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Abstract

:

Fiber-reinforced concrete is widely acknowledged for its ability to resist cracking effectively and limit its propagation. By preventing cracks from spreading, the addition of fiber composites to concrete can enhance its extensibility and tensile strength, not only at the initial point of cracking but also at its maximum capacity. Additionally, the fibers in fiber-reinforced concrete are capable of binding the matrix, even when exposed to significant cracking. However, there is limited information available about the behavior of fiber-reinforced concrete under a bending moment combined with torsion. This study aims to investigate the structural behavior of fiber-reinforced concrete members subjected to a bending moment with a torsion to moment ratio equal to 1. Synthetic and steel fibers of 1.0% content with different lengths (19, 35, and 55 mm for synthetic fiber and 13 mm for straight and hook steel fibers) were mixed with concrete mixtures to examine the effects of fiber lengths and types on the concrete beam performance. Test results indicated that the fiber-reinforced concrete beams showed higher cracking moments than the normal-strength concrete beam. The steel fiber with a hooked configuration reinforced beam showed increased moment capacity and total torsional toughness higher than that of the straight steel fiber-reinforced beam. The synthetic fiber of a 55 mm length reinforced beam exhibited the highest first-crack and ultimate moment values among other tested beams. The test results were compared with past research models for the moment capacity of beams under the compound effect of bending and torsion and we modified these values with another factor that represented the fiber length influence on beam capacity, as suggested in past research. The comparison between the ultimate moment of the test results and the moment predicted from the modified past research model presented a good correlation.
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1. Introduction


Beams are essential for the structural stability of many buildings and other structures, such as bridges [1,2,3,4,5]. Concrete beams are made from reinforced concrete, steel, or composite materials designed to bear external loads. Moreover, beams serve as supports for slabs, walls, columns, and other structural elements, facilitating the transfer of loads to the supporting columns. Researchers and engineers remain concerned about the torsional load in concrete components such as curved girders and eccentrically loaded beams. Hence, designing concrete structural members to withstand torsion is a crucial task. The torsion of a beam that can lead to a failure is caused mainly by the development of tensile stresses developed under the condition of pure shear, which arise initially due to the torsion action [6]. Furthermore, the spandrel beams that may be used in constructed buildings, eccentrically loaded beams that are usually utilized in multi-deck bridges, and box girder bridges are examples of the most likely constructions to have beam elements that are exposed to torsion force and require a particular design to resist such forces and enhance their strength performance [1,7,8,9].



Concrete is generally a brittle material that cannot resist high tensile strength without adding fibers [10]. In recent years, studies have incorporated synthetic and steel fibers into the concrete mixture to improve its ductility and tensile strength, thereby producing a less fragile material than traditional concrete [11]. Torsional action on reinforced concrete beams does not occur alone, but, in some cases, the torsional force may take over the structural behavior affecting the element [12]. Yang et al. [9] reported limitations in reinforced concrete beams subject to pure torsion forces, regardless of their strength classification. Bernardo and Lopes [13] conducted a test on high-strength concrete beams to observe the ductility of the beams; results showed low performance of the specimens, despite altering the reinforcement ratio to its narrowest limit. Ju and Kim [14] argued that the shape of beams has become slenderer and more irregular when compared to past research, and this requires a further investigation into the design of structural elements, taking into consideration the various types of loads, with torsion being one of them. In a contrasting experiment, Baker [15] concluded that high-strength concrete beams were inferior to normal-strength concrete (NSC) beams when it came to the ductility of the element by showing more cracks. Therefore, researchers in the engineering and production fields have increased their focus on enhancing the performance of beams against torsion to comprehend and enhance the strength of reinforced concrete beams [12].



Multiple authors have investigated the torsion performance of reinforced concrete beams under a pure torsion load only. Ju et al. [14] noted that structural beams that were designed based on the design code from the America Concrete Institute (ACI) [16] were observed to record unsatisfactory torsional member strengths. Chiu et al. [8] conducted a study to investigate and experimentally analyze the crack pattern, maximum crack width at the service load level, torsional strength, torsional ductility, and post-cracking reserve strength of solid and hollow cross-sections of high-strength concrete and NSC beams. The study also explored several parameters, such as the volumetric ratio of torsional reinforcements, concrete compressive strength, and cross-section aspect ratio. The study concluded that the post-cracking strength reserve of the tested beams was influenced by the ratio of transverse to longitudinal reinforcement factors and the total amount of torsional reinforcement used. Additionally, the authors noted that an increase in the aspect ratio of the beam cross-section resulted in reduced cracking and ultimate strength. Moreover, different theoretical equations have been suggested to evaluate the cracking torque and ultimate torque of fiber-reinforced concrete beams under a pure torsion load by Hassan et al. [17,18].



Analytical and experimental investigations have been conducted in the literature to examine normal-strength concrete beams’ combined bending and torsional strength [19]. Moreover, other researchers have focused on experimental studies of high-strength reinforced concrete structures under combined loading [20]. Leung and Schnobrich [19] discussed extending the diagonal compression field theory to study the post-cracking behavior of reinforced concrete sections subjected to combined axial force, biaxial bending, and torsion. Results showed that the combined bending and torsion of rectangular and slab sections determined the moment/curvature and torsion/twist responses when subjected to combined loadings for normal-strength concrete. Santhakumar et al. [21], Rahal and Collins [2], and Martin [22] proposed a mathematical formula to determine the maximum moment that reinforced concrete beams can withstand when subjected to combined bending and torsion. Onsongo [23] and Mardukhi [24] experimentally studied the compound effect of bending and torsion of normal-strength concrete beams. Travush et al. [20] investigated crack propagation and deformation in high-strength steel fiber-reinforced concrete beams with round cross-sections under combined bending and torsion. However, minimal experimental data and no equations are currently available for the design of fiber-reinforced concrete beams utilizing synthetic or steel fibers subjected to combined bending and torsion loads. Moreover, the ACI, Eurocode, and British Specifications (BS) do not provide any details related to fiber-reinforced concrete beam design with synthetic and steel fibers under combined bending and torsion loads. The aim of this study is to investigate how various types of fibers impact the beam characteristics of fiber-reinforced concrete (FRC) subjected to combined bending and torsion, specifically in terms of cracking and failure criteria, as well as the cracking and ultimate moments of the FRC beam.




2. Experimental Program


The main aims of the research were to investigate the material and structural characteristics in terms of the influence of different types of fibers (synthetic and steel fibers) on the structural behavior of RC beams under compound bending and torsion. Both synthetic and steel fibers were added to the concrete mix in a dosage of 1% of the total volume, along with other components used in the concrete mixture. Three lengths of synthetic fiber were used (19, 35, and 55 mm). On the other hand, two types of steel fiber of 13 mm in length, with the same aspect ratio of 65, were added to the concrete mix (straight and hook).



2.1. Materials


In this study, Portland cement, crushed coarse aggregate (14 mm maximum size), and local natural sand were used. In accordance with IQS No. 5/1984 [25] standard, a chemical analysis of the Portland cement was conducted, and the results are listed in Table 1. In contrast, Table 2 shows the physical properties of the Portland cement. Table 3 and Table 4 list the grading of the physical and chemical properties of the fine aggregate following the IQS No. 5/1984 [25] and IQS No. 45/1984 [26] standards, respectively. In addition, for the coarse aggregate analysis, Table 5 and Table 6 list the physical and chemical properties following the IQS No. 5/1984 [25] and IQS No. 45/1984 [26] standards, respectively.



Additionally, fibers were incorporated into the mixture to improve the concrete’s mechanical properties and enhance the structural beams’ performance. The properties of synthetic (STH), straight steel (SSF), and hook steel (HSF) fibers are listed in Table 7 and shown in Figure 1. Synthetic fibers are made from copolymer materials typically derived from petrochemicals. Steel fibers are made from steel, primarily composed of iron and with varying amounts of carbon, manganese, silicon, sulfur, and phosphorus. Generally, steel fibers used to reinforce concrete have a composition of at least 95% iron, with carbon and other elements comprising the remaining 5%.




2.2. Concrete Mixes


A total of six concrete mixtures were prepared and mixed, which are listed in Table 8. The control mix used in the study was the NSC mix, and the other five mixes contained 1% fiber content with different types and lengths (19 mm STH, 35 mm STH, 55 mm STH, SSF, and HSF), namely STH-19, STH-35, STH-55, SSF-13, and HSF-13, respectively. In order to avoid the formation of fiber balls in the concrete mix, the fiber was included after mixing all other concrete materials, to ensure the even distribution of the fiber throughout the mix. To prepare the samples for casting, water with a pH value of 6 was used in the concrete mix and cured specimens. The NSC and FRC mixes were formulated to achieve the same compressive strength by maintaining a fixed fiber quantity of synthetic and steel fibers in each mix. This was done to investigate the effect of fiber length and type on the concrete’s mechanical properties and torsional characteristics.




2.3. Specimen Preparation


For the hardened mechanical properties of every mix design, three samples of each mix were set following the standards for each test requirement. Cylinders and prisms were cast for the concrete splitting tensile strength (ASTM C496/C496M [27]) and concrete flexural strength (ASTM C78/C78M [28]), respectively. Moreover, cubs were prepared for the compressive strength (EN, B.-12390-2 [29]). In order to obtain the best distribution and prevent fibers from rolling into balls during the mixing of the concrete components, especially for the STH-35 and STH-55 mixes, the fibers were added after other concrete constituents.



In order to examine the compound effect of the flexural and torsional performance of FRC beams with different fiber types, 5 FRC beams were cast (see Figure 2), along with one NSC beam as a control beam. Specimen identification names are listed in Table 9. The dimensions of the tested beams were 100 × 150 × 1500 mm, width × depth × length. Along with the fibers, all beams were reinforced with 2-Ø10 mm steel bars as a longitudinal reinforcement for both the top and bottom layers. In the transverse direction, Ø5 mm steel bars were used as stirrups at 60 mm (see Figure 2). To prevent shear failure at the ends of the beams, the tested beams were reinforced with Ø5 mm bars at 50 mm on each end. In accordance with ASTM A615/A615M [30], the yield stress of 462 MPa for the Ø10 mm bar and 437 MPa for the Ø5 mm bar was obtained.




2.4. Test Procedure


After the curing period ended, the samples underwent testing to determine their compressive strength at 28 days, in accordance with the EN, B.-12390-2 [29] standard. To do this, 15 cm cubes were subjected to a hydraulic compressive machine with a 1600 kN capacity. The specimens were also subjected to the splitting tensile test and flexural strength test used following the ASTM C496/C496M-17 [27] and ASTM C78/C78M-18 [28] standards, respectively. The six beams were tested in a specifically constructed test frame for the function of applying bending and torsion. The essential element of the test loading frame was used for loading and restraining. Figure 3b shows a concrete beam positioned onto a hydraulic compression testing machine with a maximum capacity of 670 kN. A hemispherical bearing was used on the top of the steel beam to center it and eliminate any load eccentricity during the testing process. The beams were supported on simple supports at 75 mm from both ends, which permitted the beam to rotate about the center. The combined action of torsion–bending was obtained using two steel arms attached to the middle third of the tested beam at two opposite points, with dimensions that gave equal bending and torque (T/M = 1). This setup ensured that the stresses on the middle third of the tested beam were purely in the torsional and flexural modes. Additionally, two dial gauges with a 10 cm distance between them were fixed at the end of the beam on the left and right to identify the torque-angular twist angle. These two dial gages served to gauge the uplift and down values. At every load interval, the rotating angle readings were recorded. In addition to these dial gages, another dial gage was applied at the mid-span to identify the bending moment–deflection, as shown in Figure 3.





3. Results and Discussion


3.1. Mechanical Properties


Once the beams and other specimens were cast, they were cured in accordance with the standards set out in ASTM C192/C192M [31]. After 24 h, the specimens were removed from their molds and submerged in water for a period of 28 days. Following this, they were removed from the water and preserved for another 28 days, in accordance with ASTM C192/C192M-02 [31], until the day of testing. The average values of the compressive strength of cubes, cylinders, and prisms were determined for each concrete mix, as shown in Figure 4 and listed in Table 10. Additionally, the brittleness ratios were calculated for each mix by dividing the compressive strength by the flexural strength.



In Table 10, the results of the compression, tensile, and flexural strengths tests for the control NSC mix and other mixes with fibers are listed. The NSC strengths were 31.41, 2.73, and 3.55 MPa for compression, tensile, and flexural, respectively. However, the addition of the fibers in the concrete mixture significantly impacted the compression, tensile, and flexural strength results, especially for the tension and flexural strength. The degree of the effect of the fiber on the hardened concrete’s properties was relative to the fiber length included in the concrete mixture, regardless of whether we used fiber, steel, or synthetic. This may have been related to the failure mechanism (pull out), which depends on the bond strength between the concrete mix and fibers related to the fiber length and shape. The tensile strength improved by 19%, 25%, 35%, 37%, and 21% for the STH-19, STH-35, STH-55, SSF-13, and HSF-13 mixes compared to the NSC mix.



Previous research has indicated that adding fibers to concrete mixes can reduce the brittleness and improve the ductility [8,10,13]. Table 10 shows that both types of fibers decreased the brittleness of the concrete by approximately 20% compared to the NSC mix. Among the different types of fibers, the specimens with synthetic fibers measuring 55 mm in length showed the best performance.




3.2. Analysis of the Experimental Results of Tested Beams


3.2.1. Torsional and Flexural Behavior


In order to evaluate the efficiency of the fibers’ type, length, and shape, the data recorded for the period of the tests are analyzed. Table 11 lists a summary of the results with respect to the torsional characteristics for all the tested beams. Table 11 shows the various schemes versus the torsional crack and its angle of twist, the ultimate torque and the corresponding angle of twist, and the initial torsional stiffness. It should be highlighted that all types of fibers used significantly influenced the behavior in both strength and ductility. The ductility index is the ratio of the angle of twist at the ultimate torque (ϴu) to the angle of twist at elastic torque (ϴe). On the other hand, Table 11 lists a summary of the results with respect to the flexural characteristics for all the tested beams. The table shows the various schemes versus the cracking moment and its deflection, the ultimate moment capacity and the corresponding deflection, and the initial flexural stiffness. The flexural ductility index is the ratio of the deflection at the ultimate moment (Δu) to the deflection at the elastic moment (Δe)



It should be noted that the effect of adding fibers to the concrete mix on the flexural and torsional strengths considerably improved the beam performance compared to the B-NC beams. Moreover, Table 11 and Table 12 show that the impact of fibers on the torsional stiffness and torsional ductility was more significant compared with the flexural stiffness and flexural ductility. This resulted from the enhancement in the tensile strength, on which the torsional behavior depends.



Figure 5 and Figure 6 illustrate the comparisons of the end-beam torque–rotation and moment–midspan deflection curves between the B-NC, B-SSF-13, B-HSF-13, B-STH-19, B-STH-35, and B-STH-5 beams, respectively. The comparisons of the torsional and flexural behaviors between the B-NC, B-STH-19, B-STH-35, and B-STH-5 beams are shown in Figure 5a and Figure 6a. Moreover, Figure 5b and Figure 6b present the comparisons of the torsional and flexural behaviors between the B-NC, B-SSF-13, and B-HSF-13 beams. The obtained figures provide information on the cracking, ultimate, and failure torque, along with the corresponding twists and initial torsional stiffness. Both the moment versus midspan deflection and torque versus angle of rotation behaviors show an almost linear relationship until the torque and bending moment reach 3 kNm. After this, there is a significant deviation from linearity, and cracks are observed. As the specimen approaches failure, the nonlinear curves become more noticeable. As shown in Figure 5 and Figure 6, adding both types of fibers to the concrete beams improves the flexural and torsional behaviors compared to the NSC beams. This improvement is a result of the increment in the tensile strength of FRC specimens. It should be noted that adding 1% of steel and synthetic fibers to the concrete mixture improves the flexural and torsional strengths of the beams.




3.2.2. Torsional and Flexural Toughness


Toughness is typically defined as the amount of energy that can be absorbed by a material. In the case of FRC, there are different standards and methods in measuring its flexural and torsional toughness, such as the toughness model for torsion presented by Okay and Engin [12] and ASTM C1018 [32]. Figure 7 shows the different parts of the torque–rotation curve, which include the pre-cracking torsional toughness (P-I), the cracked toughness before reaching ultimate torque (P-II), and the post-cracking toughness (P-III). The areas under the curve for each of these parts represent the energy absorbed by the concrete, which is known as torsional toughness. The initial torsional stiffness can also be obtained using the torque–rotation linear curve, as shown in Figure 7.



Figure 8 presents a comparison between the NSC and FRC beams. The results show that the three toughness measures of FRC beams are higher than those of NSC beams, suggesting that the FRC beams exhibit some strain-hardening behavior, while the NSC beams show softening behavior. In the case of FRC beams, the toughness indices (part II and part III) are related to the fiber shape and type, i.e., the hook steel FRC beam shows higher values than the straight steel FRC beam. Moreover, synthetic FRC beams show higher toughness indices than steel FRC beams.



An evaluation method of the flexural toughness based on ASTMC1018 [32] was conducted. The diagram in Figure 9 illustrates the procedure and computations. The ratios of the area under the load–vertical deflection curve, which are equal to 3, 5.5, 10, and 15.5 times the first-crack deflection, divided by the area up to the first-crack deflection, are used to calculate the indices I5, I10, I20, and I30. In a linear elastic and brittle material, all indices would be equal to 1. However, for an elastic–ideal plastic material, I5, I10, I20, and I30 should be greater than or equal to 5, 10, 20, and 30, respectively. The results of the flexural model are presented in Figure 9; the flexural toughness indices of the four parts were calculated from Figure 9 and are depicted in Table 13.



Here,
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3.2.3. Cracking Pattern and Failure Modes


All cracks started and propagated at the tested parts of the beams (mid-third). The first cracks were vertical at the bottom fiber, similar to flexural cracks, as shown in Figure 10a. With a load increase, the cracks started to incline in the same way as torsional cracks at a 45 ± 5-degree inclination angle along the length of the beams, as shown in Figure 10a. Figure 10b depicts the cracking pattern initiated from the mid-span and propagated at an inclination angle of 45 ± 5 degrees along the beam’s length. During the experiment, it was observed that the torsional cracks started to widen, and new cracks were propagated in the tested area. At the mid-third of the beam, diagonal cracks appeared on all sides, as shown in Figure 10c.



The first crack in the B-NC beam occurred at 1 kNm torque, and it failed when the torque moment reached 3.4 kNm, which is lower than the torque moments of the FRC beams. Figure 11a illustrates the crack patterns at the failure stage for the B-NC specimen, which propagated in an inclined path of around 450 in the tested area of the specimen. These cracks were wider on one side than the other, as a result of variation in the stresses on these sides. Moreover, the top cover of the tested portion of the beam was spread horizontally at the post-ultimate load stage near the failure load and showed ductile behavior due to the influence of steel reinforcement. The ultimate torque moment of steel FRC beams B-SSF-13 and B-HSF-13 with respect to the B-NC specimen was increased by 14.71% and 23.53%, respectively. Figure 11b,c display the crack patterns of the steel FRC beams B-SSF-13 and B-HSF-13, where the first noticeable cracks occurred at the mid-span of the tested beams B-SSF-13 and B-HSF-13 at torque moments of 1.1 and 1.2 kNm, respectively. The failure of the B-SSF-13 and B-HSF-13 beams occurred as the applied torque reached 3.9 and 4.2 kNm, respectively, which is higher than the ultimate torque moment of the B-NC beam by about 14% and 20%, respectively.



Figure 12a–c show the crack patterns at the failure stage of the synthetic fibers (B-STH-19, B-STH-35, and B-STH-55, respectively), where their first detectable cracks appeared at torque moments of about 1.2, 1.3, and 1.3 kNm at the mid-third of the tested beam, respectively. The B-STH-19, B-STH-35, and B-STH-55 tested beams failed at a torsional moment of 4.4, 4.5, and 4.6 kNm, respectively, with an increase in the ultimate moment capacities of 29.41%, 32.35%, and 35.29% compared to the B-NC beam. The crack patterns of the synthetic beams were widely scattered along the tested parts of the beams as the load increased. The failure criteria for the specific fiber-treated samples showed a similar pattern. The addition of fibers to the beams led to different failure modes compared to the control beams, as the fibers hindered the propagation of cracks in the concrete. This effect of the fibers improved the crack control mechanism and ductility of the beams in the post-cracking stage. Moreover, the improvement in the first-crack and ultimate strength of the beams varied depending on the length and configuration of the fibers used.





3.3. Estimating Ultimate Strength


The ultimate strength of the beam under combined bending and torsion was reduced significantly compared with beams under bending only in Santhakumar et al. [21] and Martin [27]. Santhakumar et al. [21] suggested an interaction diagram between the ratio of the flexural strength of the beams under combined bending and torsion (Mu.c) and the flexural strength under bending only (Mu.b) (Mu.c/Mu.b) with respect to the ratio between torque and bending (T/M). This interaction diagram was limited to a T/M ratio rounded between 0.2 and 1. The percentage reduction in the ultimate strength of the concrete beams was found to be 43.2%. Depending on the T/M ratio in the present study (1), the value of Mu.c/Mu.b = 0.57.



Martin’s research [22] presented three theoretical general interaction equations that show the analytical relationship between the ultimate moments of a concrete member under torsion and bending, considering two modes of failure. The first mode, known as Mode 1, occurs when the compression region is at the top of the cross-section, and the compressive strength of the concrete fails under the combined effect of direct and shear stresses caused by torsion. Tensile cracks also appear at the bottom of the member due to the action of the bending moment, and the steel at the bottom of the cross-section is in the tension zone. An alternative criterion for failure in Mode 1 is the yielding of the longitudinal steel under the combined action of direct stress due to the bending moment and shear stress due to the torsional moment.



The second mode of failure, Mode 2, happens when the compression zone is located at the side of the section, and the failure is due to the tensile strength of the concrete. The first crack appears on the side of the beam’s cross-section, and the load capacity does not increase beyond the first-crack value but slowly decreases as more cracks develop. In estimating the ultimate strength, it appears reasonable to consider the beam as a plain concrete beam. However, based on the crack pattern observed in the tested beams in this study, Mode 1 is more suitable.



As can be noticed in Table 14, Santhakumar et al.’s [21] test result indicates better performance than Martin [22]; however, there are still some deviations between the experimental and predicted moments. Hence, Santhakumar et al.’s [21] and Martin’s [22] techniques to estimate the ultimate moment strength might not be valid due to underestimating and over-conservative results as these techniques are performed for NSC beams. In order to include the fiber length’s impact on the moment capacity of FRC beams, the Expand Increase factor of the FRC beams with different fiber types and lengths, which was proposed by Hassan et al. [17], is suggested, as shown below.


  E . I . F =    (  1 +   L f   60    )     1 3     










  M u   m o d i f i e d = M u . c 1   ∗    (  1 +   L f   60    )     1 3     








where Mu modified is the moment capacity of the FRC beam, Mu.c1 is the moment capacity calculated by Santhakumar et al. [21], and   L f   is the length of the fiber in (mm).



Observing the error for each technique used in the study to estimate the ultimate moment strength, variability was noted among the methods. The error was 0–13%, 29–40%, and 0–12% for Santhakumar et al. [21] and Martin [22] and the modified technique of Hassan et al. [17], respectively. These values for samples are small in comparison with the values reported. Since the fiber plays a significant role in improving concrete’s flexural and torsional performance, we recommend further experimental and theoretical research to evaluate the designed FRC beams under the compound effect of bending and torsion.





4. Summary and Conclusions


This study examined the effects of adding synthetic and steel fibers to concrete mixes, which can enhance the material’s flexural, tensile, and compressive strengths. The research aimed to assess the performance of FRC beams under both flexural and torsional loads, considering various types and lengths of fibers used. The compound flexural and torsional test was employed to measure the cracking, ultimate, and failure moments, along with corresponding twists and deflections, for the FRC beams. Based on the findings of the tested beams in this study, certain conclusions can be drawn:




	
Incorporating fibers into the concrete mixture leads to changes in its behavior, increasing the tensile and compressive strengths of the concrete. The extent of improvement in the concrete behavior resulting from adding fibers is directly related to the length of the fibers.



	
The addition of synthetic and steel fibers in the concrete mix enhances the torsional and flexural toughness of the beams, and the degree of enhancement is proportional to the fiber length. The B-STH-55 beam had a maximum increase of 106% in the total flexural toughness at the ultimate load stage in I30 compared to the B-NC beam.



	
The NSC beams and FRC beams exhibited different crack patterns because the fibers acted as bridges and limited the propagation of cracks in the concrete. The improvement in the first-crack moment was found to be directly related to the length of the fiber used.



	
The inclusion of synthetic fibers in the concrete mixture resulted in a significant increase in the pre-cracking and post-cracking ductile areas compared to other types of fibers. Hence, it is recommended to incorporate synthetic fibers with a length of 55 mm into the concrete mixture, as this fiber had a considerable impact.



	
The beams reinforced with hooked steel fibers also showed good performance at a fiber dosage of 1%, as opposed to the straight micro-steel FRC beam.



	
The correlation between the experimental and predicted moment capacity of the FRC beams was good when the effect of the fiber presented in this study was compared with previous techniques to estimate the moment capacity.
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Figure 1. Types of fibers. (a) 19 mm STH, (b) 35 mm STH, (c) 55 mm STH, (d) SSF, and (e) HSF. 
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Figure 2. (a) Reinforcement details and (b) steel cage inside the mold. 






Figure 2. (a) Reinforcement details and (b) steel cage inside the mold.



[image: Buildings 13 01347 g002]







[image: Buildings 13 01347 g003 550] 





Figure 3. (a) Beam setup, along with a sketch of the test details; (b) tested beam in machine test; (c) top view, and (d) side view. 
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Figure 4. (a) Compression, (b) splitting tensile strength, and (c) flexural specimens. 
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Figure 5. Torque–rotation angle plots of (a) synthetic FRC and control beams and (b) steel FRC and control beams. 
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Figure 6. Moment–deflection plots of (a) synthetic and control beams and (b) steel FRC and control beams. 
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Figure 7. Toughness model for torsion [12]. 
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Figure 8. Torsional toughness. 
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Figure 9. Estimate diagram for flexural toughness of ASTM C1018 [32] method. 
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Figure 10. (a) First crack, (b) inclination of crack, and (c) additional cracks. 
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Figure 11. Flexural and torsional failure modes of (a) B-NC, (b) B-SSF-13, and (c) B-HSF-13. 
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Figure 12. Flexural and torsional failure modes of (a) B-STH-19, (b) B-STH-35, and (c) B-STH-55. 
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Table 1. Chemical analysis of the cement.






Table 1. Chemical analysis of the cement.





	Compound Composition
	Chemical Composition
	Percentage by Weight
	Limits of IQS No. 5/1984 [25]





	Lime Oxide
	CaO
	61.8
	-



	Silica Dioxide
	SiO2
	19.68
	-



	Alumina Oxide
	Al2O3
	3.3
	-



	Iron Oxide
	Fe2O3
	4.16
	-



	Lime Saturation Factor
	LSF
	0.972
	0.66–1.02



	Magnesia Oxide
	MgO
	0.23
	≤5.00%



	Tricalcium Aluminate
	C3A
	1.707
	-



	Sulfate Trioxide
	SO3
	2.45
	≤2.5% if C3A ≤ 5%



	Loss on Ignition
	LOI
	2.8
	≤2.8% if C3A > 5%



	Insoluble Residue
	IR
	0.59
	≤1.50%
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Table 2. Physical properties of the cement.
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Physical Properties

	
Test Results

	
Limits of IQS No. 5/1984 [25]






	
Fineness (Blaine) (m2/kg)

	
260

	
≥230




	
Time of setting (Vicat) (minute)

	
Initial time

	
110

	
≥45




	
Final time

	
316

	
≤600




	
Compressive strength for cement paste cube mold (50 mm) (MPa)

	
3 days

	
19.07

	
≥15




	
7 days

	
30.23

	
≥23
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Table 3. Grading of fine aggregate.
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	Sieve Size (mm)
	Passing %
	Limits of IQS No. 5/1984 [25] for Zone (2)





	10
	100
	100



	4.75
	98.2
	90–100



	2.36
	87.1
	75–100



	1.18
	72.5
	55–90



	0.6
	44.8
	35–59



	0.3
	11.6
	8–30



	0.15
	1.3
	0–10
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Table 4. Physical and chemical properties of fine aggregate.
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	Physical Properties
	Test Results
	Limits of IQS No. 45/1984 [26]





	Material finer than 75 μm (sieve no. 200) (%weight)
	4.2
	≤5.00%



	Sulfate content
	0.1
	≤0.50%
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Table 5. Grading of coarse aggregate.






Table 5. Grading of coarse aggregate.





	Sieve Size (mm)
	Passing %
	Limits of IQS No. 5/1984 [25] for Zone (2)





	20
	100
	100



	14
	99.12
	90–100



	9.5
	79.82
	50–85



	4.75
	9.2
	0–10
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Table 6. Physical and chemical properties of coarse aggregate.
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	Property
	Test Results (%)
	Limits of IQS No. 45/1984 [26]





	Sulfate content (SO3)
	0.04
	≤0.1%



	Material finer than 75 μm (sieve no. 200)
	0.2
	≤3%
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Table 7. Characteristics of fibers, as listed by the manufacturer.
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Feature

	
Synthetic Fiber

	
Steel Fiber (Straight and Hook)






	
Length

	
19 mm

	
35 mm

	
55 mm

	
13 mm




	
Diameter

	
0.35 mm

	
0.35 mm

	
0.35 mm

	
0.2 mm




	
Tensile strength (MPa)

	
570–660

	
570–660

	
570–660

	
<2100




	
Modulus of elasticity (GPa)

	
4.7

	
4.7

	
4.7

	
200




	
Specific gravity

	
0.9

	
0.9

	
0.9

	
7.8




	
Color

	
Gray

	
Gray

	
Gray

	
Golden
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Table 8. Concrete mix designs.
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Material

	
Mix ID




	
NSC

	
STH-19

	
STH-35

	
STH-55

	
SSF-13

	
HSF-13






	
Water/cement ratio

	
0.46

	
0.46

	
0.46

	
0.46

	
0.46

	
0.46




	
Fiber type

	
-

	
Synthetic

	
Synthetic

	
Synthetic

	
Straight steel

	
Hook steel




	
Length of fiber (mm)

	
-

	
19

	
35

	
55

	
13

	
13




	
Cement (kg/m3)

	
460

	
460

	
460

	
460

	
460

	
460




	
NSG (kg/m3)

	
675

	
675

	
675

	
675

	
675

	
675




	
Fiber dosage % by volume

	
0

	
1

	
1

	
1

	
1

	
1




	
Coarse aggregate (kg/m3)

	
1125

	
1125

	
1125

	
1125

	
1125

	
1125
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Table 9. Sample details.






Table 9. Sample details.





	Sample ID
	Details





	B-NC
	No fiber



	B-SSF-13
	Straight steel fiber (13 mm)



	B-HSF-13
	Hook steel fiber (13 mm)



	B-STH-19
	Synthetic fiber (19 mm)



	B-STH-35
	Synthetic fiber (35 mm)



	B-STH-55
	Synthetic fiber (55 mm)
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Table 10. Mechanical properties of hardened concrete mixes.
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	Mix ID
	Compressive Strength (MPa)
	COV %
	Diff. (%)
	Tensile Strength (MPa)
	COV %
	Diff. (%)
	Flexural Strength (MPa)
	COV %
	Diff. (%)
	Brittleness Ratio





	NSC
	31.41
	6.2%
	0%
	2.73
	4.7%
	0%
	3.55
	8.2%
	0%
	8.85



	STH-19
	33.86
	3.7%
	11%
	3.42
	3.0%
	25%
	4.92
	3.5%
	39%
	6.88



	STH-35
	35.48
	8.5%
	13%
	3.68
	2.9%
	35%
	5.14
	3.3%
	45%
	6.90



	STH-55
	36.79
	6.2%
	17%
	3.74
	5.3%
	37%
	5.44
	7.4%
	53%
	6.76



	SSF-13
	34.55
	4.7%
	10%
	3.24
	3.5%
	19%
	4.89
	4.1%
	38%
	7.07



	HSF-13
	35.08
	5.7%
	12%
	3.31
	3.7%
	21%
	5.02
	4.8%
	41%
	6.99
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Table 11. Test results of the torsional behavior of specimens.






Table 11. Test results of the torsional behavior of specimens.





	
Sample ID

	
Cracking Torque (Tcr)

	
Ultimate Torque (Tf)

	
Initial Torsional Stiffness (k) (kNm/rad)

	
Torsional Ductility Index ϴu/ϴe




	
Torque (kNm)

	
TC %

	
Angle (rad)

	
Torque (kNm)

	
TC %

	
Angle (rad)






	
B-NC

	
1

	
0.00%

	
0.002

	
3.4

	
0.00%

	
0.0204

	
500.00

	
4.72




	
B-SSF-13

	
1.2

	
20%

	
0.002

	
4.2

	
23.53%

	
0.0384

	
600.00

	
6.7




	
B-HSF-13

	
1.1

	
10%

	
0.0018

	
3.9

	
14.71%

	
0.00354

	
611.11

	
7.4




	
B-STH-19

	
1.3

	
30%

	
0.0021

	
4.5

	
32.35%

	
0.0238

	
619.05

	
7.2




	
B-STH-35

	
1.3

	
30%

	
0.0018

	
4.6

	
35.29%

	
0.00227

	
722.22

	
7.7




	
B-STH-55

	
1.2

	
20%

	
0.0018

	
4.4

	
29.41%

	
0.0018

	
666.67

	
8.2








Torque change (TC) = Diff/TorqueCon × 100%; ϴu is the angle of twist at the ultimate torque; ϴe is the angle of twist at elastic torque.
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Table 12. Test results of the flexural behavior of specimens.
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Sample ID

	
Cracking Moment (Tcr)

	
Ultimate Moment (Tf)

	
Initial Flexural Stiffness (k) (kNm/m)

	
Flexural Ductility Index Δu/Δe




	
Moment (kNm)

	
MC %

	
Deflection (mm)

	
Moment (kNm)

	
MC %

	
Deflection (mm)






	
B-NC

	
1

	
0.00%

	
0.5

	
3.4

	
0.00%

	
4.5

	
2000.00

	
2.4




	
B-SSF-13

	
1.1

	
10%

	
0.51

	
3.9

	
14.71%

	
5.65

	
2156.86

	
2.5




	
B-HSF-13

	
1.2

	
20%

	
0.47

	
4.2

	
23.53%

	
5.3

	
2553.19

	
2.4




	
B-STH-19

	
1.2

	
20%

	
0.54

	
4.4

	
29.41%

	
5.96

	
2222.22

	
2.7




	
B-STH-35

	
1.3

	
30%

	
0.55

	
4.5

	
32.35%

	
5.41

	
2363.64

	
2.4




	
B-STH-55

	
1.3

	
30%

	
0.57

	
4.6

	
35.29%

	
6.1

	
2280.70

	
2.5








Moment change (MC) = Diff/Moment Con × 100%; Δu is deflection at the ultimate moment; Δe is deflection at the elastic moment.













[image: Table] 





Table 13. Toughness indices for flexural behavior of tested beams.
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Sample ID

	
Toughness Index




	
I5

	
I10

	
I20

	
I30

	
I5 %

	
I10 %

	
I20 %

	
I30 %






	
B-NC

	
3.76

	
9.6

	
15.68

	
20.4

	
0.00

	
0.00

	
0.00

	
0.00




	
B-SSF-13

	
4.4

	
16.4

	
22.8

	
36.8

	
17.02

	
70.83

	
45.41

	
80.39




	
B-HSF-13

	
7.2

	
17.6

	
25.6

	
38.8

	
91.49

	
83.33

	
63.27

	
90.20




	
B-STH-19

	
5.6

	
19.2

	
25.6

	
38.2

	
48.94

	
100.00

	
63.27

	
87.25




	
B-STH-35

	
7.2

	
21.6

	
28.2

	
41.6

	
91.49

	
125.00

	
79.85

	
103.92




	
B-STH-55

	
8.2

	
22.4

	
29.1

	
42.2

	
118.09

	
133.33

	
85.59

	
106.86








% of change (I) = Diff/ICon × 100.
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Table 14. Comparison between the experimental and calculated ultimate moments.






Table 14. Comparison between the experimental and calculated ultimate moments.





	
Beam ID

	
M exp

	
Mu.c1 [21]

	
Mu.c1/Mexp

	
Mu.c2 [22]

	
Mu.c2/Mexp

	
Mu.c3 Modified

	
Mu.c3/Mexp






	
B-NC

	
3.4

	
3.5

	
1.09

	
2.4

	
0.71

	
3.5

	
1.12




	
B-SSF-13

	
3.9

	
3.9

	
1.00

	
2.7

	
0.69

	
4.2

	
1.08




	
B-HSF-13

	
4.2

	
3.9

	
0.93

	
2.7

	
0.64

	
4.2

	
1.00




	
B-STH-19

	
4.4

	
3.9

	
0.89

	
2.7

	
0.61

	
4.4

	
1.00




	
B-STH-35

	
4.5

	
4

	
0.89

	
2.7

	
0.60

	
4.6

	
1.02




	
B-STH-55

	
4.6

	
4

	
0.87

	
2.9

	
0.63

	
4.7

	
1.02




	

	
R2 = 0.836

	
R2 = 0.771

	
R2 = 0.941
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