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Abstract

:

Fiber-reinforced cementitious composites (FRCC) are one of the leading engineering materials in the 21st century, as they offer proficiency in enhancing strength, ductility, and durability in structural engineering applications. Because the recently developed basalt fiber pellets (BFP) offer combined strands of fibers encased in a polymer matrix, they are being prevalently studied to explore new possibilities when used in brittle materials such as mortar and concrete. Hence, this paper synthesizes the intensive research efforts and contributions to this novel class of fibers conducted by the authors. Specifically, it reviews the fresh, mechanical, and durability properties of FRCC incorporating single BFP or hybrid with polyvinyl alcohol fibers and modified with slag/fly ash and nano-materials and its suitability for different field applications. In addition, the nano- and meso-scale modeling of such matrices are described. BFP significantly contributes to improving post-cracking flexural behavior by toughening the cementitious matrix and minimizing strength losses when exposed to harsh environments. All results show promising progress in the development of high-performance FRCC comprising BFP, with potential success for structural and pavement applications.
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1. Introduction


Conventional concrete is normally brittle and has low tensile strength and strain capacity. This technical limitation may result in a decrease in the performance and service life of concrete, as well as the nucleation and spread of cracks, especially in areas that are more susceptible, such as joints in pavement and bridges that are subject to extreme loading and environmental conditions like the presence of salt and moisture. Numerous studies have been conducted to mitigate the low toughness/ductility of conventional concrete [1,2,3,4]. As an outcome of various studies, short and randomly distributed discrete fibers (three-dimensional reinforcement) are used to address the issues related to concrete’s brittleness and poor resistance to crack initiation and growth. Engineering qualities like tensile strength, flexural strength, impact, fatigue, deformation capability, toughness, and load-bearing capacity after cracking are all significantly improved by fiber inclusion in the matrix [4,5,6,7,8,9].



Different types of fibers are being adopted by researchers to develop fiber-reinforced cementitious composites (FRCC), including synthetic, organic, inorganic, and metallic fibers. The fiber type, geometry, engineering properties, and its dosage affect their debonding and the post-crack behavior of concrete [10,11]. A newly developed fiber produced from basalt rocks is increasingly being researched for civil engineering applications due to its balanced mechanical qualities and affordable price. They are also easily accessible as basalt/volcanic rocks cover 70% of the surface of the earth [12,13]. Basalt fibers are produced from crushed basalt rocks that contain various minerals, including olivine, pyroxene, and plagioclase. To manufacture basalt fiber filaments, basalt rock is cleaned, melted to 1400 °C, and then ejected through small nozzles to make them appropriate for replacing asbestos. The diameter range of the basalt fiber filaments is 9 to 13 μm. The manufacturing process is very challenging due to the higher melting temperature of the rocks. However, the energy requirement for the manufacturing process is smaller, about forty times less than carbon fiber and three times less than steel fiber production [14,15]. The basalt fibers production process does not produce any environmental by-product waste, as it is biodegradable and non-toxic. Additionally, no hazardous materials or chemical additives are needed for their production [13]. This kind of fiber is non-corrosive and environmentally safe, with good thermal endurance and insulating characteristics [16,17,18]. Several research papers reported that conventional steel reinforcement can be replaced by adopting fiber-reinforced concrete with basalt [16,19,20]. They also have very strong interfacial bond with concrete matrix [21,22]. This fiber is believed to revolutionize the concrete industry owing to its low price, green effect, and due to it being lightweight, as well as eliminating the problem of corrosion that happens to metallic fibers [23,24,25,26].



Basalt fiber significantly improves the compressive, tensile, flexural, and impact strength of concrete [12,27,28,29,30,31,32]. Numerous studies have been carried out to examine the impact of basalt fiber on mechanical, structural, and physical qualities to establish a solid foundation for a few other applications such as pavements, parking structures, bridge decks, etc. Basalt fiber loses its bond strength with the cement matrix because of the reduction in the integrity and strength of the reinforced composites caused by the reaction between the alkaline pore solution and the silica component in basalt fibers [33]. To prevent this issue, these fibers are coated with a polymeric resin (such as epoxy or polyamide), which is called basalt fiber pellets (BFP). Polyamide provides chemical stability in alkaline media, which helps to minimize the negative effect of the alkaline cementitious system (pH value > 11) on the fiber component [34]. Figure 1 represents the reinforcing basalt fiber pellets. Compared to other forms of fibers like glass fibers or carbon fibers, the manufacturing process of basalt fibers is less expensive and more environmentally friendly. Additionally, basalt fiber pellets have moderate elastic modulus (93–110 GPa), high tensile strength (3000–4000 MPa), and are highly heat resistant to corrosion, in contrast to steel fibers [24,35,36]. This type of fiber compensates for most of the problems that are created when using conventional concrete. Hence, they may present an attractive candidate for FRCC. They disclosed better mechanical properties than some other fibers such as E-glass and polypropylene fibers [37,38]. The highest compressive strength was found to be attained at a fiber content of 0.1%, while the toughness improved as the fiber content rose [39]. This type of fiber pellets also provide the cement composites with a better anti-dropping effect, a higher energy requirement for thermal decomposition, and reduce the speed of fire propagation [38].



Thus, there was extensive research that was initiated at the University of Manitoba to investigate the behavior of the basalt fiber pellets based on two main perspectives: the material and the structural performance, from the micro- to macro-scale and from the basic concepts to applications stage. This extensive research work started in 2015 and then continued until 2023 when the outcomes were published in several journal articles and conference papers. Thus, the present study is a review that synthesizes such contributions in the domain of this novel class of fibers.




2. Methodology


2.1. Overview


Since fibers are becoming popular for their exceptional characteristics when combined with concrete, extensive research has been undertaken to understand their behavior more elaborately. Basalt fiber stands out from all other fibers on account of its exceptional tensile strength of 3000–4000 MPa and moderate modulus of elasticity between 93 and 110 GPa [24,40]. Hence, this review paper presents an extensive assessment of basalt-fiber-reinforced cementitious composites in terms of mechanical and durability properties and their suitability for structural application. The framework of this study is divided into five phases, as depicted in Figure 2. Phase I focused on the material characterization and the fibrous concrete microstructure analysis; Phase II assessed the fresh and mechanical properties of the basalt-fiber-reinforced cementitious composites in terms of compressive strength, flexural strength, behavior under impact load, and pull-out test of single fiber pellet; Phase III evaluated the long term performance of such when exposed to harsh environment such as cyclic freeze–thaw and wet–dry environment, alkaline and salt–frost medium; Phase IV assessed the potential of using the proposed composites for structural application by studying the bond behavior with regular concrete, the bond/interaction with reinforcing bar and their aptitude to be used in large-scale structural element; and Phase V evaluated the suitability of basalt fiber as hybrid fiber when combined with polyvinyl alcohol fiber.




2.2. Materials


General use (GU) cement (ASTM Type I), along with some other cementitious materials, was adopted in this project to produce the base binder of the composite. Ground granulated blast furnace slag of grade 100 and fly ash were used at 40–50% and 50%, respectively, as a substitute for cement to refine the concrete matrix. Generally, these supplementary cementitious materials (SCMs) improve the properties of cementitious matrix as they produce calcium–silicate–hydrate (C-S-H) gel as a result of their reaction with calcium hydroxide (CH), which optimizes the pore structure [41]. All the cementitious materials adopted in this project complied with the CSA A3001-18 [42] requirements. Table 1 represents the chemical and physical properties of the cementitious materials that have been provided by the manufacturers. Additionally, a commercially available nano-silica (Ns) aqueous solution with 50% solid content of SiO2 particles was added to the binder at a dosage of 6% by mass of the base binder. The addition of a small dosage of Ns can significantly accelerate the cement hydration and enhance the microstructural growth of cement-based materials [43]. Locally available fine aggregate (fineness modulus of 2.9 and a gradation of 0 to 600 μm), in compliance with ASTM C136 [44], was employed to prepare the mixtures. A special form of basalt fiber is basalt fiber pellets (BFP), which are made of basalt fibers encapsulated by polyamide or other resins to alleviate the low alkaline resistance. The BFPs, with a length of 36 mm and a diameter of 1.8 mm, were used to reinforce the cementitious composites. When these materials are mixed with fibers, a high-performance nano-modified fiber-reinforced cementitious composite (NFRCC) is produced. However, the presence of Ns increased the friction between the components in the plastic, necessitating high dosages (6 to 11 L/m3) of a polycarboxylic acid-based high-range water-reducing admixture (HRWRA) that complies with ASTM C494 [45] Type F.




2.3. Test Parameters


To comprehensively analyze the effect of BFP on NFRCC, three different volumetric percentages of BFPs have been adopted, which are 2.5%, 4.5%, and 6.9%. The amount of nano-silica has been kept constant at 6% throughout this project. The percentage of the SCMs (slag or fly ash) adopted in this study was varied to replace GU cement by 40% and 50% to evaluate their influence on the NFRCC. The water-to-binder (w/b) ratio was maintained at 0.30. Reference mixtures have also been adopted for each type of SCM without BFP content to compare the influence of BFPs on NFRCC. The detail of the test parameters for each of the specimens is depicted in Table 2. For the mixture coding, the first part refers to the type and the replacement level of the SCM within the cementitious composite (“S” for slag-based composites and “F” for fly ash-based composites), whereas the second part denotes the fiber type and the fiber dosage used (“B” for basalt fiber pellet).





3. Results and Discussions


3.1. Phase I (Microstructural Analysis)


Microstructure analysis aids in determining the gradual change and eventual strength gain of the concrete matrix. When the microstructure of the NFRCC was analyzed, substantial consumption of the CH was found by Bediwy et al. [40] in the mixture containing 40% slag and 6% Ns when compared to the control mixture without SCMs at 28 days. This is because the presence of Ns catalyzed the slag’s reactivity within the cementitious matrix, which led to a greater degree of hydration and the development of microstructure. The ultrafine nature and the pozzolanic reactivity of Ns significantly accelerates the cement hydration kinetics by providing more surfaces for the deposition of the hydration products, which eventually improves the microstructure of concrete at early age [46]. According to Azzam et al. [47], after 28 days of curing, the 50% slag-based matrix had a more uniform and dense microstructure in contrast to the 50% fly-ash-based matrix, which contained a large number of unreacted fly ash particles in the matrix. The authors also found that for the slag-based matrix, the average Ca/Si (calcium/silicon) for the C-S-H gel was 1.17 in the interfacial transition zone (ITZ), indicating an effective rapid pozzolanic reaction that led to the densification of the ITZ with secondary C-S-H. On the other hand, for the fly-ash-based matrix, the average Ca/Si was lower at 1.32 due to its slower reaction time compared to slag. It was disclosed by Detwiler et al. [48] that the secondary C-S-H resulting from pozzolanic reactions has a lower Ca/Si ratio of 1.1 in comparison to the typical C-S-H produced by the cement hydration reaction with 1.7. This is why when the BFP is added to the mixtures, fly-ash- and slag-based composites exhibit dense matrix and ITZ between the fiber and the cement paste.



Figure 3 shows the scanning electron microscopy (SEM) image of the surface morphology of F50-B4.5 and S50-B4.5 specimens addressing the fiber–matrix interaction and the synergic effect of Ns with slag and fly ash observed by Azzam et al. [47] after 28 days. Longitudinal grooves on the BFP surface created an interlocking effect where the contact area was increased for additional growth and deposition of the hydration products, which strengthened the bond interface between the fiber and matrix. This phenomenon aided in improving the post-cracking performance of the composites, especially for higher BFP dosages (4.5% and 6.9%). Furthermore, the micrographs showed no evidence of fiber disintegration, indicating that the employment of polyamide resin as a defense mechanism for the BFP against the adjacent alkaline medium appeared to be effective.




3.2. Phase II (Fresh, Mechanical, Impact, and Bond Properties)


3.2.1. Fresh Properties


Different studies explored the effect of BFP on the fresh properties of the NFRCC, considering its air content, setting time, slump flow, and the workability of the mixtures. In general, the workability was reported to be adversely affected by the inclusion of BFP depending on the mix design and constituents. When the effect of high volume SCMs (50% slag or 50% fly ash) are incorporated in NFRCC with 2.5%, 4.5%, and 6.9% BFP, it was reported by Azzam et al. [47] that the desired mortar flow (200 ± 20 mm) was reached and the workability was improved with the increase in the BFP dosage without having any notable effects on the setting times of the produced composites. In comparison to fly-ash-based mixtures, the slag-based mixtures needed larger dosages of the HRWRA, depending on the BFP content. The spherical-shaped fly ash particles gave off a ball-bearing effect, making the mortar mixtures easier to flow, unlike the angular shape associated with the slag particles [41]. Table 3 represents the fresh properties of NFRCC with BFP found by Azzam et al. [47].



The effect of increasing the HRWRA dosage with the BFP pellets percentage to lubricate the fibrous composites and achieve the desired mortar flow (workability) did not appreciably prolong the initial and final setting times of NFRCC when 50% fly ash was added by Azzam et al. [47]. The initial setting times of F50-B4.5 and F50-B6.9 that the authors observed were about 8% and 14% longer, respectively, than those of F50-2.5, whereas the final setting times were about 2% and 5% longer, respectively. Due to their acceptable rates of hardening, these trends indicate that the mixture designs of the nano-modified cementitious composites shown here can be used for most building applications.



According to Elhadary and Bassuoni [50], when 50% of the slag was introduced, the range of air content was between 3 and 8%, which mostly depended on the addition of BFPs. The mixes containing BFPs had more air added to them as the dosage increased. For example, compared to mixes S50-B0.0 and S50-B2.5, mixture S50-B4.5 had an air content that was 118 and 14% higher, respectively. The increased air content measurements suggest that the increased viscosity and friction between the concrete matrix and BFP and matrix causes a foaming activity during mixing.




3.2.2. Compressive Strength


Comparing corresponding specimens with and without fibers, the compressive strength of cementitious composites with fibers shows declining trends. According to Bediwy et al. [40], adding BFPs to the regular composites at dosages of 2.5, 4.5, and 6.9% resulted in reductions of 11, 17, and 25% at 28 days, respectively. These reductions were 14, 26, and 33% for NFRCC composites with 40% slag and 6% Ns, respectively. The authors ascribed that the increase in the air content and the ITZ in the matrix was accompanied by the rise in the BFP dosage. Similar trends were reported by Branston et al. [51] and Puertas et al. [52]. Azzam et al. [47] found that for NFRCC at 28 days, the declination for slag-based composites S50-B4.5 and S50-B6.9 was 11% and 27%, respectively, in comparison to mixture S50-B2.5; likewise, the compressive strength for fly-ash-based composites F50-B4.5 and F50-B6.9 was 11 and 14% lesser compared to mixture F50-B2.5.



Elhadary and Bassuoni [50] reported that the compressive strength of mixes S50-B2.5 and S50-B4.5 at 56 days was lower by 6 and 21%, respectively, than the equivalent combination without BFP (87 MPa). According to the statistical analysis performed by the authors using analysis of variance (ANOVA), where the Fcr value of an F distribution density function indicates that the variable tested has a significant effect on the average results, the reduction in the compressive strength of the composite was minor in the case of 2.5% BFP (F value of 5.7 vs. Fcr of 7.7) and substantial in the case of 4.5% BFP (F value of 172.2 vs. Fcr of 7.7). A similar trend was stated by Branston et al. [51] with the increase of basalt fiber mini-bars by 0.3, 1.0, and 2.0% by volume in normal strength concrete. This behavior might be explained by the matrix’s increased air content and the additional ITZs that result from the higher BFP percentages that act as stress concentrators and weak points in the matrix and reduce the matrix’s compressive strength [50]. The compressive strength for all combinations at 28 days, however, ranged from 46 to 79 MPa, highlighting the suitability of NFRCC composites for structural applications, which normally demand for a 28 day design compressive strength of 30 to 40 MPa [53].




3.2.3. Flexural Strength


Fibers are mostly used to improve the flexural post-crack behavior of mortar and concrete. Depending on the SCM type, the first-peak flexural strength is reduced as the BFP dosage increases [47,50]. This drop in flexural strength was minimal for fly-ash-based and significant for their slag-based corresponding composites, as concluded by Azzam et al. [47]. According to their findings, 50% fly-ash-based and 50% slag-based composites with 6.5% BFP showed up to 13 and 35% reduction, respectively, relative to their counterpart with 2.5% BFP. This is due to the increased intensity of the air void and ITZs produced by the greater BFP dosages. Since micro-crack initiation and spread are easily possible in the ITZs, the first-crack load reduces.



The load–deflection curves of NFRCC with increasing BFP dosages show improved post-cracking performance as a result of the pellets’ pullout mechanism, presented in Figure 4, as claimed by Azzam et al. [47]. The combinations with the higher BFP doses (4.5 and 6.9%) demonstrate a deflection–hardening tendency similar to cementitious composites with ductile fibers like steel. The Ri index of the specimens with 2.5% BFP was higher than 0.6, while it was higher than 1 for the specimens with 4.6 and 6.9% BFP doses [47,50]. These patterns support the effective post-cracking functionality of the NFRCC with BFP.



With the inclusion of BFP, the produced composite’s toughness was dramatically improved. Azzam et al. [47] observed that F50-B4.5 and F50-B6.9 samples showed 36 and 45% greater toughness than F50-B2.5 (27.4 J). Accordingly, S50-B4.5 and S50-B6.9 had 33 and 45% higher toughness than S50-B2.5 (30.3 J). The abundance of BFP, which stopped the propagation of microcracks and bridged them, improved the toughness beyond the first crack. At a fixed BFP dosage, the toughness of the slag-based mixtures was relatively higher than that of their fly-ash-based counterparts, as found by Azzam et al. [47]. The toughness of mixtures S50-B2.5, S50-B4.5, and S50-B6.9 were 10, 7, and 10% higher than that of the corresponding fly ash mixtures. Relative to fly ash, slag has a more rapid reactivity because the distribution of BFPs in the slag-based mixtures was found to be more homogeneous than it was in the fly-ash-based samples, which exhibited congregating near the bottom, as shown in Figure 5.



According to Elhadary and Bassuoni [50], the high tensile capacity of BFPs is combined with a superior tensile strength and a reasonable modulus of elasticity, which arrested the propagation of macro-cracks effectively in the composites and supported the load upon reaching a second peak load. The polyamide resin’s role in shielding the BFPs from the adjacent alkaline matrix also prevented any surface degradation on the pellets.




3.2.4. Impact Load


The durability of cement-based materials under tensile and impact stresses is constrained by their brittle behavior. Hence, the behavior of NFRCC subjected to sudden impact load needs to be evaluated. The split Hopkinson pressure bar (SHPB) test is one way to investigate this property. The average dynamic compressive strength of NFRCC dramatically dropped as the BFP dosage rose according to the impact stress–strain curves (Figure 6) of NFRCC, as reported by Azzam et al. [54]. As the dosage of the BFP increased, more ITZs were formed within the matrix, where micro-cracks started to grow. Additionally, the greater the BFP dosage, the more air void was noticed, which decreased the ultimate strength of the hardened composites, according to a study by Azzam et al. [47]. This phenomenon led to a drop in the ultimate dynamic compressive strength. However, Azzam et al. [54] observed that higher BFP dosages increased ductility because of the bridging effect of BFP. Compared to F50-B2.5 (0.622%), the strain at failure for F50-B4.5 and F50-B6.9 was raised by 8 and 15%, respectively. Slag-based NFRCC samples had up to 26% higher strain at failure and up to 176% higher energy absorption capacity compared to the fly-ash-based samples. This was implied by the more effective bond between the BFP and slag-based cement matrix. More fractures are created when the composite deforms by generating more internal energy to balance out the external energy acting on the composite. As a result, raising the dosage of BFPs caused more fractures to form, increasing the level of energy absorption. The post-cracking behavior was also improved by the higher BFP dosage. Adequate dosage of fiber gave the BFPs a greater chance to be distributed in the failure area, which effectively stopped cracks from spreading and eventually increased the toughness.



Figure 7 illustrates the failure mode of the specimens under impact load experimented by Azzam et al. [54]. The mortar was broken up into a pattern of strewn pieces of varying sizes. The authors observed that the BFPs failed by pull-out, and the fractured fragments were larger compared with those of steel-reinforced composites. The BFPs percentage had no visible effect on the scattered pieces. The BFPs were able to bridge the developed cracks and stop their growth in the matrix, which produced a high reluctance to pull out and was the primary mechanism responsible for increasing the capacity of NFRCC to absorb energy. The fibers or pellets will pull out of the mortar if the load is high enough, causing interfacial damage [55].




3.2.5. Single-Pellet Pullout Test


The interfacial bond of BFPs with concrete matrix to loading schemes can be evaluated by the single-pellet pullout test. The bond strength of a single pellet can be calculated as the ratio of the maximum force on the force–slip graph over the embedded shear surface of BFP using the SHPB test Azzam et al. [54]. The interfacial bond of BFPs with the concrete matrix significantly increases as the pullout displacement rate increases. For instance, in the study conducted by Azzam et al. [54], the bond strength of BFPs with the slag-based NFRCC matrix at 50 mm/min displacement rate was 43% greater than that at the lower rate of 0.2 mm/min. The authors also found that a low displacement rate and slower pellet displacing from the matrix led to a smoother interface with fewer hydration products and no signs of pellet damage (Figure 8a). As evidenced by the tested pellets’ smoother surface, lower bonding strength, and debonding energy, the effect of the low strain rate applied to the specimens gave the load sufficient time to substantially affect the ITZ and weaken the interfacial bond between the concrete matrix and BFP. Conversely, at a 50 mm/min displacement rate, more hydration products were adhered to the pellet with significant surface damage (Figure 8b). The interfacial bond between the pellets and concrete matrix was gradually weakened by the high strain rate over a very short period, leading to an increased pullout resistance of the BFP. Thereby, the applied stain rate affected the BFP pullout behavior of BFPs.





3.3. Phase III (Durability Properties)


3.3.1. Cyclic Freeze–Thaw and Wet–Dry Exposure


The durability of the concrete is a significant factor in concrete construction to transfer stresses effectively to the reinforcing bars. However, extreme exposure scenarios such as freeze–thaw (F/T) and wet–dry (W/D) cycles may adversely affect this mechanism. Thus, the durability of concrete in such an environment is to be assessed. As stated by Bediwy et al. [40], composites with or without slag and Ns had up to 19% lower compressive strength after the combination of the cyclic freeze–thaw (F/T) and wet–dry (W/D) exposure due to the formation of micro-cracks in the matrix. The compressive strength of the control mixture S40-B0.0 decreased by 25% after the same exposure, whereas the presence of BFP in S40-B2.5, S40-B4.5, and S40-B6.9 underwent much less reduction in compressive strength of about 10, 4, and 8%, respectively. This was alluded to the higher efficiency of the BFPs at controlling micro-cracking in the cementitious matrix due to better interfacial bonding relative to other fiber types used in the same study (e.g., steel fiber). The BFPs maintain the integrity of the matrix and control micro-cracks over the full combined exposure period. The combining effect of Ns and slag at modifying the pore structure also holds back the reduction in its compressive strength.



All specimens tested by Bediwy et al. [40] demonstrated a decrease in the first-crack flexural strength when compared to the reference values before exposure. For instance, following the cyclic regime, the average residual first-crack strength decreased by 19% on average. The tensile stresses produced during the F/T phase of the exposure initiated micro-cracks that reduced the matrix’s strength. The F/T and W/D cycles, especially for the composites reinforced with large amounts of BFP, had little effect on the post-cracking characteristics of NFRCC. As demonstrated by conserving higher residual flexural strength with increasing the BFP dosage, the presence of BFPs in the matrix helped to postpone the propagation of these cracks during the initial stage.



Consecutive F/T and W/D cycles on NFRCC specimens produced similar toughness trends with less reduction. Compared to the S40-B0.0 composite, S40-B2.5, S40-B4.5, and S40-B6.9, showed 279, 381, and 398% increment in the energy-absorbing capacity (toughness), respectively, after the combined exposure. The SEM image analysis by Bediwy et al. [40] revealed that the better bond between the matrix and the textured grooves in the longitudinal direction of the BFPs was responsible for the improved post-cracking performance of specimens reinforced with BFPs, as these grooves served as a host for the deposition of the hydration products, similar to Figure 8.




3.3.2. Alkaline Exposure


Highly alkaline media are a harsh exposure that could have an impact on the mechanical and microstructural characteristics of cement-based products using delicate types of fibers. Hence, the acceptability of BFPs in NFRCC requires evaluation. Azzam et al. [56] exposed the uncracked and pre-cracked NFRCC specimens with BFPs to alkaline environment exposure for six months after initial curing. The authors found that all the NFRCC samples remained intact after alkaline exposure. The uncracked samples shrank up to ±0.011% after the exposure period, varying according to the SCM and the dosage of BFPs. The control specimens with BFPs shrank slightly more than their counterparts as the BFPs restricted the volume change. On the other hand, the pre-cracked specimens showed minor extension at the final stage of the period of alkaline exposure, ranging from 0.003 to 0.011%. Extended alkaline exposure allowed the alkaline solution to affect BFPs, which undermined the pullout toughening mechanism. Nonetheless, the matrix benefited from the exposure, as seen by the stiffness and flexural strength of the composite.



After being exposed to alkaline, the flexural post-crack behavior, particularly strain softening and hardening, remained unchanged, which was primarily dependent on the BFPs. This happened because of the long-period pozzolanic reactions of the cementitious materials. Nevertheless, this exposure had a deleterious impact on toughness for a greater BFP dosage, which remarkably decreased by 23 and 24% for F50-B4.5 and S50-B4.5 samples, respectively.



Moreover, self-healing was observed in the pre-cracked samples during the exposure period. Here, the generated cracks were blocked in all composites. Figure 9 depicts the surfaces of pre-cracked slag-based NFRCC specimens before the exposures and entirely filled up with self-healing products after the exposures. This corresponded to the relative enlargement of these samples and a rise in dynamic modulus of elasticity (REd) due to easier liquid entry via the cracking surfaces. As a result, the binder reactivity led to C-S-H gel and calcite formation. Because of the formation of the initial C-S-H from the cement hydration process, the average calcium-to-silicate ratio (Ca/Si) for slag-based NFRCC was found to be 1.14 under the reference exposure and 1.19 under the alkaline exposure in the ITZ with BFPs, conforming to Figure 10. It is also visible that the eminence of the ITZ links between pellets and matrix was also enhanced by the refining of the matrices’ pore structure. This corresponds to the advantageous effects on the matrix standard in the case of both the exposures that conformed to the sample intactness flexural capacity and stiffness maintenance and surface crack healing. Table 4 presents the thermal analysis results after six months under different exposures.



A considerable decrease in ductility was seen following the alkaline exposure. This decrease was related to BFP, which was indicated by the equivalent increase in matrix standard and refining pore structure and ITZ following both types of exposures. The microstructural study by environmental scanning electron microscopic (ESEM) image in Figure 11 revealed that the BFP degraded significantly after alkaline exposure. The polyamide resin exhibited substantial micro-cracking and ripping and the breaking of basalt strands after the flexural load test. As a result, the bridging capacity of BFP had been compromised, and, thus, the effectiveness of the pull-out had been hampered by the fiber breakage.




3.3.3. Salt–Frost Exposure


Combined chemical and environmental loading through salt–frost exposure negatively affected the NFRCC. The durability of BFP-reinforced NFRCC specimens under salt–frost scaling was examined by Azzam et al. [56]. The authors exposed the uncracked and pre-cracked NFRCC specimens with BFP to salt–frost exposure (508 thermal cycles) for six months after 56 days of initial curing. The authors found that some of the NFRCC samples showed performance threats after salt–frost exposure. All the uncracked specimens withstood this exposure because of the SCMs. The initial curing time of 56 days reduced the solution penetrability and helped the uncracked specimens to withstand this exposure. Nevertheless, cyclic freezing–thawing in the solution of salt demonstrated excessive expansion for several pre-cracked composites, which practically led to the diminution of flexural strength, toughness, and stiffness, indicating practical threats.



Even though none of the pre-cracked samples experimented on by Azzam et al. [56] did not fail under the alkaline exposure, the detrimental impact of salt–frost exposure was more significant in pre-cracked samples than in uncracked samples because of the salt solution’s direct access inside the cracking surface. The uncracked samples expanded up to 0.013% following this exposure, unlike alkaline exposure, where the samples shrank on an average of 0.006%. The pre-cracked samples expanded more than their counterparts, up to 0.046%. This happened because of the decrease in the REd and macro-cracks on the surface, leading to the collapse of the sample.



This exposure also had an adverse effect on the flexural first-crack strength. For instance, F50-B2.5 demonstrated a 37% drop, and S50-B2.5 demonstrated a 31% drop in the first-crack strength compared to their corresponding samples under the reference exposure, respectively. The increase in BFP dosage, just like the reference and alkaline exposures, significantly reduced the first-cracking flexural strength depending on the SCM type. The first-cracking flexural strength was found to be 16% for F50-B4.5 and 9% for S50-B4.5, which was less than that of their corresponding mixtures after this salt–frost exposure containing 2.5% BFP. Strain softening was observed in the composites with 2.5% BFP, and strain hardening was observed in the composites with 4.5% BFP. Again, due to composite deterioration, the capability of the composites to regain their load-carrying characteristics following the first cracking was hampered by considering the toughness also reduced by up to 37%.



After the salt–frost exposure, the CH contents were drastically reduced in comparison to their base values at 56 days, as presented in Table 4. Nevertheless, the attributes of the pore structure of the composites became coarser, which was not seen in the case of the reference and alkaline exposures. Here, compared to their baseline states, the porosity of F50-B2.5 and S50-B2.5 are raised by 14% and 9%, respectively. Meanwhile, the percentage of the micro-pores fell by 15, 17, and 21%, respectively. These findings by Azzam et al. [56] revealed that the salt solution and the concurrent activities of low or freezing temperatures prevented the development of microstructure to various degrees. The apparent coarser microstructure following this salt–frost exposure, integrity reduction with the pellets at the ITZ, and, therefore, the decrease in the toughness and flexural strength was caused by the internal micro-cracking of the matrix, as indicated in Figure 12. Thus, it reduces the bond between the BFPs and matrix, and as a result, flexural testing enables fiber pull-out. No indication of the deterioration in BFPs was noticed on the surface of the pellets following flexural loading (Figure 13). Therefore, raising the dosage of BFPs to 4.5% improved the composite lifespan by preventing swelling and cracking.





3.4. Phase IV (Repair and Structural Applications)


3.4.1. Bond Behavior


Bond between NFRCC Concrete and Regular Concrete


To improve the quality of concrete surfaces (e.g., concrete pavements, bridge decks), a bonded overlay casting over the existing substrate helps to elevate the structural capacity. An overlay assembly consisting of a 50 mm overlay of BFP-reinforced NFRCC and a 50 mm regular concrete substrate was adopted by Azzam et al. [57] (Figure 14) to determine their flexural performance following the ASTM C1609 [58]. All specimens displayed comparable first-crack strength to the reference concrete due to the location of the substrate layer on the tension side. The post-crack behavior was enhanced because of the presence of BFP in the overlay. Azzam et al. [57] observed that the toughness of F50-B4.5 and S50-B4.5 overlay assemblies was 324 and 471% higher than the conventional concrete at the 2-mm test deflection limit, respectively. Cracks from the substrate layer propagated to the overlay and then were controlled because of the presence of BFPs. The authors concluded that this phenomenon indicated a strong bond within the layers. The cracks at the interface did not propagate sideways because of the system’s monolithic behavior, as can be seen in Figure 14. A similar finding was also observed by Bediwy et al. [40] for 40% slag-based NFRCC layered beams. The load–deflection curves of F50-B4.5 and S50-B4.5 overlay assemblies with substrate concrete found by Azzam et al. [57] are shown in Figure 15. There is a sharp drop in load capacity once cracks do eventually reach the overlay. The BFPs, however, were allowed to withstand the induced stresses through the excellent bond with the matrix. Toughness was also observed to be increased by Bediwy et al. [40] by 162, 262, and 246% for S40-B2.5, S40-B4.5, and S40-B6.9 layered prisms, respectively, in comparison to the S40-B0.0 beam (13 J). The restraining role of BFPs helped the NFRCC to achieve adequate thermal compatibility as well as dimensional stability with the substrate concrete. The long service life of the repair/overlay assembly was ensured by the efficient integrity of NFRCC with the substrate concrete without any bonding agent, where the failure mode typically occurred in the substrate.



The residual bond strength between the NFRCC and regular concrete was examined by Bediwy et al. [40] using a direct tension test (pull-off). The results are presented in Figure 16. The average pull-off strength results show that the bond strength of the samples S40-B2.5, S40-B4.5, and S40-B6.9 increased respectively by 73, 70, and 68% compared to the control composite S40-B0.0. The BFPs greatly increased the volume stability of the composites of the layered system. This is why the failure mostly took place in the base layer within 30 to 50 mm below the contact surface, exhibiting strong compatibility between the two layers.



In a layered concrete system, differential shrinkage can affect the bond between the NFRCC and the regular concrete layer, which potentially results in dissociation and premature failure. Hence, a relative shrinkage test can affirm its viability of employing as a concrete layer. Bediwy et al. [40] performed such a test for up to 148 days, where the samples were kept for 28 days in moist curing and 120 days in hot conditions, as presented in Figure 17. According to the test results, the composites containing BFPs had decreased shrinkage values at various curing ages. For instance, samples S40-B2.5, S40-B4.5, and S40-B6.9 reduced the average shrinkage by 13, 10, and 7% compared to the control composite S40-B0.0, respectively, at 1, 7, and 28 days. A higher percentage of BFPs contributed more to reducing shrinkage, which demonstrated the importance of BFPs in preventing differential shrinkage associated with the substrate concrete. After 120 days of subjecting the composites to drying conditions, the authors observed that the specimens without BFPs displayed some shrinkage cracking on the surface, whereas it was eliminated by using BFPs. The micro-cracks were controlled and bridged by the presence and scattered distribution of BFPs, which minimized the shrinkage as a result.




Bond between NFRCC Concrete and Reinforcing Bars


Regardless of their outstanding engineering properties, glass-fiber-reinforced polymer (GFRP) reinforcing bars have distinct bond behavior with concrete. Bediwy and El-Salakawy [59] conducted pull-out tests to investigate the bond behavior of sand-coated GFRP bars with NFRCC, considering different parameters, such as the bar diameter and the dosage of the BFPs. The authors found that the BFP percentage was the key factor in the post-peak load–slip response of GFRP bars embedded in concrete blocks. After reaching the bond strength, size No. 20 GFRP bar (19.5-mm diameter) in the NFRCC with 2.5% BFP showed a sudden drop in load. However, at a dosage of 4.5%, it demonstrated a progressive deterioration with increasing slip values as internal cracks spread, with fibers being essential in bridging these cracks.



The pullout failure load of the GFRP bar and the mode of failure of the concrete block both significantly improved in the presence of discrete BFPs. Bediwy and El-Salakawy [59] observed that using 2.5% BFPs increased the average failure load by 53% when compared with the counterpart control specimen without BFPs. This was because of the role of fibers in controlling the development of crack propagation and better dissipation of bond energy. Increasing the dosage of BFPs caused a good distribution of BFPs over the cross-section of the specimen, as portrayed in Figure 18, which helped in controlling cracks efficiently. As a result, using 4.5% of BFPs within the cementitious matrix increased the failure load by up to 39% with respect to the counterpart specimen with 2.5% BFPs.





3.4.2. Full-Scale Structural Elements


Since the post-cracking behavior of concrete significantly improves in the presence of BFPs, they are likely to improve the flexural toughness by increasing the capacity of NFRCC deep beams when used in the tension tie zone. Bediwy et al. [61] constructed and tested large-scale simply supported deep beams measuring 2100 mm long with 250 × 590 mm cross-section. The tie zone at the bottom of the beam had a 150 mm thick NFRCC layer with various dosages of BFPs (2.5, 4.5, and 6.9%) and was reinforced with sand-coated, headed-end GFRP reinforcing bars. The test variables were the GFRP reinforcement ratio and the presence of the NFRCC layer. The experimental results for the beams at various loading levels are summarised in Table 5. The authors observed that the incorporation of the NFRCC layer with 2.5% BFPs delayed the initiation of the first crack. The first crack load was enhanced by 20 and 43% for tie reinforcement ratios of 0.6 and 1.0%, respectively. The reinforcement ratio had very little influence on the first crack and diagonal crack loads. The ultimate load-carrying capacity was significantly increased by the insertion of fibers in the tie zone, which improved by 19 and 13% for 0.6 and 1.0% reinforcement ratios. In addition, the energy absorption capacity was improved by up to 84%. The BFPs in the tie zone acted as micro reinforcement, which enhanced the strength of the test beams.



Long beams with an NFRCC layer indicate a deflection softening behavior that is defined by a gradual reduction in the load carrying capacity until failure. The load–deflection relationship constructed by Bediwy et al. [61] at the mid-span of the beams (Figure 19) shows that the control beams exhibited no residual strength after reaching the peak load, whereas beams with NFRCC layer demonstrated a post-peak load behavior with gradually decreasing residual strength because of the bridging mechanism of BFPs.



The addition of fibers resulted in a notably greater ductility index. According to Bediwy and El-Salakawy [62], adopting an NFRCC layer in the tie region with BFP ratios of 2.5, 4.5, and 6.9% significantly increased the ductility indices by 50, 118, and 76%, respectively, with respect to the control counterpart beam. The beam with the highest BFP ratio of 6.9% displayed moderately reduced ductility due to the lower workability caused by fiber congregation when higher fiber dosage is used. Increasing the dosage of fibers also reduced the developed strain in the reinforcement at the same load level, as stated by Bediwy and El-Salakawy [62]. For example, specimens with BFP ratios of 2.5, 4.5, and 6.9% exhibited 20, 34, and 33% drops, respectively, in the developed strains at the ultimate load level compared to the control specimen without BFPs. Furthermore, the incorporation of BFPs in the bottom layer improved the bond within the anchorage zones, where high tensile stresses developed. Along with the GFRP bars in the tie zone, adding the BFPs improved the tensile strength of the fibrous specimens, which led to better distribution of tensile stresses over the stresses over the length of the beams. According to the authors, the aforementioned observations were one of the factors that contributed to enhancing the strength of the diagonal strut and, accordingly, increasing the load-carrying capacity of deep beams.





3.5. Phase V (Hybrid Fibers)


3.5.1. Experimental Investigation


Cementitious matrices with hybrid fiber systems have been the subject of numerous investigations because they perform better than single-fiber systems [63,64]. For example, in binary-scale fiber systems, micro-fibers counteract the coalescence of micro-cracks, while macro-fibers restrain the growth of macro-cracks in the matrix [65,66]. Hence, the behavior of the NFRCC reinforced with a hybrid system of BFPs and other fibers requires evaluation. In an investigation, 1% micro-polyvinyl alcohol fibers (PVAF) were used by Elhadary and Bassuoni [50] in combination with macro-BFP, which enhanced the compressive strength of NFRCC by up to 27% when compared to the equivalent combinations without micro-PVAF. Additionally, the inclusion of micro-PVAF changed the failure mechanism of the composites from sudden matrix crushing to gradual macro-crack formation, where the matrix was left undisturbed after reaching its limit, as evident in Figure 20. This happened because of the hydrophilic nature of PVAF, which lowers the w/b ratio in the paste near the ITZs [67]. Hydroxyl groups (OH-) on the PVAF surface also create hydrogen bonds within the molecules that improve interfacial bonding with the cement matrix [68,69]. The bridging effect of PVAF functions as an evenly distributed reinforcing system, preventing the formation of micro-cracks in the matrix.



The flexural strength test on a hybrid fiber system by Elhadary and Bassuoni [50] showed minimum declination in the bearing load, even though they showed a pseudo-deflection–hardening behavior and continued to bear a large amount of load until obtaining the desired deflection compared to the similar mixtures made up of a single BFP. The synergistic interactions between randomly oriented micro-PVAF and macro-BFP, as shown in Figure 21, enhanced the ductility and toughness by up to 61% when compared to that of mixtures without PVAF, even though the load-bearing capacity reduced slightly.



The flexural strength test by Elhadary and Bassuoni [50] revealed that 1% micro-PVAF with macro-BFP improved the first-crack load by up to 46% by diminishing the negative effects of a higher dosage of BFPs. This can be attributed to the hydrophilic and chemical properties of PVAF, which enhanced the ITZs and interfacial bond. The crack-bridging mechanism of micro-PVAF lowered stress concentration at the edge of micro-cracks, which subsequently improved the first-crack flexural load [67,71].



The adhesive capacity of the NFRCC specimens, when 1% micro-PVAF is combined with BFPs, was also reported to be increased markedly in the study conducted by Elhadary and Bassuoni [72] in a layered specimen of regular concrete and NFRCC. For the S50-B2.5 and S50-B4.5 composite specimens with 1% PVA, the direct shear bond strength and de-bonding energy were found to be rising by up to 37% and 40%, respectively, in comparison to the NFRCC samples with only BFPs. Additionally, 1% PVA caused the fracture plane to diverge from interface failure to localized interfacial cracking and crushing of the CC layer (Figure 22) as a result of PVA’s role in enhancing the adhesive capability at the contact area and friction among two layers.



Incorporating 1% PVAF with BFPs in NFRCC also developed the rebar pull-out resistance in comparison to the composites with only BFPs. Elhadary and Bassuoni [72] reported that the pull-out bonding strength and de-bonding energy of slag-based NFRCC with 1% PVA increased by up to 29% and 27%, respectively, for adding PVAF, depending on the dosage of BFPs. This occurred because of the superior strain-hardening capacity and ductility of these composites. Random distribution of PVAF collaboratively regulated the formation of micro-cracks. BFP macro-fibers afterward inhibited the spread of macro-cracks. This phenomenon can be visualized in Figure 23. In addition to surface adhesion/friction, this enhanced possibility of concrete confinement around the steel rebar increases their resistance against rebar pull-out from the NFRCC.




3.5.2. Modeling


Using the computational non-linear homogenization method, two-scale cubic representative volume elements (RVE) were developed by Elhadary and Bassuoni [73] in ANSYS R19.2 workbench [74] to ascertain the homogenized stiffness coefficients     k   i j    , taking the tensile stress–strain curve and modulus of elasticity of cylinders (75 mm × 250 mm), which were found through experimental tests using a quasi-static direct tension test at 56 days at a displacement rate of 0.2 mm/min. Figure 24 depicts the homogenized RVE assuming anisotropic properties with a mesh size of 100 µm, where each meso-scale RVE consists of the matrix and randomly dispersed micro-fibers oriented randomly in space (x, y, z).



The stress and strain distributions around the BFP for NFRCC with 50% slag and 1% PVAF (S50-P1) are shown in Figure 25, wherein the cumulative displacement increased as a result of the load being transmitted from the BFPs to the adjacent matrix. It is visible that the load peaked shortly before the start of the pull-out process and during the final stage of debonding (red zone).



The FEM adopted by Elhadary and Bassuoni [73] had an excellent correlation with the experimental results, as presented in Table 6, with a maximum error of 10%, demonstrating the validity of the modeling. The models could, therefore, simulate the bond–slip relationships for all mixes throughout the loading. The models were also capable of depicting the development of microcracks and stress–strain distributions around the pellet. Hence, parametric studies were performed to demonstrate the impact of various fiber doses on the homogenized stiffness coefficient (    k   i j     and the interfacial bond strength of BFP).



Figure 26 show the parametric study result of different volume of PVAF on BFP interfacial bond strength and the homogenized stiffness coefficient,     k   i j    . The authors observed that increasing the dose of PVAF will improve the bond strength and homogenized stiffness coefficient of slag-based NFRCC. PVAF doses of 1%, 1.5%, and 2% increased the projected homogenized stiffness by 2%, 17%, and 26%, respectively, in comparison to NFRCC with no additional PVAF; subsequently, when 2% PVA fibers are added to BFP, bond strength and de-bonding energy increase by 29% and 33%, respectively, as compared to 1% PVA fibers.






4. Concluding Remarks


The comprehensive research program on the fresh, mechanical, durability, and structural properties of the NFRCC prepared with BFP led to the following key conclusions:




	
The amalgamation of nano-silica particles with the high volume of SCM in the developed binders of NFRCC yielded adequate initial flow (180 ± 20 mm) as well as initial (3 to 5 h) and final setting times (4 to 6 h), which makes them practical for casting operations in the field;



	
The early-age and long-term compressive strengths of NFRCC comprising BFPs were significantly high due to the synergistic effects of nano-silica and fly ash or slag, where the nano-modified cementitious composites exceeded 30 MPa and 50 MPa at 1 and 56 days, respectively;



	
BFPs were effective at improving the post-cracking behavior of NFRCC, where, for instance, the increase in BFPs in slag-based mixtures from 2.5% to 4.5% resulted in a 33% increase in toughness. This was alluded to the improved interfacial bond between the BFPs and matrix owing to the precipitation of hydration and pozzolanic products in the BFP-tailored surface grooves that enhanced the interlocking between the pellets and the matrix, which was positively reflected on the pull-out resistance of the pellets as verified through the single-pellet pull-out test;



	
In general, slag-based mixtures exhibited high mechanical properties (compressive strength, tensile strength, impact resistance, etc.) relative to corresponding fly-ash-based ones, owing to the accelerated reactivity of the slag with nano-silica that was projected on the quality of the matrix as well as its interaction with the reinforcing pellets;



	
Under severe alkaline exposure (1 N NaOH solution at 38 ± 2 °C), all composites experienced ductility losses of 17–25% “un-cracked specimens” and 29–46% “pre-cracked specimens” relative to the reference exposure owing to the degradation of the affected pellets by the exposure (near the surface or directly exposed). Furthermore, the extended exposure of the pellets to the alkaline medium led to a deleterious effect on the polyamide component and, in turn, access of the solution to the basalt component; thus, the pull-out toughening mechanism was compromised by the rupture of basalt strands. However, the exposure was favorable for the matrix, which was reflected in the stiffness and flexural capacity of the composites;



	
Coupled chemical and environmental loading through salt–frost exposure negatively affected the different cementitious composites, where a coarsened microstructure was obtained for all matrices after the exposure (to different levels, though, according to the binder formulation). This was attributed to chemical and physical attacks, which led to the complete failure of most matrices (fly-ash-based and unmodified matrices) along with impairing the interfacial bond between the matrices and the pellets (although the pellets remained intact);



	
The cementitious composites revealed adequate thermal compatibility as well as dimensional stability with the substrate concrete, which is attributed to the restraining role of the pellets. Hence, no surface cracks were spotted during the hot/arid exposure conditions, where the composites’ total restrained shrinkage strains remained low at 416 to 454 με. Accordingly, the cementitious composites had efficient integrity (bond strength) with the substrate concrete, with no bonding agents, where the dominant failure mode was in the substrate, guaranteeing the long service life of the repair/overlay assembly under field conditions;



	
The addition of 1% micro-PVA to macro-BFP (hybrid system) resulted in optimal performance of NFRCC in terms of modified pore structure, mechanical capacity, and ductility. While macro-BFP controlled the development of macro-cracks, micro-PVA prevented the nucleation of micro-cracks, accordingly, increasing the performance of the composites;



	
The coexistence of 1% PVA micro-fibers with BFP macro-fibers (hybrid system) led to improvement in the bond strength with conventional concrete and ribs of steel rebar due to improving the adhesive capacity and friction at the interfacial zone with CC and efficient interlocking with BFP around steel reinforcement;



	
Large-scale beams with an NFRCC layer demonstrated a deflection–softening behavior that was characterized by a gradual loss of load-carrying capability up to failure. Additionally, the brittle and rapid failure of deep beams with an NFRCC layer in the tie zone was replaced by a more ductile failure;



	
The developed mesoscale RVEs homogenization models were capable of predicting the elastic properties of NFRCC. In addition, the FEM revealed that the hybrid PVA/BFP system improved the shear resistance force of box girders shear key system, meeting the AASHTO LRFD interface coefficient of friction and adhesion parameters for rough surfaces;



	
The overall findings from this program indicate that the nano-modified composites comprising BFPs have superior performance, making them potentially an attractive alternative for a variety of infrastructure applications, including repair and strengthening. However, full-scale field studies are recommended for future research to compare the cost-performance attributes relative to other high-performance materials available in the building materials sector. Some of the fundamental properties are still not explored such as durability under different elevated temperatures, mechanical and environmental fatigue behavior, and their ability to resist cyclic load. These properties should be investigated in future to make BFP-reinforced nano-modified composites more acceptable for practical applications.
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Figure 1. Basalt fiber pellets. 
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Figure 2. Overview of the framework of the research program. 
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Figure 3. SEM image for the surface morphology (a) F50-B4.5 and (b) S50-B4.5 [49]. 
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Figure 4. Load vs. deflection curves for the NFRCC [49]. 
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Figure 5. Distribution of BFPs at the failure planes (a) F50-B4.5 and (b) S50-B4.5 [Courtesy of A. Azzam]. 
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Figure 6. Stress–strain curve of NFRCC from the impact test (a) fly-ash-based composites and (b) slag-based composites [49]. 
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Figure 7. Failure modes for the fly-ash-based NFRCC after impact load test [49]. 
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Figure 8. BFP from single-pellet pullout tests in the slag-based NFRCC matrix with displacement rates of (a) 0.2 mm/min and (b) 50 mm/min [49]. 
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Figure 9. Cracked surfaces before (a) and after (b) the reference and alkaline exposures under plain light microscopy at 40× and corresponding EDX spectra under the ESEM at the marked locations [49]. 
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Figure 10. SEM images for the S50-B2.5 matrix showing ITZ with BFP after (a) reference exposures and (b) alkaline exposures. (Ca/Si values are the average for the marked locations). [Courtesy of A. Azzam]. 
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Figure 11. SEM image of BFP surface after flexural testing of pre-cracked S50-B2.5 after alkaline exposure (a) resin ripping and micro-cracking and (b) rupture of BFP [Courtesy of A. Azzam]. 
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Figure 12. SEM image of F50-B2.5 showing ITZ with BFPs after salt–frost exposure (a) micro-cracking of matrix and (b) micro-cracking of matrix/pellet interface after dispossession of BFP [49]. 
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Figure 13. SEM image of the surface of BFP in S50-B2.5 subjected to the salt–frost exposure after flexural loading displaying no signs of pellet degradation [49]. 
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Figure 14. F50-B4.5 overlay sample after flexural test [49]. 
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Figure 15. Load vs. deflection curves for the overlay assemblies [49]. 
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Figure 16. Bond strength of NFRCC from the pull-off test (Courtesy of A. Bediwy). 
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Figure 17. Relative shrinkage at different ages of NFRCC (Courtesy of A. Bediwy). 
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Figure 18. BFP distribution in the specimen with 4.5% BFPs [60]. 
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Figure 19. Load–deflection relationship for deep beams. Note: “X-0.6” describes the plain beam without fibers with a longitudinal reinforcement ratio of 0.6, while “BFP-1.0” describers the fibrous beam with 2.5% of BFPs added in the tie zone with a longitudinal reinforcement ratio of 1.0% [60]. 
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Figure 20. Failure mode of specimens after the compressive strength test at 56 days: (a) S50-B2.5 and (b) S50-B2.5 with PVAF [70]. 
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Figure 21. Interaction of BFP with PVA in S50-B2.5 with 1% PVAF [70]. 
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Figure 22. Failure modes of regular concrete and NFRCC layered specimen in the bi-shear test (a) interface failure and (b) localized interfacial cracking and crushing of the CC layer [70]. 
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Figure 23. SEM image showing the interaction of PVAF with BFPin S50-B4.5 specimen [Courtesy of R. Elhadary]. 
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Figure 24. Homogenization RVEs: (a) macro-RVE scale, (b) meso-RVE2 of NFRCC sample with 1% PVAF, (c) SOLID65 element for NFRCC matrix [70]. 
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Figure 25. Stress–strain distribution in S50-P1 for the single-pellet pull-out test from the numerical model [70]. 
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Figure 26. Parametric analysis result of slag-based BFRCC with PVAF (a) homogenized stiffness coefficient and bond strength (b) debonding energy [70]. 
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Table 1. Chemical and physical properties of GU cement, fly ash, and slag.
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	GU Cement
	Slag
	Fly Ash





	Chemical analysis
	
	
	



	SiO2 (%)
	19.22
	33.40
	55.20



	CaO (%)
	63.22
	42.70
	10.81



	Al2O3 (%)
	5.01
	13.40
	23.13



	Fe2O3 (%)
	2.33
	0.76
	3.62



	MgO (%)
	3.31
	5.30
	1.11



	SO3 (%)
	3.01
	2.40
	0.22



	Na2Oeq. (%)
	0.12
	0.30
	3.21



	Physical properties
	
	
	



	Specific gravity
	3.15
	2.87
	2.12



	Fineness (m2/kg)
	390
	492
	290










 





Table 2. Details of specimens for assessing NFRCC with BFP.
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	Designation
	Nano Silica (%)
	Slag (%)
	Fly Ash (%)
	BFP (%)





	S40-B0.0
	6
	40
	-
	0.0



	S40-B2.5
	6
	40
	-
	2.5



	S40-B4.5
	6
	40
	-
	4.5



	S40-B6.9
	6
	40
	-
	6.9



	S50-B0.0
	6
	50
	-
	0.0



	S50-B2.5
	6
	50
	-
	2.5



	S50-B4.5
	6
	50
	-
	4.5



	S50-B6.9
	6
	50
	-
	6.9



	F50-B2.5
	6
	-
	50
	2.5



	F50-B4.5
	6
	-
	50
	4.5



	F50-B6.9
	6
	-
	50
	6.9










 





Table 3. Fresh properties of the cementitious composites.
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Mixture ID

	
Test Time (min)

	
Setting Time (min)




	
0

	
15

	
30

	
45

	
60

	
Initial

	
Final






	
F50-B2.5

	
180

	
154

	
138

	
129

	
112

	
250

	
360




	
F50-B4.5

	
186

	
154

	
134

	
127

	
108

	
270

	
370




	
F50-B6.9

	
220

	
202

	
177

	
154

	
133

	
285

	
380




	
S50-B2.5

	
205

	
190

	
154

	
142

	
130

	
180

	
285




	
S50-B4.5

	
212

	
196

	
173

	
148

	
134

	
195

	
300




	
S50-B6.9

	
217

	
187

	
165

	
139

	
118

	
230

	
325











 





Table 4. Thermal analysis of the binders after six months under different exposures.
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Calcium Hydroxide Content (%)

	
Exposure




	
Reference

	
Alkaline

	
Salt-Frost






	
Fly-ash-based NFRCC

	
1.2

	
1.8

	
2.5




	
Slag-based NFRCC

	
1.3

	
1.4

	
2.1











 





Table 5. Summary of deep beam test results.
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	Specimen
	Reinf. Ratio
	First Crack Load

(kN)
	Shear Crack Load

(kN)
	Ultimate Load

(kN)
	Deflection at Ultimate Load (mm)
	Energy Absorption Capacity (kN-mm)





	X-0.6
	0.6
	133
	310
	716
	10.5
	4968



	X-1.0
	1.0
	140
	340
	800
	10.1
	4679



	BFP-0.6
	0.6
	160
	320
	851
	25.2
	9125



	BFP-1.0
	1.0
	200
	310
	900
	19.9
	8245







Note: The specimens nomenclature: “X” is referred to the plain beam without fibers, “BFP” is referred to fibrous beam with 2.5% of BFPs incorporated in the tie zone, and “0.6 and 1.0” are the longitudinal reinforcement ratios in percentages.













 





Table 6. Experimental and numerical results of the single pellet pull-out test.
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Mixture ID

	
Bond Strength (MPa)

	
Error (%)

	
De-Bonding Energy Up to 4 mm Slip (J)

	
Error

(%)




	

	
Experimental

	
Numerical

	
Experimental

	
Numerical






	
S50-P0

	
5.68

	
5.34

	
6

	
1.78

	
1.87

	
5




	
S50-P1

	
7.1

	
6.87

	
3

	
2.59

	
2.35

	
10
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