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Abstract


This paper aims to experimentally study the compressive and flexural characteristics of cement-based composites developed for fabricating thin, lightweight, and high-performance components of buildings. Expanded hollow glass particles with a 0.25–0.5 mm particle size were used as lightweight fillers. Hybrid fibers made of amorphous metallic (AM) and nylon fibers were used to reinforce the matrix with a total volume fraction of 1.5%. The primary test parameters included the expanded glass-to-binder (EG/B) ratio, the fiber volume content ratio, and the length of the nylon fibers in the hybrid system. The experimental results demonstrate that the EG/B ratio and the volume dosage of the nylon fibers exhibited insignificant effects on the compressive strength of the composites. Additionally, the utilization of nylon fibers with a longer length of 12 mm resulted in a slight compressive strength reduction of approximately 13% compared to that of the 6 mm nylon fibers. Further, the EG/G ratio exhibited an insignificant effect on the flexural behavior of lightweight cement-based composites in terms of their initial stiffness, strength, and ductility. Meanwhile, the increasing AM fiber volume fraction in the hybrid system from 0.25% to 0.5% and 1.0% improved flexural toughness by 42.8% and 57.2%, respectively. In addition, the nylon fiber length significantly affected the deformation capacity at the peak load and the residual strength in the post-peak stage.






Keywords:


fiber-reinforced cement-based composites; short fibers; compressive strength; flexural strength; tensile toughness












1. Introduction


Nowadays, lightweight cement-based composites are used popularly in structural buildings to replace conventional normal-weight counterparts because they possess many outstanding advantages, such as low density, high thermal conductivity, and a high-temperature resistance capacity. In addition, the self-weight of the structure plays an essential factor in the design and construction of buildings. To reduce the self-weight of the structure, lightweight concrete with high performance is one of the critical issues in balancing the relationships among the strength, ductility, and structural self-weight of concrete materials. The practical need to produce high-performance, lightweight concrete has increased in recent years. In high-rise buildings, structural high-performance, and lightweight concrete can significantly reduce the self-weight load and, therefore, mitigate the effects of dynamic loads, such as strong winds or earthquakes. Li et al. [1] studied the shear behavior of beams made of steel fiber-reinforced expanded-shale lightweight concrete (SFRELC) by four-point bending tests. The experimental results indicate that the shear failure modes of SFRELC beams with stirrups were altered from brittle to ductile with an increasing fiber volume fraction. De Maio et al. [2] evaluated the behavior of reinforced concrete (RC) structures strengthened with an FRP-based system subjected to progressive damage by the numerical method and analyzed the experimental results. The numerical fracture model based on the cohesive crack approach incorporating an embedded truss model was used in the study to simulate the damage to RC structures under quasi-static loading conditions. The numerical results showed the beneficial effects of the FRP strengthening system on both the static and dynamic response in terms of the load-carrying capacity and the degradation of the natural vibration frequency. In another study by De Maio et al. [3], a numerical investigation of the reinforcing effect of nano-modified epoxy resin on the response of FRP-retrofitted RC components was conducted. The integrated model based on a cohesive crack approach incorporating bond–slip behavior was employed to carry out a failure analysis of retrofitted structures and verified by the previous experimental study. As a result, the reliability of the proposed model was proven by the good agreement between the analytical and experimental results.



Lightweight cement-based composites with high performance are particularly essential for the rapid development of the prefabricated industry because the manufactured structural members are thin, tidy, and well utilized in a modular integrated structure, thereby reducing transportation, machining, and installation costs, etc. The most potential direction to produce lightweight cement-based composites is by using lightweight aggregates (LWA) combined with a cement-based matrix. Over the last several decades, many different types of LWAs have been investigated in various studies. Fundamentally, LWAs can be classified into artificial aggregates (e.g., expanded clay and shale) and natural aggregates (e.g., pumice and scoria). Gadea et al. [4] conducted an experimental study to produce lightweight mortar by using rigid polyurethane foam waste with a particle size of less than 4 mm. Several mortar grades were achieved by mixing cement with different amounts of polyurethane, aggregate, and water. The study pointed out that when the amount of polyurethane increased, the mortar density and mechanical properties were reduced. In contrast, its workability, permeability, and air content increased. Alduaij et al. [5] studied lightweight concrete in hot coastal regions using expanded clay as an LWA. The analyzed results showed that the lightweight concrete reached a compressive strength of 5.5–29 MPa when increasing the cement content from 250 to 350 kg/m3, while its densities were almost constant, around 1500 kg/m3. Recently, a new type of LWA, expanded glass (EG), was introduced as a substitute for conventional aggregates. EG is a product of industrial waste materials. It is very stable because its production occurs in a special kiln at 900 °C. Further, it is well-suited for LW mortar or concrete production processes due to its high strength, durability, pressure resistance, and environmental friendliness [6]. Figure 1 shows the processes of expanding, cooling, and sieving glass particles (Sommariva and Weinberger [7]). The raw materials react with each other, become viscous, and sinter, followed by the expansion of the agent and the formation of gas and pore structures at approximately 600 °C. After achieving optimum levels of the number of pores, cell size, and thickness in the temperature range of 800–900 °C, a cooling process is then initiated to lower the temperature to below 100 °C, followed by a sieving process for particle size classification. Carsana and Bertolini [8] used EG aggregate and silica fume to replace the fine fraction of aggregate and mineral addition to produce lightweight concrete with a density of less than 1800 kg/m3 and compressive strength of approximately 25 MPa. The results demonstrated that besides increasing the cohesiveness of fresh concrete, the low water-to-binder (W/B) ratio, and the presence of silica fume, the concrete was also effectively resistant to the intense penetration of sulfate and chloride ions. Rumsys et al. [9] performed an experimental study on the compressive strength and durability properties of lightweight concrete using fine EG and different types of micro-fillers. This study found that the durability of the investigated concrete using fine EG was sufficient. Therefore, the considered lightweight concrete mixtures can be applied to produce structural elements that require high durability. Lightweight EG particles were also studied recently by Adhikary et al. [6] to develop flowable ultra-lightweight concrete, which can be used as a sustainable material for energy-efficient buildings. The test results concluded that a concrete density of less than 800 kg/m3 could be achieved using a higher content of aerogel particles incorporating EG. In addition, fly ash and prefabricated plastic bubbles were found to be very beneficial for manufacturing LW and ultra-LW concretes.



Owing to the existence of LWAs inducing an increase in the porosity within cement-based matrices, the mechanical properties and ductility of lightweight concrete are usually poor compared to normal-weight concrete. Dispersed micro-fibers [10] have been incorporated in several studies to increase the mechanical performance of lightweight cement-based composites. Iqbal et al. [11] investigated the addition of micro-steel fiber in high-strength, lightweight, and self-compacting concrete. The results showed that the compressive strength decreased by about 12%, corresponding to a steel fiber content greater than or equal to 1%. Meanwhile, the splitting tensile and flexural strength increased by about 37% and 110%, respectively, when the steel fiber content increased from 0% to 1.25%. Li et al. [12] compared the effectiveness of polypropylene fibers (PPFs) and steel fibers (SFs) for fabricating highly ductile lightweight concrete. The results from this study pointed out that the optimal contents for the PPFs and SFs were 1.1% and 2.0%, respectively. Among the two fiber types, the SFs exhibited better performance than the PPFs in improving the initial and residual flexural strength, whereas the PPFs exhibited better performance in the post-peak stage.



Despite the previous literature, further research on lightweight cement-based composites with high performance still has much potential for development. It is still attracting a lot of attention today. The present research aimed to investigate the compressive and flexural properties of a newly developed type of high-performance, lightweight cement-based composites using short hybrid fibers. EG particles made from industrial refractory materials with a 0.25–0.5 mm particle size were used as lightweight fillers. A hybrid fiber type made up of short amorphous metallic (AM) and nylon fibers was employed to reinforce the cementitious matrix. The fibers in this study were utilized in the form of short types to ensure their workability and fiber distribution issues and their appropriateness for thin structures. The primary test parameters included the expanded glass-to-binder (EG/B) ratio, the fiber volume content ratio, and the length of nylon fibers in the hybrid system. The contribution of this study can provide useful insight into construction materials for fabricating thin, lightweight, and high-performance structural elements of buildings, such as slabs, structural walls, and coupling beams.




2. Materials and Experimental Layout


2.1. Material Properties


Fine EG particles made from industrial refractory materials with a grain size range of 0.25–0.5 mm were utilized as lightweight fillers. Table 1 summarizes the main physical and mechanical properties of the EG provided by the manufacturer. Figure 2a shows the morphology and scanning electron microscope (SEM) images of the EG.



Table 2 presents the developed lightweight cement-based mixtures. The main parameter of the mix proportions is the EG dosage. The mix ID of LCEG02 and LCEG03 used the EG/B ratios of 0.2 and 0.3, respectively. The water-to-cement ratio was kept at a constant of 0.35 for all mixtures. Microsilica (Figure 2b) was used as supplementary cementing material to improve the density of the matrix and the bond quality between the lightweight particles and the cement paste (Wang et al. [17], Rashad et al. [18]). Figure 3 presents the particle size distribution curves of the EG, microsilica, and Portland cement obtained from vibration tests in accordance with ASTM C33 [19], conducted using the sieve machine. The chemical composition, clinker composition minerals, and physical properties of the cement and microsilica are shown in Table 3. A commercial superplasticizer (SP) was used to achieve suitable workability of the mixture.



This study utilized a hybrid form of dispersed fibers made up of amorphous metallic and nylon fibers to reinforce the cementitious matrix. Figure 4 presents the morphology (Figure 4a) and SEM images (Figure 4b) of the fibers. Table 4 lists the primary physical and mechanical properties of the fibers. The AM fibers featured a ribbon shape and rough surface and exhibited a better bonding performance between the fibers and the matrix than conventional steel fibers (Choe et al. [20], Zhao et al. [21]). Nylon fiber is a kind of synthetic polymer commonly used for concrete structures, with the capabilities of shrinkage prevention, crack width control, and increasing tensile ductility. The hybridization of the fibers was expected to achieve a balance in terms of the strength, strain capacity, and crack width of the cement-based composite. Compared to other fibers, kinds such as carbon, glass, and polyvinyl alcohol (PVA) fibers, nylon fibers are more low-cost. Specifically, they can be produced from potentially recycled products with abundant local sources to meet infrastructure demands. In the present study, AM fibers with a length of 10 mm were investigated, and nylon fibers with sizes of 6 and 12 mm were investigated, considering their effect on the workability of a cement-based mixture.




2.2. Test Parameters


Table 5 summarizes the test parameters and test specimens in this study. For the EG/B ratio and fiber content series, the test specimens were named following the format of “EGX-NYY-AMZ”, where X represents the EG/B ratio, Y represents the volume fraction of nylon fibers (in %), and Z represents the volume fraction of AM fibers (in %). For instance, EG0.2-NY1.0-AM0.5 represents the specimen containing 1.0% nylon and 0.5% AM fibers in the cement-based matrix.



The main test parameters included: (1) EG/B ratio, (2) fiber volume content ratio, and (3) nylon fiber length in the hybrid system. For the first parameter, the effects of the EG/B ratios of 0.2 and 0.3 were investigated for specimens containing 1.0% nylon and 0.5% AM fibers (EG0.2-NY1.0-AM0.5 and EG0.3-NY1.0-AM0.5), and for specimens containing 0.5% nylon and 1.0% AM fibers (EG0.2-NY0.5-AM1.0 and EG0.3-NY0.5-AM1.0). For the second parameter, the effect of the fiber volume content ratio was investigated. A base cement-based matrix with EG/B = 0.3 was used in this test series. Specifically, RE-EG0.3 was the specimen without fibers; for specimens EG0.3-NY1.0-AM0.5, EG0.3-NY0.75-AM0.75, and EG0.3-NY0.5-AM1.0, the volume fraction of nylon fibers and AM fibers varied from 0.5% to 1.0%, with the total volume fraction of the hybrid system kept at a constant of 1.5%. For the third parameter, the effect of the nylon fiber length was investigated. Specifically, specimens EG0.3-NY12-AM15 and EG0.3-NY6-AM15 utilized 12 mm- and 6 mm-nylon fibers, respectively. This series of specimens was fabricated with the EG/B ratio, the fiber volume fraction of nylon, and the AM fiber content corresponding to 0.3, 1.0%, and 0.5%, respectively.




2.3. Specimen Preparation and Mixing Procedure


Two types of specimens were prepared. The first type was used for the compressive test. According to ASTM C109/C109M [22], the cube specimens with dimensions of 50 mm × 50 mm × 50 mm were cast. The second type was used for the flexural test. According to ASTM C 1609 [23], beam specimens with dimensions of 100 mm × 100 mm × 400 mm were cast.



Figure 5 shows the mixing sequence as follows: the plain mix was prepared by first mixing the binder (cement and microsilica) and the EG particles in a pan mixer for about 1 min to achieve a uniform distribution. Water was then added and mixed for 3–4 min. Afterward, the super-plasticizer was gradually added and mixed for about 3–4 min to achieve the expected flowability. The nylon fibers were then added to the fresh mixture and mixed for an extra 3–4 min, followed by an additional 2–3 min mixing after adding the AM fibers. After mixing, the fresh mixture was poured into molds and covered by plastic layers to prevent premature water evaporation and shrinkage. The specimens were demolded after 24 h and then dry-cured for 28 days in laboratory conditions before performing tests.




2.4. Experimental Setup and Measuring Devices


The compressive performance of the test specimen was determined based on ASTM C109/C109 M [22]. Figure 6 presents the compressive test setup. Uniaxial compressive testing was carried out with a loading rate of 78 kN/min.



Figure 7 presents the flexural test setup. A four-point flexural test setup was carried out in accordance with ASTM C 1609 [23], with a loading velocity of 0.05 mm/min using the displacement control method. Two linear variable differential transformers (LVDTs) were mounted on the specimens at two opposite sides to measure their deflection at the mid-span. A load cell was used to measure the loading data during the flexural tests. The flexural loading was generated through a universal testing machine (UTM) of a 1000 kN capacity. For the compressive and flexural tests, three replicas were carried out for each specimen.





3. Experimental Results and Discussion


3.1. Compressive Strength


Figure 8 shows the influence of the different parameters on the compressive strength of the lightweight cement-based composites. Figure 8a indicates that increasing the EG/B ratio from 0.2 to 0.3 led to a reduction in the compressive strength, which could be attributed to the increase in the hollow degree of the matrix; however, the reduction degree was insignificant. Specifically, by increasing the EG/B ratio from 0.2 to 0.3, the specimens without fibers showed a reduction of 14.2%, the specimens containing 1.0% nylon fiber and 0.5% AM fiber showed a decrease of 17.5%, and the specimens containing 0.5% nylon fiber and 1.0% AM fiber showed a reduction of 15.3%. The densities of the cement-based matrix corresponding to the EG/B ratios of 0.2 and 0.3% were measured as 1630 and 1494 kg/m3, respectively. It should be noted that the densities of the LW cement-based matrices were evaluated by the water displacement method [24] after 28 days.



Figure 8b shows the effect of the fiber volume content of the hybrid type on the compressive strength of the cement-based composites. In general, the variation in the nylon and AM fiber contents in the hybrid fiber type with a total volume dosage of 1.5% insignificantly affected the compressive strength of the composite material. Compared to the control specimen without adding fibers, the cement-based mixtures containing 1.0% nylon fiber combined with 0.5% AM fiber and 0.5% nylon fiber combined with 1.0% AM fiber showed differences of only 3.80% and 2.30%, respectively, in the compressive strength. Meanwhile, the cement-based mixtures containing the same nylon and AM fiber dosage of 0.75% showed a reduction of 10.70%.



Figure 8c shows the effect of the nylon fiber length on the compressive strength of cement-based composites. The compressive strength of the mixture using 6 mm nylon fibers was measured as 38.60 MPa, which was mostly the same as the control type without fibers (40.20 MPa). The test results indicate that the compressive strength of the mixture using nylon fibers with a longer length of 12 mm led to a reduction of approximately 13% compared to that of the 6 mm nylon fibers. This could be attributed to the fact that using nylon fibers with a longer fiber length negatively affects the fiber dispersion, as they are clustered together and overlapped, leading to increases in the voids and porosity inside the matrix [25].




3.2. Flexural Performance


Based on the test results, the flexural properties of the materials were evaluated in accordance with ASTM C 1609 [23]. Table 6 summarizes the primary outcomes, including the flexural strength (fp), deflection peak load (δp), and flexural toughness. The flexural strength, fp, of the test specimens was evaluated as per ASTM C 1609 [23] by the following formula:


   f p  =    P p   L c    b  d c 2     



(1)




where Pp is the peak load, Lc is the distance between two supports, b is the width of the specimen, and dc is the height of the specimen.



Furthermore, the ductility of the lightweight cement-based composites represented by their flexural toughness was computed as the area under the load–deflection curves until a specific deflection value of Lc/150, as shown in Figure 9. It should be noted that the toughness value of the specimen without adding fibers (RE-EG0.3) was calculated as the area under the load–deflection curves until the peak load point owing to its brittleness.



3.2.1. Effect of EG/B Ratios


Figure 10 shows the effect of the EG/B ratios on the flexural load–deflection curves for the specimens containing 0.5% nylon fiber + 1.0% AM fiber (Figure 10a) and the specimens containing 1.0% nylon fiber + 0.5% AM fiber (Figure 10b). The results show that the amount of EG particles existing in the composites generally affected the flexural behavior of the lightweight cement-based composites less in terms of their initial stiffness, strength, and ductility.



The effect of the EG/B ratio on the flexural parameters is presented in Figure 11. In Figure 11a, when increasing the EG/B ratio from 0.2 to 0.3, for the composites containing 1.0% nylon fiber incorporated with 0.5% AM fiber and 0.5% nylon fiber combined with 1.0% AM fiber, the differences in the flexural strength obtained were 4.4% and 1.5%, respectively. Meanwhile, in Figure 11b, the values regarding the differences in the flexural toughness were 4.2% and 0.2%, respectively.




3.2.2. Effect of Fiber Volume Fraction Ratio


The results in Figure 12 show the effect of the fiber volume fraction ratio on the flexural load–deflection curves. The results show that the inclusion of the hybrid fibers significantly improved the flexural behavior of the lightweight cement-based composites compared to the plain type without fibers. In addition, from the figure, the contribution of the AM and nylon fiber content ratio within a total volume fraction of the hybrid type of 1.5% was evaluated. Generally speaking, the flexural strength and deflection capacity at the peak load proportionally increased with an increasing AM fiber content in the hybrid system.



To be more specific, as indicated in Figure 13a, the mean flexural strength values of the specimens EG0.3-NY1.0-AM0.5, EG0.3-NY0.75-AM0.75, and EG0.3-NY0.5-AM1.0 were computed as 5.69, 6.97, and 8.38 (MPa), respectively, with COVs of 0.112, 0.074, and 0.107, respectively. Such values were approximately 14.40%, 40.30%, and 68.60% greater than that of RE-EG0.3. Additionally, increasing the AM volume content from 0.5% to 1.0% in a total fraction of 1.5% of hybrid fibers increased the mean flexural strength from 22.60% to 47.40%.



Furthermore, the inclusion of increasing the content of AM fibers within the matrix resulted in greater residual stress and flexural toughness as well. As shown in Figure 13b, the mean flexural toughness of specimens EG0.3-NY0.75-AM0.75 and EG0.3-NY0.5-AM1.0 were computed as 32.86 and 36.18 (kNmm), respectively, which were approximately 42.80%, and 57.20% greater than that of EG0.3-NY1.0-AM0.5. Compared to the specimen without fibers, RE-EG0.3, the flexural toughness of EG0.3-NY1.0-AM0.5, EG0.3-NY0.75-AM0.75, and EG0.3-NY0.5-AM1.0 improved by approximately 361.9%, 559.5%, and 626.1%, respectively.




3.2.3. Effect of Nylon Fiber Length


Figure 14 shows the effect of the length of nylon fibers on the flexural load–deflection curves of the lightweight cement-based composites. The results show that the nylon fiber length exhibited negligible effects on the flexural strength but significantly affected the deformation capacity at the peak load and the residual strength in the post-peak stage.



The effect of the nylon fiber length on the primary flexural parameters is presented in Figure 15. As shown in Figure 15a, the mean flexural strengths of specimens EG0.3-NY12-AM10 and EG0.3-NY6-AM10, using 6 mm- and 12 mm-nylon fibers, respectively, were mostly the same (5.58 and 5.69 MPa, respectively). Nevertheless, the deflection capacity at the peak load of EG0.3-NY12-AM10 was observed to be approximately two times larger than that of EG0.3-NY6-AM10 (Figure 15b).



Regarding the flexural behavior in the post-peak stage, Figure 15d shows the comparative results in terms of the residual strength of the test specimens using different nylon fiber lengths. The residual strength was obtained from the flexural stress–deflection curves after the peak load corresponding to a specific deflection value of Lc/150. The results indicate that the residual strength of specimen EG0.3-NY12-AM10 using a nylon fiber length of 12 mm was 2.80 MPa, approximately 1.6 times greater than that of EG0.3-NY16-AM10 using a nylon fiber length of 6 mm. Consequently, the flexural toughness of EG0.3-NY12-AM10 was roughly 1.2 times greater than that of EG0.3-NY16-AM10, as presented in Figure 15c.



Generally speaking, the utilization of longer lengths of nylon fibers (12 mm) in the hybrid system could enhance the flexural characteristics in the post-peak stage, such as the residual resistance and flexural toughness, when compared to the shorter ones (6 mm). The results emphasize the role of longer-length fibers in enhancing the tensile stress transfer mechanism through macro-crack development after attaining the peak load to restrain the crack opening (Yu et al. [26], Park et al. [27]). Nonetheless, adverse effects regarding fiber dispersion and workability, which affect the compressive strength, should be considered to accomplish a composite with reasonable mechanical characteristics.





3.3. Fracture Characteristics


The fracture surfaces of the specimens after the flexural tests are shown in Figure 16. After the peak load, it was observed that the AM fibers were fractured, whereas the nylon fibers were pulled out. The results reveal that the AM fibers showed greater bonding strength inside the lightweight matrix than their tensile strength, leading to brittle behavior. Compared to the AM fibers, the nylon fibers showed lower bonding strength than their tensile strength and high elongation, leading to the pull-out behavior. Therefore, from a structural point of view, the high bonding strength of the AM fibers is expected to be beneficial in the flexural behavior of the composites in the pre-peak stage. Meanwhile, the pull-out characteristic of the nylon fibers is expected to be beneficial in the post-peak stage and contribute to residual stress resistance.





4. Conclusions


The present study developed a new type of lightweight and high-performance cement-based composite for application in thin components of buildings. For fabricating the composites, EG particles from industrial refractory materials and a hybrid fiber type made up of short AM and nylon fibers were utilized. The compressive and flexural properties of the developed cement-based composites were experimentally investigated. From the test results, the primary conclusions can be drawn as follows:




	(1)

	
Increasing the EG/B ratio from 0.2 to 0.3 resulted in a reduction of the compressive strength by a range of 14.2% to 15.3% due to the increase in the hollow extent of the matrix. A similar tendency was observed regarding the variation in the nylon fiber content of the hybrid fiber type, with a reduction in the compressive strength by a range of 2.3% to 10.7%. In addition, the utilization of nylon fibers with a longer length of 12 mm resulted in a compressive strength reduction of approximately 13% compared to that of the 6 mm nylon fibers.




	(2)

	
Regarding the fracture characteristics in flexure, the test results reveal that the AM fibers showed brittle behavior owing to a greater bonding strength inside the lightweight matrix than their tensile strength; meanwhile, the nylon fibers showed pull-out behavior due to a high elongation capacity and a lower bonding strength than their tensile strength.




	(3)

	
The amount of EG particles in the composites generally affected the flexural behavior of the lightweight cement-based composites less in terms of their initial stiffness, strength, and ductility. When increasing the EG/B ratio from 0.2 to 0.3, the difference in the flexural strength was in a range of 1.5% to 4.4%, and the values regarding the difference in flexural toughness were in a range from 0.2% to 4.2%.




	(4)

	
Increasing the AM fiber content from 0.5% to 1.0% in the hybrid system proportionally improved the mean flexural strength from 22.60% to 47.40%, as well as the deflection capacity at the peak load. In addition, in the post-peak stage, increasing the content of AM fibers within the matrix resulted in better ductility, represented by the improvement in the residual stress and flexural toughness. Compared to the specimen containing an AM volume fraction of 0.5%, the mean flexural toughness of those containing an AM volume fraction of 0.75% and 1.0% improved approximately by 42.80% and 57.20%, respectively. Such values regarding the improvement of the residual strength at a deflection of Lc/150 were 78.9% and 47.7%, respectively.




	(5)

	
The nylon fiber length exhibited negligible effects on the flexural strength but significantly affected the deformation capacity at the peak load and the residual strength in the post-peak stage. The utilization of longer lengths of nylon fibers (12 mm) in the hybrid fiber type enhanced the flexural characteristics in the post-peak stage, such as the residual resistance and flexural toughness, when compared to the shorter ones (6 mm). Compared to the specimen using a 6 mm nylon fiber length, the specimen using a 12 mm nylon fiber length exhibited residual strength 1.6 times and 1.2 times higher corresponding to Lc/150 and the flexural toughness, respectively.
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Figure 1. The processes of expanding, cooling, and sieving EG particles (reproduced from Sommariva and Weinberger [7], AIDIC/CET is acknowledged as source and the copyright is respected). 
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Figure 2. Morphologies of expanded glass particles and microsilica: (a) morphology of EG particles; (b) morphology of microsilica. 
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Figure 3. Particle size distributions of components for cement-based matrix. 
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Figure 4. Morphology and SEM images of the fibers used in this study: (a) morphology of the fibers; (b) SEM images of the fibers. 
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Figure 5. Mixing sequence of LW cement-based composites. 
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Figure 6. Compressive test setup. 
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Figure 7. Flexural test setup. 
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Figure 8. Effects of different parameters on compressive strength of lightweight cement-based composites: (a) effect of EG amount; (b) effect of fiber volume content; (c) effect of fiber length. 
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Figure 9. Evaluation of flexural properties in accordance with ASTM C 1609 [23]. 
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Figure 10. Effects of EG/B ratios on flexural load–deflection curves: (a) nylon 0.5% + AM 1.0%; (b) nylon 1.0% + AM 0.5%. 
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Figure 11. Effects of EG/B ratios on flexural properties: (a) on flexural strength; (b) on flexural toughness. 
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Figure 12. Effect of fiber volume fractions on flexural load–deflection curves. 
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Figure 13. Effects of fiber volume fractions on flexural parameters: (a) on flexural strength; (b) on flexural toughness. 
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Figure 14. Effect of nylon fiber length on flexural load–deflection curves. 
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Figure 15. Effects of nylon fiber length on flexural parameters: (a) on flexural strength; (b) on deflection; (c) on flexural toughness; (d) on residual strength. 
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Figure 16. Morphology and SEM image of fracture surfaces of test specimens. 
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Table 1. Physical and mechanical properties of EG.
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	Properties
	Unit
	Standard
	Values





	Particle size
	mm
	ASTM C136 [13]
	0.25–0.5



	Fineness modulus
	–
	–
	1.92



	Bulk density
	kg/m3
	ASTM C29/C29M [14]
	340



	Apparent density
	kg/m3
	ASTM C128 [15]
	680



	Compressive strength
	MPa
	BS EN 13055:2016 [16]
	2.6



	Water absorption by mass
	Mass. %
	ASTM C128 [15]
	28



	Thermal conductivity
	W/m.K
	–
	0.07



	Color
	–
	–
	Creamy white










 





Table 2. Mix proportions of LW cement-based composites.
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Mix IDs

	
Mix Proportions of Matrix by Mass of Total Binder




	
W/B *

	
Binder

	
EG/B *

	
Sand

	
SP *, % by Mass of Binder




	
Cement

	
Microsilica






	
LCEG02

	
0.35

	
0.9

	
0.1

	
0.2

	
–

	
0.1




	
LCEG03

	
0.35

	
0.9

	
0.1

	
0.3

	
–

	
0.2








* W/B = water-to-binder ratio, EG/B = expanded glass-to-binder ratio, SP = superplasticizer.













 





Table 3. Chemical composition, clinker minerals, and physical properties of Portland cement and silica fume.
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	Chemical Composition
	Portland Cement
	Microsilica





	SiO2, %
	20.2
	91.2



	Al2O3, %
	58.0
	1.3



	Fe2O3, %
	3.0
	0.8



	CaO, %
	63.3
	0.7



	MgO, %
	3.4
	0.3



	SO3, %
	2.1
	-



	Clinker Minerals
	
	



	C3S, %
	54.9
	-



	C2S, %
	16.6
	-



	C3A, %
	10.3
	-



	C4AF, %
	9.1
	-



	Physical properties
	
	



	Specific gravity
	3.2
	2.2



	Fineness, m2/kg
	312
	20.47










 





Table 4. Properties of nylon and AM fibers.
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	Fiber Types
	Length

(mm)
	Diameter

(µm)
	Width

(mm)
	Thickness

(µm)
	Density

(kg/m3)
	Elastic Modulus

(GPa)





	Amorphous metallic
	10
	-
	1.0
	24
	7200
	140



	Nylon
	6, 12
	26
	-
	-
	1160
	2.7










 





Table 5. Details of test specimens.
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Test Parameters

	
Specimens

	
EG/B Ratio

	
Fiber Volume Fraction (%)

	
Fiber Length (mm)




	
Vf,ny

	
Vf,AM

	
Lf,ny

	
Lf,AM






	
EG/B ratio

	
EG0.2-NY1.0-AM0.5

	
0.2

	
1.00

	
0.50

	
6

	
10




	
EG0.2-NY0.5-AM1.0

	
0.2

	
0.50

	
1.00

	
6

	
10




	
EG0.3-NY1.0-AM0.5 (1)

	
0.3

	
1.00

	
0.50

	
6

	
10




	
EG0.3-NY0.5-AM1.0 (2)

	
0.3

	
0.50

	
1.00

	
6

	
10




	
Fiber volume content ratio

	
RE-EG0.3

	
0.3

	
-

	
-

	
-

	
-




	
EG0.3-NY1.0-AM0.5 (1)

	
0.3

	
1.00

	
0.50

	
6

	
10




	
EG0.3-NY0.75-AM0.75

	
0.3

	
0.75

	
0.75

	
6

	
10




	
EG0.3-NY0.5-AM1.0 (2)

	
0.3

	
0.50

	
1.00

	
6

	
10




	
Fiber length (nylon)

	
EG0.3-NY12-AM10

	
0.3

	
1.00

	
0.50

	
12

	
10




	
EG0.3-NY6-AM10 (1)

	
0.3

	
1.00

	
0.50

	
6

	
10








(1) The same specimens; (2) the same specimens.













 





Table 6. Summary of flexural test results.
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Test Specimens

	
Flexural Characteristics




	
fp

(MPa)

	
δp

(mm)

	
Toughness

(KNmm)

	
Residual Strength at Lc/150

(MPa)




	
Mean

	
COV

	
Mean

	
COV

	
Mean

	
COV

	
Mean

	
COV






	
EG0.2-NY1.0-AM0.5

	
5.44

	
0.063

	
0.28

	
0.357

	
24.03

	
0.092

	
2.52

	
0.190




	
EG0.2-NY0.5-AM1.0

	
8.26

	
0.080

	
0.63

	
0.311

	
36.26

	
0.089

	
3.46

	
0.180




	
EG0.3-NY1.0-AM0.5 (1)

	
5.69

	
0.050

	
0.34

	
0.310

	
23.01

	
0.112

	
1.76

	
0.107




	
EG0.3-NY0.5-AM1.0 (2)

	
8.38

	
0.042

	
0.59

	
0.108

	
36.18

	
0.107

	
2.60

	
0.284




	
RE-EG0.3

	
4.97

	
0.054

	
0.33

	
0.293

	
4.98

	
0.204

	
-

	
-




	
EG0.3-NY1.0-AM0.5 (1)

	
5.69

	
0.050

	
0.34

	
0.310

	
23.01

	
0.112

	
1.76

	
0.107




	
EG0.3-NY0.75-AM0.75

	
6.97

	
0.099

	
0.46

	
0.288

	
32.86

	
0.074

	
3.15

	
0.010




	
EG0.3-NY0.5-AM1.0 (2)

	
8.38

	
0.042

	
0.59

	
0.108

	
36.18

	
0.107

	
2.60

	
0.284




	
EG0.3-NY12-AM10

	
5.58

	
0.050

	
0.79

	
0.105

	
27.53

	
0.025

	
2.80

	
0.117




	
EG0.3-NY6-AM10 (1)

	
5.69

	
0.050

	
0.34

	
0.310

	
23.01

	
0.112

	
1.76

	
0.107








(1) The same specimens; (2) the same specimens.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).



























media/file13.jpg
PR P2

wd

001

Al A 100
<100, 100 ., 100

- > Unittmm A=

B

(a) Specimen details

Universal

testing
machine

i

ryhin
9t o3 B GorpT






media/file4.png
Noe Feacton = Line 1 Bty Sgnal A = nlens Dute 2 Sep 2

Scan Sgee0 =) Aperture Sze = 000 UM e s L
on

N= 80 Mo Cumen






media/file30.png
1 1 1 1 1 1 1
< x® O = N _
— - - - - -
(wu) peof yead e uondIJFI(I
1 1 1 1 1 1 1 1 1
- o0 O AN Q! -
—

(BdIN) Yrduans [eanxa|,]

Nylon 6

Nylon 12

Nylon 6

Nylon 12

(b)

(a)

Q! AN o @\ —
(BdIN) Yrsuans [enpisoy
- - -
(Qp) @\ —

(wuNy) ssauysno) [eInxayq

Nylon 6

Nylon 12

Nylon 6

Nylon 12

(d)

(c)





media/file18.png
>

Flexural
toughness

<

_
Dlp
peoJ [eInxa[ g

Deflection

L./150





media/file21.jpg
Flexural strength

. z
o I
1 I
H
o
o
Nylon L% Nylon0.57% Nylon0.%4
Paos AV S

(a)

(b)






media/file26.png
Flexural strength (MPa)

Nylon 0.5% + Nylon 0.75% + Nylon 1.0% +
AM 1.0% AM 0.75% AM 0.5%

(a)

] () = N
- - - -

Flexural toughness (kNmm)
=

Nylon 0.5% + Nylon 0.75% + Nylon 1.0% +
AM 1.0% AM 0.75% AM 0.5%

(b)






media/file27.jpg
Flexural load (kN)

- = N
o w S u

[

—Nylon 6
——Nylon 12

2 3 4 S
Deflection (mm)






media/file3.jpg





media/file22.png
Flexural strength (MPa)

10

m EG/B=0.2
EG/B=0.3

N
-

Nylon 1.0%
+ AM 0.5%

~ m EG/B=0.2
I %40 - EG/B=0.3

=

§3O -

3 I

220 t

E

< 10 |

=

[

0

Nylon 0.5% Nylon 1.0%
+AM 1.0% + AM 0.5%

(a)

Nylon 0.5%
+ AM 1.0%

(b)





media/file19.jpg
Flexural load (kN)

—tanor

— kw03

T
— a0

3 4 s
Deflection (mm)

(a)

3 4 s 6
Defiecton (mm)

(b)






media/file7.jpg
Amorphous metallic fibres Nylon fibres






media/file28.png
o
N

——Nylon 6
—— Nylon 12

(]
)

[am—
N

w—
o

Flexural load (kN)
N

0 1 2 3 4 5
Deflection (mm)





media/file10.png
(1 min)

-

\_

Binder
(Cement +

Silica fume)

N

LW aggregates

—

Y

(3 =4 min)
R e
Super-
Water

plasticizer

(3 =4 min)

Fresh cement’
composite





media/file32.png
- X ¥
ay r 5 T
) : ) P
SV '
s I ‘_* Y S
- L i
) . L
‘ . J
o i
) I
9 9 9 D e = . .
Mag = Noise Reduction = Drift Comp. Frar@agngl BusinLens Date 29 Sep 2022
. Scan Speed = 1 Aperture Size = 30.00 pym  Gun Vacwum = 1.520.003 mbar zms
) e 0 A DT E N=70 High Current = Off System Vacuim = 4.430.008 mbar





media/file14.png
P/2 P/2

IS

“oor T

A A A < 100,
L 100 >< 100 > < 100 J Unitt mm A-A

(a) Specimen details

S |
< N Universal §
_Load cell | I testing |
‘ ‘ : : !

S .
g g machine
1 1 /A
= - J‘
— 3 ~r ‘/——

-
/
V'm M3 hinh ff\-’njhe_‘ln
; JL B D¢ toi csp B3 GDrPT

qs6: B2022-pNA-o1

l—> |
— — o Ay

Test specimen

LVD

-

(b) Test setup





media/file11.jpg
iy © B ] L,
/I [ Wik
1
.

o
i
‘






media/file6.png
Culmulative passing (%)

80

60

40

20

0

' ! *
—— Expanded glass I. ot =
7
= %= Portland cement . P
- B -=Microsilica .’
/ /
. /
£ 4
. /
n” 7
] V4
B p 3
0.01 <0.05 0.1 1

Particle size (mm)

10





media/file15.jpg
3

o ST
[
[
f—

(6 Efect offber volume content

Pt

(©) Eflect of iber length





nav.xhtml


  materials-16-04457


  
    		
      materials-16-04457
    


  




  





media/file16.png
60

50

40

30

20

Compresive strength (MPa)

10

50

40

30

20

Compresive strength (MPa)

10

Without fibers Nylon 1.0% + AM  Nylon 0.5% + AM

0.5% 1.0%
Mixture type ‘ EEGO0.2 EGO.3‘
(a) Effect of EG amount

Nylon 12 Nylon 6
Fiber length

(c) Effect of fiber length

Compresive strength (MPa)

50

40

30

20

10

Without fibers Nylon 1.0% + Nylon 0.75% + Nylon 0.5% +
AM 0.5% AM 0.75% AM 1.0%

Fiber volumn fraction (%)

(b) Effect of fiber volume content






media/file2.png
Expanding process
| " X

,,-;

/’/

Y3 "*ﬁ?@@% =

\
S

L eod L L






media/file20.png
10

Flexural load (kN)
(\®
S

—EG/B=0.2
——EG/B=0.3

3
Deflection (mm)

(a)

4 5

Flexural load (kN)

——EG/B=0.2
——EG/B=0.3

Deflection (mm)

(b)






media/file23.jpg
Flexural load (kN)

10

- = =RE-EG0.3

——— Nylon 0.5% + AM 1.0%
—— Nylon 0.75% + AM 0.75%
—— Nylon 1.0% + AM 0.5%

2 3 4 5
Deflection (mm)






media/file5.jpg
100

= o Expanded gass VES
<80 || —» pontnd cemenn
2 — B ~Microslica
i
g
£
22
g
0 -

001 <005 01 1
Particle size (mm)






media/file24.png
Flexural load (kN)

- = =RE-EGO0.3

—— Nylon 0.5% + AM 1.0%
— Nylon 0.75% + AM 0.75%
—— Nylon 1.0% + AM 0.5%

2 3 4 5
Deflection (mm)






media/file33.png





media/file29.jpg
Nylon 12

@

Nylon 6

Nylon 12

()

Nylon 6

Nylon 12

()

Nylon 6

Nylon 12

(d)

Nylon 6






media/file1.jpg
7
% L°

—

Le





media/file31.jpg
Pull-out of nylon fibres
O Rupture of AM fibres






media/file25.jpg
Flexural strength (MPa)

Nylon 0.5
AMI

% + Nylon 0.75% + Nylon 1.0% + Nylon 0.5% + Nylon 0.75% + Nylon 1.0% +
AMOTS%  AMOS% AMLO%  AMOTS%  AMOS%

(a) (b)






media/file12.png





media/file9.jpg
(min) _ (~4min) (34 min)

Qo E gl
Binder

(Cement+

Super-

Silca fume) = Water
Lw

seregtes P






media/file8.png
“

s

o
-

Aral

&

«

L5

C2d

— A — -
A - « &
e R s .

. N S B et

PO POCBen = Lt TE By

.

gy

e






media/file17.jpg
Flexural
toughness

g
El
=
a4
=

»

~h.

&
&

Deflection





