absorption. Additionally, the presence of polyester in the RSF blend may
contribute to increased water absorption. It is likely that using polyester-free RSFs would
reduce the water absorption in RFRC.

The progression of linear shrinkage over time is presented in Figure 3. It can be
observed that the constraining effect of the optimized dose of fibers increased gradually
over time. On the 28th day, the lowest LS is noted for specimens incorporating 1% of fibers.
Compared to the LS of zero-fiber concrete, increased LS are noted at 1.5% and 1.7% of
fibers.

—— (RFRC --e--]1RFRC :--®-- 12RFRC — &= ]15RFRC —e - 17RFRC
0.0200 ~

0.0150
0.0100
0.0050
0.0000
—0.0050
—0.0100
—0.0150 -

Linear shrinkage (%)

Time (Days)

Figure 3. Evolution of linear shrinkage over time.

The linear shrinkage of specimens is represented as a percentage comparison in
Figure 4. The LS of 15RFRC and 17RFRC increased by 5% and 6%, respectively, compared
to ORFRC. However, 1RFRC exhibited the best performance in limiting linear shrinkage,
demonstrating 15% lower LS than ORFRC. The LS for 12RFRC was the same as that of
ORFRC. The high dose of fibers (1%) effectively maintained the connectivity of RFRCs
without compromising the uniformity of concrete and its ability to absorb tensile stresses.
Previous studies have also reported a reduction in linear shrinkage with the incorporation
of low dosages of industrial steel, polypropylene fibers, and recycled steel fibers [76,77].
The current research provides insights into the influence of high doses of RSFs on the linear
shrinkage of concrete.

This demonstrates that RSF inclusion can effectively manage linear shrinkage up to
a certain fiber proportion. However, exceeding this threshold results in increased linear
shrinkage compared to plain concrete. This research highlights the crucial balance needed
when incorporating RSFs to control linear shrinkage effectively. Additionally, plain concrete
specimens exhibit lesser resistance to length changes compared to RFRC. Therefore, IRFRC
with reduced LS has demonstrated its potential to effectively restrict tensile cracks caused
by external factors. It can be inferred that adding a 1% content of RSFs can significantly
enhance the performance of concrete structures in maritime and other environments prone
to tensile cracking due to extreme weather conditions.
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Figure 4. Percentage values of linear shrinkage.

4.3. Experimental Elastic Modulus (EM)

The European standard EN 12390-13 was used to determine the experimental value of
the elastic modulus of specimens (EM). Table 5 presents the EM values for different RERC
samples, along with the corresponding coefficients of variation (CoV). The CoV values
indicate the level of consistency among the three readings taken for each sample, with a
maximum CoV of 7% observed, indicating good coherence among the measurements.

Table 5. Specimens’ elastic modulus.

L. Type of Mixture
Characteristic
ORFRC 1RFRC 12RFRC 15RFRC 17RFRC
EM (MPa) 23,641 18,440 18,533 18,647 18,907
CoV (%) 3 4 5 7 5

The EM values for the RFRC samples exhibit variations compared to ORFRC. The
incorporation of recycled tire steel fibers leads to a reduction in the elastic modulus. The EM
values for 1RFRC, 12RFRC, 15RFRC, and 17RFRC are 18,440 MPa, 18,533 MPa, 18,647 MPa,
and 18,907 MPa, respectively, which are lower than the EM of ORFRC (23,641 MPa).

Figure 5 provides a graphical representation of the percentage comparison of the
EM values. It can be observed that 1IRFRC exhibited a decline of 22% in EM, while
12RFRC, 15RFRC, and 17RFRC showed decreases of approximately 21.6%, 21.1%, and 20%,
respectively, compared to ORFRC. These results indicate that the addition of RSFs has an
adverse effect on the elastic modulus of the concrete, and an increase in the RSF content
corresponds to a decrease in EM. This reduction in EM may be attributed to various factors,
such as the presence of longer RSFs in the mixture and the smaller size of the aggregates
used in this study. Previous research has reported that incorporating long fibers can result
in decreased EM compared to shorter fibers [45]. The other probable justification for a
decline in the EM could also be that 13% of RSFs used in this study were longer than
16.5 mm because reduced EM has been reported in previous studies for the incorporation
of long fibers compared to short fibers [78]. Therefore, it is important to avoid using
lengthy RSFs where the elastic modulus is of prime importance. The findings highlight
the importance of carefully considering the influence of RSFs on the mechanical behavior
of RFRC structures. Further investigation is required to optimize the RSF content and
understand the relationship between fiber characteristics and the resulting elastic modulus.
These insights will contribute to the development of more sustainable and mechanically
robust concrete structures.
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Figure 5. Percentage values of elastic modulus test.

4.4. Compression Strength Characteristics
4.4.1. Behavior under Compression Loading

The stress—strain curves for compression loading are depicted in Figure 6, illustrating
the response of the specimens to increasing compression loads. Notable differences in the
stress—strain behavior are observed between RFRCs and ORFRC. RFRCs exhibited ductile
behavior with smooth stress—strain responses beyond the peak load, while ORFRC failed
abruptly with brittle behavior.
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Figure 6. Curves for compression loading.

Figure 7 also provides information on the development of cracks at various stages of
the loading process, including first crack initiation, peak-load cracks, and ultimate-load
cracks. Cracks initiated at approximately 98-99% of the peak force for RFRCs, while ORFRC
experienced crack initiation at 98% of its peak force. The crack lengths in RFRCs were
smaller compared to ORFRC. Initial cracks in RFRCs ranged from 40 mm to 50 mm (as
shown in the upper photographs of Figure 7), while crack lengths at the peak load reached
50 mm to 65 mm (as shown in the center images of Figure 7). At the final load, crack lengths
extended to nearly 160 mm to 200 mm for RFRCs, as illustrated in the bottom photographs
of Figure 7. RFRCs demonstrated a non-brittle failure mode, remaining intact after cracking,
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while ORFRC exhibited spalling and separation along cracks. The number of cracks was
higher in RFRCs, but their smaller size was advantageous for repair and grouting.

ORFRC 1IRFRC 12RFRC 15RFRC 17RFRC

Initial break

At highest force

At extreme force

Figure 7. Specimen cracking during compression testing, the cracks observed are encircled in red.

The presence of RSFs contributed to the restraining effect and prevented complete
separation along the cracks. This characteristic is advantageous for repair and rehabilitation
purposes, as RFRC members, such as floors, canal-lining plates, and retaining walls, can be
repaired and maintained through grouting. Conversely, ORFRC specimens cannot be easily
reconnected and repaired using simple grouting due to the separation along the cracks.
Visual inspection of the RFRC specimens revealed that RSFs more than 0.80 mm thick
showed releasing, while most of the thin fibers experienced both pullout and fissure. The
failure of thin and long fibers was primarily attributed to fiber fracture caused by increased
bond length. Similar behavior has been reported in previous studies investigating concrete
incorporating less than 1% of RSF [45].

In summary, RFRCs display enhanced ductility and repairability compared to ORFRC.
The inclusion of RSFs improves the mechanical performance and integrity of concrete
structures, providing opportunities for durable and resilient construction practices.

4.4.2. Compressive Test Properties

The compressive strength (CS), compression energy absorbed before the initial crack
(CPE), compression postpeak energy (CCE), total energy under compressive loading (CTE),
and compressive toughness index (CTI) are important properties evaluated in compression
tests. The CS is determined by considering the highest compressive load. The region under
the compression curve up to the stress corresponding to the initial break is taken as the
CPE. The section underneath the curves from the initial crack till the final load is taken
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as the CPE. The entire region underneath the curve from the zero-stress to the last load is
known as the CTE. The proportion of CTE to CPE is demarcated as the CTL.

The compressive strength, coefficient of variation (CoV), and cracking properties are
exhibited in Table 6. The CoVs are within limits, as mentioned in other studies [79]. The CS
of 17RFRC exhibited a maximum decline of 3.45 MPa as opposed to ORFRC’s CS. The CS
values for 1RFRC, 12RFRC, 15RFRC, and 17RFRC are lower than that of ORFRC, indicating
a decline in compressive strength with the incorporation of RSFs. Higher doses of RSFs
(more than 1%) did not positively impact the compressive strength. The highest strain
values (¢0) are observed for 17RFRC, indicating its ability to withstand higher strains. The
CPEs reduced by 0.043 MPa for 1RFRC, 0.03 MPa for 12RFRC, 0.034 MPa for 15RFRC, and
0.05 MPa for 17RFRC than the CPE of ORFRC. Contrasted to ORFRC, the CCEs improved
by 0.043 MPa for 1RFRC, 0.04 MPa for 12RFRC, 0.043 MPa for 15RFRC, and 0.059 MPa for
17RFRC. The fiber inclusion, which improves the after-fracture ductility, caused a rise in
the CCE and CTE of RSF-reinforced specimens. The CTIs of 1RFRC, 12RFRC, 15RFRC, and
17RFRC increased by 1.22, 0.82, 1.03, and 1.76 compared to the CTI of ORFRC. By bridging
the gaps to lessen distortion, fiber insertion reduced the sizes of cracks.

Table 6. Compressive strength and related properties.

Concrete Type
Parameters
ORFRC 1RFRC 12RFRC 15RFRC 17RFRC

CS (MPa) 15.15 13.20 12.80 13.00 11.70

CoV * (%) 2.8 3.7 5.7 3.8 41
€o (-) 0.0082 0.0110 0.0116 0.0125 0.0167
C.PE. (MPa) 0.09 0.044 0.057 0.053 0.037
C.C.E. (MPa) 0.02 0.059 0.056 0.059 0.075
C.TE. (MPa) 0.104 0.103 0.114 0.112 0.112
CTI (-) 1.2 2.40 2.00 221 2.94

* CoV = Coefficient of variation.

The addition of RSFs controls crack formation and spread, enhancing the CTI of RFRCs.
The high dose of RSFs helps to improve the compressive toughness and postpeak energy
absorption of RFRCs more than that of ORFRC. Therefore, it can be concluded that the high
dosages of RSFs (more than 1%) help enhance the concrete’s postcrack energy absorption
capacity and ductility under compressive loads.

Figure 8 illustrates the percentage comparison of the compression properties. RFRCs
exhibited lower CS values compared to ORFRC, with reductions ranging from 13% to 23%.
The CPEs of RFRCs were lower than that of ORFRC, while the CCEs and CTEs showed
improvements. In comparison to ORFRC, the maximum decline of 57% is noted in the
CPE of 17RFRC. The CTEs of RFRCs improved, ranging from 8% to 10% compared to
plain concrete. The CTIs of RFRCs were significantly higher than that of ORFRC, with
enhancements ranging from 69% to 145%. 17RFRC surpassed its counterparts in improving
the CTE. The increased volume of RSF may have caused a decrease in the precrack energy
absorption of RFRC relative to ORFRC specimens. RFRCs could not control the early
formation of an initial crack due to more heterogeneity and reduced CS compared to
ORFRC.

Despite the lower precrack and postcrack energies, 17RFRC exhibited the highest CTI,
indicating its ability to improve toughness and postcrack resistance. RFRCs offer long-term
benefits and potential cost savings in repairs compared to ORFRC. They can be effectively
utilized in applications such as side walls and concrete plates of canal linings, where joining
cracked sections of plain concrete is challenging. RFRC allows simple grouting to keep
cracked sections intact even after peak loads. These findings demonstrate the potential of
RSFs in enhancing the after-fracture energy-absorbing capacity and toughness of RFRC
subjected to compression, offering improved performance and resilience in structural
applications.
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Figure 8. Percentage comparison of compressive properties (a) Compressive strength (CS) and
precrack energy (CPE), (b) Total energy (CTE) and toughness index (CTT).

4.5. Split Tensile Characteristics
4.5.1. Behavior under Split Tensile Loading

The indirect tensile curves are shown in Figure 9. RFRCs exhibit a longer time to reach
their peak load compared to ORFRC, indicating increased stiffness due to the inclusion of
RSFs. Figure 10 shows the cracks formed in the split tensile specimens at the three phases:
at the first break, highest load, and extreme load. The first cracking is presented in the top
four images of Figure 10. The initial cracking was consistent across all specimens, including
ORFRC and RSF-reinforced concrete. Less than 0.5 s span existed between the initial break
and the highest load. However, RFRC specimens remained intact and connected by the
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Split tensile load (kN)

fibers, while ORFRC specimens immediately fragmented adjacent to the first crack. At the
peak load, RFRCs exhibited larger crack sizes compared to ORFRC. Figure 10's top four
photos demonstrate how the RFRCs exhibit more rise in the size of the cracks at the top
load. The crack lengths at the highest and first fracture loads are approximately 140 mm
for 1RFRC, 140 mm for 12RFRC, 130 mm for 15RFRC, and 100 mm for 17RFRC.
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Figure 9. Split-tensile-load-versus-time curves.

At ultimate load At peak load

Cracked specimens

ORFRC 1RFRC 12RFRC 15RFRC 17RFRC

Figure 10. Crack development in the split tensile specimens.

Postcrack behavior was also observed as the test continued after reaching the highest

stress. Under high stress, the crack lengths increased to the full depth for the specimens
of 1RFRC, 12RFRC, 15RFRC, and 17RFRC. The broken specimens are displayed in the
bottom four photographs of Figure 10. RFRC specimens, even with high doses of RSFs,
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remained intact and could not be separated by hand, requiring the use of a hammer. This
demonstrates the strong bonding effect of the fibers in RFRC. The initial cracks in the
specimens were smaller than the cracks observed at ultimate loads.

The presence of recycled tire steel fibers effectively resists crack propagation and
prevents brittle failure. The physical and failure behavior of RSFs in the specimens can
be observed by intentionally splitting the cylinders. Thick fibers, approximately 0.80 mm
or more in diameter, exhibit a higher ratio of fiber pull-out and debonding, while shorter
thick fibers show minimal fiber breakage due to their limited anchorage length across the
crack. Thin fibers tend to fracture more frequently, possibly due to their shorter embedment
length. It is crucial to have an equal length of fibers on both sides of the crack to fully
utilize their strength. These findings highlight the ability of RSFs to enhance the crack
resistance and integrity of concrete, offering potential applications to mitigate brittle failure
and improve the overall durability of structures.

4.5.2. Split Tensile Strength and Associated Characteristics

The split tensile strength (SS) is determined based on the maximum split tensile
load. The precrack energy (SPE) refers to the part under the split tensile curve up to the
preliminary break, while the split tensile after-crack energy (SCE) represents the area from
the initial crack to the maximum force. The section underneath the complete curve is used
to determine the total energy (STE). The toughness index for split tensile (STI) is the ratio
of STE to SPE [80].

Table 7 demonstrates the outcomes of the indirect tensile test, including the coefficients
of variation (CoVs) for the split tensile strengths (SS). Compared with previous studies,
the CoVs for the SS values were within the range acceptable for steel fiber-reinforced
concrete [81]. Compared to ORFRC, the SS values for 1IRFRC, 12RFRC, 15RFRC, and
17RFRC showed variations. The SS of 1RFRC was 0.14 MPa more than ORFRC. In contrast
to ORFRC, values of the SS decreased maximally for 17RFRC by 0.18 MPa, respectively.

Table 7. Split tensile strength and associated properties.

Concrete Type
Parameters
ORFRC 1IRFRC 12RFRC 15RFRC 17RFRC
SS (MPa) 1.60 1.74 1.54 1.51 1.42
SS-CoV (%) 3.9 0.6 0.7 8.1 7.6
SPE (kN's) 4139 5564 4160 4384 3726
SCE (kN-s) 0 501 724 820 1023
STE (kN-s) 4139 6065 4884 5204 4748
STI(-) 1.00 1.09 1.17 1.19 1.28

According to evidence from earlier experiments, adding RSFs generally improves the
SS [44]. The RFRCs’ SPE values also exhibit improvements compared to ORFRC, with the
highest enhancement observed in 1RFRC. However, at a high dosage of RSFs (17RFRC),
the SS decreases; the SS of 17RFRC was 413 kN-s lower than that of ORFRC. An increase
in the dosage of fibers has a negative impact on shear strength; thus, precrack energy is
adversely affected at more than 1.5% of RSF compared to ORFRC. The SCE values were
significantly higher for RFRCs compared to ORFRC, indicating improved energy absorption
after crack initiation. The SCE of ORFRC was 0 kN-s because it did not sustain any load
after the formation of the first crack.

A % comparison of the split tensile characteristics is shown in Figure 11. The SS
of 1IRFRC shows an 8% increase compared to ORFRC, while reductions of 4%, 6%, and
11% are observed in the SS of 12RFRC, 15RFRC, and 17RFRC, respectively. The SPEs
show increases for 1IRFRC, 12RFRC, and 15RFRC compared to ORFRC, with a reduction
observed in 17RFRC. The STEs exhibited significant increases for all RFRCs, and the STIs
demonstrated notable improvements, particularly for higher dosages of RSFs. A reduction
of 10% was observed in the SPE of 17RFRC compared that of ORFRC. The STE of 1RFRC
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showed a maximum increase of 47% with respect to the STE of ORFRC. The STI of RFRC
increased considerably, showing a maximum increase of 28% compared to that of ORFRC.
High doses of RSFs have proven to help improve the postcrack energy absorption of RFRCs,
making them tougher than ORFRC.
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Figure 11. Comparison of split tensile properties (a) Split tensile strength (SS) and precrack energy
(SPE), (b) Total energy absorbed (STE) and toughness index (STI).

In comparison to ORFRC, the RFRC showed a substantial increase in the SCE. The STE
values for RFRCs also showed an increase compared to ORFRC, with the highest increase
observed in 1RFRC. Compared to ORFRC, the STE of 1RFRC increased by 1926 kN-s. The STI
values demonstrated substantial improvements for RFRCs, indicating increased toughness
and energy absorption capacity. The highest STI was observed in 17RFRC, reflecting the
positive impact of a high dosage of RSFs.

According to the outcomes of split tensile testing, IRFRC outperformed the investi-
gated materials in improving split tensile strength and energy absorptions. Increases of 4%,
6%, and 7% were noticed in the STIs for the incorporation of 0.3%, 0.45%, and 0.75% of RSFs
in concrete, compared to that of 0% RSF incorporating concrete [45]. Therefore, it can be
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inferred that adding a high dose of RSFs helped RFRC in improving toughness, ultimately,
the mechanism to restrain the cracks better thana low-dose RSFRC. As a result of their
good split tensile capabilities, RFRCs can efficiently control the fractures induced by tensile
stresses. These findings indicate that the incorporation of RSFs improves the split tensile
strength and energy absorption capacity of RFRCs. Among the investigated materials,
1RFRC outperformed others in terms of split tensile strength and energy absorptions. The
use of a high dosage of RSFs proved more effective in enhancing toughness and crack
resistance compared to a low dosage. RFRCs, with their improved split tensile capabilities,
can effectively control fractures induced by tensile stresses and enhance the sustainability
and service life of structures subjected to tensile cracking, such as hydraulic and marine
structures. Furthermore, RFRC offers protection against severe tensile cracking that could
compromise structural integrity.

4.6. Flexure Characteristics
4.6.1. Behavior under Flexure Loading

Figure 12 depicts the curves of flexural load vs. deflection for flexural beamlets. The
RFRCs exhibit smoother post-crack curves, indicating improved ductility compared to
ORFRC, which shows non-ductile behavior after the peak load. The fractures formed during
the three load phases are presented in Figure 13. The cracking of specimens at the initial
break is demonstrated in the upper and middle pictures of Figure 13. There was less than a
second between the highest and initial crack loads. The RFRC specimens demonstrated
a gradual post-peak collapse, in contrast to the sudden failure observed in ORFRC. The
cracks at the peak load were wider and longer in the RFRCs.
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Figure 12. Load-displacement curves for flexure specimens.
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Figure 13. Crack development in the flexure specimens.

The RFRC specimens remained intact until the end of the flexure test, with some
specimens showing partial detachment due to the fibers’ ability to hold the sections together.
The effectiveness of fibers in controlling bending cracks is influenced by their thickness and
length. Thicker and longer fibers exhibit better performance in resisting bending cracks
compared to short and thin fibers. High doses of fibers in the RFRCs help prevent sudden
failure under flexure loading, in contrast to low doses of the same type of RSFs, which
have been reported to result in sudden failure [45]. Visual inspection of the fracture surface
revealed fiber breaking for long and thin fibers, while thick fibers showed higher pull-out.
The probable reasons for drag-out and break of fibers in the flexure test are identical to
those given for the “split tensile behavior” in the former section. In addition, the specimens
showed improved MoR within the same batch for the same dose of RSFs, possessing a
greater amount of fibers aligned across the crack.

It should be noted that the current study did not employ the magnetic method to align
the steel fibers within the specimens during compaction. Instead, the RSFs are randomly
mixed, and no special arrangements are made to align the fibers across the loading plane.
However, advanced technology can be used to achieve better fiber alignment and higher
strength by aligning the RSFs within the specimens during the casting stage.

4.6.2. Flexure Strength and Associated Properties

The flexure strength of the specimens is evaluated through the modulus of rupture
(MoR), as per the ASTM standard [69]. The flexure strength at the deflection of 3 mm
in the post-maximum load stage is taken as a residual flexure strength (RFS). The area
below the flexural curve from the origin to the load at the initial fracture is known as the
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flexural precrack energy (FPE). Flexural cracked absorbed energy (FCE) is measured in the
section between the first crack and the maximum load that lies below the flexure curve.
The flexural total energy (FTE) is the area underneath the bending force-deformation curve
between the zero-force and the ultimate force. The relation of FTE to FPE is considered the
toughness index for flexure (FTI).

The flexure properties of prisms are shown in Table 8. The coefficients of variation are
provided for MoRs. The values of MoR range from 1.71 MPa to 2.00 MPa, depending on
the RSF content. A reduction of 0.20 MPa is observed in the MoRs of 1IRFRC and 15RFRC
compared to 0% RSF concrete, while the MoR of 12RFRC is enhanced by 0.10 MPa. The
maximum MoR value of 2.00 MPa is noted for 12RFRC and 17RFRC. The FPE values range
from 0.57 kN-mm to 0.68 kN-mm, with reductions observed in the RFRCs compared to
ORFRC. The FCE values range from 5.08 kN-mm to 8.71 kN-mm, indicating the increase
in cracked energy absorption in RFRCs. The FTE values range from 6.18 kN-mm to
9.20 kN-mm, with significant increases observed in RFRCs compared to ORFRC. The FTI
values range from 1 to 15.02, indicating the enhanced flexure toughness of RFRCs at high
doses of RSFs.

Table 8. Flexure strength and associated properties.

Concrete Type
Parameters
ORFRC 1RFRC 12RFRC 15RFRC 17RFRC
MoR (MPa) 1.90 1.70 2.00 1.70 1.90
MoR CoV (%) 4.1 7.3 6.0 6.5 9.5
FRS (MPa) 0 0.23 0.33 0.20 0.33
FPE (kN-mm) 1.22 0.57 0.62 0.66 0.68
FCE (kN-mm) 0.00 5.61 7.57 5.08 8.71
FTE (kN-mm) 1.22 6.18 8.19 5.75 9.20
FTI (-) 1.00 11.65 14.20 8.71 15.02

The addition of high doses of RSFs does not adversely affect the flexure energy
absorption, and RFRCs maintain their crack-arresting mechanism and restriction impact.
The flexure toughness indices are significantly improved in RFRCs with a high RSF content,
indicating their ability to enhance post-crack behavior and energy absorption. The findings
suggest that RFRCs can maintain their crack-arresting mechanism and exhibit superior
performance even at higher volumetric proportions of fibers.

Figure 14 shows the percentage values of flexure test results and their comparison.
A diminution of 11% is noted in MoRs for 1RFRC and 15RFRC, while a rise of 5% and
0% is noted for 12RFRC and 17RFRC compared to ORFRC. The FPEs of 1RFRC, 12RFRC,
15RFRC, and 17RFRC were 46% to 54% smaller than that of ORFRC. On the other hand, the
FTEs of RFRCs showed significant improvements, ranging from 372% to 656% compared to
ORFRC. The FTIs experienced substantial increases of 771% to 1402% for 1RFRC, 12RFRC,
15RFRC, and 17RFRC. Notably, 17RFRC outperformed the other specimens in terms of
flexure total energy and toughness. The maximum FTI of 610% and FTE of 320% were
reported for using low doses (less than 1%) of RSFs [49]. Using the high dosages of RSFs
boosted the flexure toughness and postcrack energy absorption further than that noticed at
the low dosages of RSFs. The high doses of RSFs in RFRCs further enhanced the post-peak
behavior, leading to an increase in the toughness index.

These findings demonstrate that the use of high doses of RSFs improves flexure
toughness and after-crack energy beyond what was noticed with low RSF dosages [49].
Based on the improved flexural characteristics observed in this study; it is suggested that
RFRCs with high doses of RSFs can effectively control cracks induced by settlement and
external impact loads. Additionally, the increased RSF content enhances the ability of RFRC
specimens to maintain their cracked sections together, making repairs easier compared to
ORFRC members.



Sustainability 2023, 15, 15760

21 of 31

M ORFRC = IRFRC N 12RFRC 4 15RFRC & 1 7RFRC
125 5

100 A

~
N
1

N
(e
1

Percentage (%)

]
N
1

@ ORFRC = |RFRC W [2RFRC 4 15RFRC @ ] 7RFRC
1500 -

1200

1

O

S

(e
1

600 -

Percentage (%)

300 -

o L I

T S e o

L ,
FTE FT1
(b)

Figure 14. Comparison of flexure properties (a) Flexure strength (FS) and precrack energy (FPE),
(b) Total energy absorbed (FTE) and toughness index (FTT).

5. Discussion

The evaluation of recycled tire steel fibers (RSFs) in enhancing concrete properties
is a crucial aspect that merits careful examination. On the one side, the pollution burden
due to secondary materials of waste tires can be decreased, and on the other side, the
concrete’s performance can be improved. In addition, it can help limit the use of other
commercially produced fibers. This study aims to not only reduce the environmental
burden associated with waste tire materials but also improve the performance of concrete.
Conclusions regarding the perspective applications of RSF-reinforced concrete can be made
based on the results of current experimental testing, including the strength characteristics,
energy absorptions, water absorption, and linear shrinkage of RSF concrete.
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5.1. RSF Versus Other Types of Fibers

By comparing RSFs with other types of fibers, such as natural, artificial, and industrial
fibers, a comprehensive understanding of their respective advantages and disadvantages
can be gained. Using various commercial and non-commercial fibers, including natural
and artificial fibers, has been in practice for a long time in the construction industry.
Natural fibers have garnered attention due to their cost-effectiveness and eco-friendly
nature. Several studies have demonstrated the positive impact of natural fibers, such as
jute fibers [82], sisal fibers [83], wheat straw fibers [84], bamboo fibers [85], and coconut
fibers [86-89], on concrete strength properties. However, their biodegradable characteristics
limit their long-term durability, while their poor resistance to water absorption hinders
their effectiveness in improving concrete’s longevity. Various pre-treatment methods have
been explored to reduce water absorption, but these additional steps come at an added cost.
Consequently, the cost-effectiveness of natural fibers is compromised when considering
their long-term durability.

Artificial commercial fibers, such as nylon and glass fibers, have also shown promise
in enhancing concrete properties. Notably, significant improvements in strength have been
observed with the incorporation of nylon and glass fibers [90]. However, glass fibers are
prone to degradation due to chemical reactions with cement, necessitating meticulous
treatment to ensure their stability. This additional treatment increases the overall cost
of glass fibers. Similarly, while nylon and polypropylene fibers are chemically inert and
possess zero water absorption, their high cost makes them less practical for widespread
use [91,92]. Together, these factors encourage the use of industrial steel fibers, But the
production of industrial steel fibers also includes high costs and the generation of carbon
dioxide.

In contrast, RSFs offer several notable advantages over other fiber types [59]. Firstly,
RSFs are readily available at no cost, as they are derived from waste tire materials. This
not only reduces the financial burden but also addresses the issue of waste disposal,
contributing to environmental sustainability. Furthermore, RSFs have demonstrated a
significantly lower tendency to corrode in extreme environments, ensuring the long-term
durability of the reinforced concrete structures. By utilizing RSFs, the aim is to enhance
concrete strength properties while mitigating the environmental impact associated with
other fiber types. This research provides valuable insights into the potential use of a high
dose of RSFs in the construction industry.

5.2. Leveraging RSFs for Enhancing Performance in Rigid Pavements and Other Civil Engineering
Infrastructure

The current experimental results provide valuable insights into the potential applica-
tions of recycled tire steel fibers (RSFs) in the construction industry. The incorporation of
high doses of RSFs showed significant improvements in flexural and split tensile strengths,
with increases of 5% and 8%, respectively, compared to plain concrete (ORFRC). Fur-
thermore, substantial enhancements were observed in toughness indices and energy for
mechanical characteristics at high doses of RSFs. Notably, the total compression absorbed
energy and toughness of RFRC showed maximum improvements of 10% and 149%, re-
spectively, compared to ORFRC. Similarly, the total split absorbed energy and split index
for toughness increased by 47% and 28%, respectively. The total absorbed flexural energy
and flexural index for toughness showed remarkable improvements of 656% and 1402%,
respectively. Flexure strength (FS) is one of the controlling factors for the performance im-
provement in concrete pavements [93]. These findings suggest that RSFs have the potential
to replace costly fibers in enhancing the properties of rigid pavements.

To assess the practical implications, concrete pavements designed using ORFRC,
12RFRC, and 17RFRC were compared. The mixture type selection was based on higher
flexural strength (FS) and residual flexural strength (RES), key parameters in determining
the design thickness of concrete pavements. Among the RSFRCs, 12RFRC and 17RFRC
exhibited the highest FS and RFS. A jointed concrete pavement (JCP) design was employed
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for collector streets, utilizing bending strength, residual bending strength, and the modulus
of elasticity. The pavement designs followed the ACPA method of design [94] and consid-
ered ACI 330 Traffic Spectrum C, identical subgrade conditions, and design parameters
such as a 30-year design life, terminal serviceability of 2, Trucks/Day of 200, 2% growth rate
of traffic, 50% directional distribution, 50% reliability, subgrade resilient modulus (MRSG)
of 29 MPa, 15% slab cracking at the end of design life, and a 28 MPa subgrade reaction
composite modulus with ends supported.

The design thickness for each pavement type was determined using the ACPA-
approved StreetPave 12 software. Figure 15 illustrates the comparison of design thickness
and material volume for JCP using three different mixtures. The design thickness for
ORFRC, 12RFRC, and 17RFRC was found to be 340 mm, 280 mm, and 290 mm, respectively.
Notably, a thickness reduction of 18% can be achieved using 1.25% RSFs. Furthermore, the
calculation of concrete volume required for constructing a 1 km, 3.7 m wide concrete street
reveals a reduction of 448 cubic meters by incorporating 1.25% RSFs, as shown in Figure 15.

448 (m?)
—— 366 (m?)
100 C%) 82 (%) =— 85 (%) =
S 0 () e S =
e ey ——— e ——
ORFRC 12RFRC 17RFRC
# Thickness (%)  =Reduction in material (Cubic meter)

Figure 15. Reduction in the thickness (%) and materials (m3) for 1 km of 7.32 m street.

Notably, 448 cubic meters of concrete can be reduced by using 1.25% of RSFs for
constructing the same-purpose concrete pavement. This reduction in material usage
positively impacts the preservation of natural resources and enhances the sustainability of
the construction industry. Moreover, by using RFRC, concrete pavements can exhibit better
post-cracking behavior, reducing the rate of deterioration following first fractures [93]. RSFs
effectively maintain the cracked sections together, resulting in RFRC pavements with a
longer usable life compared to ORFRC pavements. Additionally, repairing cracked portions
of RFRC pavements is cost-effective.

The application of RFRC can also extend to hydraulic structures, such as concrete canal
linings, retaining walls, and abutments, where durability and serviceable age are critical [72].
High doses of RSFs have shown the potential to decrease the rate of deterioration caused
by bending cracks and prevent severe post-cracking damage. RFRC can significantly
reduce repair costs and increase the serviceable age of hydraulic structures. The mechanical
property improvements and reduced linear shrinkage achieved by incorporating high
doses of RSFs demonstrate their effectiveness for numerous purposes in civil engineering.
In summation, the findings of our study underscore the immense environmental benefits
and sustainable solutions presented by RSFs. They not only enable a substantial reduction
in material usage but also minimize the need for expensive repairs, all while promoting the
ethos of sustainable construction practices.
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5.3. Empirical Equations

The empirical equations developed in this study provide a relationship between water
absorption (WA) and the mechanical strengths of RFRC.

5.3.1. The Empirical Relation between the WA and Mechanical Strengths

Equation (1) relates WA to the cylindrical compressive strength (CS, in MPa) of the
concrete, while Equation (2) relates WA (%) to the indirect tensile strength (SS, in MPa).
Theoretical Equations (1) and (2) are developed using experimental data from the current
study and showed good correlation with the data (R? = 0.58 for Equation (1) and R?=0.88
for Equation (2)).

WA = 22.63 x C5 038 (1)

WA =9.91 x §570% 2)

Figure 16 illustrates the theoretical curves generated from these empirical equations,
representing the estimated relationship between WA and the corresponding strength pa-
rameters. Regression coefficients and exponents of the independent variables are optimized
to obtain the best estimation of the equation. By using Equation (1) or Equation (2), it is

possible to calculate the water absorption (in %) ‘WA’ based on the known values of CS or
SS, respectively.

10 - y =22.63x7038 10 - y =9.91x0®
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Figure 16. Development of theoretical equations for RFRC’s WA (a) Equation (1) (b) Equation (2).

Table 9 shows the experimental and empirical values of WA, allowing for a comparison
between the observed data and the values computed using the empirical equations. It is
evident that there is a correlation between CS, SS, and WA. The relationship between CS
and WA is inversely related, meaning that lower water absorption may be achieved with
higher compressive strengths. On the other hand, there is an inverse relationship between
WA and SS, indicating that an increase in the content of RSFs can lead to a decrease in water
absorption and an increase in split tensile strength.

Table 9. Values of the WA of RFRC for empirical equations.

Concrete Type
Property
1RFRC 12RFRC 15RFRC 17RFRC
WA-Exp * (%) 8.46 8.62 8.82 9.00
WA-Emp ! [Equation (1)] (%) 8.44 8.72 8.87 8.91
WA-Emp 1 [Equation (2)] (%) 8.45 8.75 8.79 8.96

* Experimental value of WA, ! Empirical value of WA.

The percentage comparison of the experimental and empirically computed WAs is
demonstrated in Figure 17. It can be observed that the WA values predicted by Equation (2)
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align more closely with the observed values compared to Equation (1). The errors associated
with Equation (1) range from 0.4% to 3.4%, while Equation (2) exhibits errors ranging from
0.2% to —1.6%.

110 - WExp MEql =Eq2
X 100 - N -
=
on Y
ﬁ %
=
5
= 90 A
%
80 -

1RFRC 12RFRC 15SRFRC 17RFRC
Figure 17. Percentage comparison of the WA obtained through experiments, Equations (1) and (2).
The percentage comparison of the experimental and empirically computed WAs is
demonstrated in Figure 17. It can be observed that the WA values predicted by Equation (2)
align more closely with the observed values compared to Equation (1). The errors associated
with Equation (1) ranged from 0.4% to 3.4%, while Equation (2) exhibited errors ranging
from 0.2% to —1.6%. On average, Equation (1) has an error of 1%, while Equation (2) has
a slightly negative average error of —0.2%. Therefore, Equation (2) is recommended for
more the accurate estimation of WA. These empirical equations serve as valuable tools
for estimating water absorption in RFRC based on the concrete’s mechanical strengths.
By utilizing these equations, practitioners can assess the water absorption characteristics

of RFRC and make informed decisions regarding its application in various construction
scenarios.

5.3.2. The Empirical Correlation between the LS and Strength Properties

The empirical equations developed in this study establish a correlation between linear
shrinkage (LS) and the strength properties of RFRC. Equation (3) relates LS to the cylindrical
compressive strength (CS) of the concrete, while Equation (4) relates LS to the indirect
tensile strength (SS). Equations (3) and (4) are as follows:

LS = 0.07 x C§70° (3)

LS = 0.02 x §§~ 05 (4)

Figure 18 displays the empirical equations established for computing the LS. These
equations were derived using experimental data and have been validated through a best-fit
curve analysis, resulting in R? values of 0.35 and 0.89 for Equations (3) and (4), respectively.
By using Equation (3) or Equation (4), it is possible to calculate the linear shrinkage (in %)
based on the known values of CS or SS, respectively.
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Figure 18. Development of theoretical equations for the LS of RFRCs (a) Equation (3) (b) Equation (4).

Table 10 presents the LS empirical and experimental values, allowing for a comparison
between the observed data and the values computed using the empirical equations. It can
be observed that the empirical LS values and experimental LS values are in acceptable
agreement, indicating that the strength properties (CS and SS) have a noticeable impact on
the linear shrinkage of RFRC. An inverse relationship was observed between CS or SS and
LS, suggesting that incorporating RSFs in the concrete can lead to reduced linear shrinkage
due to the improved compressive and split tensile strengths.

Table 10. Values of the LS of RFRC for empirical equations.

Concrete Type
Property
1RFRC 12RFRC 15RFRC 17RFRC
WA-Exp * (%) 0.0157 0.0165 0.0173 0.0175
WA-Emp ! [Equation (3)] (%) 0.0170 0.0172 0.0170 0.0181
WA-Emp ! [Equation (4)] (%) 0.0148 0.0158 0.0159 0.0165

* Experimental value of WA, ! Empirical value of LS.

A comparison of the experimental values of LS and the empirical values of LS is shown
in Figure 19. It is evident that the LS values predicted by Equation (4) closely align with the
observed values, while the LS values predicted by Equation (3) deviate slightly.
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Figure 19. Percentage comparison of LS obtained through experiments, Equations (3) and (4).

The errors associated with Equation (3) range from 1.7% to —8.7%, while Equation (4)
exhibited errors ranging from 4.2% to 5.7%. Considering the variations in the empirical
and experimental results, Equation (4) demonstrates less than 6% variation from the
experimental LS values, with a maximum deviation of 8.7% observed for Equation (3).
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Therefore, it can be concluded that Equation (4) provides more accurate estimates of LS
compared to Equation (3). These empirical equations serve as useful tools for estimating
the linear shrinkage of RFRC based on its strength properties. By utilizing these equations,
practitioners can assess the potential impact of RSFs on the concrete’s shrinkage behavior
and make informed decisions regarding its application in construction projects.

6. Conclusions

The experimental exploration of the impact of high percentages (ranging from 1%
to 1.75%) of recycled tire steel fibers (RSF) on the strength and durability properties of
concrete was a central focus of this study, driven by the goal of maximizing sustainability
in concrete construction. In this research, we employed Cemix C20/25 concrete and locally
sourced RSFs conforming to the EN 14889-1:2006 [58] standard from Bratislava, Slovakia.
The RSFs used in their raw state contained minor rubber pieces and polyester components.
This investigation also addressed the effects of these elevated RSF doses on concrete’s
strength and durability properties, presenting percentage comparisons of the properties
under scrutiny. In essence, this study provides valuable insights into the application of
high percentages of recycled tire steel fibers (RSFs) in concrete, shedding light on their
impact across various properties related to concrete pavements and other civil engineering
infrastructures.

Incorporating RSFs into concrete significantly affected workability, water absorption
(WA), and linear shrinkage (LS). Notably, the workability, as measured by slump values,
showed a substantial reduction. Simultaneously, the density of concrete only experienced a
marginal decrease with a certain RSF content. The addition of RSFs resulted in increased
WA, with the magnitude of this increase varying based on the RSF content. In contrast, LS
exhibited a decreasing trend under the influence of RSFs, again with variations depending
on the RSF content.

The introduction of high doses of RSFs significantly impacted mechanical proper-
ties, including the elastic modulus, compressive strength, and compressive strain. These
findings indicate potential variations in concrete’s ductility and load-bearing capabilities.
Further, RSFs significantly enhanced concrete’s capacity to absorb energy and toughness.
The extent of these improvements varied with the specific RSF content.

Additionally, RSFs exhibited an impact on other properties like split tensile strength
and flexural strength. The specific changes observed depend on the RSF content, yet they
provide insights into the potential of RSFs to influence these critical mechanical attributes.

This research also highlighted the need for further study into factors like fiber diameter
and impurities. The variation in RSF sizes and the presence of certain impurities, notably
polyesters, influenced certain properties, emphasizing the importance of quality control in
RSF usage.

Lastly, this study emphasized the cost and sustainability advantages of using RSFs in
concrete pavement design. By incorporating RSFs into concrete mixtures, it is possible to
reduce the design thickness compared to plain concrete, leading to significant reductions in
required concrete volume for large-scale construction projects.

In conclusion, the authors have shown that this study has been instrumental in explor-
ing the influence of RSFs on various concrete properties, contributing to a more comprehen-
sive understanding of RSF-reinforced concrete and its potential to enhance sustainability in
construction. It is now recommended to explore the influence of raw RSFs composed of
a higher proportion of large-sized fibers on linear shrinkage, compared to the raw RSFs
containing a similar higher proportion of small-size fibers. Further investigation into these
RSF characteristics can provide valuable insights into controlling concrete’s susceptibility
to cracking from factors like temperature variations, freeze-thaw cycles, and wet-dry
conditions. Furthermore, addressing the decrease in compressive strength observed in this
study may involve exploring the potential role of raw RSFs containing only small-sized
fibers in enhancing compressive strength.
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Moreover, it is recommended to explore the synergistic potential of combining RSFs
with other types of fibers, aiming for a comprehensive understanding of their combined
effects. The proactive sorting of RSFs by size before integration is advised to minimize
variations and enhance overall concrete quality. Careful consideration should be given to
the use of water-absorbing polyesters to manage water absorption effectively.

Additionally, future concrete projects should consider the cost and sustainability
benefits associated with RSFs, particularly in cases where reduced thickness can lead to
substantial material savings and environmental advantages. This underlines the impor-
tance of collaboration between researchers and industry professionals in advancing RSF
integration and driving the construction industry toward a more sustainable and efficient
future.

In conclusion, this study’s objectives were realized through the comprehensive ex-
ploration of RSF-reinforced concrete, offering invaluable insights for the construction
industry’s sustainable future.
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