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With the increasing number of vehicles in the world, the amount of waste tires is increasing day by day. In this case, the disposal of expired tires will cause serious environmental problems. In recent years, instead of disposing of tire wastes, most of them have been started to be recycled to produce fiber-reinforced concrete. Thus, steel fibers recovered from waste tires have been preferred as an alternative to industrial steel fibers due to their environmentally friendly and low-cost advantages. In this study, an experimental study was carried out to explore the effect of fiber content on the fresh and hardened state of the concrete. To achieve this goal, compression, splitting tensile, and flexure tests were carried out to observe the performance of the concrete with tire-recycled steel fibers with the ratios of 1%, 2% and 3%. There is an improvement in the mechanical properties of the concrete with the increase of the volume fraction of the steel fiber. However, a significant reduction in workability was observed after the addition of 2% steel fibers. Therefore, it is recommended to utilize 2% tire-recycled steel fibers in practical applications. Furthermore, experimental results of concrete with tire-recycled steel fibers were collected from the literature and empirical equations based on these results were developed in order to predict the compressive and splitting tensile strengths.
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1 INTRODUCTION
Concrete consists of various ingredients, including cement, aggregates (fine and coarse), water, and some additives and it is widely used as a building material in the civil engineering applications such as dams, bridges, and roads (Shukla, 2013; Vieira et al., 2016; Seetharam et al., 2017; Alabi, 2020; Prabu et al., 2020; Zeyad, 2020; Alwesabi et al., 2021; Magbool and Zeyad, 2021; Ming et al., 2021; Abdullah et al., 2022; Adil et al., 2022; Zeyad et al., 2022). However, it has many shortcomings such as brittleness and low tensile strength. One way to eliminate these drawbacks is to use classical/conventional reinforcements, i.e., transverse, and longitudinal reinforcement. Longitudinal reinforcement resists tensile or compressive stresses. They are in the form of steel bars and placed at a specific interval in the element cross-section. Transverse reinforcement such as stirrups and ties are used to withstand shear. To mitigate shear failures, the number of transverse reinforcements is increased in the critical zones. However, this can lead to increase costs and labor demands (Yuan et al., 2020; Zamanzadeh et al., 2015; Meda et al., 2005; Failla et al., 2002). In this case, the common and efficient way is to use a certain number of fibers. Different types of fibers such as steel, glass, natural and synthetic have been widely used as reinforcement in the concrete mixture. Steel fibers are the most used fiber type to amplify the mechanical properties of concrete (Anil, 2018; Jabir et al., 2020) and they are employed in the form of short discrete lengths and different ratios of length to diameter varying between 20 and 100 in the mixture (Behbahani et al., 2011). According to some experimental studies on beams (Zamanzadeh et al., 2015; Failla et al., 2002; Jabir et al., 2020), steel fibers provide a similar -post-cracking performance when compared to beams reinforced with steel stirrups. Furthermore, steel fibers assist to enhance shear capacity, which leads to reduced crack width. In this way, the failure pattern changes from brittle shear to ductile flexural failure (Zamanzadeh et al., 2015; El-Sayed, 2019). Thus, to obtain the desired quality in concrete, it is also widely preferred to replace the stirrups in the concrete mixture completely or partially with steel fibers (Rashid and Balouch, 2017). Either industrial steel fibers or recycled steel fibers or hybrid fibers (industrial and recycled) are utilized as a reinforcement (Aghaee et al., 2015; Leone et al., 2016; Caggiano et al., 2017; Domski et al., 2017; Hu et al., 2018; Carrillo et al., 2020; Simalti and Singh, 2020). After observing the good performance of industrial steel fibers on concrete, it was concentrated on steel fibers obtained from wastes. Furthermore, research on obtaining fiber from waste materials other than natural resources or raw materials has increased since production of the industrial steel fibers has disadvantages such as greenhouse gas emissions and high cost (Groli et al., 2014; Sengul, 2016; Mastali et al., 2018; Zheng et al., 2018; Isa et al., 2020; Liew and Akbar, 2020; Gul et al., 2021; Qin and Kaewunruen, 2022).
The mostly used recycled steel fibers are obtained from expired vehicle tires (Qin and Kaewunruen, 2022). A typical tire generally consists of carbon, rubbers, steel wire, and additives (Ahmed et al., 2021). Although the service life of vehicle tires vary depending on the road type, usage, and material quality in the tires, it can reach approximately 5 years or up to 40000 km (Sengul, 2016; Barišić et al., 2021). The increase in the number of vehicles in recent years will lead to an increase in the number of wastes after the life span of tires. Then, waste and disposal stage may lead to a huge threat to the environment and high cost. Thus, instead of disposal of waste, recycling, and reuse of them in many industries are viable solutions (Karalar et al., 2022a; Alani et al., 2022; de Azevedo et al., 2022; Martínez-García et al., 2022; Qaidi et al., 2022; Zeybek et al., 2022). In addition to being environmentally friendly, steel fibers extracted from waste are more economical when compared to industrial steel fiber (Ghorpade and Rao, 2010; Mastali et al., 2018; Liew and Akbar, 2020). Many research studies were conducted to investigate the effect of tire-recycled steel fibers on the mechanical properties of concrete. Wu et al. (2016) investigated the impact of tire-recycled fibers on the behavior of concrete materials and it was shown that steel fiber lessens crack width in the concrete. Pilakoutas et al. (2004) studied the reuse of tire steel fibers as a reinforcement in concrete. They mentioned that recovered steel fibers may be replaced by conventional reinforcements, and they can help shorten construction time. Neocleous et al. (2006) evaluated the suitability of existing design guidelines for the concretes with fibers recovered from used and tried to propose a more appropriate approach for flexural design. They also developed a stress-strain curve to obtain the flexural strength of concrete with recycled fibers. Aiello et al. (2009) conducted pull-out tests on concrete with tire-recycled steel fibers obtained by the mechanical process to investigate adhesion between the concrete and the fiber matrix. According to the study, there should be an allowable volume ratio of fibers for the workability of concrete. For a traditional concrete mixer, this ratio should be less than 0.26%. However, it can be used up to 0.46% for a planetary mixer. A study conducted by Aghaee and Yazdi, (2014) stated that the usage of waste wires in concrete provides a positive effect on the mechanical properties of lightweight concrete specimens. Especially, waste wire provides high tensile and flexural strength to the concrete. Rashid and Balouch, (2017) studied the effect of steel fibers recovered from waste tires on the shear resistance of reinforced concrete beams considering four-point bending test. In addition to shear resistance, failure modes, crack propagation and width were also investigated. Workability of concrete with tire-recycled steel fiber is decreased when the amount of fibers increases. Köroğlu, (2018) searched the usage of recycled steel fibers from waste tires in functionally graded self-compacting concrete. Mechanical properties of the concrete were investigated for fresh and hardened conditions. It has been shown that the workability of fresh concrete reduces with increasing fiber content. The effect of steel fiber extracted from waste tires on the mechanical performance of concrete was examined by Zhang and Gao, (2020). Compressive strength, tensile strength, and toughness properties were compared with those of industrial fiber reinforced concrete (IFRC), taking into account different dosages. Gul et al. (2021) carried out a study to investigate the performance of concrete with recycled steel fiber extracted from waste tires. Fiber length and dosages were selected prime variables in their study. They tried to obtain the optimum dosage and length of the steel fibers used in the concrete mixture. Revuelta et al. (2021) compared mechanical behaviors of tire-cycled steel fiber reinforced concrete with those of industrial steel fibers. It has been shown that tire-recycled steel fibers and industrial steel fibers provide similar performance when the same amount of fiber is used. Senesavath et al. (2022) investigated the influence of purified and non-purified recycled tire steel fiber on fresh and hardened concrete performance. Their study showed that purified recycled tire steel fiber provides better tensile strength when compared to non-purified recycled tire steel fiber. Singh and Kaushik, (2001) and (Frančić Smrkić et al., 2017), studied concrete with steel fibers under fatigue loading. Frančić Smrkić et al. (2017) mentioned that current design models underestimate fatigue resistance of the fiber reinforced concrete and they proposed more rational model for this type of concrete.
The above-mentioned studies showed the usability of recycled steel fiber recovered from waste tires in civil engineering applications. However, there is a research need for the optimum amount of fiber in concrete. To pursue this goal, the performance of the concrete with steel fibers generated from tire wastes was investigated and compared by considering different volume fractions of steel fiber. An experimental study was conducted on some test specimens consisting of recycled steel fibers. For each test specimen, the effect of recycled steel fibers on the physical and mechanical properties of concrete was studied for fresh and hardened cases. Optimum fiber dosages were identified for concrete with tire-recycled steel fibers based on the fresh and hardened properties. More importantly is that very few empirical equations to predict the capacities of the concrete with recycled steel fibers from tires are available in the literature. To achieve this aim, the studies were collected from the literature and empirical equations were developed to predict the compression and splitting tensile capacities.
2 EXPERIMENTAL PROGRAM
2.1 Materials and mixture proportions
CEM I 32.5 Portland Cement was utilized in this study and its chemical properties are depicted in Table 1. Maximum fine aggregate sizes of 4 mm and coarse aggregate sizes of 12 mm were utilized. The ratio of water to cement was selected as 0.60 while the ratio of cement to aggregate was selected as 0.22. The ratio of fine aggregate (0–4 mm) was around 48% while the ratio of coarse aggregate (4–12 mm) was around 52%. In mix design, 360 kg/m3 cement, 180 kg/m3 water, 790 kg/m3 fine aggregate and 850 kg/m3 coarse aggregate were added.
TABLE 1 | Chemical properties of PC.
[image: Table 1]The steel wires obtained from tires were utilized to investigate the influence of fiber amount on the mechanical properties in terms of compressive strength, split tensile strength, and bending performance of concrete. The utilized steel wires are shown in Figure 1A. The shape of recycled steel wires obtained from tires was linear. The length of the recycled steel wires was divided into small portions before being used it. Yoo et al. (2017) revealed in their study that the medium-length of fibers exhibited higher flexural strengths compared to the longer fiber. Therefore, it was tried to obtain the same length proportion not larger than 5 cm in length to get optimum results. Figure 1B demonstrates the proportion of the lengths utilized in the steel wires. In this study, a reference mixture including no fiber and six mixtures were designed. Three different fiber volume ratios including 1%, 2%, and 3% were studied.
[image: Figure 1]FIGURE 1 | Recycled (A) steel wires (B) obtained from tires.
2.2 Mix procedure, workability, and slump test
For the mixing procedure, all aggregates, cement, and water were initially mixed in the mixer. Then, the required recycled steel wires were mixed into small pieces to prevent aggregation and to accomplish the uniform distribution of steel wires in the concrete mixture. Although the steel wires were slowly added to the mixture, aggregation was observed to initiate in the mixture with 3%. Workability was significantly decreased after a 2% fiber content ratio. Slump tests were also performed. The results of the slump test were indicated in Figure 2. It is seen that slump values with steel wires are lower than that of the reference specimen. Moreover, the slump value decreases as the fiber ratio increases.
[image: Figure 2]FIGURE 2 | Slump test.
After mixing, the mixture was poured into molds and vibrated for 30 s. The samples were kept a room temperature for 24 h after casting. Then the samples were tested after 28 days of curing.
2.3 Test procedure
Three different tests were conducted to evaluate the influence of recycled steel wire types and fiber ratio. These tests including compressive, splitting tensile, and bending strength tests are depicted in Figure 3. For each mixture, three repetitions were tested and an average of them was reported. Compression tests were conducted based on ASTM C39/C39M (C39&C39M A, 2003). ASTM C496-96 was utilized for splitting tensile test while ASTM C78/C78M-22 was used for flexural tests.
[image: Figure 3]FIGURE 3 | Mechanical test setups (A) compressive strength (for cubic sample) (B) compressive strength (for cylindrical sample) (C) splitting tensile strength (D) flexural tensile strength at three-point bending.
Two different compressive strength tests were carried out using cube samples with 150 × 150 × 150 mm and cylindrical samples with a diameter of 100 mm and a height of 200 mm. The speed of loading was 6 kN/s and the tests were conducted up to failure. Using cylindrical samples, compressive strength and compressive strength curves were obtained. On the other hand, cube samples were used to obtain only compressive strength. The splitting tensile tests were also utilized using cylindrical samples with a diameter of 100 mm and a height of 200 mm. The speed of loading was 5 kN/min and the tests were conducted up to a drop 50% in strength. Three-point bending test was performed to compare the flexural strength of the samples with different mixtures. The samples had dimensions of 100 × 100 × 400 mm, and a span length was 300 mm. The speed of loading was 0.5 mm/sec. The flexural behavior of the mixtures was determined by the load-displacement curves.
3 EXPERIMENTAL RESULTS AND DISCUSSIONS
3.1 Compressive strength of cubic samples
Figure 4 shows the compressive test results of 150 × 150 × 150 mm cubic samples. The graph in Figure 4B shows, from left to right, the compressive strength results of samples of reference and recycled steel wires additive concrete. It is pleasing that the samples with waste material have superior compressive strength compared to the reference samples. In Figure 4B, it is evident that the rising graphite increases the compressive strength as the ratio of waste tire wire in the concrete increases.
[image: Figure 4]FIGURE 4 | Results (A) of compressive (B) strength.
To predict the compressive strength of the concrete with recycled steel wires, an equation was derived considering fiber volume ratio and plain concrete strength. Compressive strength with recycled steel wires can be computed using the following proposed equation:
[image: image]
where [image: image] is the compressive strength of plain concrete, [image: image] is the compressive strength of concrete with bead wires, Vf is fiber volume ratio.
The compression strength values, and their differences obtained as a result of the cubic compression test are presented in Table 2. The compression strength values results obtained by the experimental and proposed equations are very close to each other. A maximum of 2% difference was detected between the experimental and proposed equation. While the compression strengths value of the reference samples was 29.5 MPa, it increased to 34.6 MPa with a 1% tire additive. In the 2% contribution, a compressive strength raised to 38.6 MPa. Finally, compression strength with 3% additive strength was 43.2 MPa. Gao et al. (2017) found that the compressive strength increased by 1.03% in the test of 1% wire reinforced cubic concrete. The compressive strength of the tire doped specimen confirms the results of (Gao et al., 2017). Yazıcı et al. (2007) in their study added three different fiber volumes of 0.5%, 1.0%, and 1.5. They found that the strength of concrete increased between 4% and 19%. In this study, it is seen that the compressive strength of concrete increases between 17% and 42% with the tire additive. It should be noted that with the addition of waste fibers, the compressive strength of fiber-reinforced concrete increases, but after a certain value of waste fiber content, there is a decrease in workability (Yazıcı et al., 2007).
TABLE 2 | Experimental and predicted compressive strength.
[image: Table 2]3.2 Compressive strength of cylindrical samples
Figure 5 depicts the compressive strength result of cylindrical samples. The results have not only increased the maximum strength of the concrete but also increased the toughness capacity thanks to recycled steel wire additive. As the steel wire additive ratio increased, the strength increased proportionally. Table 3 shows the compressive strength results of the cylindrical concrete samples. While the maximum strength was 29 MPa with 1% steel wire additive, the strength was 32 MPa with 2% steel wire additive. This strength increased to 37 MPa if 3% steel wire was utilized. The test results reveal that concrete with 29.5 MPa strength can be increased to 37 MPa which is a 25% increase in the capacity. Neves and Fernandes de Almeida, (2005) stated in their study that up to 1.5% of fiber additives increase the compressive strength of concrete, but decrease Young’s modulus slightly. However, in this study, it is understood from the graph that the rate of increase in waste fiber slightly increased in Young’s modulus. The obtained results support the statement that (Shah Surendra and Rangan, 1970) stated in their study that fibers significantly improved the ductility of concrete, as evidenced by increased final compressive concrete strains and toughness. Lee, (2017), in his study with 0.25%, 0.375%, and 0.50% fiber volume ratios, determined that the energy absorption capacity increased as the fibre volume ratio in the concrete increased. It is also understood from the curves in Figure 5 that the energy absorption capacity continues at higher rates depending on the increasing fibre volume ratio.
[image: Figure 5]FIGURE 5 | Results of compressive cylindrical samples.
TABLE 3 | Experimental and predicted splitting tensile strength.
[image: Table 3]3.3 Splitting tensile strength
A splitting tensile strength test is performed to investigate the effects of steel wires on the tensile strength of concrete. Figure 6 shows the splitting tensile strength result of samples with reference and volume fracture (Vf) of 1%–3% steel wire. Table 4 demonstrates the splitting tensile strength of the samples. Splitting tensile strength increased from 2.83 to 3.24 MPa with 1% Vf steel wire. This strength increased to 3.87 when Vf of 3% steel wire was utilized.
[image: Figure 6]FIGURE 6 | Results (A) of splitting (B) tensile strength.
TABLE 4 | | Statistical measures for compression and splitting tensile strength.
[image: Table 4]To predict the splitting tensile strength of concrete with recycled steel wire, an equation was derived based on the fiber ratio and compressive strength of plain concrete. Splitting tensile strength with recycled steel wires can be computed using the following proposed equation:
[image: image]
where [image: image], [image: image] is splitting tensile strength of concrete with bead wires. The obtained results were confirmed with experimental results. Figure 6A compares experimental method results with proposed equation estimates. The fact that the graphic lines overlap proves the accuracy of the proposed equation based on the experimental work. Table 3 gives the experimental and predicted splitting tensile strength results. The experimental result of the reference sample was 2.83, while the analytical solution result was 2.82 MPa. A maximum of 3% difference was detected between the predicted capacity and experimental results.
3.4 Flexural performance
The flexural performance of concrete according to volume ratio is shown in Figure 7. While 1% tire provided the flexural performance of around 3.8 kN. It was increased to 5 kN when 2% steel wire was utilized. The addition of 3% fiber provided flexural strength of 6.3 kN. With the 2% tire additive, more than 100% flexural strength was obtained. Since longer waste fiber was utilized in this study, the result was better than the results of (Yoo et al., 2017).
[image: Figure 7]FIGURE 7 | Effects of fiber volume fraction on flexural strength.
One of the most important results obtained from this study is the toughness of concrete. Figure 8 shows the toughness values. In general, ductile materials have high toughness and brittle materials have low toughness. According to the results obtained, it is seen that the waste fiber additive provides very high toughness. Soulioti et al. (2011) in their experimental study with steel fibers with different geometries, revealed that hook-tipped fibers provide better toughness in concrete than fibers with wavy geometry. Yoo et al. (2017) have argued on the contrary that spun fibers provide the highest flexural strength, but exhibit similar strength and weaker toughness than straight fibers at a Vf equal to or greater than 1.5%. They stated that at a Vf equal to or higher than 1.0%, lower flexural strength and toughness were observed in samples with hooked fibers compared to straight ones.
[image: Figure 8]FIGURE 8 | Effects of fiber volume fraction on toughness.
3.5 Damage analysis
Beams are mechanically accepted structural elements that transfer loads of the usage area to the vertical carriers. Therefore, it is an important issue to perform damage analysis according to the additives added. It has been observed that microcracks occur in the tensile region of the beam when the fracture strength is reached, especially in fiber-reinforced samples. The addition of steel waste tires stabilized the crack development until the maximum load was reached. When the initial tensile failure was developed in the reference samples, there was a sudden decrease in load capacity, whereas a slower decrease occurred in the fiber-doped samples. As seen in Figure 9, the crack formation has moved towards the compression zone. Therefore, the stability of the beam section under the natural axis was effectively maintained by the fiber bridging region being resistant to fiber rupture. Finally, the fibers that caused the beam sample to fail were completely withdrawn. In all beam specimens, the fracture was observed at the moment constant region of the beam. The fibers drawn on the cracked surface and the tensile fractures on the concrete matrix are visible in Figure 9.
[image: Figure 9]FIGURE 9 | Damaged view of the beam with 3% waste fibers.
Microstructural analysis (SEM) was performed from the sample pieces taken from recycled steel wire added samples. The SEM images in Figure 10 were obtained by magnifying 500 times. The image on the right is generally projected as an enlargement of the pattern on the left. Important findings are marked on the figures. Images showing the key findings are shown in Figure 10. Figures 10A–F show detailed the interaction between waste steel fibers and concrete. Figure 10A shows hydrated cement, aggregate, and fibers. Figure 10B shows the concrete distribution of the ettringite and the spacing between them. Ettringite develops due to a high content of the mineral sulphate calcium sulfoaluminate. Ettringite is formed in mortar and concrete by the effect of sulphate. Ettringite generally increases the compressive strength of concrete thanks to its Figure 10B also shows pores associated with ettringite. Figure 10C shows the distribution of aggregates in concrete, surface quality, and voids. Cement hydration may be poor at points where voids are high. Figure 10D shows the fine aggregate and cement combination with good hydration. The interface between the steel fiber and the concrete is shown in Figure 10E. There may be a gap on one side of the fiber. Figure 10F shows the steel fiber interface up close. It is seen that it exhibits good adhesion with cementitious concrete.
[image: Figure 10]FIGURE 10 | Microstructure view of samples.
4 COMPARISON WITH THE EXISTING SFRC STUDIES
When considering existing research findings, tire-recycled fiber is feasible to enhance some properties of the concrete. By conducting experimental studies, compressive strength, flexural strength, and split tensile strength were obtained for tire-reinforced concrete with different amounts of steel fiber. In the studies, amount of fiber, type (industrial or recycled), length, and diameter of the fiber were the main variables. In this part of the study, compressive strength and split tensile strength values for plain concrete (normal concrete without fibers) and reinforced concrete with steel fibers (either industrial, recycled, or hybrid) were collected from the literature. Experimental results obtained from these existing studies conducted by many researchers (Leone et al., 2016; Aghaee et al., 2015; Gul et al., 2021; Mastali et al., 2018; Groli et al., 2014; Köroğlu, 2018; Saatçi and Batarlar, 2017; Samarakoon et al., 2019; Zhang and Gao, 2020; Centonze et al., 2012; Dehghanpour and Yılmaz, 2018; Al-Tikrite and Hadi, 2017; Vistos et al., 2018; Nataraja et al., 1999; Dorr et al., 2019; Sengul, 2018; Ł and Suchorzewski, 2018; Awal et al., 2013; Chern and Young, 1989; Najim et al., 2018; Shi et al., 2020; Rossli and Ibrahim, 2012) were presented in Figures 11, 12. Industrial fiber reinforced concrete (IFRC), recycled fiber reinforced concrete (RFRC) and hybrid fiber reinforced concrete (HFRC) cases were shown in these figures. Relative compressive strength of steel fiber reinforced concrete to the reference or plain concrete without fibers were plotted against fiber content (%) used in the mixture as shown in Figure 11. The compressive strength value of the fiber reinforced concrete is generally higher than that of plain concrete. This indicates that steel fibers play a positive role in increasing strength. Since steel fibers have high tensile toughness, they can limit degradation and crack width under different loading conditions. In other words, steel fibers provide a confinement effect on the mixture by arresting cracks when the number of fibers increases (Shah et al., 2022). This effect delays the rupture in the test specimens. However, in some experimental studies, as shown in Figure 11, it was observed that the compression strength of the reinforced concrete with steel fiber was smaller than plain concrete when fiber content increases since a high amount of fiber lead to a reduction in the workability in the concrete mixture. On the other hand, in some studies, although there was an increase in the compression strength up to a certain threshold value of the fiber dosage, further increasing the steel fiber addition led to a decrease in the compression value. The maximum increase in strength was observed study conducted by Mastali et al. (2018). The use of 1.5% industrial steel fiber resulted in a 56% increase in compression strength of the plain concrete specimens. On the other hand, the maximum decrease in compression strength occurred in the experimental study performed by Vistos et al. (2018). The utilization of 0.5% hybrid steel fiber led to a 14% reduction in the concrete strength. Fiber length also plays an important role in the compressive strength and splitting tensile strength of the fiber-reinforced concrete. Long fibers provide higher splitting tensile strength, while short fibers provide high compressive strength (Gul et al., 2021).
[image: Figure 11]FIGURE 11 | Variation of the normalized compressive strength of the steel fiber reinforced concrete with the fiber content.
[image: Figure 12]FIGURE 12 | Variation of the splitting tensile strength of the steel fiber reinforced concrete with the fiber content.
In the same manner, the splitting tensile strength of fiber reinforced concrete was normalized by that of plain concrete as shown in Figure 12. There is a similar observation in the findings of the split tensile strength of the test specimens. The maximum increase in the split tensile strength was observed in the study carried out by (Köroğlu, 2018). The employing of 5.0% industrial steel fiber caused a 79% increase in the split tensile strength of functionally graded self-compacting concrete. On the other hand, the largest decrease in tensile strength was observed in the study (Gul et al., 2021). When 10.16 cm lengths of recycled steel fiber with 1% volume fracture were added, a 15% reduction occurred in the splitting tensile strength of concrete test specimens. It should be noted finding obtained from the current study showed that values for both compression strength and splitting tensile strength increase with increasing fiber content and the proposed empirical equations are shown in Figures 11, 12.
As depicted in Figures 11, 12, most normalized strength values are above 1.0; this means that steel fibers have a generally positive effect in increasing both compressive and splitting tensile strength. Considering all data collected from the literature, the average, standard deviation, maximum and minimum values of the normalized strength ratios were shown in Table 4.
As shown in the experimental part of the study, there is a linear increase in the compression strength and splitting tensile strength. Thus, by applying curve-fitting to the data obtained from the experimental study conducted in this study empirical equations were derived for practical purposes. Using these proposed equations, both compression strength and splitting tensile strength of the steel fiber reinforced concretes may be estimated considering different steel fiber amount. According to the test results, 2% is proposed as the optimum fiber amount to prevent workability issues in the concrete mixture. According to the studies conducted by Köroglu and Ashour, (2019), (Yazıcı et al., 2007; Revuelta et al., 2021; Hu et al., 2018), it was stated that volume fraction of steel fiber significantly affects the workability of concrete. Test results of Köroglu and Ashour, (2019) showed that excess fiber added in concrete reduced the workability of concrete and reduced flow diameter in flow table test. Furthermore, the optimum fiber content values for concrete mixes are recommended between 0.5% and 2.5% (Pierre et al., 1999) and (Song and Hwang, 2004). Adding a low amount of fibers prevents fiber balling and produces the concrete with homogeneous material consistency and good workability (Song and Hwang, 2004). Thus, considering our experimental test results, a 2% volume of fiber is recommended as the optimum fiber dosage for practical applications. Recommendation of 2% was also utilized in many studies (Özkılıç et al., 2021; Aksoylu et al., 2022; Karalar et al., 2022b; Çelik et al., 2022). As already mentioned, there is a decrease in the strength values after a certain fiber content. Thus, new generalized strength equations taking into account the reduction in the strengths have been developed as follows:
[image: image]
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5 CONCLUSION AND SUMMARY
This paper investigates the effect of steel fiber generated from expired vehicle tires on concrete performance. For this purpose, an experimental study was conducted by considering three different steel fiber contents of 1%, 2% and 3%. The engineering properties of concrete produced with waste tire in terms of the fresh and hardened cases were examined. Furthermore, empirical equations are also derived as a function of the fiber ratio to easily calculate the compressive strength and splitting tensile strength. The following can be drawn from this study:
1) The slump test results show that the slump value decreases as the fiber ratio increases. Workability of concrete with tire-recycled steel fiber is also decreased when the amount of fibers increases.
2) The compressive test results showed that compression strength of concrete in cubic samples increased with the addition of the wire steel fibers. Compared to the reference sample, the compressive strength value increased by 17% with 1% wire steel fibers additive, 30% with 2% wire steel fibers and 46% with 3% wire steel fibers. In cylindrical samples, the compressive strength of concrete also increased according to the amount of waste wire. Compared to the reference sample, the compressive strength of the concrete increased by 18% with 1% wire steel fibers additive, 45% with 2% wire steel fibers and 58% with 3% wire steel fibers.
3) The tensile test results on cylindrical samples showed there is a proportional increase with the steel fiber addition. The addition of 1%, 2%, and 3% wire steel fibers increased splitting tensile strength of concrete by 15%, 25%, and 36%, respectively, compared to plain concrete.
4) The flexural strength values show that the flexural strength increases proportionally with the addition of high wire fiber. It was observed that the addition of wire fiber gives positive results in flexural strength compared to the reference sample. The addition of 1%, 2%, and 3% wire steel fibers increased flexural strength of concrete by 77%, 272%, and 795%, respectively,
5) The toughness test results showed that there is a proportional increase between the ductility and the toughness. Respectively, 4, 16, and 26 times more toughness occurred compared to the reference sample.
6) The developed expressions for the compressive strength and splitting tensile strength can successfully estimate the capacity; therefore, these equations have the potential to be implemented into design guidelines of the concretes with fibers recovered from used tires.
7) Based on the fresh and hardened properties of concrete, 2% is recommended as the optimum of amount for tire-recycled steel fiber. It should be also noted that this ratio can be changed using very low or high water cement ratio or using superplasticizer.
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