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Abstract

:

This research undertook an extensive examination of the ramifications of integrating steel dust as a partial substitute for cement within reinforced concrete beams. The investigation encompassed an assessment of various facets, encompassing the workability of the concrete mixture, alongside crucial mechanical properties such as compressive strength, split tensile strength, flexural strength, ultrasonic pulse velocity (UPV), and elasticity modulus. The findings unveiled a notable reduction in workability as the proportion of steel dust increased within the mixture, with a consequential substantial impact on the elasticity modulus. Notably, compressive strength exhibited an enhancement at a 10% replacement of cement yet exhibited a decline with higher degrees of cement substitution. The inclusion of steel dust led to the formulation of adjusted equations pertaining to split tensile and flexural strength characteristics within the mixture. Remarkably, the incorporation of 10% steel dust yielded an increase in ductility. Conversely, at a 30% steel dust inclusion level, ductility diminished alongside a reduction in the maximum load-bearing capacity. In light of these findings, it is imperative to exercise prudence when considering the utilization of steel dust as a cement substitute, particularly when approaching or exceeding the 10% replacement level threshold. Further comprehensive research is imperative to acquire a comprehensive understanding of its implications and its susceptibility to potential corrosion concerns.
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1. Introduction


The cement production industry is currently under scrutiny for its environmental footprint and the increasing demand for sustainable practices across various sectors. The production of concrete, a fundamental component of modern construction, requires significant resources, raising concerns about its long-term sustainability. To address these challenges, extensive research efforts have been devoted to exploring alternative materials and methods for producing environmentally friendly concrete [1,2,3,4,5].



One major area of focus has been the replacement of cement with waste materials, aimed at enhancing the sustainability of concrete production [6,7,8,9,10]. Cement plays a pivotal role in determining concrete’s durability, workability, and compressive strength. However, an increasing cement content not only drives up costs but also raises environmental concerns and therefore, researchers are actively seeking alternative cement replacement materials that can maintain or even improve concrete properties. Studies have shown that there exists a minimum threshold of cement necessary to achieve the desired 28-day compressive strength, beyond which additional cement does not yield significant benefits [11]. Various materials, such as plastic waste aggregates, Egyptian cornstalk ash, silica fume solid waste, brick powder, and magnesium oxychloride (MgO) cement with different additives, have been investigated for their potential to enhance or modify concrete properties [7,8,9,10,11,12,13,14,15].



Moreover, efforts have also focused on assessing the environmental impact of these alternative materials, with studies demonstrating the potential benefits of using waste materials such as local natural zeolite, waste polyethylene terephthalate (PET) plastic fibers, waste glass powder, and others to replace portions of cement in concrete formulations [16,17,18,19,20,21,22]. These investigations have shown promising results, including improvements in compressive and tensile strength, reduced moisture sorption, and enhanced durability compared to traditional concrete mixes. Overall, the drive to create sustainable and eco-friendly concrete solutions continues to inspire innovation and research within the cement production industry.



Recent studies have brought attention to the potential utilization of iron filings and steel dust, previously considered industrial waste, in concrete development. These byproducts have shown promise in enhancing various concrete properties when used as replacements for sand or fine aggregates, including improvements in compressive strength, split tensile strength, impermeability, and attenuation properties, as well as overall durability [23,24,25,26,27,28]. While there may be a decrease in workability as the steel dust content increases, it often correlates with notable improvements in both tensile and compressive strength [29,30,31].



Furthermore, specific studies have highlighted the positive effects of incorporating steel fibers and wire into concrete mixtures. Shelorkar et al. demonstrated an 8.91% increase in compressive strength and a 26.94% improvement in tensile strength with the addition of 1.5% steel fibers [32]. Shukla et al. found that blending 15% marble dust with cement and introducing 1% steel fiber resulted in excellent compressive strength and good flexural and tensile strength, although exceeding this marble dust replacement ratio led to diminished test results [33,34]. Additionally, the inclusion of steel wire consistently bolstered both strength and flexural properties in multiple studies [35,36,37], leading to enhanced behavior of reinforced concrete [38,39,40]. Concrete mix proportions, such as the 1:2:4 ratio, have also been identified as influential factors in achieving higher compressive strength compared to alternative proportions like 1:3:6 [41]. These findings collectively underscore the potential for optimizing concrete performance through the strategic use of iron-based materials.



Kazjonovs et al. conducted a study to increase concrete density for applications like railways, cranes, and radiation shielding [42]. They used locally available steel treatment waste, iron dross, and steel punchings as aggregates, replacing traditional ones at 50% and 100%. The results showed concrete densities up to 4640 kg/m3 but with decreasing slump and compressive strength as the waste content increased. Surprisingly, 100% waste aggregate concrete had strong freeze-thaw resistance, while 50% waste aggregate concrete performed poorly.



Kalpana and Tayu conducted an experimental study to improve the mechanical properties of lightweight perlite concrete using steel waste from industries while promoting recycling [43]. By adding 0.5% steel waste by volume, they achieved a substantial 13% increase in compressive strength compared to normal lightweight perlite concrete, although this strength slightly decreased at 1% steel waste. That study showed significant enhancements in tensile and flexural characteristics, with an 18% increase in splitting tensile strength at 0.5% steel and an impressive 45% increase at 1%. Flexural strength also improved significantly, with a 23% increase at 0.5% steel and an outstanding 52% increase at 1%. These findings suggest that even small amounts of steel waste can prevent brittle failure and significantly enhance the mechanical properties of lightweight concrete, offering economic benefits and contributing to pollution reduction, making it a promising choice for reinforcement.



Peng et al. explored the incorporation of both steel and waste PET fibers in recycled aggregate concrete (RAC), resulting in steel-waste PET hybrid fiber reinforced recycled aggregate concrete (HFRAC) [44]. Their findings indicated a reduction in workability but a positive impact on mechanical strength, with minimal influence on compressive strength. Linear equations effectively predicted the slump and compressive strength based on the fiber content, while quadratic polynomial equations were established for splitting tensile and flexural strength predictions. The optimal fiber composition was determined to be 1.5% steel and 0.81% PET, showcasing promising mechanical properties.



Kangu et al. addressed common issues in composite construction by investigating the enhancement of shear stud performance through the incorporation of waste tire steel fibers (WTSF) into normal concrete [45]. Their study revealed significant improvements in shear stud ultimate capacity, ranging from 2.2% to 14.7%, depending on the concrete class and fiber content. Importantly, the inclusion of WTSF transformed the concrete’s failure mode from brittle to ductile, enhancing its stress-bearing capacity.



Shewalul explored the utilization of waste steel scrap to reinforce concrete, leading to notable enhancements in compressive and splitting tensile strengths, reaching up to 30.7% and 11.2%, respectively [46]. However, increased scrap content reduced fresh concrete workability. Moreover, Centonze’s study focused on the reuse of waste tire components, particularly steel fibers and rubber, in civil engineering applications [47]. Their research on recycled fiber-reinforced concrete (RFRC) demonstrated post-cracking behavior similar to industrial fiber-reinforced concrete (IFRC), indicating good energy absorption and residual strength. Challenges related to fiber production and concrete mix preparation remain to be addressed.



To the authors’ best knowledge, there is a noticeable paucity of comprehensive research addressing the structural performance of reinforced concrete beams that incorporate steel dust as a substitute for cement. This research study aimed to bridge this critical knowledge gap by conducting a rigorous examination of the flexural behavior exhibited by reinforced concrete beams when steel dust is introduced as a partial cement replacement. The investigation encompassed a meticulous analysis of essential structural parameters, including the load-deflection curve, load-carrying capacity, and strain distribution under varying loads. By scrutinizing these vital aspects of flexural behavior, this research endeavor sought to offer a profound understanding of how the integration of steel dust impacts the overall structural integrity and performance of reinforced concrete beams, providing valuable insights for the construction industry and materials engineering field.




2. Materials and Methods


2.1. Sieve Analysis


In order to demonstrate the feasibility of utilizing steel dust as a substitute for cement, a sieve analysis was performed on the material. The results revealed that the material passing through sieve number 100 and below constituted a greater than 66% passing rate, making the use of steel dust as a replacement for cement viable, as illustrated in Figure 1. It is important to note that the density of steel dust is approximately 1200 kg/m3, and it is not purely composed of iron oxide but is instead a mixture of iron oxide with impurities. Accordingly, the sample employed in further tests was comprised of the fraction retained on sieve 100 and below.




2.2. Mix Design


A mix design ratio of 1:2:4 for cement, fine aggregate, and coarse aggregate was employed in this research, based on common industry practice and its proven efficacy in the production of normal-strength concrete. The materials employed in this study are depicted in Figure 2. The binder utilized was CEM I 32.5 Portland cement, with a chemical composition of 63% calcium oxide (CaO), 21% silicon dioxide (SiO2), 6% aluminum oxide (Al2O3), 5.5% iron oxide (Fe2O3), and 4.5% calcium sulfate (CaSO4). Four mixes were prepared in this study, as shown in Table 1, with varying percentages of steel dust used as a substitute for cement, ranging from 0% to 30% (referenced as SD0, SD10, SD20, and SD30, respectively). A water-to-cement ratio of 0.55 was selected, as it provides an optimal balance between workability and strength, ensuring the optimal performance of the concrete beams. Four reinforced concrete beams with dimensions of 10 × 20 × 100 cm were cast, in addition to 36 cubes of 10 × 10 × 10 cm, 12 prisms of 10 × 10 × 50 cm, and 12 cylinders with a diameter of 10 cm and height of 20 cm.




2.3. Casting


The mass of each material, cement and aggregates, was measured and then combined in a pan mixer for three minutes. Subsequently, water was added and mixed for an additional three minutes. Once the materials were prepared for use, cube casting was performed. Conforming to BS EN 12390-2 [48], steel molds measuring 10 × 10 × 10 cm were utilized (three specimens per mix), as illustrated in Figure 3. In addition, 10 × 20 × 100 cm wooden molds were used for the beams (one beam per mix), 10 × 10 × 50 cm wooden molds were utilized for the prisms (three specimens per mix), and steel cylindrical molds with diameter D = 10 cm and height H = 20 cm were employed for the cylindrical specimens (three specimens per mix). To eliminate any voids in the mix, which can negatively impact the concrete’s strength, a vibrator was employed, and the mixture was poured in stages. To facilitate effective demolding, the molds were lubricated with oil. The mixes were left in the molds for 24 h to allow the concrete to set and covered with plastic bags to reduce water evaporation. To prevent moisture loss, all of the mixes were then immersed in water, as depicted in Figure 4, with the curing time extended until the testing day.




2.4. Reinforced Concrete Beams Details


One reinforced concrete beam was utilized for each mixture. Reinforcements 6 mm in diameter were employed, with two bars positioned at the top and two at the bottom, and 6 mm diameter stirrups spaced 50 mm apart, as illustrated in Figure 5. The same reinforcement ratio was applied to all beams. A three-point testing methodology was implemented to determine the flexural behavior of the 1000 × 200 × 100 mm reinforced concrete beam. The beam and the prism were supported by two rollers, positioned 5 cm away from each edge. Load was applied at the midpoint of the beam. To measure the strain under increasing load, DEMEC points were attached to the front side of the RC beam. Two points were installed in both the tension and compression zones. Considering the aspect ratio (450 mm/180 mm) of 2.5 in this study, and the increase in the number of stirrups in the reinforced concrete beams, it is determined that beam failure is governed by flexural behavior, which is the focus of this study.




2.5. Experimental Testing


In accordance with the British standards, a slump test was performed in order to assess the workability of the concrete as specified in BS EN 12350-2 [49]. The density of the hardened concrete was calculated by weighing 10 cm × 10 cm × 10 cm cubes using a digital scale, with readings taken 28 days prior to the compressive strength testing in accordance with BS EN 12350-6 [50]. The ultrasonic pulse velocity (UPV) was measured at 28 days by placing a transmitter and receiver at opposite sides of the 10 cm × 10 cm × 10 cm cube in order to send pulses along a straight path in accordance with BS EN 12504:4-2004 [51]. The compressive strength was tested according to BS EN 12390-3:2009 [52]. The apparatus utilized was in accordance with BS EN 12390-4 [53], with loading increased at a rate of 0.6 ± 0.2 MPa/s in a steady manner and without any shocks until the failure of the cube. The tensile strength was calculated at 28 days in accordance with BS EN 12390-6 [54] after measuring the modulus of elasticity in accordance with BS EN 12390-13 [55]. The reinforced concrete beams were subjected to incremental loading, with the machine stopped to measure the central deflection and the strain at four different points, two in compression and two in tension, similar to previous studies with beams of a similar size [56]. The load at first crack was recorded, with the loading continued until failure. The flexural strength was measured in accordance with BS EN 12390-5 [57]. The test setups and damaged samples are depicted in Figure 6 and Figure 7, respectively. Figure 8 summarizes the methodology followed in this research work.





3. Results and Discussion


3.1. Workability


The slump tests conducted on the concrete mixtures prior to casting were instrumental in assessing the influence of steel dust as a substitute for cement at different proportions on the workability of the concrete. These tests yielded valuable insights into the performance of the mixtures and can be crucial for optimizing concrete formulations for various construction applications.



The significant 20% reduction in the slump value between the SD0 (control mixture with no steel dust) and SD30 (mixture with 30% steel dust) mixtures, as depicted in Figure 9, highlights the impact of steel dust on the workability of the concrete. Such findings are consistent with previous research, as indicated by reference [58]. These studies have also documented comparable trends when incorporating other materials, such as glass powder or steel scrap, into concrete mixtures [59,60].



Understanding the implications of these findings is essential for the construction industry. Workability is a crucial factor in determining the ease of handling and placing concrete during construction. A significant reduction in slump value, as observed in the case of the SD30 mixture, could imply that the concrete may become less manageable, requiring adjustments in construction practices or additional measures to maintain workability.



Incorporating alternative materials like steel dust, glass powder, or steel scrap into concrete mixtures has become increasingly important due to environmental concerns and the need to reduce the carbon footprint of construction activities. However, it is imperative to strike a balance between sustainability and performance. The reduction in slump value signifies the need for careful consideration of the proportion of these materials in concrete formulations, as excessive use may compromise workability.



To address this challenge, further research is warranted to determine the optimal mix proportions that maintain both sustainability and workability. This may involve exploring various admixtures, altering the particle size distribution of the materials, or adjusting the water–cement ratio.




3.2. Density


The results of this study indicated a reduction in density with an increase in the percentage of steel dust used as a replacement for cement, with a density of 2483 kg/m3 recorded for 0% steel dust and 2376 kg/m3 recorded for a 30% replacement, representing a 4% decrease, as shown in Figure 10. This reduction may impact the compressive strength of the concrete. The difference in concrete density could also be attributed to water evaporation, which was addressed through the curing process. This decrease in density was anticipated, as the unit weight of steel dust is lower than that of cement, and it has been reported in previous studies [26].




3.3. Elastic Modulus


This study uncovered intriguing variations in the elasticity modulus as the percentage of steel dust used as a cement replacement varied. Specifically, at a 10% replacement level, there was a 10% increase in the elasticity modulus compared to the control mix (SD0), which did not incorporate steel dust. However, as the replacement level increased to 30%, there was a considerable 18% decrease in the elasticity modulus compared to the control mix. This phenomenon suggests a complex relationship between the proportion of steel dust in the mixture and the material’s stiffness.



One possible explanation for this trend could be related to the particle size and distribution of the steel dust within the concrete mixture. At a 10% replacement level, the steel dust particles might act as effective reinforcement, enhancing the material’s stiffness, which would explain the initial increase in the elasticity modulus. However, as the replacement level increases to 30%, there might be an excessive concentration of steel dust particles that could disrupt the homogeneity of the mixture, potentially leading to weaker bonding between the cementitious matrix and the steel dust particles. This could result in a decrease in the modulus of elasticity.



Another factor to consider is the effect of steel dust on the hydration kinetics of the cementitious materials. It is possible that at lower replacement levels, steel dust may accelerate the hydration process, leading to enhanced strength and stiffness. However, at higher replacement levels, it might hinder the hydration process or create internal voids, reducing the modulus of elasticity.



While these results are intriguing, it is important to emphasize that the correlation between changes in the elasticity modulus and the compressive strength of the concrete mixtures remains to be confirmed. Compressive strength is a primary indicator of a concrete’s ability to withstand axial loads, and it is critical for structural applications. Understanding how changes in the elasticity modulus influence compressive strength will provide valuable insights for engineering applications.



It is worth noting that previous research, such as a study conducted with a 5% steel dust replacement as referenced in [31], has reported similar trends in the elasticity modulus. These consistent findings across different studies further emphasize the significance of this phenomenon and suggest that it may not be unique to a specific concrete formulation or methodology.



The results presented in Figure 11 depict the elasticity modulus values for all of the mixtures at 28 days, providing a comprehensive view of how the modulus evolves over time. This time-dependent behavior is essential for predicting long-term performance and deformations in concrete structures.



Furthermore, the observation that these results align with those obtained from the use of waste lathe fibers, as reported in [39], highlights the potential for using waste materials and industrial byproducts in concrete formulations to achieve specific performance characteristics. This not only contributes to sustainability efforts by reducing waste but also offers opportunities to tailor concrete properties to meet the demands of diverse construction applications.




3.4. Compressive Strength


The assessment of compressive strength in concrete mixtures with varying levels of steel dust as a cement replacement is a pivotal aspect of this study, as it directly relates to the structural performance and load-bearing capacity of the material. The results obtained offer valuable insights into how the proportion of steel dust impacts the compressive strength of concrete.



At a 10% cement replacement level, this study revealed a 19% increase in compressive strength compared to the control mix (SD0), which did not include any steel dust (Figure 12). This initial increase in strength suggests that the incorporation of steel dust at this level can enhance the concrete’s compressive performance, potentially leading to more robust structures. However, as the percentage of cement replacement increased to 20% and 30%, a subsequent decrease in compressive strength by 11% and 27%, respectively, compared to the control mix was observed. This decline in strength with higher steel dust proportions highlights the importance of optimizing the blend to achieve the desired mechanical properties.



The trends in the results align with prior research findings, further validating the impact of steel dust on compressive strength. For instance, one study reported an 8.91% increase in compressive strength at 28 days with the incorporation of steel dust [32], which is consistent with the initial boost in strength observed in this study at the 10% replacement level. Additionally, similar trends have been documented in studies involving the use of steel wires or fibers [35,36,37,61], further emphasizing the influence of steel-based materials on compressive strength.



To assess the longevity of these compressive strength trends, tests on cylindrical specimens at 28 days were conducted, which exhibited a similar pattern to that of the cubic specimens. This consistency between the two types of specimens provides confidence in the reproducibility of the findings (Figure 13). The relationship between the compressive strength of the cylindrical specimens (f′c) and the cubic specimens (f′cu) is detailed in Table 2, with ratios ranging from 74% to 80%. These ratios indicate a strong correlation between the two specimen types, which is important for practical applications where different specimen shapes are used for testing.



Based on the results obtained from the tests, the density and compressive strength were determined for the cylindrical specimens to calculate the modulus of elasticity based on the ACI 318-19 code [62] as follows:


   E     =   0.043 × w   1.5   ×     f ′   c     



(1)




where E is the modulus of elasticity in MPa, w is the density in kg/m3, and f′c is the concrete compressive strength in MPa. Additionally, the actual elasticity modulus was obtained from laboratory testing. By incorporating the 0.043 coefficient from the ACI code, another coefficient was derived to be used in the replacement of cement with steel dust, with an average error of 5%. Table 3 and Figure 14 present the experimental results and those calculated using the ACI code.



The following formula has been derived for calculating the modulus of elasticity while incorporating steel dust:


   E     =   0.0455 × w   1.5   ×     f ′   c     



(2)




where E is the modulus of elasticity in MPa,   w   is the density in kg/m3, and f′c is the concrete compressive strength in MPa.




3.5. Ultrasonic Pulse Velocity (UPV)


The results showed an increase in the ultrasonic pulse velocity by 5.24% at 10% cement replacement, and then it decreased by 7.69% and 33.9% at 20% and 30%, respectively. Hassiba et al. [61] derived an equation (Equation (3)) representing the relationship between the UPV and compressive strength of the concrete:


     f ′   c  = 8.5773   e   0.0004 ( U P V )    



(3)







Table 4 and Figure 15 show the results based on the experiments conducted in the laboratory and the results based on Hassiba’s equation.



The following formula has been derived for determining the concrete compressive strength (f′c) when using steel dust:


     f ′   c  = 13.58 − [   0.000012   0.0034   × [ 1 −   e   0.0034 × U P V   ] ]  



(4)








3.6. Split Tensile Strength


The assessment of split tensile strength in concrete mixtures incorporating different proportions of steel dust as a cement replacement is an essential aspect of this study, as it provides valuable insights into the material’s resistance to tensile forces. Split tensile strength is particularly significant in applications where concrete is subjected to bending or shear forces, such as in beams and slabs.



The findings revealed a distinctive trend in split tensile strength as the percentage of cement replacement with steel dust varied. At a 10% cement replacement level, there was a notable increase in split tensile strength from 2.5 MPa to 3.5 MPa compared to the control mix (SD0), which did not incorporate any steel dust. This initial increase in tensile strength suggests that the inclusion of steel dust at this level can enhance the concrete’s resistance to tensile forces, potentially improving its performance in applications where tensile strength is critical.



However, as the percentage of cement replacement increased to 20% and 30%, there was a subsequent decrease in split tensile strength to 2.16 MPa. This decline in tensile strength with higher steel dust proportions is consistent with the findings of prior research, as referenced in [31,32]. These observations highlight the complexity of the relationship between the proportion of steel dust and the tensile behavior of concrete, emphasizing the need for careful consideration when optimizing concrete mixtures for specific applications.



The determination of split tensile strength (ft) was conducted based on the American Concrete Institute (ACI) code, a recognized standard in the field of concrete engineering, to be compared with the formula derived from the experimental work analysis (Figure 16) as shown below:


      f   t   = 0.4572    f ′   c    0.58    



(5)







Similar results were obtained from other studies [35,36,37,40] that investigated the incorporation of steel wires or fibers in the mixture.




3.7. Flexural Strength


The findings revealed a distinct trend in flexural strength as the percentage of cement replacement with steel dust varied. At a 10% cement replacement level, there was a significant increase in flexural strength by 9.49% compared to the control mix (SD0), which did not incorporate any steel dust. This initial enhancement in flexural strength suggests that the inclusion of steel dust at this level can bolster the concrete’s ability to resist bending forces, potentially leading to more robust structural elements. However, as the percentage of cement replacement increased to 30%, a substantial decrease in flexural strength by 13.29% was observed. These results are consistent with previous research, as indicated in [35], which also explored the influence of steel wires or fibers on flexural strength. The convergence of findings across studies underscores the substantial impact of steel-based materials on flexural strength properties and underscores the necessity of meticulous mixture optimization for specific structural applications.



The flexural strength of concrete can be calculated using the following equation from the American Concrete Institute (ACI) code:


  f r = 0.625     f ′   c    



(6)







By plotting the relationship between compressive strength and flexural strength, as depicted in Figure 17, an updated formula was derived to determine the modulus of rupture when using steel dust as a cement replacement. The results of the analysis support the notion that steel dust enhances the modulus of rupture in concrete:


  f r = 1.1613 ×      f ′   c    0.4087    



(7)








3.8. Load-Deflection Curve for Beams


The evaluation of the load-deflection performance of beams with varying percentages of cement replacement by steel dust after 28 days is a critical aspect of this study, as it provides valuable insights into the structural behavior of these concrete elements. These findings have implications for the design and performance of reinforced concrete structures, particularly in applications where ductility and load-carrying capacity are significant factors.



The results from this study indicated a noticeable improvement in ductility for the sample with 10% cement replacement (SD10), as shown in Figure 18. This was substantiated by a 13% increase in the ductility ratio and a 5% increase in the peak load compared to the control sample (SD0). This initial enhancement in ductility and load-bearing capacity suggests that the inclusion of steel dust at this level can enhance the concrete’s ability to deform without failure, which is a desirable characteristic in structures subjected to dynamic or seismic loads.



However, as the percentage of cement replacement increased to 30% (SD30), there was a substantial decrease in both the ductility ratio and peak load. The ductility ratio dropped by 44%, and the peak load decreased by 18% compared to the control sample (Table 5). These findings indicate that higher proportions of steel dust may negatively impact the ductility and load-carrying capacity of the concrete, potentially limiting its performance in certain structural applications.



For reference, the ductility ratio for the control sample (SD0) was 5.68, whereas the ratios for SD10, SD20, and SD30 were 6.43, 4.92, and 3.17, respectively. Similarly, the peak load for the control sample (SD0) was 22.59 kN, while the peak loads for SD10, SD20, and SD30 were 23.83 kN, 20.49 kN, and 18.52 kN, respectively.




3.9. Beams’ Strain Distribution


Figure 19 displays the strain distribution across varying depths in the four beams when subjected to loads of 10, 15, and 20 kN. It can be inferred from the figure that the steel reinforcements in all four beams failed to reach the yield point under a load of 10 kN. At a load of 15 kN, however, the control beam and the beams with 20% and 30% cement replacements yielded, with the exception of the 10% cement replacement beam. This result indicates that the 10% cement replacement beam exhibited a higher level of resistance to deformation at this load level. When the load was increased to 20 kN, all of the beams except for the SD10 beam yielded, demonstrating that the SD10 beam had the highest resistance to deformation among the four beams tested.



The location of the neutral axis of the four beams subjected to 10, 15, and 20 kN loads is presented in Figure 20. The results depicted in Figure 20 indicate that the 10% cement replacement beam with steel dust had the highest neutral axis location at every stage of loading. This implies that this beam had the lowest levels of strain compared to the other beams and was able to withstand greater deformation without reaching failure. This superior performance can potentially be attributed to the higher level of ductility of the 10% replacement beam.




3.10. Damage Pattern of the Beams


	
The examination and analysis of crack patterns in the tested beams constitute a vital component of the study, offering valuable insights into the ductility and failure mechanisms of concrete elements subjected to bending loads. The results, as presented in Figure 21, provide essential information about how different levels of cement replacement by steel dust influence crack formation and propagation.



	
Notably, the beam designated as SD10 exhibited the highest level of ductility among the tested samples. This is evidenced by the larger number of microcracks observed in comparison to the control beam (SD0) and the beams with 20% (SD20) and 30% (SD30) cement replacement by steel dust. The presence of more microcracks in the SD10 beam signifies its ability to withstand a greater degree of deformation before reaching failure. This characteristic is indicative of an increased level of energy absorption capacity, which is a critical factor in the design of structural elements. Elevated ductility can enhance the overall performance and safety of a structure, especially in scenarios where structures are exposed to dynamic or seismic forces.



	
It is worth noting that these findings align with prior research that has explored the enhancement of ductility in reinforced concrete beams through the incorporation of alternative materials. For example, studies involving the use of bottom ash and waste marble powder have also demonstrated improvements in ductility [60,63,64]. These consistent findings highlight the potential for various waste and alternative materials to contribute to the ductility and overall performance of reinforced concrete structures, offering sustainable solutions in construction engineering.








4. Conclusions


The present study explored the effect of incorporating steel dust as a partial replacement for cement in the mix design of reinforced concrete beams. The proportion of steel dust replacement was varied at 0%, 10%, 20%, and 30% while maintaining a water–cement ratio of 0.55. The following conclusions can be drawn as follows:




	
The assessment of concrete mix workability indicated a 20% reduction in workability and a 4.3% decrease in density with increasing steel dust content, as determined by the slump test. Concurrently, variations in the elasticity modulus were observed, with a 10% increase at 10% steel dust replacement and an 18% decrease at 30% steel dust replacement compared to the control mix. In response to these findings, modified equations for the modulus of elasticity were introduced for mixes incorporating steel dust as a cement substitute.



	
The compressive strength exhibited an upward trend at a 10% cement replacement but experienced a decline at both 20% and 30% replacements. These trends were paralleled by the ultrasonic-pulse velocity tests. Similarly, the split tensile and flexural strength tests demonstrated enhancements at the 10% replacement level but exhibited reductions at the 30% replacement level. In response to these observations, modified equations were formulated to account for these variations in strength properties.



	
The study revealed that replacing 10% of the cement with steel dust as a substitution improved the ductility of concrete beams, resulting in a 13% increase in the ductility ratio and a 5% higher maximum load compared to the control mix. Conversely, substituting 30% of the cement with steel dust had adverse effects, leading to a reduced ductility ratio by 44% and a decrease in maximum load by 18% in comparison to the control mix.



	
The SD10 beam (with 10% SD as cement replacement) exhibited fewer microcracks and greater deformation resistance, sustaining a 20 kN load without yielding, while the other beams yielded under the same load conditions.








This study advises caution in using steel dust as a cement replacement in concrete mix design due to its inconsistent effects on various mechanical properties, underscoring the necessity for comprehensive testing to ensure structural safety and durability. Future research should investigate its corrosion potential, and engineers and researchers should consider these factors in forthcoming studies.
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Figure 1. The gradation curve for steel dust. 
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Figure 2. Materials used in the mix preparation: (a) Steel dust, (b) Coarse aggregates, and (c) Fine aggregates. 
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Figure 3. Concrete in molds. 
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Figure 4. Samples curing. 
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Figure 5. Details of the reinforced concrete beams: (a) longitudinal section (mm), (b) DEMEC points location (mm), and (c) beam cross section (mm). 
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Figure 6. Tests setup: (a) UPV, (b) split tensile, (c) cubic compressive strength, (d) cylinder compressive strength, (e) modulus of elasticity, and (f) bending. 
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Figure 7. Damaged samples: (a) a cube from the compression test, (b) a cylinder from the compression test, and (c) a cylinder from the split tensile test. 
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Figure 8. Flow chart showing the methodology of the current experimental work. 
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Figure 9. Slump test results. 
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Figure 10. Density of concrete samples at different steel dust levels. 
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Figure 11. Elasticity modulus of concrete at 28 days. 
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Figure 12. Compressive strength of concrete specimens at different curing ages. 
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Figure 13. Compressive strength at 28 days for both cubes and cylinders. 
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Figure 14. Elasticity modulus derived from the experiment versus the ACI code. 
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Figure 15. f′c derived from the experiment versus (Hassiba et al. [61]) vs. UPV. 
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Figure 16. Relationship between split tensile and compressive strength (ACI code vs. experiment). 






Figure 16. Relationship between split tensile and compressive strength (ACI code vs. experiment).



[image: Infrastructures 08 00157 g016]







[image: Infrastructures 08 00157 g017] 





Figure 17. Relationship between flexure strength and compressive strength (experimental and code). 
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Figure 18. Load-deflection curves for all beams. 
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Figure 19. Strain distribution along the beam depth at loads: (a) 10 kN, (b) 15 kN, and (c) 20 kN. 
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Figure 20. Neutral axis depth (in mm measured from the top beam surface). 
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Figure 21. Crack pattern, (a) SD0, (b) SD10, (c) SD20, and (d) SD30. 
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Table 1. Details of the concrete mixes.
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Mix Notation

	
Material Composition (kg/m3)




	

	
Cement

	
Sand

	
Gravel

	
Steel Dust

	
Water

	
W/C






	
SD0

	
16.4

	
34.3

	
68.5

	
0

	
9.4

	
0.55




	
SD10

	
14.7

	
34.3

	
68.5

	
1.6

	
9.4

	
0.55




	
SD20

	
13.1

	
34.3

	
68.5

	
3.3

	
9.4

	
0.55




	
SD30

	
11.5

	
34.3

	
68.5

	
4.9

	
9.4

	
0.55











 





Table 2. Ratio between f′c and f′cu.
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	Specimen
	f′cu (MPa)
	f′c (MPa)
	Ratio





	SD0
	25.9
	20.7
	80%



	SD10
	31.8
	24.6
	77%



	SD20
	23.2
	17.8
	77%



	SD30
	18.9
	14.1
	74%










 





Table 3. Elastic modulus (ACI vs. experiment).
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	Density

(kg/m3)
	f′c

(MPa)
	
	[Density1.5] × [f′c]0.5
	E (exp) (MPa)
	E (ACI) (MPa)





	SD0
	2483.0
	20.7
	4.5
	562,879.3
	24,253.0
	24,203.8



	SD10
	2406.0
	24.6
	4.9
	585,383.4
	27,890.9
	25,171.4



	SD20
	2394.3
	17.8
	4.2
	494,295.8
	22,312.7
	21,254.7



	SD30
	2376.0
	14.1
	3.71
	434,684.1
	19,887.4
	18,691.4










 





Table 4. Compressive strength based on this work vs. Hassiba et al. [61].
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	UPV (m/s)
	f′c (Exp)
	f′c (Hassiba et al. [61])





	2210
	20.7
	20.8



	2326.6
	24.6
	21.8



	2040
	17.8
	19.4



	1460
	14.1
	15.4










 





Table 5. Ductility results at 28 days for the reinforced concrete beams.






Table 5. Ductility results at 28 days for the reinforced concrete beams.





	Mix Type
	Δy a

(mm)
	Δm b

(mm)
	(δm/δy) c
	Ductility Ratio Improvement
	Fmax d
	Peak Load Improvement





	SD0
	1.51
	8.58
	5.68
	-
	22.59
	-



	SD10
	1.26
	8.10
	6.43
	1.13
	23.83
	1.05



	SD20
	1.36
	6.69
	4.92
	0.87
	20.49
	0.91



	SD30
	1.94
	6.14
	3.17
	0.56
	18.52
	0.82







a: Beam deflection at the steel yielding stage; b: Maximum beam deflection at failure; c: Ductility ratio; d: Maximum load at failure.
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