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Abstract

:

The impact resistance of functionally layered two-stage fibrous concrete (FLTSFC) prepared using the cement grout injection technique was examined in this study. The impact resistance of turtle shells served as the inspiration for the development of FLTSFC. Steel and polypropylene fibres are used in more significant quantities than usual in the outer layers of FLTSFC, resulting in significantly improved impact resistance. An experiment was carried out simultaneously to assess the efficacy of one-layered and two-layered concrete to assess the effectiveness of three-layered FLTSFC. When performing the drop-mass test ACI 544, a modified version of the impact test was suggested to reduce the scattered results. Instead of a solid cylindrical specimen with no notch, a line-notched specimen was used instead. This improvement allows for the pre-definition of a fracture route and the reduction of the scattering of results. The testing criteria used in the experiments were impact numbers associated to first crack and failure, mode of failure, and ductility index. The coefficient of variation of the ACI impact test was lowered due to the proposed change, indicating that the scattering of results was substantially reduced. This research contributes to the idea of developing enhanced, more impact-resistant fibre composites for use in possible protective structures in the future.
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1. Introduction


New composite materials and processes are transforming the building industry at breakneck speed [1,2]. One novel approach is a bionic-inspired, functionally graded composites. Researchers have discovered these biomaterials’ unique hierarchical architectures with excellent impact strength. Research in biomimicry, or the use of biological materials, is a new trend in material technology. Biomimicry and increased impact resistance may be achieved by using composite concrete materials (e.g., the carapace of turtle). Complex spatially organized organic and inorganic nano/micro/mesoscale structures. The turtle shell protects them from impact and allows them to move freely. The endocortic layer is thick and shielding, while the porous middle layer serves as absorber of impact. The third layer is dense and foreign; it shields. The endocortical layer resists piercing while the trabecular layer absorbs the given stress.



1.1. Literature Review


A standard composite material in the construction industry is fibre reinforced concrete (FRC), which improves the efficiency of concrete structures exposed to different impact loads [3,4]. FRC is the potential for enhancing impact-resistant applications in essential constructions such as flooring, nuclear storage, and airplane pavements [5]. An intense explosion may not harm the buildings, but repeated collisions can cause damage and collapse [6]. Increasing made-made risks have forced the construction of high impact resistance infrastructure subjected to repeated crashes and explosions [7]. Several studies have been conducted on FRC, which can withstand a higher impact than normal concrete [8,9,10]. In general, the engineering qualities of steel FRC are influenced by several factors, including the aspect ratio, length, shape, dosage of fibre, and the parameters of the cement matrix properties [11]. Steel FRC’s compressive strength was unaffected by a fibre dosage of up to 1%, although flexural and splitting strength was significantly increased [12]. Many engineering properties may benefit from adding fibres to concrete, namely resistance to fatigue and impact loading, thermal shock strength, fracture toughness, torsion, and flexural strength [13,14,15]. Kazemi et al. [16] reported that the addition of steel fibres to concrete led to a significant improvement in the fracture energy and ductility of high-strength concrete. Previous research has demonstrated that adding steel fibres into concrete [17,18] prevents brittle fracture by enhancing tensile strength and toughness and inhibits crack development and propagation by bridging the fibres.



Composites such as two-stage fibrous concrete (TSFC) have been developed as a result of advances in material science and unification [19]. The TSFC is a particular kind of composite that is cast utilizing a unique casting method that is not used for normal concrete [20]. Fibres and coarse aggregate volume were prepacked in the formwork, followed by a flowable grout are used to fill up the voids between the fibres and aggregates [21]. Increasing the concentration of coarse aggregate in TSFC improves the concrete’s properties by increasing aggregate contact points and improving stress distribution [22]. Murali and Ramprasad (2018) [23] investigated the impact resistance of multilayer TSFC slabs. Three-layered TSFC slabs had 4% and 2% different fiber doses, correspondingly for top, bottom, and intermediate layers. The results showed that TSFC could absorb impact energy well, reducing breakability and delaying fracture formation and expansion. The possible use of this kind of concrete in the building industry has been extensively researched. TSFC is now being advanced as functionally layered fibre concrete (FLFC).



Functionally graded concrete (FGC) is a new kind of composite material that has been developed as a consequence of modern material technology. FGC is a new composite with improved mechanical qualities as well as the requisite performance attributes [24]. Functionally layered fibrous concrete (FLFC) offers excellent toughness and resistance to impact. Beams with three layers of FLFC made of customised cementitious composite comprising 1.5% and 0.5% polyvinyl alcohol were examined by Sridhar and Prasad (2019) [25]. The findings revealed that the multi-layered FLFC beams exhibited 36% more strength than a normal beam. Moghadam and Omidinasab (2020) [26] studied the impact behavior of FLFC slabs having 1% nylon and 1% steel fibres. Steel fibre showed a greater increase in FLFC flexural strength than nylon fibre. Flexural strength was improved by 1.7, 2.6, and 1.2 times, respectively, using hybrid, steel, and nylon fibres. FLFC outperformed conventional fibrous concrete in flexural strength. Prasad and Murali (2021) [27] studied the effect of drop mass impact on three-layered FLFC cylindrical specimens. Three-layered FLFC specimens with different polypropylene and steel fibre dosages were made. The greatest impact resistance was observed in three-layered FLFC specimens with 3.6% in the top and bottom layers and 0% steel fibre content in the intermediate. Multi-layered specimens had a 39% higher failure impact strength than single-layered specimens made from identical steel fibres. The researchers used layered fibre composite designs with higher dosages of fibre on the top and bottom layers to improve fiber efficiency and impact resistance. There is a limited amount of research available on the production of FLFC utilizing two-stage concrete. More research is required to further understand this material’s energy absorption and impact capabilities properly.




1.2. Impact Test Methods and Modifications


Several test methods for measuring FRC impact resistance have been reported (ACI 544-2R, 1984) [27,28]. Charpy pendulum, projectile, blast, and drop mass are examples. An easier method for assessing the impact resistance of FRCs is provided by the drop-mass test in the (ACI 544-2R, 1984) [28] standard. A cylindrical specimen is fractured with a constant impact force. The following variables caused significant dispersion in experimental findings from the ACI 544 testing method [29,30,31,32]: (1) Detection of a crack’s commencement and final crack may be done visually, and it can occur in any direction at all [33]. (2) A single point of impact on the concrete’s surface yields the impact strength value [34]. (3) Concrete’s non-homogeneity leads to a mix of design inconsistencies and impact strength dispersions [35]. (4) This test also included exercise performance, such as pulling and dropping a 4.54 kg load from a certain height [36]. Dropping a 4.54 kg steel ball from 457 mm above the specimen’s top surface is part of the ACI 544 drop weight testing procedure. The cylindrical specimen is 76 mm in radius and 64 mm in thickness, respectively. In Figure 1, a solid steel plate holds the specimen, and four positioning lugs prevent the sample from moving to the left or right. A positioning bracket is used to attach a 63.5 mm steel ball that is put on the specimen to distribute stress evenly throughout the surface. The test specimen cracks and fails, and this is documented on the test specimen.



This research examines the top two sources of inaccuracy and suggests solutions. The following variables were found by Badr and Ashour [37]: (i) The cause of variation may be the proper specimen preparation techniques. ACI 544 recommends that disc specimens for concrete compressive strength may be cast or cut from standardized cylinders. (ii) According to the criteria for determining specimen failure, the impact may be stopped before or after failure, causing errors in the impact numbers. Furthermore, there are no guidelines for preventing mechanisms of failure. (iii) Dispersion of results may be caused in two different ways by the applied impact force on the steel ball at the centre.



	
It enables the development of fractures in any direction, making the first visible crack more challenging to identify.



	
Although concrete is a composite mixture, the concentrated force may hit a soft mortar area or a solid grain of coarse aggregate. As a result, findings may not correctly represent the impact strength of material.






The top surface of the specimens with a line-edged notch and a line-load transmitting plate are shown in Figure 2. When the hammer is continually dropped on the transmitting steel plate, it has a greater impact force since it is scattered across a wider area. Second, specimens may split in half without numerous radial cracks appearing when fractures occur parallel to the contact line. This modification decreased the dispersion of data by defining the fractured path and specimen failure.





2. Significance of Research


This paucity of knowledge is seen in the bibliography of materials for ACI modified drop-weight testing. Although this is the case, investigators all around the globe have used a variety of statistical techniques to analyse the significant scattering in the ACI drop-weight test results. It is an attractive experience to go through the altered impact test and come to a reasonable decision about how to lessen dispersion outcomes. However, only a few studies have been conducted to determine if adding granular bedding may help reduce dispersion results, and there are still several gaps in this field of study. As a result, this study aimed to examine the impact resistance of FLTSFC by using an altered impact test approach in order to bridge these research gaps. A straightforward method for reducing dispersion effects is proposed. In this case, a line knife plate and a notched specimen are used, rather than the conventional without notched specimen and steel ball.




3. Experimental Program


3.1. Raw Materials


	
Portland Pozzolana Cement, obtained from Dalmia cement, was used to make FLTSFC. It met the requirements of (Bureau of Indian Standard (BIS), Manak Bhawan, Old Delhi, 1991) [38].



	
Conforming to the specifications of IS 383 (2016) [39], natural river sand was utilized as the fine aggregate. The specific gravity of 2.65 and a fineness modulus of 2.41 of used aggregate, as specified by the standard ASTM:C939-10 (2010) [40]. The fine aggregate particle size was less than 2.36 mm, so that the grout enters the fibre skeleton and aggregates via gravity.



	
Crushed granite gravel with a particle size of 12.5 mm is used to make coarse aggregate, according to IS 383 (2016) [39]. Water absorption was 0.56%, the specific gravity was 2.69, and the apparent bulk density was 1700 kg/m3 for coarse aggregate.



	
The flowable cement grout was made possible by the employment of Tech Mix 640 high-range super plasticizing ingredient, with a dose ranging from 0.35% to 0.45% of cement weight, to satisfy the efflux time of the grout. The mixing combination of materials is shown in Table 1.



	
The tensile strength of composite was improved by adding two distinct fibres. A polypropylene fibre (PF) with a tensile strength of 500 MPa, a length of 45 mm, and a diameter of 0.8 mm was used. Steel fibre (SF) with a diameter of 1 mm, length of 50 mm, and strength of 1150 MPa was used. The appearance of two distinct fibres utilized in this research is shown in Figure 3. The average dosage of fibre was restricted to 2.4% owing to low-density fibre utilisation (PF). The dose of PF above 2.4% removes the additionally aggregates placed into the formwork. The idea of two-stage fibrous concrete was updated as slurry infiltrated fibrous concrete (SIFCON). This study focuses solely on impact performance of functionally graded two-stage fibrous concrete beams. To prevent creating SIFCON, an average fibre dose is restricted to 2.4% in this research.







3.2. Mixing Composition


The current research tested the impact resistance of 12 diverse concrete mixtures. According to ASTM:C939-10, (2010) [40] guidelines, a grout efflux time ranged between 35 and 40 s to achieve a flowable grout. Numerous grout mixing cone tests were performed to obtain the efflux time of 37 ± 2 s. For water to cement (w/c) and cement to sand (c/s), the optimum ratios were 0.45 and 1, respectively. Grout flowability was improved by adding a high-quality water reducer to the water at a concentration of 0.35% and 0.45% for non-fibrous and fibrous specimens, respectively. It is seen in Table 1 that each layer of FLTSFC has a different fibre scheme and dosage. The initial combination was designated PAC as a fibre-free control specimen. SF and PF were used in the second and third mixtures and were made using single-layer PAFC, containing a 2.4% dose of PF and SF, respectively, and labelled S-SF and S-PF. The fourth combination was made using a two-layer FLTSFC with SF and PF at the top and bottom layers, respectively, while mixture five was likewise a two-layer FLTSFC reverse the PF and SF addition. Mixtures four and five were assigned the names D-SF-PF and D-PF-SF, respectively. T-FG1–T-FG7 were the last seven combinations, three-layered FLTSFCs with a 2.4% dose and a variety of fibre schemes, which were tested.




3.3. Specimen Preparation


The impact strength was calculated using 152 mm diameter and 64 mm thick cylindrical specimens. As illustrated in Figure 4, the FLTSFC casting process has the following stages. Figure 4a depicts an empty cylindrical mould resting on a level platform with oil applied to all interior surfaces of the mould. Figure 4b depicts the placement of premixed aggregates and fibres into an empty mould in order to build a natural skeleton. As a further step, the cement grout was poured over the top of the skeleton and allowed to fill up the spaces as gravity worked its way through the structure, as illustrated in Figure 4c. Finished specimens after grouting and inserted notch plate are displayed in Figure 4d. The demolded specimen after 24 h is shown in Figure 4e. Before testing, the specimens were subjected to a 28-day curing period in water.




3.4. Drop-Mass Impact Testing Device


The impact strength of the FLTSFC specimens was determined using a modified drop-mass impact test in line with ACI 544-2R, which was developed by the American Concrete Institute in 1984 [28]. Importantly, ACI 544 recommended testing is an uncomplicated test that does not require the use of shaking, deformations, or additional measurements other than the number of impacts. According to the modified impact test procedure, a 4.45 kg steel hammer must be hoisted to a height of 457 mm and dropped freely against the top of a line-load transmitting steel plate that has been placed on top of the notched specimen. The specimen’s lateral movement was restricted by placing it on a steel plate of four-legged. The modified drop-weight testing device that was employed in this study is depicted in Figure 5. The impact numbers associated with first crack (Q1) and failure (Q2) were recorded through the visual examination. When a fracture reaches the bottom specimen, it is classified as a failure and is divided into two pieces.





4. Results and Discussion


4.1. Compressive Strength of FLTSFC


In line with IS 516:2014 [41], the mean compressive strength of three 100 mm cubes is shown in Table 2. As seen in Figure 6, all FLTSFC specimens demonstrated an increase in compressive strength over the control specimen. The compressive strength of S-SF & S-PF specimens containing 2.4% SF and PF were increased by 59% and 19%, respectively, compared to PAC specimens. As a result of the greater dosage of fibre (2.4 percent) provided in the full cross-section, the bonding activity of fibre in the damaged region is enhanced, which postpones crack initiation and development [42,43].



Compared to PAC, the compressive strength was improved by 23% and 26% for the specimens D-PF-SF and D-SF-PF, respectively. However, evenly distributed SF and PF at the top or bottom layers could avoid macro fractures, increasing compressive strength [44]. The load distribution on the concrete’s outer layers modified the fracture route and decreased the development of crack by the action of fibre bridging [45]. There is a noticeable improvement in compressive strength from three-layer FLTSFC reinforced with various fibre dosages, and the strength varies from 5% to 54%, compared to PAC. Among the three-layer FLTSFC specimens, the T-FG2 with 1.6% SF in the middle layer and 2.8% SF in the top and bottom layers displayed the best compressive strength. Because of the large amount of SF at outer layers, their compressive strength has been improved as well. All such three-layered FLTSFC specimens improved compressive strength were recorded based on increased quantities of mono and hybrid fibres. The fibre dosage in the normal concrete is limited to 2% owing to workability problems, nonuniform fibre dispersion, and fibre balling. This phenomenon creates a void formation and developing crack begins at the micro-scale [46]. Pre-placing a greater amount of coarse aggregates and fibres in the mould before grout pouring is a feature of the FLTSFC production technique that eliminates this problem [47]. In summary, SF and PF positively influenced the compressive strength for the single-layered specimens to a greater extent than the two and three-layered FLTSFC. A higher dose of fibres is added into layers, leading to increased resistance to crack growth and propagation. This innovative manufacturing method ensured consistent distribution, eliminating clustering and fibre balling [48]. The imperative increase in compressive strength of FLTSFC over PAC is due to a greater fibre dose (2.4%).




4.2. Impact Test Results


Table 3 demonstrates the impact numbers associated with first crack (Q1) and failure (Q2) for the twelve different mixtures. The mean of fifteen specimens was used for discussion.



4.2.1. Effect of Single-Layered Concrete


Table 2 and Figure 7 shows the impact strength of a single-layered specimen. For the reference specimen (PAC), the recorded Q1 and Q2 were 17 and 29, respectively. Adding fibre to concrete improves its impact strength significantly.



	
The S-SF specimen exhibited a Q1 value around 101 and Q2 around 536. These observed values were 5.94 and 18.48 times larger than PAC specimens, respectively.



	
The S-PF specimen exhibited a Q1 value of 60 and Q2 of 152. Values obtained from this specimen were 3.53 and 5.24 times higher than those from the PAC specimen, respectively.



	
S-SF specimen showed improved Q1 and Q2 values by about 1.68 and 3.7 times, respectively, with respect to the S-PF specimen.






After fracture development, SF in concrete may effectively prevent macro-crack propagation and transfer tensile loads. PF addition was also bridges microcracks and slowed their growth by interacting with the matrix and fibres [49]. The increased Q1 and Q2 due to a higher fibre dose (2.4%) resulted in improved ductility.




4.2.2. Effect of Double-Layered FLTSFC


The impact strength of the two-layered FLTSFC is shown in Figure 8a,b. Compared to PAC specimens, the double-layered FLTSFC exhibited excellent impact strength.



	
The recorded values were 92 and 299, corresponding to Q1 and Q2 for the D-SF-PF specimen. With respect to PAC specimen, the recorded Q1 value improved by 5.41 times and Q2 by 10.31 times.



	
The Q1 and Q2 of the D-PF-SF specimens recorded were 89 and 296, respectively. These values were 5.24 times higher in Q1 and 10 times higher in Q2.






The two-layered FLTSFC with SF and PF at the outer layers showed superior impact resistance, improved ductility, and eradicates brittleness [50]. A top layer of the two-layered FLTSFC with 2.4% SF dosage performed a major influence in modifying the process of cracking in D-SF-PF than D-PF-SF. Because of the greater amount of SF existence in the top layer and impact point, higher impact energy is absorbed. Bridge action between the FLTSFC’s matrix and SF results in improved stiffness and pull-out resistance of fibre from the surrounding matrix, improved performance of crack resistant, and transference of tensile stress effectively along the FLTSFC’s top layer damaged segments [51]. Contrarily, top-layer comprised PF contributed to rapid cracking, which proliferated to the bottom-layer comprised SF. The impact resistance performance of the D-PF-SF specimen is marginally lower than D-SF-PF specimen. Because of the crack-bridging action of the SF fibres, both the PF-SF and PF-SF specimens exhibited higher Q1 and Q2 values, which had an impact on the fracture stabilisation process. Consequently, this enhanced fibre debonding, sliding, and pulling out, as well as the delay in the development of fractures [48,49]. It was found that the two-layered FLTSFC specimens had a lower impact strength compared to the single-layered S-SF specimens. The single-layered concrete specimen comprised even SF/PF dispersed throughout the cross-section, while the two-layered FLTSFC specimen had just one layer of SF/PF.




4.2.3. Effect of Three-Layer FLTSFC


The three-layered FLTSFC specimens impact strength in terms of Q1 and Q2 are shown in Figure 9a,b, respectively. Compared to PAC specimen, all FLTSFC specimens demonstrated a significant improvement in Q1 and Q2 values.



	
For T-FG1 specimen, the recorded Q1 value was 92 and Q2 was 313. These two values were improved by 5.41 and 10.79 times higher with respect to PAC specimen.



	
T-FG2 specimen exhibited an impact strength of 88 and 483 corresponding to Q1 and Q2, respectively. In comparison with PAC specimen, the recorded values were 5.18 and 16.65 times higher.



	
For T-FG3 specimen, the recorded Q1 value was 87 and Q2 value was 260. These two impact strength values were enhanced by 5.12 and 8.96 times, respectively.



	
The T-FG4 specimen displayed a Q1 value of 110 and Q2 value of 583. These values were improved by about 6.47 and 20.10 times, respectively.



	
The T-FG5 specimen has the maximum Q1 and Q2 values ever recorded, with the highest being 106 and 720, respectively. When compared to PAC, the values were improved by 24 and 24.82 times, respectively.



	
For the T-FG6 specimen, the recorded Q1 and Q2 values were 91 and 292, respectively. There was an increase in the values observed by 5.35 and 10.07 times, respectively.



	
In the case of the T-FG7 specimen, the Q1 and Q2 values were 95 and 360, respectively. The numbers were multiplied by 5.59 and 12.41 times, respectively.






When compared to PAC, all FLTSFC showed superior impact resistance. The T-FG5 specimens exhibited the maximum Q1 and Q2 values. In terms of Q1 fracture toughness efficiency, the T-FG4 sample was the best, with a hybrid SF + PF mixture of 2.8% at the top and bottom layers and 1.6% at the middle layer. Functionally graded concrete retains greater impact energy than cross-sections with the same quantity of fibre in full-reinforced cross-sections. This may be because the specimen’s top surface may be capable strain withstanding greater amounts of tensile waves [23,52]. Higher fibre doses enhanced tensile properties in both outer layers, leading to good impact resistance. The T-FG5 specimen’s failure strength was improved due to the greater dosage of SF at outer layers. The ductile FLTSFC specimen was intended to micro-crack to reduce energy waves with enormous tensile stress waves at the top and bottom layers. It was noted that greater SF dosages used in the top and bottom layers exhibited an increase in tensile strength and provide greater impact energy engrossment capacity via membrane action, therefore dispersing impact stress more widely [52]. The goal of FLTSFC is to sustain the development of finely structured materials capable of meeting the performance requirements of structural components. The different fibre doses applied to each layer of concrete give it unique properties and the shear stress is transferred through interfacial transition zones. The addition of layers may improve composite action by reducing shear stress transfer. The ultimate limit state required all three layers to functions together, indicating an excellent bond. A rigid layer was produced at the point of impact with a higher dose of fibres [53]. In comparison with PAC specimen, the findings demonstrated that the varied SF and PF doses used in FLTSFC greatly enhanced the impact energy absorption capability.




4.2.4. Ductility Index (IDI) of FLTSFC


The IDI is determined by dividing Q2 by Q1 [54], and the IDI results for all possible combinations are depicted in Figure 10. The IDI value for the PAC specimen in Figure 10 was 1.7, indicating that the specimen had insufficient post-cracking resistance. The PAC specimens immediately broke into two halves. S-SF and S-PF specimens showed IDI values of 5.31 and 2.53, respectively, representing that the specimens comprised of SF rather than PF exhibited excellent post-crack resistance. However, the three-layered FLTSFC displayed an outstanding post-crack resistance ranging from 2.98 to 6.79. Fibres prevent the fracture point from opening inside the concrete, reducing brittleness and slowing crack development [55]. The higher fibre dose in FLTSFC causes a ductile failure. A high IDI number implies good ductility, whereas a low IDI suggests brittleness [56].




4.2.5. Failure Pattern


Figure 11 depicts the fracture of FLTSFC at the top (T) and side (S) faces. The fibre-free control specimen was divided into two fragments, and brittle failure was observed. As demonstrated in Figure 11a,b, when a line-notched specimen is impacted, the fracture propagates via the notch tip and eventually reaches the specimen bottom surface after numerous impacts. A ductile failure was seen in the behaviour all FLTSFC specimens, and the stress transfer capacity across developed fractures was greatly boosted by the addition of concrete fibres. The fibers’ improved bridging activity on both sides of the fractured area stopped them from growing [57]. Because of the increased energy absorption capacity of the concrete, it was possible to achieve a higher impact resistance [58]. Prior to breaking, the top surface of the specimen may withstand a larger impact number than the bottom surface. The notched specimens were found to fracture in a more controlled way [59]. The fracture spread along with the notch depth as the frequency of hits increased, as seen in Figure 11a,b. When the specimens with line notch achieved their braking capability, they generated fractures along the projection of the notch. It is possible to predict this failure pattern because of the action of notches and load distributors, which may distribute stress along a notched line and consequently regulate the fracture path. This pattern of failure has been demonstrated to be consistent with earlier research by Abid et al. (2020) as well as Badr and Ashour (2005) [37,60]. It is the goal of this modification to regulate the fracture direction rather than allow cracks to propagate at random.




4.2.6. The Results of the ACI and the Modified Technique Impact Tests


The modified test results from this study are compared to the ACI-544 method testing results from prior work by Prasad and Murali et al. (2021) [27] for the same mixtures with similar schemes and dosages of fibre, shown in Figure 12. The modified impact methodology provided higher impact results in Q1 and Q2 compared to ACI-544 method, as shown in Figure 12a,b. Irrespective of the layered concrete, this pattern remained constant across all permutations. Figure 12c illustrates the percentage difference between the modified impact and ACI test methods differed from –11.5% to 90.9% in Q1 and from 8.7% to 78.6% percent in Q2. Due to the fact that the specimens were only subjected to a single contact point, the ACI test yielded a localised impact on a tiny specimen, which resulted in lower values in Q1 and Q2 findings for the specimens. The aggregate, soft material, and fibres region of a compact cylindrical specimen may be subjected to a single point impact, which leads to the accumulation of impact energy in a confined area. Fractures and cracks were spread in a radial direction due to this event, leading to a rapid collapse. The modified impact test, on the other hand, resulted in significantly higher values in impact strength for all FLTSFC specimens. By placing the line-load transmitting steel plate on the top specimen’s surface and striking with a repeated impact, the impact force was distributed across a greater area, resulting in a more uniform distribution of force. A consequence of this decision, the new testing procedure, which included applying single-point impact stress to a soft or hard portion of the fibres, was discarded. This was owing to the fact that the line impact force was delivered across such a large region and did not cause the specimens to collapse soon.




4.2.7. Coefficient of Variance (COV) Comparison


The COV analysis reveals the impact test dispersion. Increasing and decreasing COV levels enhance and reduce the dispersion of impact test results. A smaller COV is always preferred since it indicates a more accurate evaluation. Figure 13 compares the improved impact test COV to the ACI method COV from the earlier study conducted by Prasad and Murali (2021) [61]. The COV from the ACI test method varied from 32.8% to 50.5% for Q1 and 9.0% to 43.3% for Q2. However, modified impact testing findings showed a lower COV across all twelve combinations, ranging from 9.4% to 16.9% for Q1 and 5.9% to 14.6% for Q2. Compared to the ACI test method’s similar mixtures, the COV value calculated utilizing the modified impact test was reduced and ranged between 57.8% and 78.9% in Q1 and 23.2–75.2% in Q2 shown in Figure 13c. This event demonstrates that adding a line notch specimen that delivers impact using a line-load transmitting steel plate on the top surface instead of a single-point impact enhanced impact strength and decreased the dispersion of results [62,63,64,65,66,67,68].






5. Conclusions


In this study, it is proposed that a modified impact test of FLTSFC be performed against low-velocity repeated impacts. A line notch specimen and the line-load transmitting steel plate were introduced to reduce the dispersion of experimental findings. Single, double, and triple layered concrete were prepared using steel and polypropylene fibre to evaluate the impact resistance of mono and hybrid mix designs. According to the comprehensive study, the main results were drawn as follows:




	
The S-SF specimen had the highest compressive strength, which increased by 59.6% compared to the PAC specimen. The T-FG2 specimen had the second largest compressive strength increase, with 2.8% SF at the topmost and bottom layers, and 1.6% SF at the intermediate layer, resulting in the second highest compressive strength gain overall. The single-layered specimens exhibited higher compressive strength than the three-layered FLTSFC. The contribution of SF in increasing strength is considerably higher than PF, irrespective of the fibre scheme or number of layers.



	
When compared to PAC, the reported Q1 values for the S-SF and S-PF specimens were raised by 5.94 and 5.23 times, respectively. Likewise, the recorded Q2 values increased by about 10.31 and 10.21 times, respectively. This phenomenon is due to the addition of fibres, which increased the matrix’s tensile strength by delivering high tensile stress absorption over cracks via crack bridging.



	
Due to the obvious matrix reinforcing impact of fibres, the T-FG group of specimens showed higher Q1 and Q2 records than the PAC specimen, as was anticipated. In Q1 and Q2, significant increases was recorded by about 6.47 and 20.10 times for T-FG4 and 6.4 and 23.2 times for TFG-5, respectively. The top and bottom layers of higher SF dosage receive greater impact stresses due to direct contact with the drop weight and the supporting base plate. Moreover, SF’s crimped and hooked-end structure improved bond strength, including its significantly higher tensile strength than PF.



	
The index ductility values of all fibre specimens ranged between 2.53 and 6.79, indicating a greater resistance after cracking. A properly controlled cracking pattern was obtained via the use of notched specimens and transmission plates. The fractures in the notch specimens were initiated and proliferated mostly along the borders of the notches. In contrast, there were many randomly distributed cracks in the samples evaluated according to the ACI 544-2R technique. This regulated activity would simplify the identification of criteria for the acceptance or rejection of results of test specimens according to their cracking pattern, which leads to a reduction in the dispersion of results.



	
Compared to the ACI-544 method, the modified impact results were superior. The computed COV values for all twelve mixtures were decreased by 57.8–78.9% in Q1 and by 23.2–75.2% in Q2 compared with the ACI test method. Therefore, the proposed suggestion for the impact test could improve the reliability of results, make them easy to conduct, and contribute to new materials science.
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	Functionally Layered Two-stage Fibrous Concrete



	FRC
	Fibre Reinforced Concrete



	TSFC
	Two-Stage Fibrous Concrete
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	Functionally Graded Concrete
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	Functionally Layered Fibrous concrete



	PF
	Polypropylene Fibre



	SF
	Steel fibre
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Figure 1. A drop weight impact test suggested by ACI 544. 
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Figure 2. Modification proposed (a) Notched specimen, (b) Line-load transmitting plate. 
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Figure 3. Fibre appearance (a) Steel fibre and (b) Polypropylene fibre. 
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Figure 4. Casting procedure of FLTSFC. 
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Figure 5. Impact testing device. 
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Figure 6. Observed compressive strength of FLTSFC. 
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Figure 7. Impact strength of a single-layered specimen. 






Figure 7. Impact strength of a single-layered specimen.



[image: Fibers 09 00088 g007]







[image: Fibers 09 00088 g008 550] 





Figure 8. Impact strength of double-layered FLTSFC. 
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Figure 9. Impact strength of triple-layered specimen. 
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Figure 10. Impact ductility index. 
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Figure 11. Failure of specimens. 
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Figure 12. Impact results comparison between ACI and modified method. 
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Figure 13. COV comparison (a) Q1 (b) Q2 and (c) Percentage COV difference in two test methods. 
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Table 1. Mixing composition of the composite.
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Mix Id

	
c/s

	
w/c

	
First Layer’s Fibre Dosage (%)

	
Second Layer’s Fibre Dosage (%)

	
Third Layer’s Fibre Dosage (%)

	
SP (%)




	
SF

	
PF

	
SF

	
PF

	
SF

	
PF






	
PAC

	
1.0

	
0.45

	
0

	
0.35




	
S-SF

	
SF (2.4)

	
0.45




	
S-PF

	
PF (2.4)




	
D-SF-PF

	
SF (2.4)

	
PF (2.4)




	
D-PF-SF

	
PF (2.4)

	
SF (2.4)




	
T-FG1

	
SF (1.2)

	
PF (1.2)

	
SF (1.2)

	
PF (1.2)

	
SF (1.2)

	
PF (1.2)




	
T-FG2

	
SF (2.8)

	
-

	
SF (1.6)

	
-

	
SF (2.8)

	
-




	
T-FG3

	
-

	
PF (2.8)

	
-

	
PF (1.6)

	
-

	
PF (2.8)




	
T-FG4

	
SF (1.4)

	
PF (1.4)

	
SF (0.8)

	
PF (0.8)

	
SF (1.4)

	
PF (1.4)




	
T-FG5

	
SF (3.6)

	
-

	
-

	
-

	
SF (3.6)

	
-




	
T-FG6

	
-

	
PF (3.6)

	
-

	
-

	
-

	
PF (3.6)




	
T-FG7

	
SF (1.8)

	
PF (1.8)

	
-

	
-

	
SF (1.8)

	
PF (1.8)
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Table 2. Compressive strength results.
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Mix ID

	
Compressive Strength (Mpa)

	
Mean

	
SD

	
COV (%)




	
1

	
2

	
3






	
PAC

	
32.18

	
29.09

	
33.85

	
31.71

	
2.42

	
7.62




	
S-SF

	
48.9

	
52.3

	
50.5

	
50.57

	
1.70

	
3.36




	
S-PF

	
34.19

	
41.18

	
37.51

	
37.63

	
3.50

	
9.29




	
D-SF-PF

	
39.49

	
41.84

	
38.64

	
39.99

	
1.66

	
4.14




	
D-PF-SF

	
39.92

	
35.74

	
41.38

	
39.01

	
2.93

	
7.50




	
T-FG1

	
44.15

	
46.92

	
49.75

	
46.94

	
2.80

	
5.97




	
T-FG2

	
48.05

	
49.58

	
49.27

	
48.97

	
0.81

	
1.65




	
T-FG3

	
32.52

	
36.88

	
34.74

	
34.71

	
2.18

	
6.28




	
T-FG4

	
45.71

	
45.79

	
48.92

	
46.81

	
1.83

	
3.91




	
T-FG5

	
34.81

	
38.23

	
41.32

	
38.12

	
3.26

	
8.54




	
T-FG6

	
34.44

	
32.26

	
33.41

	
33.37

	
1.09

	
3.27




	
T-FG7

	
42.71

	
38.32

	
43.13

	
41.39

	
2.66

	
6.44








SD; Standard deviation, COV; Coefficient of variation.
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Table 3. Results from the experimental impact test.
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Mix ID

	
PAC

	
S-SF

	
S-PF

	
D-SF-PF

	
D-PF-SF

	
T-FG1

	
T-FG2

	
T-FG3

	
T-FG4

	
T-FG5

	
T-FG6

	
T-FG7




	
Q1

	
23

	
Q1

	
Q2

	
Q1

	
Q2

	
Q1

	
Q2

	
Q1

	
Q2

	
Q1

	
Q2

	
Q1

	
Q2

	
Q1

	
Q2

	
Q1

	
Q2

	
Q1

	
Q2

	
Q1

	
Q2

	
Q1

	
Q2






	
1

	
13

	
24

	
85

	
482

	
46

	
131

	
75

	
260

	
76

	
265

	
74

	
281

	
71

	
436

	
62

	
224

	
94

	
526

	
89

	
656

	
71

	
251

	
76

	
315




	
2

	
14

	
24

	
86

	
487

	
47

	
133

	
78

	
262

	
78

	
269

	
76

	
286

	
73

	
438

	
65

	
226

	
95

	
530

	
90

	
663

	
72

	
255

	
78

	
316




	
3

	
14

	
25

	
88

	
490

	
49

	
136

	
80

	
265

	
80

	
271

	
79

	
292

	
77

	
442

	
74

	
230

	
97

	
534

	
92

	
671

	
74

	
259

	
81

	
324




	
4

	
15

	
26

	
92

	
495

	
50

	
139

	
82

	
266

	
81

	
275

	
81

	
295

	
78

	
456

	
77

	
234

	
100

	
541

	
93

	
673

	
76

	
268

	
83

	
332




	
5

	
15

	
26

	
94

	
506

	
52

	
142

	
85

	
271

	
84

	
280

	
82

	
301

	
80

	
472

	
81

	
241

	
102

	
555

	
96

	
687

	
80

	
274

	
86

	
339




	
6

	
16

	
27

	
95

	
524

	
53

	
146

	
86

	
282

	
85

	
282

	
83

	
307

	
82

	
476

	
86

	
249

	
105

	
563

	
99

	
695

	
85

	
280

	
87

	
345




	
7

	
16

	
27

	
97

	
531

	
55

	
151

	
91

	
294

	
87

	
287

	
89

	
309

	
85

	
481

	
88

	
253

	
106

	
571

	
107

	
718

	
86

	
285

	
91

	
352




	
8

	
17

	
28

	
103

	
546

	
59

	
155

	
93

	
303

	
88

	
296

	
94

	
311

	
87

	
486

	
89

	
260

	
109

	
587

	
109

	
727

	
90

	
296

	
96

	
354




	
9
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