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Abstract


This experimental study produced recycled sand–silica fume–hair fiber concrete to enhance concrete sustainability. Recycled sand and silica fume can be used to address the environmental issues caused by excessive river sand mining and the carbon footprint of the concrete industry. In addition, waste hair fibers (0.5–2%) were introduced to enhance the properties of newly developed concrete mixes. The absolute volume method was employed for four newly developed sustainable concrete mixes. A 100 mm slump was set as a structural concrete requirement, which was maintained by adding 0.5%, 1%, 1.4%, 1.9%, and 2.6% of the admixture by weight of the cement to the proposed mixes. The compressive strength, splitting tensile strength, and density of the hardened concrete mixtures were estimated. The study results show that combining optimized 10% silica fume with 0.5–2% hair fibers enhanced the properties of the newly developed sustainable mixes. The slump threshold was met when 1.5% of hair fibers were mixed with 10% silica fume, 50% manufactured sand, and 50% recycled sand. However, the splitting tensile strengths of the mixes with 1.5% and 2.0% hair fibers were found to be almost the same at 5.62 MPa and 5.65 MPa, respectively. The bulk density of the mixes increased with increasing percentages of hair fibers. Furthermore, in the mixes with 1.5% and 2.0% hair fibers, the bulk density was very similar at 2.708 g/cm3 and 2.792 g/cm3, respectively. Thus, it can be concluded from the study results that concrete containing recycled sand, silica fume, and hair fibers in optimal percentages is acceptable as structural concrete.
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1. Introduction


The rapid growth in the world population has been observed from the twentieth to the twenty-first century. For this reason, the efficient usage of natural resources is crucial. There is a need for sustainability in the construction sector based on its current fragile state [1,2,3]. As a part of urbanization, it is usual to notice redevelopment in societies. It is quite apparent that the need to tear down old structures and build new structures is an integral part of maintaining infrastructure. This situation is concerning, considering the scarcity of natural resources and the consequent development of sustainability issues [4,5]. The literature shows that key elements hampering the efficient use of sustainable construction materials include the active members of construction firms. Little awareness of sustainable construction materials, their high cost, and the limited availability of information are a few factors affecting the use of these materials, as highlighted by [6,7,8].



Recycling waste products offer numerous advantages, including significantly reducing water and air pollution. It aids in conserving energy and decreasing the volume of solid waste and greenhouse gas emissions. Therefore, it is crucial to examine factors that can positively impact the construction industry through the use of waste and recycled materials. This study area has become increasingly important, with researchers focusing on practices emphasizing the efficient use of appropriate, recycled, and repurposed waste materials. Due to the high demand and short supply of raw materials, they are very expensive [9]. The most prominent and widely used recycled products are recycled concrete, fly ash, silica fume, mineral wool, and gypsum, as discussed in [10]. One approach to improving the properties of recycled aggregates and their environmental efficacy is biocement. However, the appropriate usage of nanomaterials and pozzolana, as well as numerous mixing techniques, is also highly valued [11]. Previous studies have compared each approach’s benefits and drawbacks, ways to recycle coarse and fine aggregates, silica fume and hair fiber utilization worldwide, and future research directions [12,13,14].



The amount of solid waste generated worldwide grows exponentially each year [15,16]. The CDM set a target of recycling and reusing approximately 60–70% of waste in the EU to overcome this issue [15,17]. The massive amount of demolished concrete produced worldwide and the replacement of recycled aggregate concrete (RAC) with natural aggregate concrete (NAC) to reduce the adverse environmental effects have been discussed [11,18,19]. When concrete is produced with 30% RAC replacement, the strength of the resulting concrete is almost the same as that of NAC, whereas at 50% RAC replacement, a reduction in this strength is noted, and at 100% RAC replacement, a significant reduction in this strength is reported [12,20,21,22]. Additionally, adding RAC to fresh concrete requires a long curing time to obtain the required design strength. As a result, most research does not support the 100% use of RAC in place of NAC for every circumstance. The compressive strength and tensile strength of newly developed concrete made with RAC are decreased. However, the addition of up to 50% of RAC does not compromise the engineering properties of concrete [12,13,17,22,23,24].



The rising need for cement in manufacturing concrete causes excessive CO2 emissions, leading to an imbalance in the environment. The production of silica fume (SF) and its use as a replacement for cement were demonstrated by [25]. The properties of concrete are enhanced when SF is used in place of cement. Recycling SF is crucial due to the significant health hazards connected with its dumping in public places [26,27]. It has been observed [28,29] that the optimal percentage of cement replacement with SF is 10%; at this percentage, the mechanical strength of newly developed concrete was increased. The durability is improved when SF, a supplemental cementitious material (SCM), is combined with fine marble powder [30]. Human hair fibers are another interesting waste material that affects the strength characteristics of concrete. Published studies [31,32,33,34] have evaluated the strength characteristics of concrete using different percentages of human hair fibers by weight of cement, i.e., 0.5%, 1%, 1.5%, and 2%. These studies aimed to investigate the impacts of human hair fiber reinforcement on concrete. However, it was discovered that an addition of human hair between 1.5% and 2% produced the highest compressive and tensile strength.



An extensive review of the published studies showed that higher amounts of RAC in new concrete reduced its strength characteristics. However, the addition of optimized SF led to an enhancement in strength. Moreover, adding hair fibers (HFs) also improved strength up to the required values. As per the analysis, the combined effect of RAC, SF, and HF has not yet been studied. This study aimed to close the unstudied research gap through its experimental work. In this study, we added a combination of solid waste at optimized values. The design mix concrete was prepared using the absolute volume method by incorporating recycled and manufactured sand to replace 100% river sand, and 10% OPC was replaced by SF. In addition, HF (0.5–2%) was added based on the weight of cement. The final objective of this study was to produce cost-effective sustainable concrete made of combined waste without compromising its engineering properties.




2. Materials and Methods


2.1. Materials


Materials for Producing Concrete


As a binder, concrete is made using ordinary Portland cement (OPC), a necessary building material. For the experimental work of this study, a single batch of type 1 brand OPC that was readily available locally was used. Figure 1a shows the cement sample utilized in this study. Silica fume (SF) is a kind of industrial waste. Microsilica is the most creative addition to concrete that has been discovered recently. Elkem Microsilica provided the product for the building material research. The material does not meet the requirements to be categorized as hazardous. Figure 1b shows the silica fume sample.



In this study, four series of sustainable concrete were created using two types of fine aggregates. Abdullah Abdin Construction Co., Ltd., Tabuk, Saudi Arabia, provides locally available manufactured sand (M-Sand). The Abdullah Abdin Construction Co., Ltd. aggregate crushing plant in Tabuk, Saudi Arabia, crushed demolished concrete to produce recycled sand (R-Sand) smaller than 5 mm. Distinct kinds of weathered concrete with differing strengths make up the distinct (EOL) concrete sources. Concrete samples that have been demolished are gathered and crushed at the Abdullah Abdin Construction Co., Ltd. aggregate crushing plant in Tabuk, Saudi Arabia. The Engineering Materials Laboratory at Fahad Bin Sultan University in Tabuk, Saudi Arabia, cleaned, washed, and sifted the sand. Figure 1c,d show the M-Sand and R-Sand, respectively.



Crushed stones and gravel in natural coarse aggregate (NCA) containing particles larger than 4.75 mm, i.e., between 9.5 and 19 mm, were obtained for this study. The NCA was graded and cleaned according to its various sizes. Crushed stones made up the remaining coarse aggregates, with gravel accounting for more than half of the total quantity. Figure 1e shows the NCA samples. As per reference [35], Figure 1f shows the type F water-reducing, high-range admixtures. The main component of the study samples was waste human hair fibers, as shown in Figure 1g. The waste human fibers were collected from barber shops and mixed before being utilized in different percentages by weight of cement. The length of the hair fibers varied from 20 to 60 mm.





2.2. Methods


The natural aggregate concrete (NAC*) contains 100% M-Sand and was used as the reference mix of this study. The 50% M-Sand + 50% R-Sand was used to prepare the four types of newly developed design mix concrete with 10% SF and 0.5–2% hair fibers in each designated mix, namely, 0.5%HFSFC, 1.0%HFSFC, 1.5%HFSFC, and 2.0%HFSFC, respectively.



The freshly prepared concrete was mixed using the absolute volume method (AVM), and workability was tested using the slump test. As per the AVM [35], the slump value of structural concrete was selected as 100 mm for each design mix. To avoid extra water, a slump-retaining concrete additive was used to preserve each mix’s 100 mm slump value. Figure 2 shows the amount of admixture that was found in different percentages by weight of cement to maintain the 100 mm slump. The different percentages of hair fibers in the mixes were used based on the optimal values of sustainable sand with 10% SF values. In the mixes NAC*, 0.5%HFSFC, 1.0%HFSFC, 1.5%HFSFC, and 2.0%HFSFC, the percentage of admixture was optimized as 0.5%, 1%, 1.4%, 1.9%, and 2.6%, respectively. The temperature of fresh mixes was noted and was also found within the AVM guidelines. The composition of the newly developed design mix concrete following the AVM is listed in Table 1. While mixing the newly developed design mix concrete, proper care was taken during the dry mixing of concrete ingredients calculated using the AVM for the mixing, placing, compacting, and filling of the samples.





3. Results and Discussion


3.1. Chemical Characterization of Developed Sand


3.1.1. SEM-EDS Instrumentation


Observing and investigating the presence of minerals in concrete can be challenging because of its often characteristic and complex microstructure. Concrete’s microstructure and mechanical qualities are altered when concrete materials are substituted. The unidentified constituents of the sustainable modified sand combinations of M-Sand and R-Sand found via chemical characterization were analyzed with an SEM-EDS analyzer. The identified constituents of the sustainable modified sand can be utilized in the hydration process for dispersal throughout the hydrated cement paste. An experimental SEM examination was performed on the developed M-Sand and R-Sand samples. This technique produced images displaying particle morphology, size, elemental composition, and specific source types. For this study, each prepared sustainable modified sand mixture has an approximate size of 5 mm. The microstructure of each blend was examined and contrasted with that of the approximation up to 10,000 times. To evaluate possible CaCO3 precipitation, reaction product analysis, C-S-H gel creation, and calcite identification were performed. The sustainable modified sand samples were subjected to EDS analysis to identify the chemical composition and concentrations of elements, focusing on C/Ti/Mn/Cd/Zn, and these elements were found to be present in the samples. The energy used for the excitation of Al and Cu is a reference point for calibration. Semi-quantitative calculations were performed using the software TEAM to determine element weight percent concentrations. The presence of an element was determined by observing its peak counts in the region of interest. The elemental ratios and morphological markers were compared to determine contributions [36,37,38].




3.1.2. Characterization of Developed Modified Sand Using SEM-EDS


The SEM analysis results captured at low-to-high magnifications of ×50, ×1500, ×5000, and ×10,000 are depicted in Figure 3 and Figure 4. Higher SEM magnification, up to 10,000×, made the surface differences more noticeable (50×, 1500×, 5000×, and 10,000×). The best images of M-Sand and R-Sand samples are shown in Figure 3 and Figure 4, respectively.



Figure 3 shows the SEM image of the modified M-Sand. The images reveal that M-Sand frequently contains traces of other minerals in addition to lime, silica, and alumina. Well-defined dense gray and brighter calcite crystal grains and scattered flat and elongated gypsum crystals and grains of inequitable particle sizes are separated, resulting in several voids. Uniform distributions of platy and layered frameworks with partially dense CaSO4 and amorphous silica are visible on the other side, and the porosity is interlinked. In comparison, particles adhere to the surfaces with many voids, even though the white/gray particle accumulations indicate the presence of alumina, quartz, and bentonite, as well as calcite or dolomite or both, at a magnification of 10,000×, as depicted in Figure 3.



Figure 4 shows the SEM image of R-Sand. Scattered angular particles and loose cotton-like structures with numerous holes are visible in the image. The spreading of porous silicate, crystalline C-H, and loose C-S-H gel formation can also be seen. At a magnification of 10,000× for rough calcium silicate, the spreading of C-S-H gels, varying-sized pores, foil-like C-S-H formations, and platy C-S-H formations are observed.



As shown in Figure 3 and Figure 4, EDS investigations were also conducted on the modified M-Sand and R-Sand to classify their chemical compositions and to identify the chemical species and their proportions in their compositions. EDS identified elements such as O, C, Al, Mg, Si, Ca, Cd, Cl, Fe, and Mn in the prepared sand combinations of M-Sand and R-Sand.





3.2. Strength Characteristics


3.2.1. Compressive Strength Evaluation


The compressive strength of the control mix NAC*, containing 100% M-Sand and 100% OPC, was assessed to compare the newly developed mixes. After several trial mixes, thresholds of sand were obtained when up to 50% R-Sand and 50% M-Sand were used to replace 100% river sand. The newly developed mixes of 0.5%HFSFC, 1.0%HFSFC, 1.5%HFSFC, and 2.0%HFSFC with a maximum of 50% R-Sand and 50% M-Sand with 10% SF, along with 0.5–2% HB, were prepared as shown in Table 1. A compressive strength testing machine with 2000 kN capacity was utilized to evaluate the compressive strength of the prepared mixes.



The 28-day concrete strength is a standard reference for evaluating compressive strength by any standard code of practice. This study measured compressive strength at 28 days of curing, as shown in Figure 5. The compressive strength of the control mix NAC* and the newly prepared concrete mixes of 0.5%HFSFC, 1.0%HFSFC, 1.5%HFSFC, and 2.0%HFSFC was found to be 36.104, 38.602, 44.041, 44.297, and 42.942 MPa, respectively. The results of the mixes 0.5%HFSFC, 1.0%HFSFC, 1.5%HFSFC, and 2.0%HFSFC meet the requirement of (f’cr) (38 MPa), as per references [39,40]. The control mix designated as NAC* had a compressive strength of 36.104 MPa, which was close to the selected target strength (f’cr) of 38 MPa. The result shows that the hair fiber–silica fume concrete combinations perform well and achieve the (f’cr) at 28 days of curing. All mixes of 0.5%HFSFC, 1.0%HFSFC, 1.5%HFSFC, and 2.0%HFSFC fulfilled all standard criteria for this study at 28 days of curing [39,40]. At 28 days of curing, the control mix NAC* fulfilled the field and design strength criteria but failed to reach the (f’cr) of 38 MPa.



Figure 5 illustrates variations in the control mix NAC* and the newly prepared concrete mixes of 0.5%HFSFC, 1.0%HFSFC, 1.5%HFSFC, and 2.0%HFSFC. In the mixes of 0.5%HFSFC, 1.0%HFSFC, 1.5%HFSFC, and 2.0%HFSFC, an increase of approximately 6.9%, 21.3%, 22%, and 18.9% in strength was recorded compared to the control mix NAC*, respectively. It is evident from Figure 5 that replacing OPC with SF along with the HF combination enhanced the compressive strength of the mixes. The optimized 10% OPC was replaced by SF. The study results suggested that the mixes 0.5%HFSFC, 1.0%HFSFC, and 1.5%HFSFC showed a continuous increment in their compressive strength. The optimal compressive strength was recorded in the mix 1.5%HFSFC (10%SF + 1.5%HF). For the combination with 10%SF + 2.0%HF, a decrease in the compressive strength value was recorded.



Combining SF + HF with OPC exhibited no reactivity until water was added. After adding water, the reaction was completed, and additional C-S-H gel was produced by increasing the SF content, which was recognized for facilitating the most vigorous crystallization. The interaction of 10% SF with cement resulted in additional C-S-H gel within the pore spaces, which enhanced the concrete’s strength and increased the matrix’s density. Incorporating an optimal ratio of the SF + HF blend led to a significant enhancement in the compressive strength due to the denser microstructure created by the increased formation of the C-S-H gel containing 10% SF and 0.5–2% HF.



Moreover, including an ideal proportion of R-Sand resulted in a significant improvement in the surface area attributable to the fine characteristics of R-Sand particles. The findings indicate an increase in the compressive strength of the mixtures. Furthermore, the observed rate of strength enhancement in the mixture could be linked to the secondary hydration process occurring with the residual cement found in the R-Sand. The R-Sand in the mixtures around the aggregates shows vulnerability during the early phases. The outcome is affected by the residual layers of the cement matrix found in the old concrete situated within the R-Sand. Over time, the gel interacts with the unhydrated cement from the preceding layer. The secondary hydration of R-Sand could occur due to the interaction between SF and R-Sand. In summary, the blend of 10%SF + 1.5%HF with 50% R-Sand exhibited the greatest compressive strength, reflecting an enhancement of around 22% compared to the reference mix NCA*.




3.2.2. Splitting Tensile Strength


Since it is challenging to test concrete directly for tensile strength, indirect tests are employed. Splitting tensile strength (STS) and flexural strength (FS) are commonly used indirect methods. This study used the STS method to assess the indirect tensile strength of concrete. This study evaluated the STS of mixes designated as 0.5%HFSFC, 1.0%HFSFC, 1.5%HFSFC, and 2.0%HFSFC, including the reference mix NAC* (100% OPC). Reference [41] recommends that the average STS value must be between 10% and 15% of (f’c). This study selects the design strength (f’c) of 30 MPa at 28 days of curing. According to the criterion proposed by reference [41], 10–15% of (f’c) retains the value of 3–4.5 MPa. The standard criteria set by reference [41] were used to validate the STS results of this study.



The load–displacement results from each mix, i.e., NAC*, 0.5%HFSFC, 1.0%HFSFC, 1.5%HFSFC, and 2.0%HFSFC, are shown in Figure 6. The maximum peak load (P) was used to compute the STS of mixes NAC*, 0.5%HFSFC, 1.0%HFSFC, 1.5%HFSFC, and 2.0%HFSFC. At the peak load, hair fiber–silica fume concrete combinations performed well and were not broken into two pieces. As and when the sample reached the peak load, sudden failure in the sample was observed. Plain concrete is sensitive and does not exhibit the elastic behavior required to hold the samples, which is the main reason for the splitting of the cylindrical samples into two halves when the load peaked. In this study, hair fiber–silica fume concrete combinations at the maximum peak load exhibited some ductile behavior, as shown in Figure 6. It is observed in Figure 6 that the lowest peak load was found in the mix NAC* without silica fume and hair fibers.



The STS of this study was calculated from the peak load (P), as shown in Figure 7, using Equation (1):


  S T S  =     2 P     π ld     



(1)







Equation (1) shows the splitting tensile strength (STS), load (P), length (l), and diameter (d).



The STS values of the prepared mixes NAC*, 0.5%HFSFC, 1.0%HFSFC, 1.5%HFSFC, and 2.0%HFSFC were assessed according to Equation (1). The numerical STS values of the mixes NAC*, 0.5%HFSFC, 1.0%HFSFC, 1.5%HFSFC, and 2.0%HFSFC are 4.62, 4.75, 4.8, 5.62, and 5.65 MPa, respectively, as shown in Figure 7. The STS of the mixes NAC*, 0.5%HFSFC, 1.0%HFSFC, 1.5%HFSFC, and 2.0%HFSFC was recorded as 15.4%, 15.8%, 16%, 18.7%, and 18.8% of the (f’c) proposed by reference [41]. The STS of the mixes 1.5%HFSFC and 2.0%HFSFC was found to be higher and almost the same at 18.7% and 18.8% of the (f’c) proposed by reference [41]. This indicates that mixing 1.5%HFSFC and 2.0%HFSFC with silica fumes and hair fibers improved the STS. The mixes 1.5%HFSFC and 2.0%HFSFC showed greater improvement in STS values compared to the other mixes.





3.3. Durability Characteristics in Terms of Density and Porosity of Prepared Samples at Hardened Stage


3.3.1. Experimental Method


To examine the durability performance of the developed modified concrete mixes, the characteristics of the prepared concrete mixes such as density and volume of permeable voids (porosity) were studied. The standard test method ASTM-C642-13 [42] was selected to evaluate the density and porosity in the hardened stage of the newly developed design mix concrete of this study. The mass of each mix prepared with or without silica fume and hair fibers was determined using the procedure mentioned in the method ASTM-C642-13 [42]. The density and porosity values were calculated using Equations (2) and (3).



The stepwise procedure for evaluating the masses of A, B, C, and D is based on the standard method ASTM-C642-13 [42]. The masses determined for A, B, C, and D are required to calculate the density and permeable voids (porosity) using Equations (2) and (3), respectively. A concrete cutter machine cut the samples into pieces with a height of 100 mm and a diameter of 75 mm. The purpose of these specific dimensions is to maintain the sample volume suggested by ASTM-C642-13 [42]. The approximate volume of samples used in this study was 500 cm3, i.e., higher than 350 cm3. As per ASTM-C642-13 [42], the volume of the samples should not be less than 350 cm3. The data obtained for the procedure described in ASTM-C642-13 [42] are reported in Table 2.




3.3.2. Density and Porosity Results of Hardened Concrete Samples


The density of the prepared concrete mixes with hair fibers and silica fume at the hardened phase was evaluated by reference [42]. The graphical representations of the bulk and apparent densities of the prepared mixes NAC*, 0.5%HFSFC, 1.0%HFSFC, 1.5%HFSFC, and 2.0%HFSFC are shown in Figure 8. The dry bulk density and apparent density values of the reference mix NAC* with 100% OPC without hair fibers and silica fume are 2.208 and 2.702 g/cm3, respectively. The experimental values of the dry bulk density (2.345, 2.390, 2.527, and 2.471 g/cm3) and apparent density (2.741, 2.769, 2.788, and 2.727 g/cm3) of the mixes 0.5%HFSFC, 1.0%HFSFC, 1.5%HFSFC, and 2.0%HFSFC with the addition of hair fibers and silica fume were obtained. The results indicate that when HF + SF was added to the mixes, the dry bulk density of 0.5%HFSFC, 1.0%HFSFC, 1.5%HFSFC, and 2.0%HFSFC increased by 6.20, 8.24, 14.45, and 11.91% when compared to the dry bulk density of the reference mix NAC*. This indicates that the unoccupied pores present in samples were filled by adding different percentages of HF + SF. It was also observed that when developing a sand combination (50% M-Sand + 50% R-Sand), the fine percentage of 50% R-Sand in the mixes is another factor that reduced the pores and enhanced the density of the combination. The addition of hair fibers in the mix that contained OPC + SF made the cement paste denser.



However, the dry bulk density increased with an increase in HF content up to 1.5% with optimized 10% SF. The dry bulk density increased when HF was added (0.5–1.5%) and 10% SF was replaced by OPC. When the HF percentage was increased to 2%, the bulk density slightly declined compared to 1.5% HF. Another factor that results in the formation of a more compact and less porous structure is the particle size of SF, which is smaller than that of OPC, thus increasing the density. It is evident from the results that the percentage increase in dry bulk density is smaller in the reference mix NAC* without HF + SF compared to the mixes with HF + SF. This indicates that SF in the samples filled the pores, and thus, the samples absorbed less water than those without SF. Thus, the newly developed concrete mixes of 0.5%HFSFC, 1.0%HFSFC, 1.5%HFSFC, and 2.0%HFSFC with HF + SF showed better density, and the required density threshold was achieved for the 1.5% HF with the optimized 10% SF combination.



Water absorption is the most helpful parameter for describing hardened concrete’s moisture dynamics that affects durability. Water absorption mainly depends on the total volume of permeable pore spaces (voids), also known as porosity. The calculated values of the total volume of permeable pore spaces (voids) in % are listed in Table 2. Figure 8 shows the porosity of the prepared mixes designated as NAC*, 0.5%HFSFC, 1.0%HFSFC, 1.5%HFSFC, and 2.0%HFSFC, in which 10% OPC was replaced by SF. The porosity of the mixes NAC*, 0.5%HFSFC, 1.0%HFSFC, 1.5%HFSFC, and 2.0%HFSFC was found to be 18.28%, 14.45%, 13.68%, 9.36%, and 9.39%, respectively. The porosity was greatly affected by the addition of HF + SF along with modified sand in the mixes of 0.5%HFSFC, 1.0%HFSFC, 1.5%HFSFC, and 2.0%HFSFC. When the HF percentage increased relative to optimized 10% SF and modified sand in the mixes, the capillary porosity of the concrete mix decreased. However, optimum HF addition produced a denser and impervious matrix, leading to a lower capillary porosity for decreased water absorption. Figure 8 compares the volume of permeable pore spaces (voids) with the dry bulk density dry. In the beginning, when 0.5% HF was added to the mix, the porosity increased. This is because the smaller amount of HF did not mix with the SF and modified sand, and ultimately, the pore spaces increased compared to the control mix. When the amount of HF increased, the porosity of the mixes reduced. It is concluded that up to 2–2.5% of HF with modified sand and an optimum 10% SF is the best substitution for the concrete developed in this study.





3.4. Crack Pattern


The failure mode under compression did not show any new observations. The typical failure modes of the mixes NAC*, 0.5%HFSFC, 1.0%HFSFC, 1.5%HFSFC, and 2.0%HFSFC during the STS tests are shown in Figure 9. The crack behavior of the mixes NAC*, 0.5%HFSFC, 1.0%HFSFC, 1.5%HFSFC, and 2.0%HFSFC at the peak load is displayed in Figure 9. The reference sample of the mix NAC* split into two parts with an average distance of 25 mm when the peak load was applied. Cylindrical samples of the mix 0.5%HFSFC showed similar trends, with an average distance of 9 mm at the peak load. The samples of the 0.5%HFSFC mix were more stable than the samples of the reference mix NAC* when 10% OPC was replaced by optimized SF and 0.5% HF by weight of OPC (10%SF + 0.5%HF) was added. It was observed that adding SF + HF improved the sample’s stability.



Further increasing the HF percentages in the 1.0%HFSFC mix with optimized 10% SF and 1.0% HF by weight of OPC (10%SF + 1.0%HF) enhanced the stability of the samples. The samples were split partially with narrow cracks of about 3 mm. When HF was increased to 1.5% by weight of OPC in the mix, the 1.5%HFSFC (10%SF + 1.5%HF) samples did not split into two halves. However, fine cracks were formed on the entire vertical depth of the samples. A similar trend was observed in the 2.0%HFSFC mix with 2% HF inclusion (10%SF + 1.5%HF). The peak load at which the cracks were formed was utilized to calculate the STS of the cylindrical samples. The load–displacement curves shown in Figure 6 validate the crack pattern of the mixes 0.5%HFSFC, 1.0%HFSFC, 1.5%HFSFC, and 2.0%HFSFC.



The reference mix NAC* with 100% OPC was found to be sensitive and did not show any elastic behavior for holding the samples. This is the main reason for the splitting of the cylindrical samples into two halves, as shown in Figure 9. The cracking patterns of the cylindrical samples with SF + HF incorporation in the mixes 0.5%HFSFC, 1.0%HFSFC, 1.5%HFSFC, and 2.0%HFSFC are shown in Figure 9. In the mixes 1.0%HFSFC, 1.5%HFSFC, and 2.0%HFSFC, samples were not broken into two halves. The quality of cement paste was improved by adding optimized 10% SF to the mixes 1.0%HFSFC, 1.5%HFSFC, and 2.0%HFSFC.



Furthermore, 50% R-Sand combined with OPC formed secondary C-S-H gel in the residual cement layers of the demolished concrete. This observation was validated using previously published studies [12,13,22,43]. Starting from the inclusion of 1% HF, the cracking load of the mixes 1.0%HFSFC, 1.5%HFSFC, and 2.0%HFSFC effectively increased and their brittleness decreased. Based on the failure mode results, it was concluded that concrete with optimized 10% SF and 0.5–2% HF content significantly improved the paste quality of the developed concrete samples.





4. Conclusions


This study aimed to develop a sustainable concrete design mix by incorporating various waste materials, specifically recycled sand, manufactured sand, silica fume, and hair fibers. The proposed formulation, referred to as recycled sand–silica fume–hair fiber concrete (HFSFC), was evaluated through rigorous testing, including the workability slump test and the assessment of mechanical properties of hardened concrete, namely, the compressive strength, splitting tensile strength, and bulk density.



The sustainable concrete mix has the potential to completely replace natural river sand while achieving a 10% reduction in cement usage through the incorporation of silica fume in the concrete manufacturing process. This approach supports ecological balance and promotes environmental preservation. The detailed conclusions of this study are as follows:




	
A slump of 100 mm was successfully attained in the mixes NAC*, 0.5% HFSFC, 1.0% HFSFC, 1.5% HFSFC, and 2.0% HFSFC, achieved by adding 0.5%, 1%, 1.4%, 1.9%, and 2.6% admixture by weight of cement, respectively.



	
The compressive strength of the developed mixes containing hair fibers, i.e., 0.5% HFSFC, 1.0% HFSFC, 1.5% HFSFC, and 2.0% HFSFC, met the target compressive strength requirement (f’cr) of 38 MPa. The control mix NAC*, which utilized 100% ordinary Portland cement (OPC), exhibited a compressive strength of 36.104 MPa, falling short of the target strength but demonstrating proximity to it. This indicates that including hair fibers positively enhances the compressive strength of the concrete mixes.



	
The splitting tensile strength (STS) values for the mixes NAC*, 0.5% HFSFC, 1.0% HFSFC, 1.5% HFSFC, and 2.0% HFSFC were recorded to be 15.4%, 15.8%, 16%, 18.7%, and 18.8% (f’c), respectively. All tested mixes surpassed the established criterion of 10–15% (f’c), indicating satisfactory performance.



	
The bulk density measurements of the dry mixes 0.5% HFSFC, 1.0% HFSFC, 1.5% HFSFC, and 2.0% HFSFC, which included hair fibers and silica fume, were determined to be 2.518, 2.644, 2.708, and 2.792 g/cm3, respectively. In contrast, the reference mix NAC*, which contained 100% OPC and did not contain any hair fibers or silica fume, exhibited a bulk density of 2.360 g/cm3. These results signify that adding hair fibers and silica fume increased the bulk density of the concrete mixes, with the mixes 0.5% HFSFC, 1.0% HFSFC, 1.5% HFSFC, and 2.0% HFSFC showing increments in bulk density of 6.69%, 12.03%, 14.75%, and 18.30% compared to the reference mix. Moreover, the utilization of a 50% blend of recycled sand and manufactured sand as a fine aggregate was identified as a significant factor for pore reduction and density enhancement.



	
The combination of 50% recycled sand and 50% manufactured sand is an effective alternative to 100% natural river sand. Furthermore, the optimal incorporation of 10% silica fume alongside 0.5% to 2% hair fibers emerged as the most favorable combination in terms of the strength and durability of the newly developed concrete mixes. Notably, all specified parameters of the 1.5% HFSFC mix complied with the required parameter values, making it the best concrete mix developed in this study.
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Figure 1. (a–g) Materials of newly prepared concrete mixes. 
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Figure 2. Admixture percentages to maintain a slump of 100 mm. NAC*: natural aggregate concrete. 
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Figure 3. SEM-EDS characterization of M-Sand. 






Figure 3. SEM-EDS characterization of M-Sand.



[image: Jcs 09 00216 g003]







[image: Jcs 09 00216 g004] 





Figure 4. SEM-EDS characterization of R-Sand. 
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Figure 5. Compressive strength comparison between the mixes. NAC*: natural aggregate concrete. 
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Figure 6. Load vs. displacement curves. 
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Figure 7. STS results of newly developed concrete mixes. NAC*: natural aggregate concrete. 
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Figure 8. Dry bulk density and porosity of hardened developed concrete mixes. 
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Figure 9. The failure mode of the developed concrete mixes in the splitting tensile strength test. 
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Table 1. Composition of design mix concrete.
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Mixes Designations

	
Binding Materials

	
HF

by Weight of Cement (%)

	
Concrete Sand

	
NCA

(%)

	
Slump

(mm)

	
Admixture by Weight of Cement (%)

	
Mix Temperature (°C)

	
Mix Air Temperature (°C)




	
OPC

(%)

	
SF

(%)

	
M-Sand

	
R-Sand






	
NAC*

	
100

	
0

	
0

	
100

	
0

	
100

	
100

	
0.5

	
26

	
20




	
0.5%HFSFC

	
90

	
10

	
0.5

	
50

	
50

	
100

	
100

	
1.0

	
26

	
20




	
1.0%HFSFC

	
90

	
10

	
1.0

	
50

	
50

	
100

	
100

	
1.4

	
25

	
20




	
1.5%HFSFC

	
90

	
10

	
1.5

	
50

	
50

	
100

	
100

	
1.9

	
24

	
20




	
2.0%HFSFC

	
90

	
10

	
2.0

	
50

	
50

	
100

	
100

	
2.6

	
25

	
20








NAC* = natural aggregate concrete; SF = silica fume; HF = hair fiber; NCA = natural coarse aggregate; M-Sand = manufactured sand; R-Sand = recycled sand.













 





Table 2. Experimental test results.
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Mix Designation

	
Measurement of Masses as per ASTM C642-13 Procedure

	
Dry Bulk Density

	
Apparent Density

	
Void Percentage




	
A

	
B

	
C

	
D

	
Equation (2)

	
Equation (3)

	
Equation (4)




	
   [   A     (  C − D )    ]  · ρ     = g1

	
   [   A    ( A  −  D )    ]  · ρ     = g2

	
   [   (   g   2   −   g   1   )     g   2     ]    × 100




	
g

	
g

	
g

	
g

	
g/cm3

	

	
%






	
NAC*

	
1025

	
1108

	
1110

	
645.7

	
2.208

	
2.702

	
18.28




	
0.5%HFSFC

	
1005

	
1065

	
1067

	
638.4

	
2.