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Abstract

:

The Kaiser effect is an important phenomenon that occurs in acoustic emission. The estimation of reinforced concrete structures based on acoustic emission is receiving widespread attention. Cumulative acoustic emission parameters were used for the preliminary estimation of Kaiser points through the step loading experiments on four simply supported reinforced concrete beams under bending load. Taking this Kaiser point as the centre, an appropriate interval value was determined. After functional fitting of the “load-acoustic emission parameter” curve, the difference between the estimated value and the measured value was calculated. The Kaiser point was modified in accordance with the “load-difference” curve. The modified Kaiser point was used to calculate the Felicity ratio. The ratio of the maximum load to the ultimate bearing capacity of the beams was calculated. The curves of the ratio and the Felicity ratio were obtained. Fitting of the corresponding relational function was performed. Based on the relational function, the ultimate bearing capacity of the beams was estimated according to the mean of the experiment. The results showed that if there was a significant difference between the preliminarily estimated value and the measured value of the Kaiser point, modifications can be conducted to avoid any significant difference in the Kaiser point caused by human factors. Using the Felicity ratio and based on function fitting, the maximum difference in the ultimate bearing capacity of the beams was estimated to be no more than 10%. Moreover, it was concluded that the estimated ultimate bearing capacity of the beams was characterized by high stability in the case of different sample data. This method will provide a theoretical basis for evaluating the ultimate bearing capacity of reinforced concrete beams under bending load based on the Kaiser effect.
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1. Introduction


Since the introduction of Portland cement, after two hundred years of development, a large number of concrete bridges have been put into use. Under the influence of innate mass, late load and environment, material aging, fatigue, cracking and other factors make the structural bearing capacity decrease, causing a great threat to the safety of people’s lives and property. According to incomplete statistics, in the three years from 2017 to 2019 alone, 26 bridge collapse accidents have occurred worldwide, resulting in 80 deaths and more than 100 injuries [1]. In this context, it is essential to take certain measures for the damage identification and safety assessment of these bridges. The actual operating conditions of a structure can be obtained on the basis of periodic or random non-destructive testing, as needed, and this is of great significance for evaluating structural safety and predicting residual life. Meanwhile, acoustic emission (AE) is a non-destructive testing technology that is widely used in the detection and safety evaluation of various bridges [2].



AE is a physical phenomenon that widely exists in nature, which means that the potential energy accumulated in an object is released in the form of elastic waves when an object is deformed or damaged under load. It is defined in ASTME1316-2011 as the phenomenon in which the local source in a material quickly releases energy to generate transient elastic waves [3,4,5]. Such waves come from the structure itself; here, the dynamic information of structural damage can be obtained. Moreover, the damage location, degree and category of the structure can be evaluated accordingly [6,7,8]. In the 1950s, Kaiser, a German scientist, found that when the load did not reach the historical maximum of the load on the material, the material would not produce an obvious acoustic emission phenomenon; this irreversible phenomenon of acoustic emission was called the Kaiser effect [9,10]. The Kaiser effect laid the foundation for the application of acoustic emission in engineering. Hence, the effect and its mechanism have long been popular research topics in this research area.



The Kaiser effect was studied first in metal materials. Rusch and McCabeetal discovered this effect in brittle materials such as concrete and rock [11,12]. Takeshi-Watanabe found that the higher the concrete strength, the more obvious the Kaiser effect will be [13]; this represents the correlation between the effect and strength of concrete. Ji et al. studied the relationship between the Kaiser effect and the Felicity effect of concrete materials and reported that the Kaiser effect on concrete materials is related to their stress level. When the stress level is greater than 30% of the ultimate stress (lower limit) and less than 80% (upper limit), the Kaiser effect is obvious, the Felicity ratio is generally greater than 1, and the upper limit of stress depends on the failure mechanism of the material, while the lower limit of stress depends on the structural characteristics of the material itself [14]. Thus, the Kaiser effect acquired from concrete has been studied from the perspectives of the AE characteristics of the materials under different loads in most cases [15,16,17,18,19]. However, few studies have highlighted the Kaiser effect of concrete components and structures, particularly on the AE characteristics of the whole process of concrete beam failure [20,21,22,23,24]. In the study of concrete beams, SHIELD found that concrete beams have an obvious Kaiser effect under bending load [25]. Ge et al. pointed out that the Kaiser effect is strict and effective in the low-stress stage of reinforced concrete beams, but it is more obvious with increasing stress [26]. LAI et al. showed that acoustic emission can be detected in the whole process, whether that is emitted in the initial compaction and elastic deformation stage, or later in plastic deformation and penetrating fracture damage stage. In different stages, the acoustic emission has significantly different characteristics [27].



Research on the AE characteristics of reinforced concrete structures has mainly focused on the estimation of the Kaiser point and monitoring of damage; however, the Kaiser effect is rarely used for estimating the ultimate bearing capacity. With reference to previous studies, this paper analyses the Kaiser effect of simply supported reinforced concrete beams subjected to the bending load through experiments according to the AE-based load changing law. Moreover, the method used for evaluating the ultimate bearing capacity of reinforced concrete beams is studied based on the Kaiser effect.




2. Experiment


2.1. Specimen Making


As per the test requirements, four beams were poured and then numbered L1–L4 before testing. The length, width and height of the beam were 1400 mm, 100 mm and 160 mm, respectively. The specimens were poured by manually mixing concrete with the strength of C25. When the rebar binding was complete, concrete was poured into the formwork, and as it was poured, it was vibrated with a real pirated piece with a diameter of 2.5 cm. The materials and mix proportions of the concrete are shown in Table 1.



The Portland cement shown in Table 1 was produced by Xuanhua Cement Factory of China. River sand was used for the fine aggregate, and broken stone was used for the coarse aggregate. Additionally, 2 ribbed steel bars with a diameter of 12 mm and yield strength of 335 N/mm² were arranged in the tension zone and the compression zone, respectively; the stirrup was composed of round steel bars with a diameter of 8 mm and a yield strength of 235 N/mm²; the stirrup spacing was 100 mm, and the reinforcement protective layer had a thickness of 20 mm, as shown in Figure 1.



Prior to the experiment, the defects of the specimens were detected with the application of the SCE-MATS-B multi-functional non-destructive testing instrument for concrete produced by Sichuan Shengtuo Investigation Technology Co., Ltd., Chengdu, China with impact echo and elastic wave tomography (CT) as the detection methods. The impact echo method was adopted to extend the length of the measuring line with an interval of 0.1 m between measuring points. The CT method was used to test the measuring lines of 7 × 7 = 49, with a profile area of 1.4 × 0.15 m. The measuring lines were arranged, as shown in Figure 2. Moreover, the striking side of the beam was marked as ①, and the receiving side of the elastic wave was marked as ② during testing.



The results of the impact echo test show that no obvious defect was found in L1, L2 and L3, with non-compaction observed in L4 at 0.5 m. Furthermore, the results of the CT scanning test reveal that there were 3.9% suspected defects in L1, 3.9% serious defects with 7.3% suspected defects in L2, 1.5% serious defects with 7.9% suspected defects in L3 and 0.8% serious defects with 10.4% suspected defects in L4. Furthermore, the wave velocity is represented with different colours, of which red and blue represent high and low wave velocities, respectively. With the P-wave velocity as the judgement base, a reduction of ≤5% is considered a suspected defect and a reduction of more than 20% is considered a serious defect.



The concrete experimental beam was poured on 11 May 2021, a time that was suitable for concrete pouring as the weather forecast temperature ranged from 11 °C to 25 °C. After pouring, the specimens were watered for 28 days in a cool place and placed in the open air for drying under a natural environment for roughly 4 months. The produced specimens were applicable for experiments as long as there were no defects seriously affecting their carrying capacities.




2.2. Experimental Scheme


The experiment was conducted with the DS5-8B full information AE signal analyser manufactured by Beijing Softland Times Technology Co., Ltd., Beijing, China, and 8 RS-2A AE sensors were leveraged for acquiring AE signals. The acquisition instrument works in 8 channels at the same time, the continuous data passing rate is greater than 262 MB/s, the sampling frequency is 3 M, the A/D conversion accuracy is 16 bits, and the system noise is 10 dB. Sensor frequency range is 50–400 kHz, and the centre frequency is 150 kHz. The sensor location coordinates were set with the X, Y and Z axes in the beam length, beam width and beam height directions, respectively. The sensors were numberd with 1-8, as shown in Figure 3. In the experimental procedure, a manual jack with a maximum capacity of 20 t was adopted as the loading equipment, and a 200 kN pressure sensor was used as the force-measuring device. The loading system consisted of a jack, a pressure sensor and a steel reaction frame, as shown in Figure 4.



The AE experiment was performed using four-point bending loading. The simply supported beam was calculated with a span of 1200 mm and a pure bending section of 600 mm, as shown in Figure 5.



The cyclic loading with staged sections was conducted during the loading process of each specimen so as to induce damage to the specimens. The bearing capacity of the beams was continuously loaded by collecting its AE signal. The AE information was not collected during the unloading process after the completion of each stage of loading.




2.3. Experimental Process and Phenomenon


Before the experiment started, the experimental system was preloaded. The AE phenomenon is irreversible, so the preload value should not be too large, otherwise it will affect the AE data in the formal experiment; thus, the preload value was set to 2 kN. When the load reached 2 kN, we stopped loading and checked whether the instrument was working properly and whether the bracket was stable. After confirming that there was no problem, the load continued and the acoustic emission signal was collected. The threshold was set to 40 dB, and the gain was set to 40 dB during data acquisition. Furthermore, the hardware analogue filter was set to the pass-through mode [28], with a sampling frequency at 3 MHz. The peak definition time (PDT), hit definition time (HDT) and hit lockout time (HLT), respectively, were 300 µs, 650 µs and 800 µs [29]. According to the design parameters and loading position of the beams, the maximum load that the beams could bear was 50 kN, and 20%, 30% and 50% of the calculated maximum loads were taken as the first loading amounts of each beam.



Beams L1–L4 were loaded in different stages with varying loads in the experiment. They were unloaded as long as the beams achieved the ultimate bearing capacity. Next, they were loaded for two more rounds. The specific loading procedure is shown in Table 2, and the beam damages are observed in the compression zone. There were many vertical cracks in the pure bending section of the tension zone, among which the maximum crack in the L4 span reached up to 10 mm, almost running through the entire beam height. There were also serious oblique shear cracks in L3. Additionally, a large amount of deformation occurred with beam damage. Please refer to Figure 6 for more details.





3. Analysis of the Kaiser Effect


3.1. Parameter Selection and Judgement Method of the Kaiser Point


Parameter analysis is commonly utilised in studies investigating the Kaiser effect on AE due to its ability to reflect different AE characteristics with various parameters. AE parameters, such as hit, event, ringing, energy and effective voltage, can directly demonstrate the intensity of AE activities. Specifically, the number of hits and events show the number of generated AEs, while ringing, energy and effective voltage indicate the intensity and energy released when an AE event occurs. The Kaiser effect refers to the obvious AE information not produced by the structure when stress fails to reach its historical extreme value. The so-called obvious AE refers to the newly and effectively generated AE information, of which is the new AE event (hit). As a result, hit was selected as the analysis parameter for the Kaiser effect in the current study. The threshold, hit definition time and peak definition time are determinants of the hitting number, which are normally determined by experience and change with the environment and experimental materials, showing a strong uncertainty. As an essential AE parameter, the ringing count can be counted unimpededly using the settings of other parameters under a specific threshold. Simultaneously, the number and intensity of AE events are also reflected by their cumulative value in an intuitive way. Ge et al. concluded that the ringing count is more appropriate for acting as the judgement basis parameter of the Kaiser point [26] than other parameters in their study, as it is more deterministic. Hence, ringing and hit were selected as parameters for analysis.



The Kaiser effect of AE is judged by the reappearance of the effective AE phenomenon in the loading process. However, the appearance of an obvious AE signal is generally taken as the judgement basis in most of the documents, thereby resulting in the extension of different judgement methods. Common methods, such as mutation point, maximum curvature determination, bitangent and reloading methods, as well as the comprehensive application of these methods, are based on the principle of AE recovery after reaching the Kaiser point with the rapid increase of statistical AE parameters [29]. The current paper corrected the Kaiser point using the difference between the fitting curve and the measured value on the basis of determining the Kaiser point using the aforementioned method. This resulted in a reduction in the error caused by subjectivity and the inconspicuous inflexion point of the curve. The concrete steps are presented as follows:




	
First, draw the load AE signal curve as per the hit number and ringing count in the AE signal during loading, and then adopt it to initially determine the Kaiser point.



	
With the initially judged Kaiser point as the centre, extend the appropriate intervals forward and backward to perform function fitting on the measured data. On this basis, the difference between the measured and functional values can be calculated to draw the load–difference curve. Then, the maximum positive value point between the zero points of the difference curves is deemed as the Kaiser point (which is approximate to the maximum curvature point).








For instance, the Kaiser point was corrected by reloading a concrete cube (150 mm × 150 mm × 150 mm) with the historical load extreme value of 800 kN to 1000 kN. First, the load hit number and load ringing curves of the AE information were drawn with the initial judgement that the Kaiser point was 790 kN, with 790 kN as the centre from which to extend 800 × 0.15 = 120 kN forward and backward. On this basis, function fitting was performed on the measured data with the interval of [670, 910], as shown in Figure 7.



Evidently, the fitting function and measured data are well fitted between the selected areas on the selected interval, as shown in Figure 7. Furthermore, the load–difference curve is presented by subtracting the measured hit number and the ringing count from the values calculated using the fitting function, as shown in Figure 8.



The load corresponding to the maximum difference value in the curve was selected as the Kaiser point. The Kaiser points determined using the number of hits and ringing count were 786.11 and 785.67 kN, respectively, with Felicity ratios of 0.983 and 0.982, respectively. Notably, the 0.1% difference between the Kaiser points determined using the hit number, and the ringing count can be ignored.



To study the influence of the initially judged Kaiser point error on the corrected results, these Kaiser points were assumed as 760, 800 and 820 kN for the purpose of correcting them. Meanwhile, the experimental results for the Kaiser points, as shown in Table 3, were judged using the method listed in reference [26].



The corrected Kaiser points remained unchanged even when they were initially judged to be significantly different. The Kaiser point determined using the ringing count was 785.67 kN, whereas that determined using the hit was 786.11 kN in most cases. However, it was 790.56 kN when the initial determination point was 760 kN, with a difference of 0.57%. It can be seen that the proposed correction method can effectively lower the subjective hit on the results, as the correction of Kaiser points is rarely affected by the initially judged error. The Kaiser point was judged as 777.78 kN according to the method listed in reference [26], with the ringing count as the parameter, representing a 1.01% difference from the 785.67 kN point determined using the proposed method. Thus, the proposed method is feasible for correcting the Kaiser point.




3.2. Evaluation Method of the Bearing Capacity Based on the Kaiser Effect


The AE signal collected from the RC beam in Section 2.3 was analysed and judged for their Kaiser points through the ringing count using the correction method proposed in Section 3.1. Then, its Felicity ratio was calculated, with the results shown in Table 4.



As shown in Table 4, there is a more obvious Kaiser effect in RC simply supported beams in the low-stress stage. The Kaiser effect was gradually replaced by the Felicity effect as the load increased and the Felicity ratio became smaller. The load ratio K is hereby introduced, in which we set   K =  F i  /  F  cr    , with    F i    as the historical maximum load and    F  cr     as the ultimate bearing capacity. The load ratio at each Kaiser point was then calculated. A plot was drawn with the Felicity ratio of each Kaiser point as the horizontal axis and the load ratio as the vertical axis, as shown in Figure 9. When a load ratio is equal to 1, the average value of the Felicity ratio obtained from two loads after loading L4 to the ultimate load in the experiment is taken as 0.275. By conducting function fitting, a quadratic function can be obtained (Equation (1)). The quadratic curve R2 is 0.9836, which shows a good fit. In Equation (1), K is the load ratio, FRi is the Felicity ratio and   F  R i  =  F  i + 1   /  F i   .    F  i + 1     is the load that produces a significant acoustic emission signal when reloaded.


  K = − 1.5609 F  R i    2  + 0.716 F  R i  + 0.9122  



(1)







By substituting   K =  F i  /  F  cr     into Equation (1), we can obtain the following:


   F  c r   =    F i    − 1.5609 F  R i    2  + 0.716 F  R i  + 0.9122    



(2)







According to Equation (2), the ultimate load capacity of a structure can be estimated by conducting AE experiments and acquiring the corresponding Kaiser point and Felicity ratio through the application of different loads. The Felicity ratios obtained from the experiments in this study and literature [26,30] were substituted into Equation (2). Then, the ultimate bearing capacity was estimated using the historical maximum loads at different stages. Finally, the detailed results are shown in Table 5.



In Table 4, there are varying degrees of errors between the Felicity ratios of the experiments and the estimated bearing capacity of the RC girder and the actual ultimate load capacity, where the error ranged from −45.23% to 12.95%. In the results, all the bearing capacity errors obtained in the literature [30] were positive, with negative errors obtained in L2 as well as both positive and negative errors in the rest. The two maximum error points found in the literature [26] were −45.23% and −24.55%, corresponding to the Felicity ratios of 0.318 and 0.5, respectively. The Felicity ratio corresponding to the load ratio of 0.318 can be eliminated as an outlier upon a comparison with other experimental trends. This is because the Felicity ratio is consistent with that at the load ratio of 0.5, according to the literature [26]. By combining the data in the literature [26,30] with the data obtained in this study and then refitting the load ratio–Felicity ratio function, an estimation formula of the ultimate bearing capacity can be found, as shown in Equation (3). A load ratio–error curve shown in Figure 10 can be obtained by applying the new fitting equation to re-estimate the ultimate load capacity and calculating its errors.


   F  c r   =    F i    − 1.5825 F  R i    2  + 0.8104 F  R i  + 0.8884    



(3)







As shown in Figure 9, the ultimate bearing capacity obtained using Equation (3) had the same variation trend as that obtained using Equation (2). Furthermore, the errors obtained using Equations (2) and (3) were very small at the corresponding points, although those obtained using Equation (3) for estimating the ultimate bearing capacity are different from those obtained using Equation (2) after adding the data from literature [26,30] into the data set. Thus, this indicates that the ultimate bearing capacities of concrete beams estimated using the load and Felicity ratios are stable. Various bearing capacity errors of beams after obtaining the average ultimate bearing capacity, which is estimated from each group of data, are presented in Table 6. Table 6 shows that the maximum and minimum bearing capacity errors of each beam are 9.76% and 2.02%, respectively.



The aforementioned analysis shows that the load capacity of RC beams based on the Kaiser effect with the load ratio and Felicity ratio can be evaluated in a stable manner. However, there are large errors in the estimated values under the influence of the experimental method and the form of loading, particularly the different means used in the judging process of the Kaiser point and the subjective factors of the judge. In response, the method of averaging multiple estimations at different loading ratios can be used to effectively reduce the estimation error.





4. Conclusions


This study investigated the Kaiser effect of the AE of four simply supported RC beams under the bending load, using an AE experiment based on the experimental data found in the literature [26,30]. Then, the application method of the Kaiser effect in the evaluation of the bending ultimate bearing capacity of RC beams was discussed to arrive at the following conclusions.



	
An appropriate interval near the initial judgement point was selected for function fitting upon the initial judgement of the Kaiser point with the cumulative value of AE parameters. The results reveal that it is feasible to correct the Kaiser point using the difference curve between the fitting function and the measured value to effectively lower the hit of human factors in the judgement process. The Kaiser point determination method lays a foundation for evaluating the bearing capacity of reinforced concrete beams using Kaiser points.



	
According to existing studies, concrete has a relatively obvious Kaiser effect under tension and compression, especially when the stress level is greater than 30% and less than 80%. The stress distribution of reinforced concrete beams under bending is not uniform, and it makes the Kaiser effect not obvious at lower stress levels. Under the action of bending load, when the load is less than 35% of the ultimate load, the Felicity ratio is greater than 0.9 due to the different stress distributions associated with each section, and the Kaiser effect is obvious. However, when the load reaches about 40% of the ultimate bearing capacity, the Felicity ratio drops to below 0.9, exhibiting a more obvious Felicity effect. Moreover, as the load continues to increase, the Felicity ratio shows a regular decline until the Kaiser effect completely disappears. The trend of the Kaiser effect with stress levels provides a theoretical basis for evaluating the ultimate bearing capacity of reinforced concrete beams by the Kaiser effect.



	
Based on the relationship between stress levels and the Felicity ratio, the ultimate bearing capacity function expression of reinforced concrete beams is established. Using the data obtained from the Kaiser effect experiment, the ultimate bearing capacity of reinforced concrete beams is evaluated by this function, and the error is within the acceptable range. The experimental results show that different fitted curves have little effect on the final bearing capacity evaluation value when the sample data are different and the average of multiple experimental evaluations can effectively lower the error. Hence, it is also feasible to evaluate the flexural bearing capacity of RC beams with the fitting function of the load ratio–Felicity ratio curve. This method provides a new way to evaluate the ultimate bearing capacity of reinforced concrete beams in bridges and buildings by using the Kaiser effect. However, due to the number of experiments, this method needs further research. In particular, it is necessary to determine the coefficient range of each parameter in the function through a large number of experiments.
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Figure 1. Design of the concrete experimental beam. 






Figure 1. Design of the concrete experimental beam.



[image: Buildings 13 02003 g001]







[image: Buildings 13 02003 g002 550] 





Figure 2. Routing layout of CT. 
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Figure 3. Sensor location. 
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Figure 4. Experimental instrument and loading device. 
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Figure 5. Schematic of the loading mode. 
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Figure 6. Destruction of beams in the experiments. 
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Figure 7. Function of the experimental data fitting curve: (a) cumulative hit count and (b) cumulative ringing count. 
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Figure 8. Corrected Kaiser points using difference curves: (a) cumulative curve of hit counts and (b) cumulative curve of ringing counts. 
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Figure 9. Load ratio–Felicity ratio curve. 






Figure 9. Load ratio–Felicity ratio curve.



[image: Buildings 13 02003 g009]







[image: Buildings 13 02003 g010 550] 





Figure 10. Difference comparison of evaluated values of the ultimate bearing capacity of varying sample data. 
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Table 1. Mix proportions of the concrete.






Table 1. Mix proportions of the concrete.





	Portland Cement

(32.5)
	Fine Aggregate

(0.25–0.5 Mm)
	Coarse Aggregate

(4.5–10 Mm)
	Water





	1
	1.57
	2.79
	0.5
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Table 2. Experimental Loading Procedure.






Table 2. Experimental Loading Procedure.





	Specimen
	Step 1 (kN)
	Step 2 (kN)
	Step 3 (kN)
	Step 4 (kN)
	Step 5 (kN)
	Step 6 (kN)
	Step 7 (kN)





	L1-beam1
	30
	40
	47
	42
	36
	/
	/



	L2-beam2
	20
	40
	47
	40
	38
	/
	/



	L3-beam3
	11
	21
	31
	41
	56
	39
	36



	L4-beam4
	11
	21
	31
	41
	55
	52
	50
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Table 3. Comparison of the Kaiser Points Determined Using Different Methods.
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Initial Value

	
Parameter

	
Section

	
Kaiser Point

	
Felicity Ratio






	
760 kN

	
Ringing counts

	
[640, 880]

	
785.67

	
0.982




	
Hit counts

	
790.56

	
0.988




	
790 kN

	
Ringing counts

	
[670, 910]

	
785.67

	
0.982




	
Hit counts

	
786.11

	
0.983




	
800 kN

	
Ringing counts

	
[680, 920]

	
785.67

	
0.982




	
Hit counts

	
786.11

	
0.983




	
820 kN

	
Ringing counts

	
[700, 940]

	
785.67

	
0.982




	
Hit counts

	
786.11

	
0.983




	
Literature [26]

	
777.78

	
0.972
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Table 4. Measurement of the Kaiser Points and Felicity Ratio.
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Load Step

	
Step 2

	
Step 3

	
Step 4

	
Step 5






	
L1-beam1

	
Kaiser point (kN)

	
21.416

	
23.809

	
/

	
/




	
Felicity ratio

	
0.714

	
0.595

	
/

	
/




	
L2-beam2

	
Kaiser point (kN)

	
16.563

	
20.091

	
/

	
/




	
Felicity ratio

	
0.828

	
0.502

	
/

	
/




	
L3-beam3

	
Kaiser point (kN)

	
10.397

	
18.697

	
20.044

	
27.970




	
Felicity ratio

	
0.965

	
0.890

	
0.747

	
0.682




	
L4-beam4

	
Kaiser point (kN)

	
10.498

	
18.943

	
24.461

	
26.733




	
Felicity ratio

	
0.954

	
0.902

	
0.789

	
0.652
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Table 5. Evaluation Values and Errors of Ultimate Bearing Capacity.
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Data

Sources

	
Historical Maximum (kN)

	
Felicity Ratio

	
Load Ratio

	
Calculated Value of Load Ratio

	
Bearing Capacity (kN)

	
Calculated Bearing Capacity (kN)

	
Error






	
L1-beam1

	
20

	
0.828

	
0.426

	
0.472

	
47

	
42.378

	
−9.83%




	
40

	
0.595

	
0.851

	
0.805

	
49.706

	
5.76%




	
L2-beam2

	
30

	
0.714

	
0.638

	
0.655

	
47

	
45.787

	
−2.58%




	
40

	
0.502

	
0.851

	
0.892

	
44.849

	
−4.58%




	
L3-beam3

	
11

	
0.965

	
0.200

	
0.200

	
55

	
55.034

	
0.06%




	
21

	
0.890

	
0.382

	
0.356

	
59.018

	
7.31%




	
31

	
0.747

	
0.564

	
0.606

	
51.139

	
−7.02%




	
41

	
0.652

	
0.745

	
0.738

	
55.522

	
0.95%




	
55

	
0.275

	
1.000

	
0.995

	
55.269

	
0.49%




	
L4-beam4

	
11

	
0.954

	
0.196

	
0.224

	
56

	
49.149

	
−12.23%




	
21

	
0.902

	
0.375

	
0.332

	
63.251

	
12.95%




	
31

	
0.789

	
0.554

	
0.539

	
57.509

	
2.69%




	
41

	
0.682

	
0.732

	
0.700

	
58.604

	
4.65%




	
Literature [26]

	
11.4

	
0.974

	
0.136

	
0.181

	
83.6

	
63.079

	
−24.55%




	
26.6

	
0.763

	
0.318

	
0.581

	
45.784

	
−45.23%




	
41.8

	
0.763

	
0.500

	
0.581

	
71.946

	
−13.94%




	
57

	
0.737

	
0.682

	
0.622

	
91.695

	
9.68%




	
72.2

	
0.526

	
0.864

	
0.872

	
82.834

	
−0.92%




	
Literature [30]

	
8

	
0.975

	
0.200

	
0.178

	
40

	
44.994

	
12.48%




	
20

	
0.840

	
0.500

	
0.450

	
44.408

	
11.02%




	
32

	
0.638

	
0.800

	
0.756

	
42.315

	
5.79%
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Table 6. Error of Average Ultimate Bearing Capacity.






Table 6. Error of Average Ultimate Bearing Capacity.





	Data Sources
	L1-Beam1
	L2-Beam2
	L3-Beam3
	L4-Beam4
	Literature [26]
	Literature [30]





	Calculated bearing capacity (kN)
	46.04
	45.32
	55.20
	57.13
	77.39
	43.90



	Bearing capacity (kN)
	47
	47
	55
	56
	83.6
	40



	Error
	−2.04%
	−3.58%
	0.36%
	2.02%
	−7.43%
	9.76%
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