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Abstract

:

In recent years, geopolymer concrete (GC) has become more popular in construction because of its multiple benefits, such as eco-friendliness, high temperature resistance and resistance to chemical attack in harsh environments. However, GC has limited deformation capability and tensile strength compared to ordinary concrete. Geopolymer fibrous concrete (GFC) exhibits high mechanical properties, such as compressive strength and impact strength. This study aimed to develop a novel composite comprising GFC at the tension zone and GC at the compression zone, and vice versa, are these composites were examined. The impact resistance of two-layered GC-GFC with various ratios (25–75, 50–50, 75–25%) was examined. In addition, a single layer specimen comprising GC and GFC was fabricated and tested as the reference specimen. Twenty-nine mixtures were developed and divided into four series. Four different types of fibre were used in this study; short polypropylene fibre, long polypropylene fibre, short steel fibre and long steel fibre. The ACI committee 544 drop weight test was used to evaluate the impact strength of specimens. Results indicated that the impact strength of GFC was significantly improved in long steel fibre-based specimens. In addition, two-layered specimens comprising different fibres—short polypropylene, long polypropylene, short steel and long steel—exhibited a positive influence on impact strength. Compared to a single-layer specimen, inferior impact strength was recorded in the two-layered specimen.
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1. Introduction


Geopolymer concrete (GC) has become more established in building technologies as a greener option for ordinary Portland cement in recent years, to create renewable and eco-friendly composites. Production of ordinary Portland cement generally results in an increase of around 900–1000 kg of CO2 in the environment for every 1000 kg of cement produced [1,2,3,4]. Using ordinary Portland cement as a binder in construction poses a major environmental risk, and hence it must be reduced or eliminated. Several pozzolanic materials with high silicon content and alumina, such as ground granulated blast furnace slag (GGBFS), metakaolin (MK) and fly ash (FA), have recently emerged as potential new building materials, collectively known as GC [5]. Polycondensation of silicon and alumina precursors with an alkaline solution is required to generate a chain structure, which is required for geopolymer binders to function [6]. As a result, geopolymer binders are now a cutting-edge material capable of enhancing concrete performance in terms of creep, shrinkage, acid resistance, fire resistance and compressive strength [7]. GC has been demonstrated to have mechanical properties, strength and stiffness qualities that are equivalent to those of traditional ordinary Portland cement-based concrete [8]. As a result, GC has been progressively employed in the building of structural components, such as slabs, walls, columns and beams, during the past two decades [9,10,11]. Despite inheriting higher plastic/drying shrinkage and brittleness, geopolymers enriched in aluminosilicates show significantly reduced tensile and flexural strengths, and limited deformation capability when subjected to moderate mechanical load or shrinkage forces. As a result, they experience sudden failure due to the proliferation and coalescence of minute cracks developed both in the pre-hardened and the hardened states [12,13].



The inclusion of randomly dispersed fibres as internal reinforcement is a typical method for improving concrete’s post-peak performance. Fibres have been demonstrated to be capable of delivering the required mechanical properties in a timely way [14]. Fibres act as a bridge across cracks, narrowing their breadth and decreasing their inclination to spread, hence increasing strain softening. This changes the material’s failure mode from brittle to ductile, which is a more desirable outcome. Studies reported that the inclusion of fibres in geopolymers has also been shown to improve their fracture toughness and splitting tensile strength [15,16], because the integration of fibre geopolymers can absorb more energy under external tensile load [17]. A greater level of energy is needed to draw fibre out and progress crack propagation in composites during fibre bridging [18]. This energy need is mostly determined by the fibre orientation, fibre count, fibre stiffness and bondage between fibre and binder. However, fibre content over a particular threshold has been observed to increase the lack of uniformity with the establishment of fibre concentration spots in the matrix. Entanglement of fibres results in porosity and a weaker composite due to fresh matrix flow being impeded. Steel fibre added to a geopolymer composite increased its strength by 54%, according to Sukontasukkul et al. [19]. Polypropylene fibres were shown to be the most effective in creating lightweight geopolymer concrete with a low density and high compressive strength, according to Mohseni et al. [20]. Precursor-based geopolymer synthesis using Nano-Al2O3 and rice husk ash together with lightweight aggregates resulted in concrete with a slightly enhanced compressive strength of 1.4% and 2.3%, respectively. Shaikh [21] reported that the compressive strength was reduced, while the insertion of fibres resulted in significant improvements in the splitting tensile and flexural strengths. Steel fibres with high modulus are most likely responsible for their enhanced flexural strength. Ganesan et al. [22] reported steel fibre has been shown to improve splitting tensile strength by 23% for a 0.25 % dosage and up to 62% for a 1% dosage, according to the research. Patil et al. [23] studied the polypropylene-based GFC with solution of sodium hydroxide/sodium silicate = 2.5 and alkaline liquids/fly ash = 5. Findings indicated that adding 1.5% dosage of 20 mm polypropylene fibre to GC improved its flexural strength, split tensile strength and compressive strength by 19%, 12% and 8%, respectively.



Although several studies have been undertaken on the mechanical and durability of GFC, the impact performance of GFC is unexplored and only a limited number of studies is available. Li et al. [24] examined the impact behaviours of basalt fibre-based GFC using the split Hopkinson pressure bar test. Findings indicated that the basalt fibre addition showed a considerable increase in deformation performance and energy absorption, but exhibited less improvement in dynamic compressive strength. The orientation of steel fibres in GFC plays a crucial role in defining its mechanical properties under impact stress, according to Jacob et al. [25]. Puertas et al. [26] compared the impact resistance of acrylic and polypropylene fibre-based geopolymer mortar. Results revealed that the polypropylene fibres outperformed acrylic fibres in terms of impact resistance improvement. Ulzurrun et al. [27] demonstrated adding a 1% dosage of steel fibre changes the mode of failure from shear to flexure, results in a higher impact performance. Asrani et al. [28] investigated the impact behaviour of GFC against drop weight impact. The mono and hybrid glass, polypropylene and steel fibres were used to produce the GFC mixes. Results indicated that the inclusion of 1% steel, 0.3% polypropylene and 0.3% glass fibre hybridization showed an increase in maximum impact strength for first crack and failure by 7.9 and 10.4 times respectively, compared to non-fibrous GC. An improvement in impact ductility was found in the range of 8.6% to 196.1% when mono and hybrid fibres were used in the GC.



Nikbakht et al. [1] investigated the structural behaviour of hybrid beams made up of two separate layers of GC and high-performance concrete (HPC) with various ratios (50–50%, 75–25%). Additionally, the shear strength, fracture patterns, failure modes, ductility and energy absorption of beams with and without shear reinforcement were examined. The findings reveal that hybrid composite beams without shear reinforcement have lower ultimate strength than full-depth GC and HPC beams, due to substantial debonding between the GPC and HPC layers. Cao et al. [29] investigated the impact resistance of ultra-high performance concrete beams that were constructed of single and double layers of reinforced concrete. The single-layered beam had a thickness of 100 mm. The top and bottom layers of the double-layered beam had thicknesses of 40 and 60 mm, respectively. In the top and bottom layers, several fibre schemes (mono and hybrid) were used. Results indicated that a 28% increase in absorbed impact energy may be achieved by the double-layered beam, compared to the similar single-layered beam with the same fibre quantity. Nandhu prasad et al. [30] investigated the projectile impact performance of three-layered functionally graded preplaced aggregate fibrous concrete. Steel and polypropylene fibres were used in three layers with different dosages and hybrid combinations. Findings revealed a greater reduction in the damaged area with impact blows for three-layered concrete than for two-layer concrete. A greater number of fibres were provided in the top layer, resulting in a significant reduction in penetration depth and damage area.



Despite the research noted above, the research on the impact response of GFC is severely lacking in information, particularly concerning the use of various types of fibres, because GFC studies are few in number. Although GFC has been used in the construction sector, it has not yet gained widespread acceptance, and it is still viewed as a new technology. In this study, a novel layered GFC was proposed to attain both high impact resistance and sustainability. Moreover, the impact resistance of GFC is explored with four different types of fibres. In addition, the impacts of a variety of GC-to-GFC ratios in hybrid composites were explored. The experimental findings were compared to those obtained from full-depth GC and GFC specimens. The parameters examined were the number of hits causing first crack and failure, the ductility index and the mode of failure. Layered GFC has the potential to be used in a broad range of impact-resistant applications in critical structures; for example, vehicle accidents on transportation structures, flooring, rock shelters, long-span bridges, structures exposed to cluster bombs, and airfield pavements. Layered GFC is simple to manufacture because the traditional casting procedure is involved layer-wise in GC or GFC.




2. Materials and Methods


2.1. Raw Materials


	
For the binder, Class F fly ash (FA) in compliance with ASTM C618-08 standards [31], provided by Neyveli Lignite Corporation, was used. GC was made using a mixture of silica fume (SF), GGBFS and FA, and the fabricated specimens were cured at room temperature throughout the process. GGBFS and CaO concentrations have been shown to speed up polymerization in previous research [32]. A dense matrix may also be formed by silica fumes that have a lower particle size by reacting more quickly with an alkaline solution [32]. The alkali solutions, GGBFS and SF were supplied by Astra Chemicals Chennai. Table 1 demonstrates the chemical properties of GGBFS, FS and SF. Figure 1 depicts the raw materials used in this study.



	
River sand with a specific gravity of 2.65 and a fineness modulus of 2.41 was used as fine aggregate in accordance with the standards of IS 383 [33]. The particle size of the fine aggregate did not exceed 2.36 mm.



	
Crushed granite gravel having a size of 12.5 was utilized as coarse aggregate in accordance with IS 383 [33]. The bulk density, specific gravity and water absorption of coarse aggregate were 1700 kg/m3, 2.69 and 0.56%, respectively.



	
A superplasticizer (Tech Mix 550) was used with a dosage of 1.5% by cement weight to produce a workable GC.



	
The pozzolanic binders were activated using a mixture of NaOH and Na2SiO3. When preparing an alkaline solution, pellets of sodium hydroxide were liquified in distilled water to the required molar content, and then sodium silicate was added to make an alkaline solution. One day before casting the specimens, the solution was made and stored. A Na2SiO3/NaOH ratio = 1.5 and molar content of 12 were employed in this study. These ratios were determined based on the several trials of the compressive strength test.



	
Four different types of fibres were used: short polypropylene fibre (SPF), long polypropylene fibre (LPF), short steel fibre (SSF) and long steel fibre (LSF). The details of the fibres and their properties are demonstrated in Table 2. The appearance of the four different fibres is shown in Figure 2. The dosage of fibres was taken or calculated based on the volume of the concrete.







2.2. Mixing Combination and Specimen Preparation


Table 3 shows the mixing combination of the base material for the binder (SF, FA and GGBFS), fine and coarse aggregates, and the type of fibres employed in this study. A compressive strength of more than 30 MPa was achieved via several tests with these materials and amounts selected for use. To begin the GFC casting process, dry components such as FA, GGBFS and SF were combined and mixed for 1 min; next, the fine aggregate was added to the mixture and mixed for 2 min. Then, coarse aggregates and fibres were added and the mixture was allowed to mix until the fibres were uniformly distributed. The dry mixture of the GFC is shown in Figure 3a. Alkaline solutions and superplasticizers were then added to a dry mixture and the mixing process was continued for 3 min to obtain a homogenous mixture. The wet mixture of the GFC is shown in Figure 3b. All specimens were cast immediately (within 5 min) to ensure the uniform compaction and density of concrete. After demoulding, specimens were allowed to cure at room temperature (24 °C and 20% relative humidity) for 28 days before the testing process was initiated. The appearance of the cast specimens is shown in Figure 3c, and the sample specimens after demoulding and before testing are shown in Figure 3d.



Twenty-nine mixtures were prepared and divided into four series. The first mixture was designated as GC comprising no fibres and considered as a reference specimen. The next seven mixtures belonged to series one, and all specimens from this series comprised SPF at a dosage of 1.5 %. The first mixture from series one was designated as SPF-F100, which indicated a single-layered specimen. The second, third and fourth mixtures were designated as SPF-75-F25, SPF-50-F50 and SPF-25-F75, respectively. Two-layered concrete was proposed at different depths of the top and bottom layer with GC and GFC. The first term denotes a type of fibre used, the second term denotes the top layer depth in terms of percentage of the full depth, and the third term denotes the bottom layer depth in terms of percentage; “F” denotes the fibrous mixture. Mixtures five, six and seven were the same as mixtures two, three and four, but the top and bottom layer were reversed (GFC mixture at the top layer and GC at the bottom layer). The second, third and fourth series specimens were prepared with LPF, SSF and LSF, respectively. The two-layered scheme used for the first series is the same as that for the other three series except for the type of fibre used. Figure 4 illustrates the details of the layered specimens with different depths of the GC-GFC scheme.




2.3. Drop Weight Impact Testing Device


All specimens were subjected to an impact test to evaluate their impact strength according to ACI Committee 544-2R guidelines [34]. The simplified drop-weight impact test is a simple testing technique and method because it does not need measurement of the vibration, time history or displacement. The test involved raising and dropping a steel hammer having a weight of 4.45 kg, from a height of 457 mm to the top surface of a steel ball placed on top of the specimen. Figure 5 shows the drop-weight impact testing device employed in this study. The impact numbers that caused the specimen’s first visible cracking (A1) and failure (A2) were noted and inspected visually. The crack was defined as a failure when it reached the specimen at the bottom and split it into two pieces.





3. Discussion of Results


3.1. Compressive Strength of GFC


According to ASTM C39 [35], the compressive strength was evaluated using 100 mm cubes. The mean value of three cubes is used for the discussions. The compressive strength was investigated to evaluate the effect of four different fibres and two layers of GC-GFC with various ratios on the compressive behaviour of GFC. The results are illustrated in Figure 6. As shown, the lowest compressive strength (41.34 MPa) was recorded in the GC specimen. The primary cause for GC’s brittle behaviour is a lack of fibre bridging action. Figure 6a depicts the influence of SPF on compressive strength. Introducing specimen SPF-75-F25 having a 25% depth of GFC at the bottom layer and the remaining 75% depth of GC at the top layer exhibited a 4.4% improvement in compressive strength, compared to the reference specimen (GC). Similarly, a specimen (SPF-50-F50) with 50% depth of GFC at the bottom and a 50% depth of GC at the top layer resulted in a 7.5% improvement. The second-highest improvement in strength was exhibited by the SPF-25-F75 specimen, of 11.2% compared to GC. The single-layer specimen (SPF-F100) exhibited a significant improvement in compressive strength, of 14.5%. It is clear from the above discussions that increasing the depth of GFC from 25 to 100% results in a significant improvement in compressive strength. A significant contribution to the improved compressive performance of GFC is due to the bridging action of SPF, which results in the formation of a high-strength core in the GFC specimen against compression stress, which prevents enlargement in the lateral direction [36]. When a specimen is compressed, there is an expansion in the lateral direction that is concentrated at the centre of the specimen’s height. The SPF bridging action enhances the concrete matrix tensile strength and the cohesiveness between the aggregate and concrete paste. This reduced expansion in the lateral direction results in an improvement in the compressive performance of GFC.



Figure 6b depicts the influence of LPF on compressive strength. Figure 6d clearly shows the large improvement in the compressive strength of LPF-75-F25, LPF-50-F50 and LPF-25-F75 specimens, which were 12.41, 19.40 and 30.19%, respectively, compared to GC. However, the specimens consisting of a 100% depth of the GFC mixture resulted in a 35.82% improvement in strength. Increasing the depth of fibrous mixture (GFC) from 25 to 100% led to an excellent enhancement in compressive strength ranging, from 12.41 to 35.82%. This phenomenon is caused by the fibre bridging effect of LPF, which results in a considerable increase in the compressive strength of the GFC. Bridge effect activation occurs during crack initiation, causing the matrix to partially transmit loads to fibres. Compressive strength then increases as the load is transferred between fibres and the interfacing material. Compressive strength may be further improved by increasing the content of fibres, which can significantly increase the overall contact area between the fibres and matrix [37]. The influence of SSF on compressive strength is shown in Figure 6c. The SSF-75-F25, SSF-50-F50 and SSF-25-F75 specimens exhibited an significant improvement in compressive strength, by 14.30, 23.73 and 37.35%, respectively, compared to GC. The compressive strength increased with the increased depth of FGC layers (25–75%). However, the best contribution was recorded from the SSF-F100 specimen, which exhibited a 50.15% strength improvement. The phenomenon of strength improvement is due to SSF, which plays a significant role in boosting the energy absorption capacity in the cracking zone and establishing a nonstop crack tip due to the bridging action of multiplying cracks, consequently serving as a crack arrester [38].



The contribution of LSF in increasing compressive strength was remarkable compared to SPF, LPF and SSF. An excellent increase in compressive strength in LSF-based GFC is shown in Figure 6d. Compared to GC, the compressive strength of LSF-75-F25 was improved by about 42.11%. However, this strength was further improved in the LSF-50-F50 specimen, by about 45.77%. The SSF-25-F75 specimen also exhibited a significant improvement in strength, by 64.15%. The above discussion indicates that increasing the depth of the fibrous layer resulted in increasing compressive strength. The highest compressive strength was exhibited by the LSF-F100 specimen and the improvement was 73.88%, which is a remarkable finding. The reason for this behaviour is that longer fibres were better able to control the formation and crack propagation [39]. Additionally, long fibres (LSF) are superior at resisting macro-cracks that can broadly disperse the crack pattern. The potential of equally dispersed LSFs is usually the primary cause of an inherent improvement in compressive strength, reducing stress concentration and promoting uniform stress in concrete [40]. As a result, bridging occurs when cracks change direction, and strengthening results in a delay in the rate of crack propagation [41]. In summary, the compressive strength was increased with the increase in the depth of the fibre layer for all four types of fibre. Single-layer specimens having a depth of fibres of 100% exhibited a higher compressive strength than the two-layered specimens. Moreover, the performance of LSF showed an excellent contribution to strength enhancement, followed by the SSF, LPF and SPF fibres.




3.2. Impact Test Results


The number of hits causing the first cracking (A1) and failure (A2) of all twenty mixtures are summarized in Table 4. The mean value of three specimens is used for the discussions.



3.2.1. Influence of SPF on the Impact Strength of GFC


The addition of SPF in two-layered GFC positively influenced the impact strength of the composite. Concerning the results attained in two-layered GFC, it is evident from Figure 7 that the greater depth of fibrous layers enhanced the A1 and A2 values of FGC specimens. The recorded A1 and A2 values for the GC specimen were 4 and 5, respectively. This indicates the inferior post crack resistance leading to brittle failure. Compared to the GC specimen, the impact strength enhancement in the first series specimens is discussed as follows:




	
The recorded A1 and A2 values for the SPF-F100 specimens were 22 and 68, respectively, and these values were 5.5 and 13.6 times higher than that of GC.



	
For the SPF-75-F25 specimen, the recorded values were 12 and 50 for A1 and A2, respectively. However, 3.0- and 11.2-fold improvements were recorded for A1 and A2, respectively.



	
The A1 and A2 values reported for the SPF-50-F50 specimens were 15 and 56, respectively, which were 3.75 and 11.2 times higher than the GC values.



	
The A1 and A2 values for the SPF-25-F75 specimens were recorded as 18 and 61, respectively, and these values were 4.5 and 12.2 times higher than those for the GC specimens, respectively.



	
SPF-F25-75 specimens had A1 and A2 values of 14 and 49, which were 3.5 and 9.8 times higher than those of GC.



	
The recorded values for SPF-F50-50 specimens were 17 and 53 for A1 and A2, respectively. However, improvements of 4.25 and 10.6 times were seen for A1 and A2, respectively.



	
For the SPF-F75-25 specimen, the values associated with A1 and A2 were 19 and 58, respectively, as recorded. A1 and A2 had the greatest gains, with increases of 4.75 and 11.6 times, respectively.








SPF added to FGC specimens increased their A1 and A2 values, as we can observe from the results of the research above. The increase in the depth of the second layer comprising SPF resulted in increasing A1 and A2 values. The addition, the fibre and distribution in concrete were the most common causes of a rise in A1 and A2 values. Micro-crack formation is prevented by uniformly dispersed fibres, and better stress homogeneity in concrete is made possible by spreading out the tension across a larger region [42]. Fibre bridging action, which delays crack propagation and lowers the width of the crack, may be accounted for by changing the crack’s direction. Cracks first appeared at the micron size, but as time progressed, they began to appear at the macron scale [43]. Microcracks may be prevented by interconnecting both fractures in the stress zone by the use of fibres such as SPF. As a result, the concrete’s residual strength is enhanced by stress transmission via the fractured region. Furthermore, the inclusion of SPF bridged micro-cracks and slowed their growth as a result of friction bonding between the fibres and matrix [44].




3.2.2. Influence of LPF on the Impact Strength of GFC


Positive impact strength of the composite was observed with the addition of LPF to two-layered GFC, shown in Figure 8. Regarding the findings obtained in two-layered GFC, it is clear from Figure 8 that the greater the depth of fibrous layers, the greater the A1 and A2 values of FGC specimens. The impact strength augmentation in the second series specimens is explained in the following manner when compared to the GC specimens:




	
The A1 and A2 values for the LPF-F100 specimens were recorded as 22 and 95, respectively, and these values were 5.5 and 19 times higher than those for the GC specimens, respectively.



	
The recorded values for the LPF-75-F25 specimen were 20 and 78, which corresponded to the A1 and A2 subtypes, respectively. For A1 and A2, improvements of 5.0 and 15.6 times were seen, respectively.



	
It was noted that the A1 and A2 values recorded for the LPF-50-F50 specimens were 26 and 86, respectively. This indicates a 3.75- and 11.2-fold increase compared to the GC values.



	
The A1 and A2 values for the LPF-25-F75 specimens were 24 and 88, respectively, which were 6.0 and 17.6 times more than those of the GC specimens.



	
The A1 and A2 values of LPF-F25-75 specimens were 22 and 69, respectively, which were 5.5 and 13.8 times more than those of GC.



	
For LPF-F50-50 specimens, the measurement results for A1 and A2 were 21 and 74, respectively. However, A1 and A2 showed increases of 5.25 and 14.8 times, respectively.



	
The values associated with A1 and A2 for the LPF-F75-25 specimen were 22 and 77, respectively, as recorded. The highest improvements were in A1 and A2, with increases of 5.5 and 15.4 times, respectively.








This clearly shows the effect of GFC with two layers reinforced with LPF, emphasizing the ductile mode of breaking against drop weight impact, rather than early brittle failure. However, two-layered GFC exhibited a lesser impact strength compared to single-layered GFC. This phenomenon is due to the greater amount of LPF uniformly distributed along the cracking path to the full depth of the specimen, resulting in higher impact energy absorbance ability. The layered specimen having a fibre depth of 25–75% led to an effective promotion of the adhesion between the fibres and the surrounding matrix at the designed depth, leading to a rise in impact strength and the prevention of fibres from pulling away from the matrix. The contact point of the specimen with a drop hammer influences the impact strength. A greater number of fibres existing in the top layers can significantly improve the first crack resistance and postpone the crack propagation. However, the crack reaches the depth of the fibrous first layer and immediately propagates through the bottom layer due to the absence of the fibre in the second layer. The specimen with GC in the top layer and GFC in the bottom layer can quickly trigger the first crack due to the plain GC provided in the top layer. When the crack reaches the bottom of the first layer, its propagation to the specimen’s bottom surface is further delayed due to the bridging action of the fibre. This unquestionably improved the behaviour of crack inhibition and the effectiveness of the crack limitation. It was noticed that tensile stress had been transferred along broken sections in the top layer of the GFC or GC, and, therefore, a higher impact strength was recorded. Under impact stress, cracks began to form on the cylindrical disc’s top surface and spread to the bottom. As a result of its fibre bridging ability, the bottom layer comprised of LPF performed better than the top layer comprised LPF in terms of impact performance. This may be because of LPF’s ability to postpone crack propagation by increasing fibre bridging before the failure stage.




3.2.3. Influence of SSF on the Impact Strength of GFC


Figure 9 shows the enhanced impact strength of the composite when LPF was added to the two-layered GFC. Figure 9 shows that the greater the depth of fibrous layers, the larger the A1 and A2 values of FGC specimens produced in two-layered GFC. Compared to the GC specimens, the increased impact strength in the third series of specimens may be explained as follows:




	
For the SSF-F100 specimens, the A1 and A2 values were recorded as 30 and 106, respectively, and these values were 7.5 and 21.2 times higher than the corresponding values for the GC specimens.



	
When the SSF-75-F25 specimen was tested, the recorded values were 20 and 72, belonging to A1 and A2 respectively. Improvements in A1 and A2 were around 5.0 and 14.4 times, respectively.



	
A1 and A2 values recorded for the SSF-50-F50 specimens were 23 and 85, respectively, according to the test results, which were 5.75 and 17 times higher than the GC values, respectively.



	
In the case of the SSF-25-F75 specimens, the A1 and A2 values were 24 and 92, respectively, which were 6.0 and 18.4 times higher than those of the GC specimens.



	
SSF-F25-75 specimens had A1 and A2 values of 22 and 71, respectively, which were 5.5 and 14.2 times more than those of GC.



	
Results for A1 and A2 were 24 and 81, respectively for SSF-F50-50 specimens. Increases of 6.0 and 16.2 times were seen in A1 and A2, respectively.



	
The values associated with A1 and A2 for the SSF-F75-25 specimen were 26 and 90, respectively, as recorded. The highest improvements were in A1 and A2, with increases of 6.5 and 18 times, respectively.








It is evident from the above discussion that SSF addition into a GFC showed a significant improvement in impact strength. The specimen with 100% depth of GFC exhibited an excellent impact resistance compared to the 25–75% depth of GFC. The results highlighted that the GFC comprising a 25–75% depth in the bottom layer increased the impact strength marginally compared to the GFC 25–75% provided in the top layer. The presence of SSF in the top layer can resist the crack initiation for a certain period. Hence, more time is required to propagate the crack from the top of the layer to the bottom. When the crack reaches the bottom layer, it quickly propagates to the specimen’s bottom surface due to the absence of fibres. This phenomenon is reversed in the specimens comprising GF in the top layer and GFC in the bottom layers; for example, the SSF-75-F25 specimen comprising 75% of GC in the top layer and the remaining 25% of GFC at the bottom layer. The steel hammer created a contact impact on the specimen top surface (top layer), leading to quick crack initiation due to the absence of fibre. This crack propagation was slowed when it crossed the bottom layer due to the fibre bridging action. This large augmentation of impact energy is mostly ascribed to the crack arresting capacity of SSF as a result of their hooked ends, which provide more adhesion to the matrix, allowing for more stress transfer between the SSF and the surrounding matrix [45]. As a result, the steel fibres maintain the link between the two sides of the crack. The bonding sections of the specimens become larger as the lengths of the steel fibres in the specimens become longer [46]. In conclusion, the development of the initial crack was delayed in the case of specimens comprised of SSF in top layers. After each blow, the tensile stress resistance of SSF increases as the width and length of the cracks increases, although two sections of the fractures are still bridged by SSF as the crack widths and lengths increase [47]. This delayed the failure of specimens due to multiple impacts until the link between SSF and matrix was broken, with the pulling out of SSF being the most prevalent kind of failure [48,49,50].




3.2.4. Influence of LSF on the Impact Strength of LGFC


When LSF was introduced to the two-layered GFC, the composite’s impact strength improved significantly. The A1 and A2 values of GFC specimens generated in two-layered GFC increase as the depth of the fibrous layers increases (see Figure 10). The enhanced impact strength in the third series of specimens may be explained in the following manner compared to the GC specimens:




	
The recorded A1 and A2 values for the LSF-F100 specimens were 72 and 278, respectively, and these values were 18 and 55.6 times higher than those of GC.



	
The recorded values for the LSF-75-F25 specimen were 44 and 156, which corresponded to the A1 and A2 subtypes, respectively. For A1 and A2, improvements of 11.0 and 31.2 times were seen, respectively.



	
A1 and A2 values recorded for the LSF-50-F50 specimens were 49 and 205, respectively, according to the test results, which were 12.25 and 41 times higher than the GC values, respectively.



	
The A1 and A2 values for the LSF-25-F75 specimens were recorded as 66 and 238, respectively, and these values were 16.5 and 47.6 times higher than those for the GC specimens, respectively.



	
The A1 and A2 values of LSF-F25-75 specimens were 49 and 152, respectively, which were 12.25 and 30.40 times more than those of GC.



	
Results for A1 and A2 were 53 and 188, respectively, for LSF-F50-50 specimens. Increases of 13.25 and 37.6 times were seen in A1 and A2, respectively.



	
For the LSF-F75-25 specimen, the values associated with A1 and A2 were 56 and 224, respectively, as recorded. A1 and A2 had the greatest gains, with increases of 14.0 and 44.8 times, respectively.








From the above discussion, it was clearly observed that the LSF based specimens exhibited an excellent impact strength compared to the SPF-, LPF- and SSF-based specimens. The trend of increasing impact strength for the two-layered specimens is the same as the trend discussed in the earlier sections (Section 3.2.1, Section 3.2.2 and Section 3.2.3). It is evident from the results that the LSF-based specimens had better impact performance than SSF-based specimens due to stronger pull-out resistance caused by longer development lengths within the matrix [51]. Higher steel fibre lengths were also shown to be more effective for improving impact, flexural and tensile properties [52,53,54]. In summary, the performance of LSF is much better than that of SSF in terms of impact strength. This is ascribed to the shorter length of the fibres, which are thus incapable of acting as a “bridge” for a major breakdown (about 5 mm) in the event of serious damage. Micro-cracking regimes may benefit from this SSF, but their inability to bridge macro-cracks may restrict their usefulness [55]. However, LSF was very effective in preventing macro-cracks through the effective bridging action of fibres. The increase in the depth of fibrous layers from 25 to 100% resulted in higher impact strength for all four types of fibres. The impact performance of LSF was the most remarkable, followed by that of SSF, LPF and SPF.



Another cause of the increase in the impact strength is the usage of material having a high SiO2 content when producing GC. The GGFBS has a greater specific surface area, which means it has a higher heat of hydration, which aids in the early development of concrete strength [56]. The increased impact strength was achieved by the incorporation of slag into FA-based alkali-activated concrete as a consequence of the increased C–S–H production and polymerization products [57]. The presence of GGBFS and CaO in the solution has been documented in previous research to speed up the polymerization process. This results in the release of heat, which in turn contributes to the production of gels such as C–S–H and N–A–S–H/N–S–H gels. This leads to a strong improvement in GC.



The comparison of the impact strength of plain concrete and geopolymer concrete, with and without fibre, is demonstrated in Table 5. The results recorded in this study aligned well with those in the earlier literature. However, certain parameters influence the impact strength of concrete, such as compressive strength, fibre length, fibre dosage, fibre type and fibre shape.




3.2.5. Impact Ductility Index


For reinforced concrete beams subjected to three- or four-point loading, flexural ductility is assessed by dividing the deflection at the failure by the yield of steel reinforcement, which is then used to evaluate the beam’s ability to bear plastic deformations. Using a similar approach, the introduced mixes’ resistance to repeated impacts following surface cracking was also evaluated in this paper. IDI was defined in earlier research [47,62,63] as the ratio of the failure impact number to the cracking impact number, and this definition was also utilized in the current study, where IDI equals the ratio of A2 to A1 for each combination. Figure 11 depicts the IDI values of four series specimens. The IDI value of the first series specimen comprised SPF values ranging from 3.05 to 4.17. For the second series specimens, the IDI values ranged from 3.14 to 4.32, which indicates the LPF based specimens exhibited better post-crack resistance than the SPF-based specimens. This was because of the positive influence of fibres, not only on increasing A1 and A2, but also on their capacity to increase the number of hits before failure occurred following surface cracking. The IDI values from the third and fourth series specimens ranged from 3.23 to 3.53, and from 3.1 to 4.18, respectively. It was also recorded that, in most cases, increasing the depth of the fibrous layer led to a higher ductility value.




3.2.6. Failure Pattern


Figure 12 and Figure 13 show the fractures on the top surfaces of all tested mixtures after failure. The first observation was recorded after the comparison between Figure 12a and Figure 13a for the reference specimens (GC) and Figure 12b–h and Figure 13b–h for the fibrous specimens. Under repeated impact, the more ductile behaviour of fibrous samples may be seen in the larger fracture zone, whereas the direct and uniform breaking of GC specimens indicates their brittle character. Fibres and their reinforcing action can redirect tensile stresses on different paths by crack bridging, which provides stress relief for the concrete matrix. This behaviour is associated with some radial cracks in the specimens’ top surface. The ductile fracture of fibre-reinforced specimens was attributed to the perfect bond with the surrounding matrix, due to the strong bond along the fibres [64,65,66,67]. Two-layered specimens comprising GC in the top layer and GFC in the bottom layer exhibited a ductile failure, and single cracks could be turned into multiple cracks [68,69]; hence, the brittleness was reduced significantly.




3.2.7. Scanning Electron Microscope


Figure 14 illustrates the SEM images of the geopolymer matrix. The fracture surface of the examined GFC specimens, which were inspected at various magnifications, revealed many interesting facts. As shown at a magnification of 20 and 100 µm in Figure 14, an agglomerate particle break is connected with a crack. Nevertheless, the crack is prevented at the interface with the geopolymeric matrix, which indicates impact resistance. Fibrous CaO·SiO2·H2O (C–S–H) crystals are also observed in Figure 14 and C–S–H crystals contribute to reinforcing the geopolymer. The ubiquity of fibres suggests that there will be more fibre pull-out because those fibres dragged out of their respective cavities will now occupy the interface. This observation is consistent with the abundance of voids and grooves (leftover following fibre pull-out) in the geopolymer matrix (see Figure 14). It was also possible to detect a trace of the porous layer that existed at the matrix-fibre interface; this was referred to as a “fibre fossil”.






4. Conclusions


According to the current literature, geopolymer concrete (GC) is a viable alternative for traditional cement concrete. Nevertheless, the opportunity for the implementation and advancement of layered geopolymer fibrous concrete (GFC) must be broadened to achieve greater success. This study focused on investigating the impact performance of layered composite comprising GFC at the tension zone and GC at the compression zone, and vice versa. The following is a summary of the findings from this study:




	
The highest compressive strength improvements observed were 73.88, 50.15, 35.82 and 14.5% for the LSF, SSF, LPF and SPF based on single-layered specimens, respectively. Comparing the performance of the four different fibres, LSF exhibited a significant improvement in strength. However, the layered specimens also influenced the positive impact on compressive strength, particularly for LSF, followed by SSF, LPF and SPF.



	
For single-layered concrete, the highest impact energy was exhibited by the LSF-F100 specimen, followed by SSF-F100, LPF-F100 and SPF-F100 specimens. Compared to the GC specimen, the A1 values were improved by 55.6, 21.2, 19 and 13.6%, respectively. The higher impact strength is due to LSF with hooked ends, which provides stronger adhesion to the matrix and allows for higher stress transfer between the LSF and the surrounding matrix. For the two-layered specimens, when the depth of the fibrous layer at the bottom was increased from 25 to 75%, the impact strength was significantly improved for all four types of fibres. However, the performance of two-layered specimens was significantly lower compared to a single-layered specimen. Additionally, the contribution of LSF in increasing impact strength was greater than that in the other three types of fibres.



	
Altering the depth in the fibrous layer of the specimens from 25 to 75% resulted in moderate impact strength, which occurred for fibrous specimen having a depth of close to 100%. In this regard, the cost of fibres can be minimized by providing two layers with GC and GFC, without compromising the strength to the maximum extent. Hence, two-layer concrete can be implemented in practice based on the design requirements, and provides improved ductility.



	
The failure that occurred was brittle in the GC specimens, in which the specimens were broken into three parts, whereas all fibrous specimens reflected a ductile nature. This failure pattern was similar in both single- and double-layered composites, irrespective of the fibre type. Adding fibres to GC can change the single main cracks into multiple radial cracks, which have a positive impact on fibrous concrete.
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Figure 1. Raw material used in this study. (a) FA, (b) GGBFS, (c) SF, (d) Sand, (e) Coarse aggregate of 12.5 mm, (f) Coarse aggregate of 20 mm, (g) NaOH pellets, (h) Na2SiO3 solution and (i) Superplasticizer. 
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Figure 2. Various fibres used in this study: (a) SPF; (b) LPF; (c) SSF; (d) LSF. 
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Figure 3. Appearance of mixture and specimens: (a) dry mixture; (b) wet mixture; (c) finished specimen; and (d) sample specimens after demoulding. 
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Figure 4. Details of the depth of the layer used in this study. 
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Figure 5. Experimental impact testing frame and accessories. 
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Figure 6. Compressive strength of GFC specimens (a) SPF, (b) LPF, (c) SSF and (d) LSF. 
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Figure 7. Impact strength results of GFC comprising SPF (a) A1 and (b) A2. 
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Figure 8. Impact strength results of GFC comprising LPF (a) A1 and (b) A2. 
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Figure 9. Impact strength results of LGFC comprising SSF (a) A1 and (b) A2. 
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Figure 10. Impact strength results of GFC comprising SSF (a) A1 and (b) A2. 
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Figure 11. Impact ductility index (a) SPF, (b) LPF, (c) SSF and (d) LSF. 
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Figure 12. Failure pattern of SSF-based specimens: (a) GC; (b) SSF-F100; (c) SSF-75-F25; (d) SSF-50-F50; (e) SSF-25-F75; (f) SSF-F25-75; (g) SSF-F50-50; (h) SSF-F75-25. 
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Figure 13. Failure pattern of LSF-based specimens: (a) GC; (b) LSF-F100; (c) LSF-75-F25; (d) LSF-50-F50; (e) LSF-25-F75; (f) LSF-F25-75; (g) LSF-F50-50; (h) LSF-F75-25. 
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Figure 14. SEM images of geopolymer matrix. 
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Table 1. Chemical composition of binders.






Table 1. Chemical composition of binders.





	Oxide
	SF
	GGBFS
	Class F FA





	(TiO2)
	-
	-
	0.1



	(Na2O)
	-
	-
	0.2



	(K2O)
	-
	-
	1.6



	(MgO)
	0.6
	8.9
	5.9



	(CaO)
	-
	34.62
	6.4



	(Fe2O3)
	0.3
	1
	12



	(Al2O3)
	0.6
	17.2
	27



	(SiO2)
	92.8
	36.7
	51
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Table 2. Details of fibre properties.






Table 2. Details of fibre properties.





	Fibre Type
	Length (mm)
	Diameter (mm)
	Tensile Strength (MPa)
	Dosage (%)





	Short polypropylene fibre (SPF)
	13
	0.01
	360
	1.5



	Long polypropylene fibre (LPF)
	45
	0.8
	500
	1.5



	Short steel fibre (SSF)
	30
	0.5
	1200
	1.5



	Long steel fibre (LSF)
	50
	1
	1150
	1.5
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Table 3. Mixing combination of GFC.






Table 3. Mixing combination of GFC.





	
S. No.

	
Mixture Id

	
FA (kg/m3)

	
GGBFS (kg/m3)

	
SF (kg/m3)

	
Na2SiO3

	
NaOH

	
Layers

	
Fibre Type




	
Top

	
Bottom






	
1

	
GC

	
183.6

	
183.6

	
40.8

	
101.39

	
69.93

	
100% GC

	
-




	
2

	
SPF-F100

	
100% GFC

	
SPF




	
3

	
SPF-75-F25

	
75% GC

	
25% GFC

	
SPF




	
4

	
SPF-50-F50

	
50% GC

	
50% GFC

	
SPF




	
5

	
SPF-25-F75

	
25% GC

	
75% GFC

	
SPF




	
6

	
SPF-F25-75

	
25% GFC

	
75% GC

	
SPF




	
7

	
SPF-F50-50

	
50% GFC

	
50% GC

	
SPF




	
8

	
SPF-F75-25

	
75% GFC

	
25% GC

	
SPF




	
9

	
LPF-F100

	
100% GFC

	
LPF




	
10

	
LPF-75-F25

	
75% GC

	
25% GFC

	
LPF




	
11

	
LPF-50-F50

	
50% GC

	
50% GFC

	
LPF




	
12

	
LPF-25-F75

	
25% GC

	
75% GFC

	
LPF




	
13

	
LPF-F25-75

	
25% GFC

	
75% GC

	
LPF




	
14

	
LPF-F50-50

	
50% GFC

	
50% GC

	
LPF




	
15

	
LPF-F75-25

	
75% GFC

	
25% GC

	
LPF




	
16

	
SSF-F100

	
100% GFC

	
SSF




	
17

	
SSF-75-F25

	
75% GC

	
25% GFC

	
SSF




	
18

	
SSF-50-F50

	
50% GC

	
50% GFC

	
SSF




	
19

	
SSF-25-F75

	
25% GC

	
75% GFC

	
SSF




	
20

	
SSF-F25-75

	
25% GFC

	
75% GC

	
SSF




	
21

	
SSF-F50-50

	
50% GFC

	
50% GC

	
SSF




	
22

	
SSF-F75-25

	
75% GFC

	
25% GC

	
SSF




	
23

	
LSF-F100

	
100% GFC

	
LSF




	
24

	
LSF-75-F25

	
75% GC

	
25% GFC

	
LSF




	
25

	
LSF-50-F50

	
50% GC

	
50% GFC

	
LSF




	
26

	
LSF-25-F75

	
25% GC

	
75% GFC

	
LSF




	
27

	
LSF-F25-75

	
25% GFC

	
75% GC

	
LSF




	
28

	
LSF-F50-50

	
50% GFC

	
50% GC

	
LSF




	
29

	
LSF-F75-25

	
75% GFC

	
25% GC

	
LSF
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Table 4. Results of the impact test.






Table 4. Results of the impact test.





	
S. No

	
Mix ID

	
Number of Hits

	
Ductility Index (A2/A1)




	
A1

	
A2






	
1

	
GC

	
4

	
5

	
1.25




	
2

	
SPF-F100

	
22

	
68

	
3.09




	
3

	
SPF-75-F25

	
12

	
50

	
4.17




	
4

	
SPF-50-F50

	
15

	
56

	
3.73




	
5

	
SPF-25-F75

	
18

	
61

	
3.39




	
6

	
SPF-F25-75

	
14

	
49

	
3.50




	
7

	
SPF-F50-50

	
17

	
53

	
3.12




	
8

	
SPF-F75-25

	
19

	
58

	
3.05




	
9

	
LPF-F100

	
22

	
95

	
4.32




	
10

	
LPF-75-F25

	
20

	
78

	
3.90




	
11

	
LPF-50-F50

	
26

	
86

	
3.31




	
12

	
LPF-25-F75

	
24

	
88

	
3.67




	
13

	
LPF-F25-75

	
22

	
69

	
3.14




	
14

	
LPF-F50-50

	
21

	
74

	
3.52




	
15

	
LPF-F75-25

	
22

	
77

	
3.50




	
16

	
SSF-F100

	
30

	
106

	
3.53




	
17

	
SSF-75-F25

	
20

	
72

	
3.60




	
18

	
SSF-50-F50

	
23

	
85

	
3.70




	
19

	
SSF-25-F75

	
24

	
92

	
3.83




	
20

	
SSF-F25-75

	
22

	
71

	
3.23




	
21

	
SSF-F50-50

	
24

	
81

	
3.38




	
22

	
SSF-F75-25

	
26

	
90

	
3.46




	
23

	
LSF-F100

	
72

	
278

	
3.86




	
24

	
LSF-75-F25

	
44

	
156

	
3.55




	
25

	
LSF-50-F50

	
49

	
205

	
4.18




	
26

	
LSF-25-F75

	
66

	
238

	
3.61




	
27

	
LSF-F25-75

	
49

	
152

	
3.10




	
28

	
LSF-F50-50

	
53

	
188

	
3.55




	
29

	
LSF-F75-25

	
56

	
224

	
4.00
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Table 5. Comparison of ordinary plain concrete and GC on impact test results.






Table 5. Comparison of ordinary plain concrete and GC on impact test results.





	Reference
	Type of

Concrete
	Type of

Fibre
	Dosage of Fibre (%)
	Compressive Strength (MPa)
	A1
	A2





	[58]
	PC
	-
	-
	67.3
	15
	15



	[59]
	PC
	-
	-
	38.5
	3
	5



	[60]
	PC, FRC
	SF
	1.0
	47, 55
	35, 344
	38, 459



	[61]
	FRC
	WMP
	1.25
	34
	105
	131



	[28]
	GC, GFC
	SF
	1.6
	62, 84
	6, 25
	14, 101



	This study
	GC, GFC
	SF
	1.5
	41, 62
	4, 72
	5, 278







PC: plain concrete, FRC: fibre reinforced concrete, WMP; waste metalized plastic, SF: Steel fibre.
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