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New types of fibers such as basalt fibers are gradually being used to reinforce cement-based concrete materials. To provide a basis for the further popularization of basalt fibers and basalt fiber reinforced reactive powder concrete (BFRPC) materials, the bending mechanical properties and fracture properties of BFRPC beams were investigated by innovatively applying four-point bending test and multiple acoustic parameter analysis methods. On the one hand, the load vs. displacement curve and crack pattern of reinforcement BFRPC beam were obtained from the four-point bending test. On the other hand, Acoustic emission (AE) technology was used to monitor the cracking process of reinforcement BFRPC beam under four-point bending load, and the AE signal was analyzed to illustrate the cracking characteristics of reinforcement BFRPC beam. The results revealed that AE hits, amplitude, counts, duration, and energy have a similar changing trend with bending load. Cumulative hits and cumulative energy are positively linearly related to the displacement and quadratically related to the sum of crack widths, and the correlation coefficients are all above 0.95. Besides, the cracking process of reinforcement BFRPC beam can be divided into four stages by the variation of AE basic parameters with bending load. The main rebars yielding is an important turning point of the crack characteristic of reinforcement BFRPC beam. AE signal data varies greatly in different locations, and it has an obvious advantage to detect the formation of invisible cracks. The results of predicting concrete damage and cracking by AE signal data are consistent with the experimental phenomenon. The low-stress brittle fracture caused by tensile fracture was reduced, and the tensile resistance and flexural bearing capacity of the reinforcement BFRPC beam were increased. The results obtained in this paper support the damage assessment and structural health monitoring for cement base concrete materials under bending load.
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1 INTRODUCTION
Basalt fiber reactive powder concrete (BFRPC) is a new type of cement-based concrete material with excellent mechanical properties and durability (Li et al., 2020). This is partly because reactive powder concrete (RPC) is prepared by the theory of densified particle packing (Chen et al., 2019; Zdeb, 2019; Sultan and Alyaseri, 2020). RPC replaces the coarse aggregate in ordinary concrete with millimeter-level aggregate (quartz sand) and filled the gap between millimeter-level aggregate with micron particles (cement) and submicron particles (silica fume) (Merdas and Shallal, 2023; Zhang et al., 2023). In this way, the internal defects of concrete are controlled, and both the density and homogeneity are improved. Another reason is that basalt fiber has superior mechanical properties and has good resistance to all kinds of acid and alkaline conditions (Lou et al., 2021; Si et al., 2021). Basalt fiber improves the mechanical properties and durability of RPC (Liu et al., 2020a; Liu et al., 2020b). Based on these obvious advantages, BFRPC has been considered suitable for concrete beam structural materials. On the basis of previous studies on the properties of BFRPC materials, it is very important to study the flexural cracking performance of BFRPC beam structures for their popularization and application. Concrete cracking greatly deteriorates the mechanical properties and durability of reinforcement BFRPC beams, so it is of great significance to evaluate the cracking characteristics to promote the application of BFRPC materials in practical structural engineering. The cracking characteristics of concrete beams are mainly evaluated by crack-related indexes, such as cracking moment, crack propagation, crack spacing, crack width, and so on (Rashid et al., 2020; Li et al., 2021a). However, it is difficult to monitor and evaluate the whole cracking and damage process of concrete beams only by traditional measurements and naked-eye observation, especially concrete beam internal cracking and damage assessment at a low-stress level.
Acoustic emission (AE) is a non-destructive detection tool with the advantages of high sensitivity (Boniface et al., 2020; Zhang et al., 2020; Karimian and Modarres, 2021). Depending on its high efficiency, convenience and accuracy, it has been widely used in cracking and damage assessment of building materials and engineering structures (Dubuc et al., 2020; Fan et al., 2020; Li. et al., 2021b; Mohammadi et al., 2021; Tan et al., 2021). Han et al. (2019) used AE technology to clarify the concrete damage mechanism and proved that the analysis of AE signals was effective in the identification of concrete damage. Xargay et al. (2018) analyzed the concrete damage process under heat-exposure conditions based on AE technology and confirmed the potential of AE technology in the diagnosis of concrete damage levels. Nguyen-Tat et al. (2018) verified the strong correlation between the damage evolution of concrete and the AE activity. Farhidzadeh et al. (2013) monitored the fracture process of concrete construction and illustrated that AE was very effective in determining structural safety. Xargay et al. (2021) used four AE indexes (load ratio, calm ratio, cumulative signal strength ratio, and relaxation ratio) to evaluate the damage of steel fiber reinforced concrete beams; and the test results showed that AE damage indexes have a quite good correlation with cracking initiation and propagation, and AE damage indexes can not only monitor the loading response of reinforced concrete beam but also detect local damage. Li et al. (2018) described the cracking modes of steel fiber reinforced concrete through AE parameters such as average frequency (AF), rise angle (RA) value, and found that the failure of ordinary concrete was mainly caused by tensile cracks. Zhang et al. (2019) used AE technology to perform a laboratory study focus on the bending characteristics of the ordinary RC beam affected by steel corrosion, and described the ordinary concrete cracking process, and determined the cracking modes by the b-value and AF-RA association value analysis method, respectively. Therefore, it is advanced and effective to describe the cracking characteristics of reinforcement BFRPC beams by AE parameters such as b-value and AF-RA association value, etc.
In this paper, three reinforcement BFRPC beams with different reinforcement ratios were prepared, and the beams were subjected to a four-point bending test by graded loading. The load vs. displacement curve and crack pattern of reinforcement BFRPC beam were recorded. At the same time, AE technology was used to monitor the AE signal of reinforcement BFRPC beams during the loading process. Besides, the parameters of the AE signal were analyzed to elucidate the damage process and cracking characteristics. The purpose of this paper is to elaborate the cracking characteristics of the new composite material (reinforcement BFRPC beam), which can provide a theoretical basis for the application of reinforcement BFRPC and provide a reference for the damage assessment of cementitious concrete materials under bending loads.
2 EXPERIMENTAL DETAILS
2.1 Materials and mixture
Materials required for reinforcement BFRPC beams include quartz sand, quartz powder, cement, silica ash, water reducer, basalt fiber, water, and rebars. The quartz sand has a hardness of 7 and is mainly composed of SiO2. The quartz sand specifications used in this paper were 20–40, 40–80, 80–120 mesh, and they were filtered by a square hole sieve of 0.6, 0.3 and 0.15 mm respectively. The mixture proportions for the reinforcement BFRPC beam are listed in Table 1. According to the laboratory test, the compressive strength and flexural strength of BFRPC prepared by the mix proportions as shown in Table 1 are 110 and 15 MPa respectively. The basic characteristics of basalt fiber are shown in Table 2.
TABLE 1 | Mix proportions of reinforcement BFRPC beam (kg/m3).
[image: Table 1]TABLE 2 | Basic properties of basalt fibers.
[image: Table 2]2.2 Specimen preparation
In this paper, three reinforcement BFRPC beams with different reinforcement ratios were prepared, and the designed size was 1500 mm ✕ 150 mm ✕ 300 mm. Figure 1 shows the dimensions of three test beams and the relative positions of the rebars. The types and diameters of erective steel bars, stirrups, and main rebars of each test beam are shown in Table 3. In each test beam, two HPB300 steel bars with a diameter of 6 mm were used as erecting steel bars; ten HPB300 steel bars with a diameter of 8 mm were used as stirrups; two HRB335 rebars with a diameter of 12, 14, and 16 mm respectively were used as the main rebars.
[image: Figure 1]FIGURE 1 | Dimension of the specimen (mm).
TABLE 3 | Types and diameters of steel bars in test beams.
[image: Table 3]2.3 Experimental procedure
The experimental flow chart is shown in Figure 2. The prepared test beams firstly underwent curing. The reinforcement BFRPC beams were cured in 90°C steam for 48 h. After curing, all the test beams were performed the four-point bending test; the load vs. displacement curves, cracking patterns, and crack widths of the test beams were measured and recorded. During the bending load process, concurrently, the AE test was conducted for obtaining the AE signals. The parameters including hits, energy, b-value from AE signals were used for analyzing the damage process and the cracking characteristics from the mesoscale.
[image: Figure 2]FIGURE 2 | Experimental flow chart.
2.4 Experimental setups
This paper carries out concrete beam stress tests based on Chinese standards (Ministry of Housing and Urban-Rural Development of the People’s Republic of China, 2012). A WAW-1000 kN type electro-hydraulic servo universal testing machine was utilized to perform the four-point bending test for the beams. The dial gauges were arranged at the bottom of the 1/2 and 1/4 span of the beams for recording the displacement during the loading process. Simultaneously, the crack width could be tested by the crack testing instrument and the crack pattern was plotted. The measurement accuracy of crack width is 0.01 mm. The AE test was performed simultaneously with the bending test for obtaining AE signals. Four SR150M type AE sensors (produced by Soundwel Technology Co., Ltd., Beijing, China) were attached to the side of test beams by epoxy resin adhesive. Loading device of four-point bending tests and the arrangement of AE sensors are schematically shown in Figure 3. The test loading adopted a multi-step loading process (20 kN for each step), and the loading rate was controlled to be 0.037 kN/s.
[image: Figure 3]FIGURE 3 | Sketch of the experimental setup for the four-point bending test (unit: mm).
The measurement frequency range of the AE sensor was 60–400 kHz. AE sampling frequency was 5 MSPS. The AE signal amplitude threshold was set to 40 dB to filter the environmental noise. To ensure the accuracy of the AE signal, the peak definition time was set at 50 μs, and the hit definition and lock time were set at 150 and 300 μs respectively. The experimental setups are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Experimental setups. (A) Four-point bending test; (B) AE test; (C) Crack width test.
3 ANALYSIS METHODS
3.1 AE basic parameters
The elastic wave generated by the crack initiation inside the reinforcement BFRPC beam is transmitted to the surface of the AE sensor to be converted into an electrical signal, which is processed and calculated into a signal parameter by the analytical system and characterised as a digitised AE waveform, so that structural changes inside the concrete can be explored through the changes in acoustic emission signal parameters. The basic parameters (shown in Figure 5) of the AE signal include hit, count, amplitude, duration, rise time, energy, and so on.
[image: Figure 5]FIGURE 5 | AE characteristic parameters.
The hit is a signal that exceeds the threshold and causes a system channel to accumulate data. In Figure 5, one waveform corresponds to one “hit”. Signal amplitude is the sensor output peak voltage, which is the indicator of signal size. Signal count, also known as signal ringing count, is the times that the AE amplitude exceeds the threshold in the duration. The rise time is the time interval between the signal trigger time and the peak amplitude time. And the duration is the time interval between the signal trigger time and the signal disappearance time. Signal energy is defined as the measured area below the AE signal envelope.
3.2 b-value analysis
The b-value analysis method, first applied for analyzing seismic waves, is famous for its advantages in quantifying the distribution of earthquake magnitude. In the past decades, the b-value analysis method was successfully imported into the AE signals analysis field due to the waves in AE were similar to the earthquake (Jiao et al., 2019). The b-value can be calculated as follows:
[image: image]
where [image: image] is the amplitude of the AE signal; N is the number of AE signals with the amplitude above the [image: image]; [image: image] is the intercepts of the linear fitting line; and [image: image] is the slope of the linear fitting line, which is called the b-value of these AE events.
3.3 AF value and RA value
Both RA and AF values are the statistical parameters of AE signals. AF-RA association analysis, as a statistical parameter-based method, was widely used to classify the cracking modes in concrete in the past few years. The RA and AF values can be calculated by the following equations:
[image: image]
[image: image]
Ohtsu et al. (2010) demonstrated that AE signals could be divided into the tensile signals and shear signals, which corresponded to the occurrence of tensile cracks and shear cracks in concrete respectively. Figure 6 shows the schematic of the crack modes classification based on the AF-RA association analysis method. When a tensile crack occurs, the amplitude of the signal wave is large, the rising time is short, and the wave velocity is fast, which is reflected in a large AF value and a small RA value. On the contrary, when a shear crack occurs, the wave velocity of the signal wave is low, the rise time and duration are long, which is reflected in a large RA value and a small AF value.
[image: Figure 6]FIGURE 6 | Cracking modes classification based on AF-RA association values.
4 RESULTS AND DISCUSSION
4.1 Load vs. displacement curve
The load vs. displacement curve of three reinforcement BFRPC simply supported beams are shown in Figure 7, and the load vs. displacement curve can be roughly divided into three stages according to the test beam imminent cracking point and the main rebars yielding point. The first stage is before the test beam cracking; the second stage is from the test beam imminent cracking to the main rebars yielding, and the third stage is from the main rebars yielding to the test beam failure.
[image: Figure 7]FIGURE 7 | Displacement of the test beams. (A) Beam-1; (B) Beam-2; (C) Beam-3.
Besides, the slopes of the load vs. displacement curve in the first and second stage are the same, while the slope of load vs. displacement curve in the third stage is significantly lower than that in the first and second stages, indicating that reinforcement BFRPC beams have a good ductility after the main rebars yielding. When the bending loads of Beam-1, Beam-2, and Beam-3 reached 40 kN, it can be seen from the test phenomenon that subtle cracks gradually appear on the bottom of the test beams. Therefore, the cracking bending load value of Beam-1, Beam-2, and Beam-3 is 40 kN. Moreover, it can be seen from Figure 7 that the main rebars yielding load values of Beam-1, Beam-2, and Beam-3 are 140 kN, 160 kN, and 180 kN, respectively. And the failure load values of Beam-1, Beam-2, and Beam-3 are 197 kN, 235 kN, and 261 kN, respectively. It is shown that within the range of reinforcement ratio of suitable reinforcement beam, the main rebars yielding load and failure load of the reinforcement BFRPC simply supported beam increase gradually with the increasing of reinforcement ratio.
4.2 Crack pattern
To better describe the cracks propagation, at the end of each loading stage, the testers mapped the crack pattern on the side of the test beam and measured the maximum width of each crack. When the test beam was loaded to 180 kN, the deformation of reinforcement BFRPC beams increased significantly. In order to avoid the damage of the test beam to the test personnel, the crack width of the test beam with the load exceeding 180 kN was not measured. When the bending load was less than 40 kN, there were almost no visible cracks can be checked on the surface of the test beam, while when the load was more than 40 kN, many subtle cracks began to appear at the bottom of the pure bending section of the test beams. Representative crack patterns (Figure 8) with the bending load values of 60, 100, 140, and 180 kN are presented to understand the crack propagation of each test beam in detail.
[image: Figure 8]FIGURE 8 | The crack pattern of the test beam. (A) Beam-1; (B) Beam-2; (C) Beam-3.
As shown in Figure 8, Beam-1, Beam-2, and Beam-3 have similar crack patterns under the bending load. When the load reached 60 kN, fine visible cracks were first generated in the pure bending section of the test beam. As the bending load step reached 100 kN, the cracks in the pure bending section of the test beam gradually extended to the top of the beam, while the new cracks began to appear in the shear bending section. As the bending load step reached 140 kN, the cracks in the pure bending section of the test beam extended vertically to the middle part of the beam side, while the cracks in the shear bending section began to extend to the middle part of the beam side toward the loading point. At the load step of 180 kN, the cracks of the test beam continued to form through cracks. As the bending load exceeded 180 kN, the crack width of the bottom part of the beam increased significantly, and an obvious crackling sound could be heard.
Simultaneously, the crack widths at each loading step were measured by the crack width tester. As shown in Figure 9, the sum of crack widths at each loading step of all test beams increases with bending load. After main rebars yielding, the sum of crack widths of all the reinforcement BFRPC beams increased significantly, and the failure process of test beams accelerated.
[image: Figure 9]FIGURE 9 | The variation of the sum of crack width with bending load.
4.3 AE basic parameters analysis
4.3.1 AE basic parameters
In this section, the AE basic parameters were utilized to describe the craking characteristics of the reinforcement BFRPC beam. Figure 10 taking Beam-3 as an example, AE signals were used to analyze the variation of AE basic parameters with bending load. The units of AE basic parameters are different. To make a comparative analysis in the unified coordinate system, each AE basic parameter should be homogenized.
[image: Figure 10]FIGURE 10 | The normalized AE basic parameters of the Beam-3.
It can be seen from Figure 10 that the hits and amplitude have a similar variation with bending load, while the counts, duration, and energy have a consistent variation with bending load. Thus, for a clearer and more detailed analysis, the hits and energy parameters were selected to analyze the damage process of the reinforcement BFRPC beam with bending load in Figures 11, 12.
[image: Figure 11]FIGURE 11 | Hits and energy collected from different AE sensors of Beam-1 during different load stages. (A) Hits; (B) Energy.
[image: Figure 12]FIGURE 12 | Hits and energy collected by different test beams at different load stages. (A) Hits; (B) Energy.
As can be seen from Figure 11, the total hits and total energy gradually increase with bending load, which indicates that the damage degree of the test beam gradually increased with the bending load. It is especially noteworthy that the AE basic parameters (hits and energy) have an excellent monitoring effect on the initial damage of the test beam. When the bending load reached 40 kN, no visible cracks appeared on the surface of the test beam, while the hits value is larger and the energy value is small, this phenomenon shows that many microcracks formed in the test beam. During the bending load of 80–120 kN, the hits value has a small increase, but the energy value has a significant increase, indicating that the trend of new crack initiation was weakened, the trends of original microcrack propagation and macrocrack formation were increased at this stage, and the test beam entered the stage of microcrack propagation and macrocrack formation. After the bending load reached 120 kN, the hits value and energy value both increase significantly, indicating that there were both new crack initiation and macrocrack formation inside the test beam at this stage, and the test beam entered the critical failure stage. Moreover, it can be seen from the AE sensors at different positions in Figure 11 that the AE hits and energy values collected by sensor 1# and sensor 3# which near the bottom of the test beam are more than that collected by sensor 2# and sensor 4# which near the top of the test beam. Compared with sensor 1# (located in the shear bending section) and sensor 3# (located in the pure bending section), the hits and energy of sensor 1# are greater than that of sensor 3# when the load reached 40 kN and 197 kN. This phenomenon infers that at the beginning and the end of bending load action, the pure bending section of the reinforcement BFRPC beam was more prone to damage, while the shear bending section of the reinforcement BFRPC beam was more prone to damage at the middle of bending load process.
From Figure 12, the variation of the hits and energy for reinforcement BFRPC beams with bending load can be roughly divided into four stages. In the first stage, before visible cracks appeared in the bottom of the test beam (the bending load arrived at almost 60 kN), the hits and energy increased with bending load, and the damage of the reinforcement BFRPC beam was mainly caused by microcracks initiation. The second stage was from the appearance of visible cracks to the main rebars yielding (the bending load from 60 kN to 160 kN). In this stage, the hits and energy show a downward trend, and the damage of the reinforcement BFRPC beam was mainly caused by macrocrack formation. In the third stage, from the main rebars yielding to the formation of critical failure cracks, the hits and energy increased sharply, and a large number of macrocracks formed and gradually expanded into critical failure cracks. The fourth stage was the failure stage, the hits and energy were greatly reduced, and the critical failure crack propagation led to the beam failure.
4.3.2 Cumulative AE characteristic parameters
Taking Beam-3 sensor 3# as an example, cumulative AE parameters were homogenized, and the variation of cumulative AE parameters with bending load was compared and analyzed for evaluating the cracking process of the test beams. As can be seen from Figure 13, cumulative AE parameters have similar variation patterns; and thus in this section, the cumulative hits and cumulative energy are selected to focus on the detailed variation of cumulative AE parameters, as shown in Figure 14.
[image: Figure 13]FIGURE 13 | The normalized AE basic parameters of the Beam-3.
[image: Figure 14]FIGURE 14 | The variations of cumulative hits and cumulative energy with bending load.
In Figure 14, as the same discussed above, the cumulative hits and cumulative energy can be also divided into four stages. It can be seen that the cumulative hits and cumulative energy are positively linearly correlated with bending load in the four stages, and the correlation coefficients are all above 0.95. Additionally, the slope of the fitting line of stage Ⅰ is the same as stage ⅠⅠ, and the slope of the fitting line of stage ⅠⅠⅠ is the same as stage ⅠV. This phenomenon illustrates that the damage rate of the reinforcement BFRPC beam is relatively stable before and after the main rebars yielding point, and the damage rate after the main rebar yielding is significantly higher than that before the main rebar yielding.
To analyze the relationship between cumulative AE parameters and mechanical property parameters of reinforcement BFRPC beam, the relationship between cumulative AE parameters and displacement as well as the relationship between cumulative AE parameters and the sum of crack widths were fitted by stages in Figure 15. It can be seen from Figure 15 that the cumulative AE parameters are positively linearly correlated with the displacement and quadratically correlated with the sum of crack widths, and the correlation coefficients are all above 0.95. Deformation behaviour of reinforcement BFRPC beams and crack propagation can be assessed by monitoring the AE parameters and analysing their cumulative parameters.
[image: Figure 15]FIGURE 15 | Relationship between cumulative AE parameters and mechanical property parameters. (A) Displacement in stage Ⅰ and stage Ⅱ; (B) Displacement in stage Ⅲ and stage Ⅳ; (C) Sum of crack widths in stage Ⅰ and stage Ⅱ.
4.4 b-value analysis
The b-values presents advantages for monitoring the cracking behaviors of the concrete composites suffered from loads. In general, the b-value increases during the formation of micro-cracks (smaller-scale and weaker damage) and decreases as the micro-cracks coalescent into macrocracks (larger-scale and stronger damage). Thus, the b-value analysis method can effectively evaluate the internal damage degree throughout the entire loading process from a mesoscale perspective. The number (n) of AE amplitude has a great influence on the calculation of the b-value according to Eq. 1. Shiotani et al. (Ohtsu et al., 2010) suggested that the n should be 50 to 100. Hence, for obtaining the accurate results of b-value analysis, the n in this paper was chosen as 50, 70, and 100, respectively. Figure 16 shows the mean value and standard deviation of b-values of all sensors of Beam-3 calculated by the recorded AE amplitude at each bending load step, and the presence of cracks around the sensor is also marked in Figure 16. The number of AE signals collected by sensor 4 in Figure 16E during the loading period from 0 kN to 120 kN is too small to be used for data analysis.
[image: Figure 16]FIGURE 16 | Classical b-value obtained from sensors in the Beam-3. (A) All sensors; (B) Sensor 1#; (C) Sensor 2#; (D) Sensor 3#; (E) Sensor 4#.
As observed in Figure 16, the b-value calculated from different group sizes varies less. It can be seen from the b-value of all sensors shown in Figure 16A that the b-value presents a fluctuating trend, which illustrates that microcrack activity and macrocrack activity appear alternately. By comparing Figures 16B–E, it can be seen that the cracking characteristics of the reinforcement BFRPC beam are different at different positions. The b-value of sensor 1#, 2#, and 3# all show a downward trend with bending load, while the b-value of sensor 4# increases with the bending load between 120 kN and 260 kN. This phenomenon suggests that the microcrack activity of sensors 1#, 2#, and 3# increases during the whole damage process, while the macrocrack activity of sensor 4# increases between 120 kN and 260 kN. Combined with the crack patterns of Beam-3, it can be seen that sensor 4# located at the upper part of the shear bending section has barely visible cracks, while visible macroscopic cracks appear in other sensor locations. This phenomenon proves the accuracy of the b-value in cracking characterization. As shown in Figure 16B, the b-value of sensor 1# decreases significantly at the load stage of 80–120 kN, showing that an obvious macrocrack is formed at the bottom of the bending shear section of Beam-3. At the load stage after 160 kN, the b-value of sensor 1# is small and gradually tends to be stable, indicating that the macrocrack activity is more prominent and critical failure cracks begin to form at the bottom of the bending shear section of Beam-3. From Figure 16C, the b-value of sensor 2# increases at the load stage before 80 kN, illustrating that microcracks appear on the upper side of the pure bending section. At the load step of 80–200 kN of sensor 2#, the b-value is small and relatively stable, representing that macrocrack activity is large, and the macrocrack gradually forms during this period. At the load stage after 200 kN of sensor 2#, the b-value decreases significantly, stating that critical failure cracks are forming on the upper side of the pure bending section at this stage. As can be seen from Figure 16D, the b-value increases when the bending load is less than 40 kN, indicating that a large number of microcracks are generated at the bottom of the pure bending section. The b-value decreases first and is then gradually maintain at a smaller value between 40 kN and 160 kN, and there is a significant decrease when the load is 180 kN. This indicates that the macrocrack activity at the bottom of the pure bending section is high, and the crack continues to expand steadily, and the critical failure macrocrack is formed when the bending load is 180 kN. The b-value firstly increases and then decreases after 180 kN. This shows that the bottom of the pure bending section once again experiences microcrack initiation and macrocrack formation after main rebars yielding, and more and more fine visible cracks appearing between the earlier visible cracks.
4.5 AF-RA analysis
AF value and RA value can be calculated by Eq. 2 and Eq. 3, and the reasonable AF/RA value can distinguish the fracture modes. Ohtsu et al. (Shiotani et al., 2001) suggested that different materials have different AF/RA ratio threshold to distinguish fracture modes, with greater than the critical value being tensile cracking and less than the critical value being shear cracking. BFRPC is a new material and the ratio threshold of AF/RA is unknown. To overcome this limitation, the ratio threshold of 1, 25, 50, and 100 were selected to distinguish fracture modes as tensile fracture and shear fracture, respectively in Figure 17.
[image: Figure 17]FIGURE 17 | Variation of tensile fracture percentage vs. the ratio of AF/RA.
As shown in Figure 17, tensile fracture percentage under different loads is similar with the change of AF/RA ratio threshold, and tensile fracture percentage decreases and gradually stabilize with the increase of AF/RA ratio threshold. Although the tensile fracture percentage calculated by different AF/RA ratio threshold is inconsistent, the variation curves of tensile fracture percentage are similar. This indicates that the percentage of tensile and shear cracks in reinforcement BFRPC beams tends to stabilize when the ratio threshold is greater than 25. Therefore, ratio threshold 25 is selected in Figure 18 to analyze the variation trend of tensile fracture percentage at different positions of reinforcement BFRPC beam.
[image: Figure 18]FIGURE 18 | Variation of tensile fracture percentage at different positions of beam-3.
It can be seen from Figure 18 that the tensile fracture percentage of reinforcement BFRPC beam decreases gradually with the increase of bending load. Through calculation, it can be concluded that the tensile fracture percentage of sensor 3# at the bottom of the pure bending section decreases by the most, which is 40%, and that of other positions is reduced by about 25%. During the cracking process of reinforcement BFRPC beam subjected to bending load, the tensile fracture percentage decreased due to the action of basalt fiber and the main rebars, the chemical properties of basalt fiber and cement are similar, which makes it have great bonding strength with concrete matrix, and gives full play to the bridging effect of fiber to reduce the initiation and expansion of cracks. The low-stress brittle fracture caused by tensile fracture was reduced, and the tensile resistance and flexural bearing capacity of the reinforcement BFRPC beam were increased.
5 CONCLUSION
Utilizing the AE technology, this paper performed a laboratory investigation to clarify the cracking characteristics of reinforcement BFRPC beams. From the experimental and analytical results, the following conclusions can be drawn:
(1) AE hits, amplitude, counts, duration, and energy have similar changes with bending load. Cumulative AE parameters (cumulative hits and cumulative energy) are positively linearly related to the displacement and quadratically related to the sum of crack widths, and the correlation coefficients are all above 0.95. The cracking process of reinforcement BFRPC beam can be divided into four processes by the variation of AE basic parameters with bending load: microcrack initiation, macrocrack formation, critical failure crack formation, and critical failure crack propagation.
(2) The main rebars yielding is an important turning point of the crack characteristic of reinforcement BFRPC beam. The increase rates of cumulative AE parameters are relatively stable before main rebars yielding and after main rebars yielding, and the increase rate of the latter is significantly higher than that of the former.
(3) AE signal data varies greatly in different locations, and it has an obvious advantage that it can detect the formation of invisible cracks. The results of predicting concrete damage and cracking by AE signal data are consistent with the experimental phenomenon. The b-value calculated by AE amplitude can effectively identify the microcrack and macrocrack activity, and analyze the development of cracks in the beam in detail.
(4) The reinforcement BFRPC beam has good ductility after the main rebars yielding. The low-stress brittle fracture caused by tensile fracture was reduced, and the tensile resistance and flexural bearing capacity of the reinforcement BFRPC beam were increased.
In this study, we innovatively reinforced reactive powder concrete with basalt fiber and analyzed the fracture properties of BFRPC beam by mechanical and acoustic parameters. It can provide a reference for structural performance and damage assessment studies of basalt fiber reinforced cementitious concrete. In the future, it is recommended to use basalt fiber and BFRPC in concrete structural applications and to apply more acoustic techniques in concrete structural health monitoring.
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