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Concrete faces the difficulties of low tensile strength and poor crack resistance in building structures. In order to remedy this deficiency. In this paper, steel-polypropylene hybrid fiber reinforced concrete (SPFRC) was prepared by adding steel fiber (SF) and three kinds of polypropylene fiber (PF) to C50-grade concrete. The mechanical properties and microstructure of SPFRC were studied with different fiber combinations and content, obtaining the best hybrid combination. Based on this, the bending resistance and cracking of SPFRC beam members were investigated. The results demonstrate that the addition of fiber improves the compressive strength of ordinary concrete by 0.16% ∼ 17.69%, the splitting tensile strength by 15.18% ∼ 47.45%, and the bending strength by 3.54% ∼ 26.77%. Compared with single-fiber concrete, the hybrid fiber can achieve better internal microstructure, which further enhances the mechanical properties of the material. Hybrid fibers overlap within concrete beams, effectively redistributing stress and inhibiting the formation and propagation of cracks. For the three types of SPFRC beams, the cracking load is increased by 14.29% ∼ 28.57% compared with PC beam, the ultimate bearing capacity is increased by 9.68% ∼ 19.35%. The optimal dosage is determined as 1.0% SF, 0.6% Embossed polypropylene fiber (PBF). It provides reference for the application of SPFRC in flexural members.
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1 INTRODUCTION
Since its inception, concrete materials have been widely utilized in civil engineering due to their high compressive strength, good plasticity, and ease of availability. However, as concrete applications have expanded, its weaknesses, such as low tensile strength, poor crack resistance, and inadequate durability, have become more pronounced. To meet the increasing demands for concrete performance in engineering, numerous researchers have continuously enhanced concrete performance by modifying aggregates, adjusting mix ratios, using admixtures, and employing various other methods (Li et al., 2022; Sun et al., 2022; Li et al., 2024a). One such method, fiber concrete, involves adding fibers to concrete to restrain and impede crack formation and improve the strength and toughness of the material.
Steel fiber (SF) is a type of metal hard fiber with excellent mechanical properties and a simple production process. These characteristics make it suitable for concrete fiber blending requirements. In 1911, Graham from the United States first experimented with adding SF to concrete, demonstrating the excellent performance of SF concrete through tests. Song and Hwang (2004) research indicated that the participation of SF can increase the compressive strength by 15.3% and the splitting tensile strength by 98.3%. The research of Ramadoss et al. (2023) shows that when the bulk content of SF is 1.5% and the replacement rate of silica ash is 15%, the compressive strength and folding strength increase by 33.41% and 66.67%, respectively. Ahanger and Tiwary (2024) use SF to strengthen recycled aggregate concrete, showing that with 1.5% SF content, compared with PC, the compressive strength increased from 45.5 to 62.6 MPa, and the flexural strength increased by 43.48%. Polypropylene fiber (PF) in the middle of the last century by the Italian Montecatini company took the lead in industrial production. Since its birth, it has attracted scholars to study it. PF density is usually between 0.89 ∼ 0.96 g/cm3, elongation between 15% and 30%, insoluble in water, and good corrosion resistance. In addition, as an organic fiber material, PF is cheaper than other fibers, so it is widely used in engineering fields such as basement floors, parking lot floors, and industrial and civil buildings (Vedernikov et al., 2022; Xian et al., 2024a). Abousnina et al. (2021) mixed PF into concrete, studied its mechanical properties, working properties, and microstructure, and the results showed that, Although PF reduces the workability of concrete, it significantly increases the toughness of the matrix, which is different from the brittle failure of ordinary concrete. PF concrete shows a progressive failure mode. In addition, under the same volume content, high elastic modulus fiber has a better strengthening effect on concrete, while organic polymer fiber can improve the toughness of concrete materials (Wang and Wu, 2002; Qing et al., 2017).
The properties and characteristics of various types of fibers vary, leading to differing effects when added to concrete to improve its working and mechanical properties (Ding et al., 2022; Li et al., 2023a). When multiple fibers with different properties are mixed into concrete, they can synergistically enhance the performance of concrete in various dimensions (Abed et al., 2023; Awad et al., 2023; Kun et al., 2023). For instance, Khan et al. (2022) studied the steel-basalt fiber concrete and demonstrated a 43.0% increase in compressive strength compared to regular concrete at specific dosages. Additionally, Muhyaddin (2023) research on ultra-high performance concrete (UHPC) indicated a 6.0% strength improvement when using a composite of steel fiber and glass fiber compared to using either fiber individually. Li et al. (2023b) reinforced concrete matrix with PF and SF to make up for the defects caused by coal gangue aggregate. The test results showed that hybrid fibers could cooperatively improve the microstructure of coal gangue concrete and make it meet the requirements of C30 concrete strength grade. The research of Bhogone and Subramaniam (2022) pointed out that the mixture of SF and PF in concrete can significantly reduce the development of early cracks and improve the fracture pattern. Due to its low elastic modulus, low density, and good ductility, PF can restrain the formation of early micro-cracks in concrete and enhance compactness. In addition, SF has a high elastic modulus, which can act as a skeleton support for the concrete matrix, accept the stress transmitted by PF and cement slurry, and restrain the development of cracks after concrete cracking (Liu and Han, 2019). SF and PF overlap each other to form a complex spatial structure. Under the appropriate dosage, the two kinds of fibers can achieve complementary advantages and produce the “positive hybrid effect”. S.R. Shashikumara applied these two fibers to concrete beams and showed that PF delayed crack formation and reduced crack width before cracking, while SF fibers showed better bearing capacity at yield and ultimate load points (Shashikumara et al., 2023). Abdulrahman Abbadi conducted static load tests on concrete beams with hybrid fiber systems (coarse PF, micro PF and SF). The data show that the cracking load value of hybrid fiber is increased by 14% compared with that of concrete beams doped with SF, which can delay the crack occurrence more effectively and reduce the deflection and reinforcement strain (Abbadi et al., 2022). Dipti Ranjan Sahoo conducted an experimental study on the flexural performance of SF-PF hybrid concrete beams, and the results showed that the addition of hybrid fibers can redistribute tensile stress at cracks, improve ductility and maintain the integrity of the beams. However, when the fiber content is too high, the ultimate load value of the beam decreases instead of increasing (Sahoo et al., 2015). Therefore, finding the right mixture of materials is the basis of SPFRC beam application.
The preliminary study of the research group shows that among the four types of steel fiber (shear type, end hook type, copper plated type, wave type), the shear steel fiber has the most significant strengthening effect on concrete (JGJ55-2011, 2011; Li et al., 2024b). Therefore, based on C50 concrete, this paper combines shear steel fiber and polypropylene fiber of three different types wavy type (PAF), embossed type (PBF), and monofilament type (PCF) into concrete to prepare steel-polypropylene hybrid fiber reinfored concrete (SPFRC). And conducts mechanical properties tests and analysis to obtain the hybrid fiber combination that improves the mechanical properties of concrete. In addition, the microstructure and strengthening mechanism were analyzed by microscanning test. The beam members were made according to the optimal mixture amount, and the load-bearing properties of different types of SPFRC beams were studied by bending test, which provided a reference for the application of SPFRC in engineering.
2 EXPERIMENTAL SUMMARY
2.1 Raw materials
This experiment adopted (42.5) P.O. Portland cement produced by Changchun Yatai Cement Co., LTD. The coarse aggregate selection of granite crushing and screening after the size of 5–12 mm stone, as shown in Figure 1A. The fines is selected from local natural river sand, and after screening and drying, the fineness modulus is 2.7, which belongs to medium sand, as shown in Figure 1B. The selection of a naphthalene superplasticizer (CQJ-NX) can enhance the service behavior of fiber-reinforced concrete. The water that is used in the batch is ordinary tap water.
[image: Figure 1]FIGURE 1 | Coarse and fine aggregate and fibers appearance. (A) Coarse aggregate (B) Fine aggregate (C) SF (D) PAF (E) PBF (F) PCF.
Based on the previous research basis of the research group (JGJ55-2011, 2011; Li et al., 2024b), the performance indexes of the selected shear steel fiber are shown in Table 1, and its appearance is shown in Figure 1C. Three different types of PF, wavy type (PAF), embossed type (PBF), and monofilament type (PCF), were selected for the test. PAF has the longest length, wavy shape and smooth fiber surface. PBF shape is not curved, straight fiber, surface embossed pattern. PCF has the shortest length and is a filamentous shape with a small diameter, smooth surface and soft texture. Their various performance indexes are shown in Table 1, and their appearance is shown in Figures 1D–F.
TABLE 1 | Fiber performance index.
[image: Table 1]2.2 Experimental design
2.2.1 Mix ratio design
The base concrete of this test is C50, and the amount of materials required for C50 common concrete is calculated according to the Design Regulations for Common Concrete Mix Ratio (JGJ55-2011) (GB/T 50081-2019, 2019).
The material properties test was divided into two parts. The selection range of fiber content comes from the research group’s previous research basis (JGJ55-2011, 2011; Li et al., 2024b). First, the steel fiber (SF) content was 0, 0.4%, 0.6%, 0.8%, 1.0%, and 1.2%, and the cubic compressive strength, splitting tensile strength, and folding strength were tested to obtain the optimal SF content. On this basis, the wave type (PAF), embossed type (PBF), and monofilament type (PCF) polypropylene fiber were mixed with SF respectively, and the three mechanical properties were tested in four groups, and the optimal mixture of hybrid fiber concrete was selected. The specific design is shown in Table 2.
TABLE 2 | Experimental group design.
[image: Table 2]2.2.2 Specimen preparation and curing
According to the specification (GB/T 50081-2019) (Li et al., 2023d) and combined with the test indexes. Test blocks with side lengths of 100 mm were utilized for the evaluation of compressive and splitting tensile strength, whereas prismatic test blocks with dimensions of 100 mm × 100 mm × 400 mm were employed for the assessment of flexural strength. Each group consisted of three specimens.
For fiber-reinforced concrete, the mixing process is crucial a factors influencing the performance of concrete. An incorrect mixing process can easily lead to fiber agglomeration and affect the test results. Therefore, the mixing process of fiber concrete was optimized in this experiment. It was necessary to manually disperse the fiber and then add it to the mixer, dry mix it until the fiber was dispersed and evenly mixed with the aggregate, and then add water for mixing. HJW-60 type single-axis horizontal mixer was used for concrete mixing. After the mixing was completed, the mold was filled and vibrated on the shaking table until the bubbles were discharged. After the surface floating slurry was smooth, it was left for 24 h and then molded, and the concrete was put into a standard curing box with a temperature of 20°C and a relative humidity of 95% for 28d.
2.3 Experimental method
2.3.1 Compressive strength test
This material mechanical property test was conducted by the specification (GB/T 50081-2019) (Li et al., 2023d). The compressive strength test was carried out by the YAW-2000 pressure testing machine. The test block was positioned at the center of the pressure plate, with the formed side of the test block acting as the pressure surface. The automatic loading was controlled by the computer at a loading rate of 0.5 MPa/s, and the loading was stopped after the specimen was damaged.
The compressive strength of the specimen is calculated by Formula 1, and the arithmetic average strength of the obtained three test blocks (accurate to 0.1 MPa) is taken as the compressive strength of the cube. As the test block is a non-standard cube, the strength values should be adjusted by the dimensional conversion factor of 0.95.
[image: image]
Type: F——block breaking load (N);
[image: image]——Section area of test block (mm2);
[image: image]——Concrete cube compressive strength (MPa).
2.3.2 Splitting tensile strength test
The splitting tensile strength test was conducted using the YAW-2000 pressure testing machine. The pressure surface was the side of the specimen forming surface. Prior to the test, the position of the middle splitting surface was marked on the surface of specimen, and the splitting fixture was aligned with the marked line before loading. The loading rate was 0.05 MPa/s. When the test block is split or the vertical crack in the middle is penetrated, the test is declared to be over.
The splitting tensile strength of specimens is determined using Formula 2, and the average strength of the three test blocks obtained (rounded to 0.1 MPa) is considered as the splitting tensile strength of this group. As the test block is a non-standard cube, the strength values should be adjusted by the dimensional conversion factor of 0.85.
[image: image]
Type: F——Failure load of test block (N);
 A——Test block splitting surface area (mm2);
fts——Concrete splitting tensile strength (MPa).
2.3.3 Flexural strength test
The flexural strength test utilized the MW-50D microcomputer-controlled electronic universal testing machine. The bearing surface was formed by the side of the specimen, and the four-point loading method was employed. The load was transferred by the actuator to the loading steel plate, and the loading steel plate was distributed to the specimen through two hard steel cylinders. Before the test starts, position marking lines are drawn at the support position and loading position. The loading rate of the testing machine is 0.08 MPa/s. When the loading rate drops significantly, the specimen is declared damaged and the test ends.
The flexural strength was numeration according to Formula 3, and the arithmetic average strength of the three specimens (accurate to 0.1 MPa) was taken as the flexural strength of the group of specimens. Since the size of the specimen is non-standard, it is necessary to multiply the dimensional conversion factor by 0.85.
[image: image]
Type: F——Failure load of specimen (N);
l——Support spacing (mm);
b——Section width of sample (mm);
h——Section height of sample (mm);
ff——Concrete flexural strength of (MPa).
2.3.4 SEM micromorphology test
The micromorphology scanning test was performed with a HITACHI S-3400 scanning electron microscope. Operation steps: 1) Select the block broken material after the mechanical test as the sample, the sample size is about 8 mm × 8 mm × 5 mm; 2) Fix the sample on the sample bearing table with tape, clean the dust on the surface of the sample and the sample bearing table with the air bag, and invert the sample bearing table to test whether the sample is firmly pasted; 3) Put the sample into the gold spraying equipment for gold spraying treatment. 4) Put the sample bearing table into the electron microscope sample room, and adjust the magnification, color contrast, etc., to obtain the ideal microstructure diagram.
3 TEST RESULTS AND ANALYSIS
3.1 Compressive strength of cube
3.1.1 Failure pattern
The failure pattern of the compressive strength test is depicted in Figure 2A, and the progressive loss of effectiveness of a standard concrete test block is illustrated. The outer layer of concrete surrounding the test block has been entirely removed, indicating severe damage. The residual portion exhibits an hourglass shape, characteristic of brittle failure.
[image: Figure 2]FIGURE 2 | Cube compressive failure pattern. (A) Plain concrete (B) Fiber reinforced concrete SF4 (C) Fiber reinforced concrete SF6.
Figures 2B, C show the failure modes of SF4 and SF6 fiber-reinforced concrete. Compared with ordinary concrete, SF reinforced concrete is relatively complete after failure, with no obvious concrete spalling phenomenon and only a small amount of concrete debris falling, indicating that the addition of fiber improves the failure mode of concrete, from brittle failure to plastic failure. This is because the fibers overlap with each other inside the test block to form a fiber cage structure, which can play a binding role when the specimen is damaged, inhibit the transverse deformation of the concrete, reduce the spalling of the concrete during the failure process, and ensure the integrity of the test block.
By comparing Figures 2B, C, it can also be found that with the increase of fiber content, the spalling phenomenon of concrete compression failure mode is weakened, the crack width is narrower during failure, and the shape of the test block is more complete during failure. Indicate that with the growth of fiber content, the development of cracks can be better restricted and the damage degree of the test block can be reduced. The failure pattern of the hybrid fiber specimen is similar to that of the single doped steel fiber specimen, the whole specimen is relatively complete, only some vertical cracks appear on the surface during failure, and the concrete debris drop is less.
3.1.2 Compressive strength results and analysis
The cube compressive strength test results are drawn as a histogram, as shown in Figure 3, and analyzed as follows:
[image: Figure 3]FIGURE 3 | Fiber reinforced concrete cube compressive strength.
For the test group of separately incorporated SF, the cube compressive strength showed a tendency to rise and then diminish. When the SF content is 1.0%, the peak compressive strength reaches 60.82 MPa, which is 17.7% higher than that of PC. However, when the SF content further increases, the compressive strength begins to diminish, indicating that the SF content of 1.0% is the best volume content.
For the test group of SPAF. When the content of PAF is in the range of 0.08% ∼ 0.14%, the compressive strength shows an increasing trend, and the strengthening effect begins to weaken when the content exceeds 0.14%. When PAF content reaches 0.14%, the compressive strength is 58.78 MPa, which is 13.7% higher than that of PC. In summary, when the volume of PAF is 0.14, the compressive strength increases the most, which is the optimal content of PAF.
For the test group of SPBF, the compressive strength is higher than that of PC when the content of PBF is 0.3% ∼ 1.2%. The maximum compressive strength is 57.6 MPa when the PBF content is 0.6%. It is observed that the bar chart, when the slope of the bulk content section of 0.3% ∼ 0.6% is greater than that of the bulk content section of 0 ∼ 0.3%, the former is more effective in improving compressive strength. Therefore, when the bulk of PF is 0.6%, the improvement effect of compressive strength of concrete is the best.
For the SPCF test group, the compressive strength is obviously affected by the volume of PCF. With the increase of PCF content, the compressive strength decreases gradually. When the content reaches 0.17%, the compressive strength drops sharply. At this time, the lifting effect of fiber on concrete is almost 0. Therefore, to ensure the compressive strength of the SPFRC, the content of monofilament PF should be controlled at about 0.11%.
In summary, the improvement of compressive strength of hybrid fiber concrete is about 11%, which is slightly lower than that of pure steel fiber concrete, which is consistent with the results obtained in the literature (He, 2002). However, Irrespective of the fiber type, excessive fiber content can diminish the compactness of the concrete matrix, resulting in a weakened strength enhancement effect. Therefore, it is imperative to determine the optimal fiber content to establish a solid foundation for the application of subsequent beam members.
The fitting function can further express the relationship between the two parameters, and the mechanical properties of SPFRC can be accurately characterized by a quadratic polynomial. Similar to the literature (Dash et al., 2023; Lin et al., 2024; Xian et al., 2024b), this paper uses the origin function plotting tool to fit the test results, and selects polynomial function and exponential function fitting forms to obtain higher fitting accuracy. Figure 4 depicts the correlation between compressive strength and fiber content in fiber concrete.
[image: Figure 4]FIGURE 4 | Compressive strength fitting curve. (A) SF (B) SPAF (C) SPBF (D) SPCF.
3.2 Splitting tensile strength
3.2.1 Failure pattern
The failure pattern of the tensile strength test is presented in Figure 5A is the failure pattern of the PC specimen. During the loading process, a small crack first appeared near the loading point, but the appearance did not change significantly. After reaching the ultimate load, the small crack near the loading plate suddenly ran through the test block along the splitting line, and the test block split in two, showing typical brittle failure characteristics.
[image: Figure 5]FIGURE 5 | Cube cleavage damage pattern. (A) PC (B) SF8 (C) SF12.
Taking SF8 and SF12 as examples, the damage patterns of fiber-reinforced concrete are shown in Figures 5B, C. During the loading process, in addition to the microcrack at the loading point, accompanied by the “ding ding” sound of fiber slip. When the ultimate load is reached, the small cracks at the loading point gradually spread to the middle, but unlike PC concrete, the test block is not split in half, indicating that the fiber plays a clear pulling role, showing ductile failure characteristics.
By comparing Figure 5B with Figure 5C, it can be found that the fiber content affects the failure form of the splitting tensile test. As the fiber content increases, the inhibition effect of fiber on crack development is stronger, reflecting that the crack width is smaller and smaller at the macro level, which further indicates that fiber can enhance the tensile failure mode of concrete.
3.2.2 Analysis of splitting tensile strength results
The results of the splitting tensile strength test are drawn as a bar chart, as shown in Figure 6, and the following analysis is carried out.
[image: Figure 6]FIGURE 6 | Splitting tensile strength of fiber reinforced concrete.
For the test group of SF, the splitting tensile strength decreased slightly when the volume content was 0.4%. This indicates that it is challenging to achieve a strengthening effect when the SF content is too low, and it can negatively impact the bond between the concrete matrix aggregate and the cementing material. With the increase of fiber content, SF gradually distributes evenly and overlaps with each other in the concrete, forming a complete network structure (Liu et al., 2021), which makes the splitting tensile strength show an increasing trend. The splitting tensile strength of SF10 is 0.32 MPa higher than that of SF8, and the growth rate is 7%. Considering the economic cost factors in the project, 1.0% can be used as the best SF dosage.
Within the SPAF experimental group, a variation in fiber content ranging from 0.08% to 0.14% led to a slight improvement in mechanical properties, resulting in an overall improvement rate of 33% ∼ 40% compared to PC. Notably, at a volume content of 0.14%, the maximum splitting tensile strength reached 5.13 MPa, marking a 10.80% increase compared to the strength of concrete with SF alone. However, an increase in PAF content correlated with a decreasing trend in splitting tensile strength, exhibiting a decrease of 4.09% compared to the highest value, although this decrease was not significant. Therefore, maintaining a dosage within the range of 0.08% ∼ 0.14% can effectively achieve the goal of enhancing tensile strength.
For the SPBF experimental group, when the PBF content is 0.9%, the splitting tensile strength reaches a peak value of 5.41 MPa, which is 47% higher than that of PC splitting tensile strength, and 16.85% higher than that of SF concrete with 1.0%, indicating that the hybrid fiber can enhance the strength of concrete effectively. When the fiber content reached 1.2%, the strength began to decrease to 3.70% of the peak value. Therefore, to improve the splitting tensile strength of concrete, it is recommended that the volume content of embossed PF is 0.9%.
For the experimental group of SPCF, the splitting tensile strength is the maximum value when the volume content is 0.11%, and the minimum value when the bulk content is 0.17%, which are 5.23 MPa and 4.82 MPa, respectively. The strength ratios of the two with plain concrete are 1.43 and 1.31, respectively. As a whole, when the volume content is 0.08% ∼ 0.17%, the effect of this hybrid fiber on the splitting tensile strength of concrete is always maintained at a high level, so to improve the splitting tensile strength of concrete, the volume content should be kept in the range of 0.08% ∼ 0.14%.
In summary, hybrid fibers can improve the splitting tensile strength of concrete matrix better than single-doped SF, and the fiber combination of SPAF14, SPBF09, and SPCF11 has the most significant effect on the gain of splitting tensile strength. The fitting of splitting tensile strength and fiber content of fiber concrete is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Split-tensile strength fitting curve. (A) SF (B) SPAF (C) SPBF (D) SPCF.
3.3 Flexural strength
3.3.1 Failure pattern
The failure pattern observed in the flexural strength test is illustrated in Figure 8. A notable disparity exists between the bending failure modes of ordinary concrete and fiber concrete specimens. When the ordinary concrete specimen reaches its maximum load, a sudden brittle failure occurs without prior warning. The specimen instantaneously fractures into two parts from the middle at the point of failure. In the flexural test of fiber-reinforced concrete, a small crack emerges at the bottom of the span during the loading process, accompanied by a slight fiber fracture sound. With increasing load, the crack width continues to expand, and visible cracks appear on the specimen upon reaching the ultimate load. However, the specimen does not completely disconnect, as depicted in Figure 8B. Even after reaching the ultimate load, the specimen maintains partial bearing capacity with increasing vertical deflection. Upon removal of the specimen after the test, residual fibers of the fracture surface on both sides are discernible from the cracks. These observations indicate that the addition of fiber can effectively mitigate the brittle failure of concrete.
[image: Figure 8]FIGURE 8 | Bending test failure pattern. (A)Ordinary concrete (B) Fiber reinforced concrete.
3.3.2 Analysis of bending strength results
The data obtained from the flexural test are drawn into the intuitive bar chart shown in Figure 9, and the following analysis is carried out.
[image: Figure 9]FIGURE 9 | Flexural strength of fiber reinforced concrete.
For the SF test group, the flexural strength increased first and then decreased when the SF content ranged from 0.4% to 1.2%. When the SF content was 1.0%, the flexural strength reached a peak of 5.98 MPa. Due to the uniform distribution of SF in concrete, the SFs located in the tension area play the role of “micro-reinforcement” (GB/T50152-2012, 2012), and bear part of the load during the generation and development of cracks, limiting the development speed of cracks, and thus improving the bending and cracking resistance of concrete (Li et al., 2024c). When the SF content is too high, the densification reduction caused by a large number of fibers is gradually serious, weakening the gain effect, resulting in a gradual slowdown in the growth rate of flexural strength, or even a decline. The optimal SF content is 1.0%.
For the experimental group of SPAF, the increased ratio of the hybrid fiber to the bending strength of concrete is more than 15%, indicating that the mixed fiber has a better effect on the bending strength of concrete in the range of 0.08% ∼ 0.17%. When the volume content is 0.14%, the flexural strength is 6.39 MPa, which is 26% higher than that of plain concrete and 6.86% higher than that of SF concrete with 1.0% volume content. When the volume content reached 0.17%, the strengthening effect began to weaken, and the strength decreased by 7.51% compared with the highest value. Therefore, the recommended dosage range for improving the flexural strength of concrete is 0.08% ∼ 0.14%.
For the experimental group of SPBF, the flexural strength of hybrid fiber concrete showed a trend of first increasing and then slowly decreasing in the range of 0.3% ∼ 1.2% PB fiber volume. When the volume content reaches 0.6%, the bending strength reaches a peak value of 6.44 MPa, which is 1.36 MPa higher than plain concrete and 0.41 MPa higher than SF concrete. When the fiber content exceeds the optimal content, the bending strength decreases at a slow rate. When the fiber content is 1.2%, the flexural strength is reduced by 4.97% compared with the maximum value. Therefore, the optimal content of the hybrid fiber combination to improve the flexural strength of hybrid fiber concrete is 0.6%.
For the SPCF experimental group, the bending strength showed a continuous decreasing trend in the range of 0.08% ∼ 0.17. When the PCF content is 0.08%, the flexural resistance of concrete is the best, the maximum bending strength is 6.03 MPa, and the increase ratio is 19.69% compared with PC. The small diameter and low tensile strength of PCF result in easy clustering between fibers. The higher the dosage, the more noticeable this clustering becomes, which reduces the density of the matrix. To ensure that concrete maintains good bending resistance, the fiber content should be kept within the range of 0.08% ∼ 0.11%.
In summary, hybrid fibers have a good effect on improving the folding strength of the concrete matrix, among which SPBF14, SPBF06, and SPCF08 are the optimal combination of folding strength, which can provide reference for the subsequent design and calculation of beam members. The fitting of splitting tensile strength and fiber dosage of fiber concrete is displayed in Figure 10.
[image: Figure 10]FIGURE 10 | Flexural strength fitting curve. (A) SF (B) SPAF (C) SPBF (D) SPCF.
After a comprehensive analysis of the three mechanical properties, it is concluded that SPAF14, SPBF06, and SPCF11 are the optimal dosage combinations of SPFRC. It can provide a reference for the application of SPFRC in different components.
3.4 Microscopic analysis
3.4.1 Micromorphology analysis
Figure 11 is the microscopic map of the sample under a scanning electron microscope, and the underlying cause of the macroscopic phenomenon of SPFRC is analyzed from a microscopic perspective.
[image: Figure 11]FIGURE 11 | Microcosmic diagram of specimen. (A) SPBF-Fiber fracture and spalling (B) SPBF-Fiber lapping (C) SPCF-Hybrid fiber combination details (D) SPCF-Fiber agglomeration (E) SF-Fiber fracture (F) SPBF-Fiber extraction.
Figure 11A demonstrates the parallel distribution of PBF and SF. After pretreatment, the surface of PBF has continuous and obviously uneven patterns, which increases the contact area and adhesion between fiber and matrix and is conducive to giving full play to the toughening and strengthening effects of fiber. The water compounds attached to the surface of the fiber in the figure confirm the feasibility and effectiveness of this type of factory treatment method. Macroscopically, the splitting tensile strength of SPBF09 is 16.8% higher than that of SF10.
Figure 11B indicates the overlapping distribution of SF and PAF. Compared with PBF fiber, under the same length-diameter ratio, the unique wavy shape has a larger surface area and significantly increases the surface adhesion, thus increasing the bonding force with the cement matrix. In the process of concrete mixing and vibration, the mutual extrusion between aggregates and fibers will cause the fibers to bend and overlap with each other in a small amplitude. The microstructure enhancement of hybrid fibers is reflected in the increase of the flexural strength of the SPAF14 group by 6.7%.
Figures 11C, D show the hybrid effect of SF and PCF. In Figure 11C, it is evident that the diameter of the PCF differs significantly from that of the SF. In Figure 11C, fibers are observed to be still wrapped in a small amount of slurry material after the specimen has been damaged. Additionally, a substantial amount of hydration product (C-S-H) is attached to the surface of PCF in Figure 11D, providing evidence of the bonding force between such fibers and concrete.
In Figure 11C, the surface of the SF is flat and has a unique brushed metal stripe. Under the electron microscope, it is apparent that there is no gap between the SF and the concrete slurry, and the tight adhesion between the two is strong, which can give full play to the advantages of high elastic modulus and high tensile strength of the SF.
Through the above microscopic graphic analysis, it can be found that SF and PF can realize the synergistic mechanism in SPFRC. This is due to the low elastic modulus, low density, and good ductility of PF, which can restrain the formation of early micro-cracks in concrete and enhance the compactness of the matrix. In addition, SF has high elastic modulus and strong tensile strength, which can play the role of skeleton support for concrete matrix, accept the stress transmitted by PF and cement slurry, and restrain the development of cracks after concrete cracking. SF and PF overlap each other to form a complex spatial structure. Under the appropriate dosage, the two kinds of fibers can complement each other and produce the positive hybrid effect.
3.4.2 Analysis of fiber energy consumption forms
In Figure 11A, the microscopic details of the SF-PAF concrete are presented. This illustration displays two distinct fiber shapes and clearly depicts the failure form of PAF. In comparison to SF, PAF exhibits a smaller elastic modulus, softer texture, and superior ductility. The bond between the fiber and concrete primarily relies on the bite force of the surface pattern. Energy consumption can be categorized into fiber fracture and fiber pulling out, based on the different positions of crack development and fiber space.
When a crack is located near one end of the fiber, the bond between the fiber and the concrete is weakened. Consequently, when the load carried by the fiber surpasses the bond force, slippage between the fiber and the concrete occurs. If the crack is larger, the fiber will be pulled out, leaving obvious grooves in the concrete, as shown in Figure 11F. When the crack appears near the middle of the fiber, both sides of the crack have sufficient contact length to bond with the concrete. At this time, the fiber itself absorbs energy to bear the load, and due to the characteristics of small elastic modulus and large ductility, the internal stress concentration part of the fiber is the first to deform. The fiber appears to shorten between diameters and increase in length until it breaks and fails beyond the tensile strength, as shown in Figure 11E, and the section shape is irregular and rough.
In addition to the above two energy consumption modes, there is an obvious groove in Figure 11A that deserves attention. This phenomenon is not formed by the fiber being pulled out, but by the fiber being located right on the fracture surface, and the fiber is completely removed from the slurry during the stress process, without participating in the process of being subjected to force. At the same time, because the fiber-slurry interface transition zone is often a weak link, the distribution of fibers here will accelerate the development of cracks.
Figure 11E shows the microscopic details of fracture patterns of SF. The shear SF used in this test is a wavy flat strip type, so it can have a larger surface area to enhance the bonding force and reduce the probability of SF slip pulling out. SF has a large elastic modulus and small fracture ductility, which can absorb a lot of energy and delay the crack development during the crack development. In addition, the fracture of SF is a sudden fracture without signs, and the cross-section of SFs is usually more regular and flat.
PCF is very small in diameter, soft, and easy to deform, and the number of fibers is far more than other types of fibers under the same volume content, so fiber clustering is easy to occur. This phenomenon prevents the slurry from entering the interior of the fiber mass, and the fiber cannot be fully mixed with the slurry, becoming a weak link in the interior of the concrete, as shown in Figure 11D, a small part of monofilament PF is pulled out as a whole. This explains the sharp decline in strength caused by high PCF fiber content in SFPC17 test group, and the weakening effect of hybrid fibers is greater than the strengthening effect. In fact, the appropriate PCF content can be evenly distributed inside the concrete. On the one hand, the porosity inside the concrete is reduced and the density is improved. On the other hand, the chaotic distribution of the fibers makes the internal stress distribution more reasonable and enhance the mechanical properties of the concrete.
In summary, surface of the SF is relatively flat, and the energy consumption is mainly pulled out, and some SF breaks after absorbing a lot of energy. PAF and PBF can avoid fiber slippage by increasing the adhesion and biting force with concrete, so it mainly consumes energy for fiber fracture. The length-diameter ratio of PCF is large, and it is packed in concrete, so the energy consumption is mainly fiber fracture and fiber pulling out.
4 APPLICATION RESEARCH OF SPFRC BEAM MEMBERS
4.1 Design and manufacture of test beam
Based on the analysis results of the mechanical properties and microstructure of SPFRC in Section 3, the beam members were fabricated by selecting the optimal content of three hybrid fiber combinations (SPAF14, SPBF06, SPCF11). The objective is to investigate the cracking and bending resistance of beams with different SPFRC dosage combinations. The test beam length l = 1,800 mm (calculated span l0 = 1,500 mm), the beam section size b × h = 150 mm × 300 mm, the longitudinal bearing longitudinal reinforcement was selected HRB400 rebar, and the vertical longitudinal reinforcement was selected HPB300 round longitudinal reinforcement. And ordinary concrete beams of the same size and reinforcement are made as a comparison. The size and reinforcement of the component are illustrated in Figure 12A.
[image: Figure 12]FIGURE 12 | Beam loading test diagram. (A) Section and reinforcement of member (B) Loading diagram (C) The actual loading site diagram.
The components are made of steel molds, and foam glue is used to fill the gap after assembly, and a U-shaped clasp is used to limit the position of the steel mold to prevent mold expansion. Before pouring, a release agent is applied inside the steel mold to facilitate mold release. The optimal dosage is obtained in Chapter 3 of the configuration for composite pouring of the SPFRC beam, and standard cube test blocks are made for maintenance under the same conditions. Preserve the beam in a humid environment for 28d and cover it with plastic film to prevent water loss.
In this test, longitudinal reinforcement and concrete strain gauges of BMB120 type were used. Before pasting, the pasting position was smoothed and smooth and wiped with alcohol. Quick-drying adhesive is used to attach steel strain gauges and epoxy values are used to attach concrete. To ensure the stability and effectiveness of the test data, two longitudinal reinforcement strain gauges are arranged in the middle of the two tensile longitudinal reinforcement spans, denoting L1 (R1) and L2 (R2), and the attaching positions are shown in Figure 12A. Meanwhile, before loading, the concrete strain gauges are arranged in the middle of the beam spans at equal spacing along the beam height, with a spacing of 50 mm, and the distribution mode is shown in Figure 12B. The strain gauge was collected by the DH3821 data acquisition system.
4.2 Loading scheme
The flexural test use the four-point loading method with a support is 150 mm away from the beam end. The loading point is located at the third equal equinox of the effective span length l0, and the measuring point of the mid-span displacement and the measuring point of the support is set, as shown in Figure 12B. The hydraulic jack acts the load on the spreader beam and then transmits it to the loading point by the distribution beam. The device diagram is shown in Figure 12C.
Following the steps of the Chinese specification (GB/T 50152-2012) (Li et al., 2023c), pre-loading is carried out before formal loading to confirm the normal operation of test devices and measuring equipment such as components, distribution beams, and supports. During the formal loading process, each stage was loaded 5 kN and the load holding time was 3 min. The crack development was observed and marked, and the crack width was recorded and measured by the ZBL-F103 crack width meter. After the loading of each stage is completed and the measurement indicator is stable, the three displacement values and the strain values of the longitudinal reinforcement and concrete are recorded. When the load of concrete beam no longer increases and shows a downward trend, it is declared that the test beam has reached failure and the test is over. The failure pattern and crack width of the component were recorded by photographing.
4.3 Test results and analysis
Table 3 presents the cracking load (Load value of concrete beam at initial crack), ultimate load (The maximum load value that a concrete beam can achieve during loading), and mid-span deflection of the test beam. Both the cracking load and the ultimate load of SPFRC beam are more elevated than that of PC beam, and the hybrid fiber works well together to show a good “positive hybrid effect”. The ultimate load increase of the SPBF beam is the most significant, 8.82% higher than that of the SPBF beam and SPCF, and 19.35% higher than that of the PC beam. The improvement effect is obvious.
TABLE 3 | Statistical table of crack load, ultimate load, mid-span deflection.
[image: Table 3]4.3.1 Failure pattern
The failure pattern of the test beam and the first crack at the bottom of the mid-span beam are depicted in Figure 13.
[image: Figure 13]FIGURE 13 | Beam failure pattern and initial crack width. (A) PC (B) SPAF (C) SPBF (D) SPCF.
The failure patterns of the four test beams are similar, and they all belong to the bending failure of the normal section, which is in line with the design expectation. The cracking loads of the four test beams are 35, 40, 45, and 40 kN respectively, indicating that hybrid fiber concrete improves the tensile strength of the material, delays the development of cracks, and increases the cracking load. In the course of the test, the main cracks were located in the middle of the span and some surrounding areas, and the new cracks that appeared with the increase of load were axisymmetrically distributed in the middle line of the test beam, and the failure pattern was in line with the expectation on the whole. The concrete in the compression area of the PC beam is crushed when the beam is damaged. On the contrary, the concrete in the compression zone is improved to varying degrees when the hybrid fiber is added to the beam when it reaches the ultimate load.
4.3.2 Load-deflection
The displacement data of the three measuring points during the test loading process are drawn into a line chart, as shown in Figure 14. To avoid damage to the collection equipment by the test, the displacement meter was removed after the load reached the ultimate load, so the displacement data of the load falling section was not recorded.
[image: Figure 14]FIGURE 14 | Load-deflection and deflection change curve.
From the overall view of the figure, the mid-span deflection growth of the test beam is mainly divided into two stages. Before the tensile longitudinal reinforcement reaches yield, the deflection increases linearly and slowly. The mid-span deflection of the SPBF test beam changes the most slowly with the increase of load, and the mid-span deflection is the least under the same load. Taking the load of 150 kN as an example, the deflection of SFPB is only 25.8% of PC, which shows that the action of this hybrid fiber has a significant improvement effect on the deflection of the beam. When the load increases to a certain extent, the yield of the tensile longitudinal reinforcement and the bearing capacity of the member do not change obviously, but the mid-span deflection and crack width increase sharply. PC, SPAF, SPCF, and SPBF are listed in the order of the growth inflection point. When the member reaches the ultimate load, the mid-span deflection of the SPBF beam is 35.7 mm, and that of the PC test beam is 27.46 mm, which indicates that PBF raises the ultimate load of the concrete beam while increasing the stiffness of the member and reducing the deformation of the member.
In addition, the deflection at the yield of the longitudinal bar is measured as γy, and the corresponding deflection at the ultimate load is recorded as γu, The difference between γy and γu is denoted by [image: image], As can be seen from the line chart in Figure 14, SPFRC beams are all larger than PC beams. Among them, the SPBF beam is the highest, reaching 35.7 mm, which is enhanced by 30% compared with PC and 19.6% compared with SPAF group. SPFRC beams have a larger development space for mid-span deflection and better ductility during the process from longitudinal reinforcement yielding to failure. From the microscopic analysis in Section 3.4, it can be seen that PBF fiber has strong bonding force in concrete, and the energy dissipation effect of the beam is mainly fiber fracture. After the concrete cracking failure in the tensile zone, it can still share load with the longitudinal reinforcement, thus effectively improving the ductility of the beam.
4.3.3 Load-strain
Figure 15 shows the relationship between concrete strain and load. Through the analysis of the figure, it can be deduceed that when the load reaches 100 kN, only the last two effective strain gauges of the PC beam are still working normally, while the number of effective strain gauges of other test beams is 3, 4, and 5 respectively, indicating that the damage of PC beam is relatively serious compared with that of fiber concrete beam. In addition, the measuring points with the same cross-section height of each beam are selected as the research object, and the strain size of each beam under the same load is compared and analyzed. The corresponding strain of the measuring point 150 mm away from the bottom of the beam when the load is 80 kN is taken as an example: The strain of the PC beam is 2594.42με, SPAF beam is 1534.06με, SPBF beam is 1279.22με, and SPCF beam is 882.64με. The strain of hybrid fiber concrete beams is much smaller than that of ordinary concrete beams, which indicates that the elastic modulus and stiffness of the test beams increase and the ability to resist deformation is enhanced.
[image: Figure 15]FIGURE 15 | Load - concrete strain. (A) PC beam (B) SPAF (C) SPBF (D) SPCF.
Figure 16 shows the relationship between reinforcement strain and load. The last set of data before the failure of the reinforcement strain gauge was selected for drawing and analysis. Among them, the R1 strain gauge in the PC group and the L1 and R1 strain gauge in the SPCF group were not included in the analysis due to the failure caused by damage.
[image: Figure 16]FIGURE 16 | Load - Strain of reinforcement. (A) PC beam (B) SPAF (C) SPBF (D) SPCF.
As a whole, the strain rise of longitudinal reinforcements of each beam for the test can be roughly divided into three stages. In the first stage, the concrete is in the elastic stage, and the strain growth of the longitudinal reinforcements is not obvious with the load. The second stage is the stage of uniform increase of longitudinal reinforcement strain after concrete cracking, during which the tensile stress is primarily borne by the longitudinal reinforcement. The third stage begins when the longitudinal reinforcement reaches the yield strength. At this time, the cross-section of the longitudinal reinforcement becomes smaller, and load growth is not obvious, but the stress and strain at the weak position of the tensile longitudinal reinforcement increase rapidly. Soon, the longitudinal reinforcement breaks, and the deflection and cracks of the concrete develop rapidly.
The transverse comparison of the data of four test beams can analyze the improvement effect of different hybrid fibers on different levels of concrete properties. First of all, comparing the load corresponding to the turning point of the first and second stages, the index can reflect the level of concrete tensile performance, PC test beam, SPAF beam, SPBF beam, and SPCF beam are 30, 40, 50, and 40 kN respectively, which can preliminarily conclude that SPBF test beam performance is better. Secondly, the load when the tensile longitudinal reinforcement reaches the yield strength can reflect the difference in the energy absorption capacity of hybrid fiber in the process of the test load.
Beam with the lowest index is 140 kN for the PC beam, and the beam with the highest index is 170 kN for the SPBF beam, and the lifting amplitude is 21.4%. In addition, the data of each strain gauge of the load-reinforcement strain curve of the SPBF beam are less discrete, and the transition between the first and second stages is smooth, which further proves the excellent performance of SPFRC and reinforcement working together. In conclusion, the SPBF beam is the best test beam in terms of load-reinforcement strain analysis.
4.3.4 Flat section assumption
The variation of concrete strain with load is verified by the strain data collected by the concrete strain gauge arranged equidistant along the height direction in the beam span. The strain data are collected every 20 kN, and the data are drawn into line charts Figure 17 for easy analysis.
[image: Figure 17]FIGURE 17 | Strain variation of concrete with different section heights. (A) PC beam (B) SPAF (C) SPBF (D) SPCF.
Through the analysis of the law in the figure, it can be seen that the concrete strain of each group of beams always changes linearly along the height direction before cracking, which accords with the assumption of plain section. With the increase in load, cracks at the bottom of the beam gradually rise. The strain data at the bottom of the PC beam reaches 60 kN, there is a large fluctuation, and the compression zone is basically in line with the assumption of a plain section. Under the same conditions, the SPFRC beam can still maintain a better linear relationship, and the tension zone and the compression zone are in line with the assumption of a plain section.
Consistent with the crack development in Figure 13, most of the strain gauges of PC beams have been damaged and withdrawn from work when they are about 100 kN, and the data of SPFRC beams under the same load are still in the effective range. It shows that hybrid fibers can share part of the tensile load and alleviate the situation of stress concentration in the tensile area of concrete. Compared with PC beams, SPBF beam has a smaller compression zone height, mainly because the fiber can not only enhance the tensile strength of concrete but also improve the compressive strength of the concrete matrix, which can reduce the strain of the concrete in the compression zone to a certain extent, thereby improving the bending performance of the beam.
5 CONCLUSION
In this paper, the macroscopic mechanical properties and microstructure of SPFRC materials were tested, and the hybrid effect of fibers and the energy dissipation mode of fibers were analyzed. The strengthening effects of different hybrid fiber combinations on the bearing properties of beam members are also investigated. The main conclusions are as follows:
(1) In the case of single-shear SF reinforced concrete, the compressive strength and flexural strength of concrete at 1.0% are the best, which are 29.9% and 17.7% higher than PC, respectively.
(2) The mechanical properties of SPFRC are better than those of PC and single fiber concrete. The mechanical strength of hybrid fiber concrete with 1.0% SF and 0.14% PAF volume content is the highest. The compressive strength and flexural strength of hybrid fiber concrete with SF content of 1.0% and PBF volume content of 0.6% are the highest. The compressive strength and splitting tensile strength of hybrid fiber concrete with SF content of 1.0% and PCF volume content of 0.11% are the highest.
(3) Through SEM scanning, the SF surface is rough, which can increase the contact area with the concrete matrix. The surface pattern and wavy shape of PF can increase the moisture adhesion on the surface of the fiber per unit length, enhance the bonding effect, and reduce the weakening effect on compactness. In addition, the space skeleton formed by interleaving and overlapping hybrid fibers can improve the strength of concrete. In addition, the energy consumption of SF and PCF is fiber fracture and fiber pull-out, while PAF and PBF are mainly fracture energy consumption.
(4) Compared with PC beams, the initial crack load and ultimate load of SPFRC beams are significantly improved, among which SPBF beams have the most obvious increase, the ultimate load reaches 185 MPa, and the increase rate is 19.35% compared with PC beams. The SPBFRC beams have the best deformation resistance. In addition, the fiber can not only bear part of the tensile stress to delay the yield of the steel bar but also effectively improve the compressive and tensile properties of concrete.
In summary, the hybrid combination of SF with a volume content of 1.0% and embossed PF with a volume content of 0.6% can be used as the optimal scheme for mechanical properties and flexural properties of SPFRC beam members.
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Specimen SF content PF content Cracking Ultimate Ultimate Ultimate

number 1% load deflection load
/kN increase
1%
PC - - 35 155 27.46 -
SPAF 10 0.14 40 170 26.69 9.68
SPBE 10 0.60 45 185 35.70 1935

SPCF 1.0 011 40 170 27.45 9.68
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Fiber type = Experimental group = Vg (%) Ve (%) Material consumption (kg/m?®)

Cement Water Sand Stone Water reducing agent

- PC 0 0 451 1804 574.8 11938 338
SF4 04 0 451 1804 574.8 11938 338
SF6 06 0 451 1804 574.8 11938 338
SE SF8 08 0 451 1804 574.8 11938 338
SF10 1.0 0 451 1804 574.8 11938 338
SF12 12 0 451 1804 574.8 11938 3.38
SPAFO08. 1.0 0.08 451 1804 574.8 11938 338
SPAFI1 1.0 011 451 1804 574.8 11938 338
SE-PAF
SPAF14 1.0 0.14 451 1804 574.8 11938 338
SPAF17 1.0 017 451 1804 574.8 11938 338
SPBF03 1.0 03 451 1804 574.8 11938 338
SPBF06 1.0 06 451 1804 574.8 11938 338
SE-PBF
SPBF09 1.0 09 451 1804 574.8 11938 338
SPBFI2 1.0 12 451 1804 574.8 11938 338
SPCF08 1.0 0.08 451 1804 574.8 11938 338
SPCF11 1.0 011 451 1804 574.8 11938 338
SF-PCF
SPCF14 1.0 0.14 451 1804 574.8 11938 338
SPCF17 1.0 017 451 1804 574.8 11938 338

Taking SFS as an example, SF represents separately incorporated steel fiber, and the content is 0.8%. For SPAF03, SPAF means steel-polypropylene A fiber, and the content s 0.3%. For SPBF06,
SPBE means steel-polypropylene B fiber and the content is 0.6%. For SPCF08, SPCF means steel-polypropylene C fiber and the content is 0.8%. Vg, Vi represents the proportion of the volume
L N O
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Fiber type Diameter Densitg/ Tensile Elasticity Elongation Material

/mm g/cm strength modulus 1%
/MPa /MPa
SE 38 2 7.8 ‘ 650 201%10° 14 Cold-rolled steel
PAF 30 1 0.95 ‘ 542 5134 25
PBF 5 1 0.95 556 5117 ‘ 25 polypropylene
PCF 19 0.031 091 565 4,138 15






