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Abstract

:

The fabricated shear wall with a grouting sleeve is used widely in structural engineering. The damage characteristics of a fabricated shear wall reinforced with angle steel of inadequate grouted material strength were investigated using acoustic emission (AE) technology under a horizontal repeated load. The results showed that evaluation of the AE energy and Ib value exposed the crack expansion and damage evolution of the fabricated shear walls; the sudden rise in the energy level predicted the occurrence of micro-cracks in the shear wall. The trends of the AE accumulated energy and accumulated hysteretic energy of the specimens had a good correlation. The AE Ib value results illustrated that the destruction was most serious inside the shear wall with an inadequate grouted material strength at the failure stage. The trends of AE HI and Sr could better characterize the crack propagation of the shear walls. The AE damage model was proposed based on the Park–Ang damage model incorporating fractal energy density, which could effectively evaluate the damage degree of shear walls under repeated loading.
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1. Introduction


Fabricated shear walls are used extensively in practical projects owing to their good mechanical properties and environmental performance [1,2,3]. The main connecting modes of fabricated structures mainly include a pre-hole grouted anchor, bolt, and grouting sleeve [3]; among them, the grouting sleeve connection is adopted worldwide because of its advantages such as its economy rate and convenient detection [4,5]. However, the fabricated shear wall was not properly monitored during the construction process, and the strength of the grouted material could not reach the related criteria [3]; thus, it is essential to reinforce the connecting nodes of a fabricated shear wall with angle steel when the strength of the grouted material in the grouting sleeve is inadequate [6,7]. The information obtained from accelerometers, displacement gauges, and strain gauges provide some of the surface information during the destruction of specimens [8,9,10,11]; the effective evaluation of shear walls should concentrate on the internal damage evolution of the structure, which could provide some technological support for the seismic capability assessment of shear walls.



Acoustic emission (AE) is a passive dynamic non-destructive testing method, which is utilized to describe different damage patterns [12,13,14,15]. The information contained in AE signals could effectively indicate the damaged development of structures during the loading process. Relevant researchers have conducted wide research on the damage assessment of structures relying on the AE technique [16,17,18]. Zhang et al. [17] employed the AE technology on a squat concrete wall under cyclical loading and the result showed the crack expansion of the specimen correlated well with the variation trend of the AE signals. However, the damage evaluation of fabricated shear walls under horizontal low-cycle repeated loads relying on AE technology has rarely been studied. The characteristics of the AE signal could reflect crack propagation and are widely used in the damage assessment of reinforced concrete structures [19,20,21]. The improved b value (Ib value) method could better illustrate the damage evolution of a structure during the failure process, which considers the amount of AE events and the amplitude range [22]. Zhang et al. [23] evaluated the failure of concrete beam–column joints based on the Ib value method, and the results showed that the trend of the Ib value with loading has good correspondence with the crack expansion. The AE intensity analysis could efficiently excavate valuable messages indicating structural damage [24]. Shahidan et al. [25] studied the damaged degree of reinforced concrete beams using AE technology and discovered that the damage of specimens was classified effectively by relying on the intensity analysis. Thus, the damage evolution of shear walls was investigated relying on AE technology under a horizontal low cyclic load. The quantitative assessment of the damage of shear walls under loading was conducive to understanding better the serviceability of reinforced concrete. Park and Ang [26,27] established the seismic damage model based on a large number of concrete structures, which considered both structural deformation and energy dissipation. However, the damage index is inadequate in that the damage value exceeds the theoretical limit value of destroyed structures. Thus, it is significant to investigate the association between AE data and the Park–Ang damage index.



To investigate the crack expansion and damage characteristics of a fabricated shear wall reinforced with angle steel of inadequate strength under horizontal and low-cycle repeated loads, five fabricated shear walls connected with a grouting sleeve were designed, and the AE technology was used to monitor the damage behavior of the specimens. The damage evolution of shear walls was investigated relying on the AE energy method, Ib value method, and intensity analysis method, and finally, the AE damage model of shear walls with repeated loads was proposed relying on the Park–Ang damage model, incorporating fractal energy density, each of which provide some technological support for the seismic capability assessment of shear walls.




2. Experimental Program


2.1. Test Specimens


The dimensions of the shear wall were 1400 mm × 200 mm × 2530 mm (b × t × h) according to the standard [28]. The rebars of the fabricated shear walls are shown in Figure 1. The mechanical properties of the rebars of the shear walls are illustrated in Table 1. Five working conditions of shear walls were designed, including a shear wall with a high strength of grouted material, a shear wall with inadequate strength, and shear walls reinforced with three different angle steels, with one specimen designed for each working condition [2,6]. Cement slurry was utilized in the specimens of inadequate strength, and the compressive strength was 38.6 MPa. The strength of the grouted material with high strength exceeded 90 MPa, which met the requirements of the standards [29,30].



The angle steels were connected to the shear walls and ground beam using adhesives and screws. The shape of the angle steel was L-shaped as shown in Figure 2. The first strengthening method was that two angle steels were laid out at the edges of the shear wall, the second method was that the angle steels were laid out at the edges and middle of the specimen, and the third method was to lay out angle steel with a length of 1200 mm on the shear wall. The specimens were named GPW, CPW, CPW-S1, CPW-S2, and CPW-S3, respectively. The rules for the naming of the specimens are shown below: G stands for normal grouted material, C stands for cement grout, and the numbers 1, 2, and 3 represent the ordinal numbers of the reinforcing methods.




2.2. Loading Schedule and AE System


The loading device included the horizontal and vertical load systems, as illustrated in Figure 3. The loading pattern used in the experiment was a quasi-static load, and the loading regime of horizontal force was displacement controlled [31,32]; the loading scheme is shown in Figure 4, and the drift ratio was increased from 0.08% to 2.55%. The AE data acquisition system included an RS-2A sensor, AE analyzer, and preamplifier, as shown in Figure 3. It is worth noting that it is necessary to select a suitable AE sensor according to the propagation characteristics of the AE signal in the shear wall. The propagation characteristics of the AE signal generated by the crack extension were evaluated, and the main frequency of the AE signal was about 50 kHz. To minimize the effect of ambient noise signals on the AE signals, the AE signals ought to be filtered. The ambient noise signals were gathered prior to the experiment. The threshold of the AE signal was identified based on the noise signal waveform, then the noise signals were analyzed with the spectrum approach to acquire the dominant frequency of the noise signals, and the noise signal was filtered with high-pass filtering. Based on the noise situation of the experimental site, the triggering threshold value was 30 dB and the AE sample frequency was 2.5 MHz. The PDT value was 60 µs, the HDT value was 120 µs, and the HLT value was 200 µs. Considering that the damage area of shear walls is mainly distributed in the bottom [32], the AE probes were placed underneath the specimen. The AE parameter energy is the region under the detection envelope, and the AE amplitude is the maximum magnitude value for the waveform of the signal, as illustrated in Figure 5.





3. Results and Discussion


3.1. Destruction of Shear Wall


The damage modes of the shear walls were flexure-dominated failure, indicating that the damage modes of the shear wall were not impacted by inadequate grouting strength and the reinforcement with angle steel. The crack distributions of various shear walls are shown in Figure 6; the destruction degree of the shear wall CPW was the most serious, which showed a nearly fractured crack in the top location of the grouting sleeve. In contrast, the destruction degree of the specimens reinforced with angle steel was significantly reduced, which indicates that the method of reinforcement with angle steels could decrease significantly the destruction degree of the shear wall with inadequate grouting strength. The peak load of specimen CPW was 83.75% that of specimen GPW because the adhesive force between the rebar and the grouting sleeve exceeded the ultimate adhesive force earlier before the specimen entered the failure stage. The crack load and peak load of the reinforced specimens CPW-S1, CPW-S2, and CPW-S3 were enhanced greatly and recovered to the ultimate loading capacity of the shear wall GPW. The main reasons were as follows: (1) the angle steel was attached firmly to the shear wall, which reduced the generation of cracks; (2) the angle steel was bolted to the ground beam, which equates to enhancing the bonding between the rebar and grouted material to a certain extent, thus improving the ultimate loading capacity of the shear walls.




3.2. AE Energy


The damage evolutions of shear wall specimens GPW, CPW, CPW-S1, CPW-S2, and CPW-S3 were monitored based on the AE technology under a horizontal and low-cycle repeated load, respectively. The position of the AE sensors’ arrangement has a significant effect on the validity and reliability of the damage evaluation of the reinforced concrete structure [33,34,35]. Although the values of the AE parameters collected from various sensors are distinct, there is significant similarity between the various characteristics of the AE parameters [36,37]. In addition, previous research on the position of the AE sensors’ arrangement has shown that AE sensors at the medial part of the structures could characterize the whole failure process of the structures [21,38,39,40]; therefore, AE sensor 5 arranged at the medial part of specimens was selected in this study.



The AE energy is highly susceptible to crack propagation and damage evolution in concrete structures, and could effectively predict and characterize the damage characteristics of structure status under loading [20,21]. To better compare the trend of the AE parameter characteristics of the different specimens with loading time, the loading time was normalized in this study. Figure 7 illustrates the variation trend of the AE energy of the specimens with loading. The AE energy was relatively low in the early phase of loading, and increased slowly with the increase in the load, reaching the maximum value at the final phase. The main cause was that there were only a few micro-cracks inside the shear wall during the early loading stage, which were susceptible to generating AE events of low energy, and the macroscopic cracks were generated gradually with the increase in the destruction severity of the specimen under loading, which tend to generate AE events with a high energy level. The trend of the AE energy with loading had a good corresponding relationship with the damage evolution of the specimen, and could better characterize the crack propagation of the shear wall during the loading process. The variation in the characterization of the AE energy with the crack extension in the shear wall specimens is consistent with the literature [3,15], and this characterization was not affected by the strengthening with angle steel. This provides a novel insight into the damage evaluation and damage status monitoring of a shear wall under horizontal low circumferential repeated loading. For example, during the monitoring process of the fabricated shear walls reinforced with the angle steel, when the phenomenon of a sudden increase in AE energy is observed, it indicates that crack expansion is occurring inside the structure. It is worth noting that it is also meaningful to quantitatively evaluate the damage evolution of shear walls by the variation trend of AE energy with loading, which is not within the scope of the present work.



The region surrounded by the load-displacement hysteretic loop of the structure could reflect the entire energy dissipative capacity [2], the accumulated hysteretic energy Whys of the shear wall could be obtained through the summing of the hysteretic loop areas of the shear walls in the damage process, and the accumulated AE energy    E  e n d   A E     of the shear walls could be obtained through the summing of the energy of the AE events. The trend of cumulative hysteretic energy and accumulated AE energy generated inside the shear wall is illustrated in Figure 8. To compare effectively the trend of hysteretic energy and AE energy with loading time, the hysteretic energy and AE energy were normalized. The variation trends of the accumulated hysteretic energy and accumulated AE energy of shear walls were basically consistent; that is, both of them increased linearly with the increasing of the load, and the trends of the accumulated hysteretic energy and the AE energy of shear walls had a good correlation under horizontal and low-cycle repeated loads, indicating that the trend of AE accumulated energy could reflect the energy dissipation capacity of specimens during the damage process, and this phenomenon is consistent with the literature [23]. This provides a new insight for the assessment of the energy dissipation capacity of a shear wall with a horizontally low circumferential repeated load. Moreover, Figure 8b illustrates that the accumulated energy for specimen CPW increased rapidly compared with other shear wall specimens at the beginning of loading. The major cause was that more cracks were generated in the interior of CPW due to the deficiency in the inadequate grouting strength at the beginning of loading, which generated more AE events.




3.3. Ib Value Analysis


The analysis and evaluation based on the individual AE parameter are not convincing when the damage evaluation of a shear wall is performed, and it is necessary to adopt a multiparameter analysis method. The AE Ib value method, which considers the amount of AE events and the amplitude range [22,41], is defined as,


  I b =     log   10   N   μ −  α 1  σ   −   log   10   N   μ +  α 2  σ        α 1  +  α 2    σ    



(1)




where μ and σ refer to the mean and standard deviation of amplitude,   N   μ −   α   1   σ     and   N   μ +   α   2   σ     are the amount of events with amplitudes greater than   μ −   α   1   σ   and   μ +   α   2   σ  , respectively, and     α   1     and     α   2     are user-defined constants. Figure 9 illustrates the trend of the Ib value of various shear walls with loading time. At the beginning of the loading of the shear wall, the Ib values increased or remained the same with the increase in loading; the major cause was that there were a few micro-cracks inside the shear walls, and the micro-cracks tend to produce AE events of low amplitude. The Ib value decreased gradually with the increase in load because the damage degree of the shear walls was aggravated and macro-cracks were produced gradually, and were susceptible to producing AE events of high amplitude. During the final phase of loading, the trends of the Ib value remained constant or increased because the damage to the shear walls was more serious, the number of micro-cracks and the proportion in the total number of cracks increased dramatically, and the proportion of AE events of low amplitude compared to the total number of events increased sharply. The variation characterization of the AE Ib value with the crack extension in shear wall specimens is consistent with the literature [12]. In addition, the Ib value of the shear wall CPW showed an obvious trend of increase during the final phase of loading because the damage to CPW was more serious and more micro-cracks were generated inside specimens during the final stage of loading. The trend of the Ib value was in good correspondence with the actual damage status of shear walls, which is effective for the assessment of the damage of shear walls under horizontal and low-cycle repeated loads. Moreover, this phenomenon provides a novel insight into damage monitoring of shear walls. For example, during the monitoring process of fabricated shear walls reinforced with angle steel, when the decrease in the AE Ib value is observed, it indicates that crack expansion is occurring inside the shear wall.




3.4. Intensity Analysis


AE intensity analysis could mine significantly valuable messages indicating the damage degree of structures [24], consisting of the history index (HI) and severe index (Sr), and the HI is the ratio of the mean intensity of the last K events to the mean intensity of all events before a particular point, which is defined as Equation (2) [42],


  H ( t ) =  N  N − K       ∑  i = K + 1  N    S  o i         ∑  i = 1  N    S  o i        



(2)




where N refers to the amount of AE events up to a particular moment, Si and Sj refer to the signal strengths of the i-th and j-th events, respectively, and K refers to a material-dependent empirical constant.



The severe index Sr is the mean of the first J maximum strength up to a particular moment, which is defined as shown in Equation (3),


   S r  =  1 J    ∑  i = 1  J    S  o i      



(3)




where J is the material-dependent empirical constant, Soi refers to the signal with the i-th largest intensity, and it is ranked in descending order of signal strength. As can be seen in Equations (2) and (3), a larger proportion of the high signal intensity of AE events results in higher HI values and Sr values. Figure 10 shows the variation in the HI and Sr values of shear walls with loading time. The variation trends of the Sr levels of shear walls were similar; that is, the Sr levels were increasing, which corresponded to the phenomenon that the damage degree of shear walls was increasing with the increase in load, which indicated the variation trend of Sr levels could qualitatively represent the damage of shear walls with repeated loads. The HI levels fluctuated several times with the increase in load, and the HI levels at the peak of each fluctuation showed an increasing trend. The major cause was the generation of more macroscopic cracks and further expansion of the damage inside the shear walls. In addition, the trend of the HI and Sr levels of shear walls showed an intense consistency with the increase in the load; that is, the point of fluctuation of HI level corresponded to the point of increase in the Sr level. The variable characteristics of both parameters mutually verified the applicability of the AE intensity analysis for damage evaluation of shear walls, and this phenomenon is consistent with the literature [3,14]. During the monitoring process of fabricated shear walls reinforced with angle steel, when the increase in the AE HI and Sr values is observed, it indicates that crack expansion is occurring inside the shear wall. It is worth noting that it is also valuable to reflect the damage feature of the peeling of steel plates and shear walls through the variation characteristics of the AE HI and Sr values with loading time, which is not within the scope of the present work.




3.5. AE Damage Model


The quantitative assessment of the damage status of shear walls with horizontal and low-cycle repeated loads is helpful to understand effectively the service state of concrete structures, and thus provides a reliable basis for the life prediction and maintenance of the structures. To quantitatively evaluate the damage state of concrete structures under a load, Park and Ang proposed the two-parameter seismic damage index that considered both structural deformation and energy dissipation [26,27], which is defined by Equation (4),


  D I =    δ m     δ u    + β     ∫ d   E    Q y   δ u     



(4)




where     δ   m     is the largest deformation of the structure in earthquake situations,     δ   u     is the deformation of the component with a load,     Q   y     refers to yield strength,   ∫ d E   refers to the accumulated hysteretic energy, and   β   refers to the energy dissipation coefficient, which is defined by Equation (5),


  β =   − 0.447 + 0.073 λ + 0.24  n 0  + 0.314  ρ 1    × 0.7  ρ v   



(5)




where the value range of   β   is 0 ≤   β ≤   0.85,   λ   refers to the shear span ratio of the component,     n   0     refers to the axial compression ratio of the structure,     ρ   1     is the rebar ratio of the component, and     ρ   v     is the hoop ratio of the structure’s volume.



The Park–Ang damage model is generally recognized and adopted in civil engineering; however, the expression contains the following inadequacies: (1) the damage index calculated by this expression may exceed 1 of the theoretical maximum value of damage when the component is destroyed or collapsed; and (2) the values calculated by the damage index are often large in the elastic stage of the component. The coefficient α (α < 1) was added to the part regarding deformation in the Park-Ang damage model, and the expression is expressed as Equation (6),


  D I = α    δ m     δ u    + β     ∫ d   E    Q y   δ u     



(6)




where   α   is relevant to the deformation capacity of the component. The variation trends of the accumulated hysteretic energy and the AE energy of shear walls correlated well with the increase in the loading from the previous analysis. Based on the Park––Ang index, the component of the energy dissipation in Equation (6) was replaced by      E  A E      E  e n d   A E      , and the damage index could be expressed as follows:


  D I = α    δ m     δ u    + β    E  A E      E  e n d   A E      



(7)




where     E   A E     is the accumulated energy of the shear walls at the end of each cycle level from the beginning of the load, and     E   e n d   A E     is the accumulated energy of the shear walls in the whole load process. The value      E  A E      E  e n d   A E       of the destroyed specimen was equal to 1; therefore, when   α   was set to   1 − β   in Equation (7), the maximum value of the damage index was 1, and Equation (8) could be obtained,


  D I = ( 1 − β ) α    δ m     δ u    + β    E  A E      E  e n d   A E      



(8)







In addition, it has been indicated in previous studies that the total energy in the process of micro-crack propagation could be evaluated by Equation (9) [43],


   E  e n d   A E   = Γ  V  D / 3    



(9)




where   Γ   refers to the critical value of the fractal energy density, V is the specimen volume, and D is the fractal exponent, where the fractal exponent D could be calculated by the equation [43],


  D =   3 log  N  max     log V    



(10)




where Nmax is the critical number of AE events, and the specimen volume V is obtained from Equation (11),


  V =  b b  ×  h b  ×  l p   



(11)




where     b   b     is the width of the component,     h   b     is the height of the component, and     l   p     is the plastic hinge length. Pauley and Priestley [44] discovered that the plastic hinge could be calculated by Equation (12),


   l p  = 0.08 l + 0.022  d b   f y   



(12)




where   l   is the length of the specimen,     d   b     is the diameter of the longitudinal rebar, and     f   y     is the yield strength of the longitudinal rebar. Carpinteri et al. [43] found that the value of D was 2.3, although the amount of AE events generated from different specimens varied, the slope of the bilogarithmic plot of specimens was the same, and the value of D was taken as 2.3. Thus, the AE damage index incorporating fractal energy density was proposed on the basis of the Park–Ang damage model, shown as follows:


  D I = ( 1 − β )    δ m     δ u    + β    E  A E     Γ  V  0.77      



(13)







Previous research showed that the β value could be set to 0.25 for the components with good ductility [45,46]. To verify the validity of the AE damage index, the trend of the damage model calculated by the Park–Ang damage index and AE damage index for different working conditions is shown in Figure 11. The trend of the above damage index showed strong consistency with the increase in displacement; that is, the damage indexes were increased gradually with the increase in displacement, which was consistent with the real status of the damage evolution of shear walls. The maximum values calculated by the Park–Ang damage index of the shear walls showed large variability, and the maximum value calculated by the AE damage model of different specimens was 1.



The trend of the damage indicator calculated by the AE damage index of the shear walls is shown in Figure 12; compared to other shear walls, the damage index of specimen CPW increased rapidly during the late stage of loading, which was consistent with the real damage status of the specimen. The major cause was that the bond force exceeded the ultimate maximum bonding strength earlier during the mid–late stages of loading; that is, the relative slip was produced earlier between the rebar and grouted material, which further aggravated the damage process of the whole shear wall. In addition, the trend of the damage model of the shear walls CPW-S1, CPW-S2, and CPW-S3 increased slowly during the damage process, which was consistent with the real damage status of the shear walls. The major cause was that the L-shaped angle steel was attached firmly to the surface of the shear wall, which mitigated the damage degree in the shear wall specimen. The AE damage index proposed in this study is effective for the damage evaluation of shear walls under repeated loads.





4. Conclusions


In this study, the damage characteristics and crack extension of a fabricated shear wall reinforced with angle steel of inadequate grouted material strength were investigated relying on AE technology under horizontal and low-cycle repeated loads, and the five shear walls were designed, the AE damage index of shear walls with repeated loads was proposed, and the main findings are summarized below:




	(1)

	
The crack propagation of the fabricated shear wall was better characterized by the trend of AE energy under low-cycle repeated loads; that is, the AE events of low energy corresponded to the appearance of micro-cracks, and the AE events of high energy corresponded to the appearance of macro-cracks in the shear wall.




	(2)

	
The Ib value decreased with the increase in the damage degree of shear walls, and the Ib value results illustrated the damage to the shear wall CPW was more severe and more micro-cracks were generated at the end of loading.




	(3)

	
The intensity analysis approach can better represent the damage evolution of shear walls with horizontal and low-cycle repeated loads, the Sr levels were increased with the increase in the damage of shear walls, and the increase in the HI levels at the peak of each fluctuation indicated that more macroscopic cracks were generated inside the shear walls.




	(4)

	
The AE damage index was proposed based on the Park–Ang damage model incorporating AE fractal energy density, which could effectively evaluate the damage degree of shear walls under repeated loading. The trend of the damage model calculated by the AE damage index could represent the damage degree of shear walls. The AE damage model proposed in this study was effective for the damage evaluation of shear walls under repeated loads.
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Figure 1. The rebar arrangement inside the fabricated shear wall. 






Figure 1. The rebar arrangement inside the fabricated shear wall.



[image: Buildings 14 02038 g001]







[image: Buildings 14 02038 g002] 





Figure 2. The strengthening approaches with angle steel: (a) first strengthening method, (b) second strengthening method, (c) third strengthening method, (d) section of the reinforced position. 
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Figure 3. The diagram of experiment load device. 
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Figure 4. Load regime of horizontal force of the specimen. 
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Figure 5. The schematic diagram of AE signal. 
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Figure 6. The crack expansion of the shear walls with repeated load: (a) GPW, (b) CPW, (c) CPW-S1, (d) CPW-S2, (e) CPW-S3. 
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Figure 7. The trend of AE energy of specimens with horizontal and low-cycle repeated load: (a) GPW, (b) CPW, (c) CPW-S1, (d) CPW-S2, (e) CPW-S3. 
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Figure 8. Trend of AE accumulated energy and accumulated hysteretic energy with loading: (a) GPW, (b) CPW, (c) CPW-S1, (d) CPW-S2, (e) CPW-S3. 
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Figure 9. The trend of AE Ib value with load time of shear walls. 
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Figure 10. The trend of HI and Sr values of shear walls: (a) GPW, (b) CPW, (c) CPW-S1, (d) CPW-S2, (e) CPW-S3. 
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Figure 11. The trend of damage indicator calculated by Park–Ang index and AE damage index: (a) GPW, (b) CPW, (c) CPW-S1, (d) CPW-S2, (e) CPW-S3. 
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Figure 12. The trend of damage index values calculated by the AE damage index of different specimens. 
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Table 1. The mechanical performance of rebars.
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	Diameter do (mm)
	8
	10
	16



	Yield strength fy (MPa)
	460
	445
	460



	Elongation rate (%)
	24.0
	24.1
	15.0
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