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Abstract

:

Cement-based composites, as primary construction materials, have undergone significant advancements over the years, yet researchers still face challenges in terms of their durability and impact on the environment. The goal of this research is to develop environmentally friendly cementitious composites blended with sugarcane bagasse ash (SCBA) and reinforce them with multi-walled carbon nanotubes and polypropylene (PP) fibers. Because of the high cost associated with carbon nanotubes (CNTs) and PP fibers, as well as CO2 emission, which affect the economic and environmental aspects of this field, an agricultural waste such as SCBA was introduced in the current study that is both economically and environmentally viable. For this purpose, five mixes were designed by varying the CNTs content whilst keeping the PP fibers and SCBA contents constant at 1.5% and 15% by weight of the binder (ordinary Portland cement + SCBA), respectively. The developed blends were tested for various mechanical and durability properties, i.e., compressive strength, flexural strength, impact strength, water absorption, and ultrasonic pulse velocity. Moreover, the microstructures of the newly developed low-carbon SCBA-based composites reinforced with PP fibers and CNTs were studied through scanning electron microscopy and energy dispersive spectroscopy. The results showed that the developed blends incorporating 15% SCBA, 1.5% PP fibers, and 0.08% CNTs, by weight of the binder, demonstrated the compressive, flexural, and impact strengths as 15.30 MPa, 0.98 MPa, and 0.11 MPa, respectively. The investigated blends proved to be cost-effective and environmentally beneficial, rendering them suitable for utilization in general construction and maintenance works.
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1. Introduction


The cement industry accounts for 8% of global carbon dioxide (CO2) emissions [1,2,3,4,5]. During the production of cement, limestone (CaCO3) is calcined at a high temperature of 1300 °C to 1400 °C, resulting in clinkers, which mainly consist of calcium disilicate (C2S) and calcium trisilicate (C3S). The calcination of calcium carbonate (CaCO3) results in the release of CO2 gas [6,7]. Also, fossil fuels are burned in large quantities to achieve the aforementioned temperature for the calcination of limestone, which results in huge emissions of CO2. The increasing concentration of CO2 is one of the major contributing factors to global warming. To reduce the carbon footprint of cement as well as to compensate for the relatively high cost of cement and reinforcements, supplementary cementitious materials (SCMs) have been introduced as partial cement replacements to make cementitious composites economical, green, and sustainable [8]. The scholars have extensively studied conventional SCMs, such as fly ash, silica fume, bentonite clay, and ground granulated blast furnace slag [9,10,11,12,13,14]. While the research on unconventional SCMs, including agricultural wastes such as sugarcane bagasse ash (SCBA) and rice husk ash, in the development of sustainable construction materials is still in its early stages [15,16,17,18,19,20,21,22].



The availability of SCMs varies demographically. SCBA is a waste product of the sugarcane industry. It is rampantly available in the subcontinent as the annual production of SCBA is approximately 10 million tons, and it is formed from the burning of sugarcane bagasse for power production [23]. The pozzolanic activity of SCBA has been widely reported in the literature. SCBA is mainly composed of silicon dioxide (SiO2), whereby it reacts with calcium hydroxide (C-H), a hydration product of the cement hydration, to form additional calcium silicate hydrate gel (C-S-H) [24,25,26]. Research works performed on the partial replacement of cement with SCBA indicated that SCBA improved the mechanical properties of cementitious composites when used in an optimum quantity (10–20% by weight of binder) [27,28]. SCBA also enhanced the resistance of cementitious composites against acid attacks and chloride due to its superior pozzolanic activity, making the resulting composites durable and sustainable [29,30]. The workability of cementitious composites is improved as well. However, a higher replacement of cement with SCBA compromised the strength and durability of cementitious composites owing to the excess leaching out of silica from the internal matrix. This discrepancy can be compensated by the addition of optimum concentrations of microfibers, like polypropylene (PP) fibers and polyvinyl alcohol (PVA) fibers [28,31,32]. Since SCBA is a waste product and is cheaper and readily available, using it as a partial replacement for cement has certainly reduced the construction capital [8,30,33].



Conventional cement-based materials are vulnerable to cracking due to their brittle nature and low tensile strength. To compensate for the brittleness and low tensile strength, microfibers and nanoparticles can be introduced into concrete to enhance the performance at the micro- and nano-levels where the cracks begin to propagate [34,35,36]. To improve the tensile strength, ductility, and fracture strength, microfibers including PP fibers, PVA fibers, steel fibers, glass fibers, etc., are commonly utilized in concrete, leading to the production of fiber-reinforced concrete (FRC) [37,38]. Each type of the fibers is unique in its strength, availability, and cost. Amongst all synthetic fibers, PP fibers are lightweight, resistant to corrosion, and relatively cheaper [34]. Their energy absorption capacity and crack bridging properties limit the formation of cracks owing to the dry shrinkage and impact loading, enhancing the durability, sustainability, and serviceability of concrete [39].



PP fibers improve the performance of cementitious composites at both meso- and micro-levels. The advancement in technology has introduced nanomaterials like graphene, graphene oxides, and carbon nanotubes (CNTs) in concrete-based research [40,41,42,43,44]. Of all nanomaterials, the main focus of the present research is the use of CNTs. CNTs are tubes of carbon atoms with nanometric diameters and can be either single-walled (SW-CNTs) or multi-walled (MW-CNTs) [45]. SW-CNTs exhibit a tensile strength of 500 GPa, and MW-CNTs present a tensile strength of 10–63 GPa. Young’s modulus of SW-CNTs is about 1 TPa, and that of MW-CNTs is approximately 0.21 GPa according to the literature [46,47,48]. CNTs, due to their Young’s modulus, crack-bridging properties, energy absorption capabilities, and densification properties, enhance the mechanical and durability properties of cementitious composites. The small size of CNTs allows them to be dispersed at a finer scale when compared with traditional reinforcing synthetic fibers [34,49,50]. The inclusion of CNTs into a cementitious system can strongly reinforce the cement–sand matrix by filling the nanopores between the C-S-H gel and C-S-H with increased high-stiffness [47,51]. Although extensive research has been carried out on the incorporation of CNTs in cementitious composites, the mechanism by which CNTs reinforce and impart their properties to cementitious composites remains incomprehensible owing to the flexibility in their dispersion, bonding, and manufacturing processes.



The hybrid effects of CNTs and PP fibers have been examined in the literature. CNTs and PP fibers enhance mechanical and durability properties when used in optimum quantities, i.e., 0.25% and 1.5% by weight of the binder, respectively, in cementitious composites [38,52]. The residual fracture energy is improved by a hybrid mix of CNTs and PP fibers because of the mitigation of the crack formation at the nano- and micro-levels [34,53], which highlights the promising potential of this optimized combination to enhance the sustainability of cementitious composites.



A review of the existing literature revealed that studies on the co-existence of SCBA and CNTs in concrete are not well documented. Several studies have used alternate materials, like bagasse fiber, fly ash, basalt fibers, and metakaolin, in combination with CNTs in cement-based composites [54,55,56,57]. CNTs can impart mechanical properties, whereas SCBA can improve the economy, reduce the carbon footprint of cementitious composites, and enhance the strength and durability of cement-based materials [8,30,33,52,58]. Therefore, to address both the economic and environmental aspects of the construction industry, the present study is a step toward developing sustainable cement-based materials by utilizing locally available SCBA in cementitious composites with the addition of CNTs and PP fibers.



The main objective of this study is to develop SCBA-based green cementitious composites reinforced with PP fibers and MW-CNTs. The effects of the CNT variation on SCBA-blended PP-fiber-reinforced cementitious composites were explored, thereby combining the advantages of both CNTs and PP fibers for the strength and durability while reducing the most significant disadvantage of cementitious composites, namely, their carbon footprint. The PP fibers content was kept constant at 1.5% by weight of the binder, and 15% of cement was replaced by SCBA. The concentration of CNTs by weight of the binder was varied to determine their effects on SCBA-blended cementitious composites reinforced with PP fibers by conducting mechanical and durability tests. In addition, the microstructure of cementitious composites was analyzed by performing scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS).




2. Methodology


The methodology opted for this study involved material processing, mix design, batching of materials, stirring and sonication of CNTs, casting, curing, and finally, experimentation. The experimental methodology adopted in this research is summarized in Figure 1.



2.1. Materials


Ordinary Portland cement (OPC) was utilized as the main binder in the mix proportion. SCBA, after its collection from a dumped landfill, was sieved through a No. 50 (mesh size of 0.300 mm) sieve, followed by drying it in an oven at 110 °C. It is worth noting that SCBA was not subjected to any additional processing (such as grinding or burning at higher temperatures) to make its use more viable and sustainable [20]. Afterward, it was used as partial cement replacement in the mix design process, as detailed in Section 2.3. The chemical compositions of OPC and SCBA were determined employing the X-ray fluorescence analysis, and the results are listed in Table 1.



Natural river sand was utilized as fine aggregate. The specific gravity and water absorption of sand, as determined following ASTM C128 [59], were found to be 2.69 and 1.07%, respectively. The particle size distribution of fine aggregate is displayed in Figure 2. It can be seen that the particle gradation for sand was within the limits specified by ASTM C33 [60].



PP fibers with a diameter of 0.5 mm, aspect ratio of 38, tensile strength of 5250 psi, and specific gravity of 0.9 were used. CNTs with outer diameters ranging from 20 to 40 nm, a density of 0.07 g/cm3, and purity of >90% were utilized in the current research. Chemrite-NN, a poly-naphthalene-based high-range water reducer (HRWR) or superplasticizer, was used to improve the workability of the mortar mix and serve as a surfactant for the dispersion of CNTs within the cementitious matrix.




2.2. Magnetic Stirring and Sonication of CNTs


Dispersion of CNTs in a liquid called a surfactant is a prerequisite to enable their use in a cementitious system. If not properly dispersed, due to strong Van Der Waals force, CNTs will agglomerate, and they will not be able to distribute uniformly in the cement–sand matrix [61,62,63,64,65].



For the dispersion of CNTs, a naphthalene-based superplasticizer was utilized as a surfactant [66]. The apparatus used for dispersion is depicted in Figure 3. The method of magnetic stirring followed by bath sonication was adopted. CNTs were mixed in the surfactant employing a hot plate magnetic stirrer to prepare the solution for the sonication process. The ratio of CNTs to surfactant was kept at 1:4 in accordance with the literature [51,66]. The solution was diluted using 100 mL of distilled water. Magnetic stirring was then carried out at a medium speed while covering the beaker with aluminum foil for 30 min. After magnetic stirring was conducted, the solution was transferred to a bath sonicator, which utilized the infrared radiation to disperse CNTs into the solution. The process was continued for an hour, and the temperature of the water bath was maintained at 28 ± 2 °C using ice cubes.




2.3. Mix Design


The mix design of this research inhibited two different types of binders, namely OPC and SCBA, and two different types of reinforcements, namely PP fibers (micro reinforcement) and MW-CNTs (nano reinforcement). Five different mixes were developed. The first mix comprised of 100% OPC without additives, and it was termed as the control (represented as C). The second mix (designated as M1) comprised of 15% SCBA as a partial replacement of OPC. The third mix (denoted as M2) comprised of 15% SCBA with an optimum percent dosage of PP fibers as 1.5% by weight of the binder (OPC + SCBA) as per the literature [38,67]. The fourth and fifth mixes (M3 and M4) incorporated corresponding percent dosages of CNTs of 0.04% and 0.08% by weight of the binder, wherein the contents of SCBA and percent dosage of PP fibers in both mixes were 15% and 1.5% by weight of the binder, respectively. The concentration of HRWR was kept constant at 8% by weight of the binder. The details of the mix proportions are presented in Table 2. As an example, C100-S0-P0-CN0 indicates 100% OPC, 0% SCBA, 0% PP fibers, and 0% CNTs, which is the control mix as C.



A Hobart-Model A200 mixer was employed to mix the materials. The mixing was completed in four stages at 16 ± 2 °C, over the course of ten minutes, as illustrated in Figure 4. The mixer was paused at 1.5, 4, and 5.5 min to remove the adhering materials from the sides and bottom of the bowl. The mortar mixtures were poured into wooden molds, and they were de-molded after 24 hours, followed by 28 days of water curing.




2.4. Test Methods


The test setups for different test methods followed in this research work are shown in Figure 5. For the compressive strength tests, a 100-ton universal compression testing machine was used, and four cubes (50 mm × 50 mm × 50 mm) were casted for each mix in accordance with ASTM C109 [68]. Three-point flexural strength test was performed on four samples (40 mm × 40 mm × 160 mm) utilizing the Shimadzu universal testing machine according to ASTM C348-20 [69]. The impact strength test was conducted on four samples employing the Charpy impact test machine (25 mm × 25 mm × 100 mm) in accordance with ASTM E23 [70].



For each mix, three cubes (50 mm × 50 mm × 50 mm) were tested for the water absorption and UPV based on ASTM C1403-00 [71] and ASTM C597-16 [72], respectively. For the microstructural analysis of the developed mixes, the specimens were examined through SEM and EDS after testing for their mechanical properties.





3. Results and Discussion


3.1. Compressive Strength Test


The results of the compressive strength test are displayed in Figure 6. According to the test results, the control mix (C) demonstrated a compressive strength that was 9.3% higher than mix M1. This is consistent with the result of a previous study [27]. The decrease in the compressive strength could be attributed to the OPC dilution effect, in which case the larger SCBA particles replace a significant quantity of OPC. In addition to the larger sieved ash (No. 300 sieve) containing a noticeable proportion of large-sized SCBA particles, another compelling reason for the hydration reaction’s hindrance is the fact that SCBA used here consisted of larger unburnt carbon fibers (as evidenced by its higher LOI; Table 1) [20]. Chemically, the quantity of SCBA exceeded what was required to react with lime formed during the hydration process of OPC, resulting in excess silica leaching out and compromising the compressive strength [73]. The decrease in the compressive strength is also attributable to the porous structures of the bagasse ash particles, which is also evident from the results of the water absorption and UPV tests in Section 3.4 and Section 3.5, respectively. The internal matrix thus loses its capacity to withstand compressive loading [22,74,75]. The addition of 1.5% PP fibers to mix M2 improved the strength by 19% compared with mix M1 due to the densification activity of PP fibers and their lateral and radial reinforcements [53,76]. The densification of the internal matrix is witnessed from the results of the water absorption and UPV tests in Section 3.4 and Section 3.5, respectively.



When compared with M2, the addition of CNTs (up to 0.04%) to M3 reduced the compressive strength. This could be related to the CNTs’ hydrophilicity, in which they absorb water and impede the OPC hydration [77]. Moreover, because of the surface adherence of CNTs, CNTs could have attracted the SCBA particles, hence creating porous zones in the cement–sand matrix, leading to a decline in the compressive strength. As the concentration of CNTs was further increased to 0.08% in mix M4, the compressive strength was enhanced to 15.3 MPa. This is because CNTs functioned as nucleating agents during the OPC hydration, increasing the number of sites available for the hydration reaction and promoting the synthesis of hydration products including C-S-H [58]. This can, in turn, help fill the pores of the matrix overall.



Mortar cubes without fibers, when subjected to compressive loading, revealed a crushing failure, whereas when the fibers were added to the cubes, the failure mode changed from crushing to bulging failure, which may have been owing to lateral and radial reinforcements (confinement) by PP fibers, as depicted in Figure 7. Similar failure patterns for the specimens reinforced with PP fibers have been observed in the literature as well [78]. This behavior is also consistent with what reported by previous research for SCBA-based composites having PVA fibers [20].



The compressive strength of mortar is a crucial factor in determining the appropriate type of mortar for construction purposes. ASTM C270 [79] specifies the compressive strength for different types of mortars utilized in construction, such as the types M, S, N, and O. The determination of the appropriate type of mortar for a specific construction project is based on factors such as the required level of load-bearing capacity and the intended use of the structure [80]. For example, the type M mortar is specifically designed for applications where a high compressive strength is required. On the other hand, the type O mortar is suitable for low load-bearing structures where the compressive strength requirements are lower. Given the specifications set by ASTM C270 [79], it can be seen that all the mixes in this study exhibited the compressive strengths greater than the minimum threshold of 12.40 MPa for the type S mortar, and an even higher value of 15.30 MPa was achieved in the case of mix M4. Thus, it is inferred that the investigated mortars have a variety of applications including masonry units, load-bearing walls, and other reinforced structural elements.




3.2. Flexural Strength Test


The flexural strength results are illustrated in Figure 8. The results of the flexural strength tests were consistent with those of the compressive strength tests, except the control mix that had the maximum strength. With the partial substitution of OPC with 15% SCBA, the flexural strength was decreased by 55%. This decrease is ascribed to the larger SCBA particles, which are porous and resulted in a weaker bond between the paste and aggregate interface [22,81]. In mix M2, the flexural strength was increased by 12%, which primarily was due to the densification and lateral and radial reinforcements provided by PP fibers, as elaborated earlier in Section 3.1.



In mix M3, the flexural strength was decreased to 0.45 MPa with the initial incorporation of 0.04% CNTs, and in mix M4, the flexural strength was enhanced to 0.98 MPa when 0.08% CNTs were added. The reason for the changes in the flexural strength is similar to those of the compressive strength. CNTs initially hindered the hydration process due to their hydrophilic nature in mix M3 [77]. However, the flexural strength of both M3 and M4 with CNTs was observed to be lesser compared with the mixes without CNTs. Further research is needed to understand the decreasing trend in the flexural strength as a result of adding CNTs.



The failure modes of the prisms are presented in Figure 9. C and M1 mixes (both without any fibers) exhibited brittle failures. The specimen broke down immediately after the peak load. In all the mixes, the concentration of the binder compared with sand was lesser. A lesser binder-to-sand ratio led to a weak bond between the cement–sand matrix and the fibers in mixes M2–M4 (which contained PP fibers), hence resulting in a fiber pullout failure. When the micro-cracks were developed at the bottom of the specimen due to the application of the load, PP fibers were ruptured owing to yielding, instead of bridging the cracks, leading to an immediate upward propagation of the cracks.




3.3. Impact Strength Test


The impact strength results in the form of the modulus of toughness are indicated in Figure 10. The impact strength of the control mix (C) was the maximum, and when 15% SCBA was added as a partial replacement for OPC, the impact strength of mix M1 was decreased by 90%. Similar results have been given in the literature [22]. In mix M2, with the addition of 1.5% PP fibers by weight of the binder, the impact strength was improved to 0.073 MPa thanks to the energy absorption capacity of PP fibers [67].



Similarly, when 0.04% and 0.08% CNTs were added to mixes M3 and M4, respectively, the impact strength was enhanced further compared with M2 owing to the high impact resistance and toughness of CNTs [49]. This signified that the addition of CNTs to cementitious composites blended with SCBA and reinforced with PP fibers improved their resistance to an impact, shock, or blast loading, making them suitable for use in industrial floors, serving as foundations for vibrating machinery, runways for aircraft landings, bridges supporting vehicles, and explosion-proof structures.




3.4. Water Absorption Test


The results of the water absorption tests performed after 28 days are shown in Figure 11. The water absorption, when compared with the control mix, was increased by 4.7% with the replacement of 15% OPC with SCBA due to the porous zones created by SCBA in the cement–sand matrix [27,82]. Although in the literature, the volume of the voids both was increased and decreased with the inclusion of PP fibers followed by an increase and decrease in the permeability of the developed composites, respectively [76,83], the water absorption in the present research was decreased by 4.8% with the incorporation of PP fibers, which is an indication of a decrease in the volume of the voids.



When 0.04% CNTs by weight of the binder was added to mix M3, CNTs created a porous cement–sand matrix due to the interaction with SCBA, which caused the water absorption to increase to 12.53%. When 0.08% CNTs were added to mix M4, the water absorption was decreased to 12.3% owing to the densification of the internal matrix by CNTs filling the nanopores [47,51,65,78], which is also evident in the SEM micrographs as are to be described in detail in Section 3.6.




3.5. UPV Test


The results of the UPV tests, conducted to study the internal structure of the cementitious composites, are displayed in Figure 12. UPV of the control mix (C) was maximum but mix M1 demonstrated a decline of 44% due to the porous structure created by large-sized particles of SCBA in the internal matrix. Since the speed of sound is lesser in the air compared with in solids, UPV is reduced in cementitious composites with larger porosity [22,84,85]. UPV of mix M2 was increased by 1% compared with M1 with the addition of 1.5% PP fibers by weight of the binder, indicating the densification of the internal matrix owing to the inclusion of PP fibers [76,83]. The initial incorporation of 0.04% CNTs in mix M3 decreased UPV by 12% with respect to M2, while UPV of mix M4 was increased to 1555.21 m/s with an increase of 13% as compared with M3. The improvement in UPV of M4 with a higher content of CNTs was because of the pore densification action of CNTs. The SEM micrographs, as are to be described in Section 3.6, confirm this behavior. Both the water absorption and UPV tests provided concrete evidence of the porous zones created by the additives, thus corroborating the results obtained from the mechanical tests.




3.6. Microstructural Analysis


The SEM images of the developed cementitious composites at different magnifications, provided valuable insights into the composites’ microstructures and composition, are depicted in Figure 13.



The morphology and the elemental composition of the fractured samples illustrated the presence of hydration products mainly in the forms of C-S-H and C-H [7,86,87,88,89,90,91]. As shown in Figure 13a, C-S-H contributed to the formation of a denser and lower-porosity matrix [87,92]. C-H, as presented in Figure 13a,d,e, revealed the presence of a weak zone in the internal matrix [28,93]. On the other hand, the SEM analysis indicated the presence of the voids in the internal matrix, as displayed in Figure 13b, with the partial replacement of OPC with SCBA, which also increased the water absorption of the developed samples. The interaction between SCBA and CNTs could have created porous zones in the cement–sand matrix as a result of the surface adherence of CNTs (Figure 13d), which could explain why the compressive strength was lowered, as described earlier in Section 3.1.



The EDS results for the five developed mixes are demonstrated in Figure 14. For the current study, the elements of interest are carbon (C), silicon (Si), oxygen (O), and calcium (Ca). Calcium, oxygen, and silicon signified the presence of CaO and SiO2, which revealed that C-H and C-S-H were formed during the hydration of OPC. The drops in the weights of calcium and silicon in M3, compared with mix M2, has made proof that MW-CNTs hindered the hydration process to some extent due to their hydrophilic nature, as depicted in Figure 14c,d. Moreover, Figure 14d,e showed a rise in the atomic weight of the carbon element in M3 and M4, indicating the existence of CNTs. As a result, the higher proportion of CNTs in the case of M4 could have filled in more pores in the matrix, leading to a more compact structure, as can be seen in Figure 14e, and thus, a higher compressive strength was achieved.





4. Conclusions


The current research focused on investigating the impact of varying CNTs, on SCBA-blended PP-fiber-reinforced cementitious composites. Based on the findings of this research work, the major conclusions are as follows:




	
The partial replacement of OPC with SCBA led to decline in the compressive and flexural strengths, which were effectively compensated by PP fibers. Initially, the inclusion of 0.04% MW-CNTs posed challenges owing to their hydrophilic nature, resulting in a compromised hydration process and subsequent reduction in the strength. However, in the mix with 0.08% CNTs, higher compressive and flexural strengths of 15.30 MPa and 0.98 MPa were obtained, respectively, which can be used in general construction works such as masonry units, load-bearing walls, and other reinforced structural elements. This revealed that the incorporation of 15% SCBA, 1.5% PP fiber, and 0.08% CNTs by weight of the binder in the development of cementitious composites can play a substantial role in enhancing the sustainability and economy of the construction sector.



	
The impact strength was decreased due to the poor energy absorption capabilities of SCBA. However, CNTs and PP fibers, with their toughness and energy absorption capabilities, improved the impact resistance of the specimens.



	
The water absorption and UPV served as indicators of the porosity in the developed specimens. The inclusion of SCBA produced a porous structure, whereas PP fibers densified the cementitious matrix. CNTs initially increased the porosity and then filled the nanopores as their concentration was increased.



	
From SEM and EDS, it was observed that, owing to their hydrophilic nature, MW-CNTs, can hinder the hydration activity of the binder; however, an optimum concentration of CNTs can result in the formation of a denser cement–sand matrix and high-stiffness C-S-H.








Although this study has examined the effects of SCBA along with the inclusion of PP fibers and CNTs on the performance of cementitious composites, further in-depth research is required to produce green and cost-effective construction materials incorporating SCBA, PP fibers, and CNTs through advanced analytical methods such as thermogravimetric and differential analysis, X-ray diffraction, and mercury intrusion porosimetry. In addition, the chloride and sulfate resistances of cementitious composites incorporating SCBA, PP fibers, and CNTs can be worth studying in the future.
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Figure 1. Experimental overview of current study. 
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Figure 2. Particle size distribution of fine aggregate. 
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Figure 3. Apparatus used for sonication of CNTs: (a) Magnetic stirrer, (b) Bath sonicator. 
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Figure 4. Pictorial form of mixing procedure (horizontal axis is not on scale). 
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Figure 5. Appearances of different test assemblies: (a) Compressive strength test, (b) Flexural strength test (source of image: Yaseen et al. [20]), (c) Impact strength test, (d) Ultrasonic pulse velocity (UPV) test. 
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Figure 6. Compressive strength of developed composites after 28 days. 
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Figure 7. Failure modes under compressive loading: (a) Crushing (C and M1), (b) Bulging (M2–M4). 
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Figure 8. Flexural strength of developed composites after 28 days. 
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Figure 9. Failure modes of prisms under bending load: (a) Brittle failure in bending in C, (b) Fiber pullout failure in bending in M4. 
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Figure 10. Impact strength in form of modulus of toughness of developed composites after 28 days. 
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Figure 11. Water absorption of developed composites after 28 days. 
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Figure 12. UPV results of developed composites after 28 days. 
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Figure 13. Results of SEM analysis. 
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Figure 14. EDS results of casted specimens. 
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Table 1. Chemical composition of OPC and SCBA (%).
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	CaO
	MgO
	SiO2
	SO3
	Al2O3
	Fe2O3
	LOI





	OPC
	62.32
	2.75
	20.53
	2.47
	5.10
	2.96
	1.58



	SCBA
	2.24
	1.80
	69.80
	0.46
	1.15
	1.95
	19.30










 





Table 2. Mix proportions of developed composites (kg/m3).
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	Mixes
	Short Descriptions of Mixes
	OPC
	SCBA
	Sand
	Water
	CNTs
	PP Fibers
	HRWR





	C
	C100-S0-P0-CN0
	666.67
	0
	1833.3
	323.3
	0
	0
	53.3



	M1
	C85-S15-P0-CN0
	566.67
	100
	1833.3
	323.3
	0
	0
	53.3



	M2
	C85-S15-P1.5-CN0
	566.67
	100
	1833.3
	323.3
	0
	10
	53.3



	M3
	C85-S15-P1.5-CN0.04
	566.67
	100
	1833.3
	323.3
	0.27
	10
	53.3



	M4
	C85-S15-P1.5-CN0.08
	566.67
	100
	1833.3
	323.3
	0.53
	10
	53.3
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