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Abstract. 
Acoustic emission (AE) is an important nondestructive evaluation (NDE) technique used in the field of structural engineering for both case local and global monitoring. In this study AE technique with a new approach was employed to investigate the process of fracture formation in reinforced concrete structure. A number of reinforced concrete (RC) one story frames were tested under loading cycle and were simultaneously monitored using AE. The AE test data was analyzed using the relaxation ratio and calm and load ratio method. Also, the relaxation ratio was dominated with approaching load to 58% of the ultimate load. In addition three levels of damage using calm and load ratio were distinguished. The trend of relaxation ratio and calm and load ratio method during loading and unloading showed that these methods are strongly sensitive with cracks growth in RC frame specimens and were able to indicate the levels of damage. Also, results showed that AE can be considered as a viable method to predict the remaining service life of reinforced concrete. In addition, with respect to the results obtained from relaxation ratio and, load and calm ratio indicated, a new chart is proposed.


1. Introduction
AE testing is a useful nondestructive technique for real-time examination of the behaviour of materials deforming under stress [1]. The main goal of the monitoring of AE phenomena is to provide a series of useful information by the correlation of AE signals with growing fracture process [2]. The wide range for application of acoustic emission is between seismic event as the largest scale and the movement of small numbers of dislocation in material as the small scale [3]. The primarily sources of AE are microcracking, macrocracking, compression failure, yielding, fracture, debonding between materials, sliding, and friction between interfaces [4].
AE data can be evaluated by means of several methods. Relaxation ratio and calm and load ratio which are derived from events during unloading and loading are reasonable methods for evaluation of structure under cyclic load. The relaxation ratio and calm and load ratio have been used by several researchers to evaluate structural damage. A few works found that relaxation ratio have been used for evaluation of concrete structure such that [5–7] have been investigating several RC beams under cyclic load using relaxation ratio. They found that relaxation ratio is more than one when approximately 45% of the ultimate bending load was reached. In addition, several works found that calm and load ratio has been used for evaluation of concrete structure such as [5, 6, 8–11].
Reference [11] investigated a large number of full-scale laboratory test beams similar to highway bridge structure under a cyclic load using AE technique. They suggested a new threshold on the load and calm ratios specific to this class of structure and loading. Reference [10] evacuated global monitoring of concrete bridge using AE technique. They reported the suitability of AE to monitor large concrete structure using the values of quantification indices like the calm and load ratio.
The main objective of this current study was damage evaluation assessment of RC frame with a new approach and performance using relaxation ratio and calm and load ratio method. Commonly, previous works using relaxation ratio have been focused on local evaluation of RC beams. However in this research, suitably of this method for global evaluation of RC frame was investigated. Furthermore, calm and load radio method has been used for local and global evaluation of RC beams.
2. Methodology
2.1. Relaxation Ratio
Commonly, the load pattern of AE test is to load cycles which consist of two phase: a loading and an unloading phase. AE activity during unloading is an indication of structural instability [8]. With respect to the AE activity during unloading, quantification of relaxation ratio was proposed by [5]. In previous experiments, the AE energy has been used to describe the relaxation ratio. In this study, AE signal strength was used which combines both amplitude and duration of AE and is more reasonable for evaluation of damage. The relaxation ratio is expressed in terms of signals strength and is defined as
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2.2. Calm and Load Ratio
One of the important damage assessment methods is based on correlation of calm and load ratio. This method was presented by Yuyama et al. (1999) and [8]. This method came into being a testing standard in the form of NDIS-2421 [12]. The two ratios can be identified by cross for three levels of concrete damage (heavy, moderate, and low). Calm ratio is based on relation AE activity during loading and unloading. The load ratio is based on the concept of Kaiser effect and is defined as the ratio between the load at the onset of AE activity under repeated loading and previous load [13]. Calm and load ratio was defined as [14] 
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3. Experimental Procedure
3.1. Material Details
A series of experiments was conducted on reinforced concrete (RC) frame. A total of five RC frame specimens were built. Figure 1 shows the detail and dimension of RC frame specimens. The dimensions of RC frame were as follows: length of 2000 mm, height of 1000 mm, and crocs section of 250 × 250 mm. The water to cement ratio was 0.5 and the material proportions were 1 : 3 : 4 : 0.6 by weight of cement, sand, aggregate, and water, respectively. The average compressive strength of concrete at 28 days was 240 Mpa.


	
		
			
		
	


	
		
			
				
			
				
			
			
				
			
		
	
	
		
			
				
			
				
			
			
				
			
		
	
	
	
		
	
		
			
				
			
				
			
			
				
			
		
	
	
		
			
				
			
				
			
			
				
			
		
	
	
		
	
		
	
		
	
		
	
		
			
				
			
				
			
			
				
			
		
	
	
		
	
		
	
		
			
			
			
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
		
	
	
		
			
			
		
	
	
		
			
				
			
				
			
			
				
			
		
	
	
		
	
		
	
	

Figure 1: Detail and dimension of RC frame specimen.


3.2. Test Monitoring Using AE Technique
A total of five RC frame specimens described earlier were tested under loading cycle. In order to perform acoustic emission monitoring, an eight-channel AE system (DISP-8PCI) manufactured by Physical Acoustics Corporation (PAC) was employed. Four R6I sensors with the resonance frequency of approximately 60 kHz were used. The AE systems hardware was set up with threshold level of 45 dB for all channels in order to avoid the possibility of noise effect. The cyclic load pattern was determined. The load was applied at one at mid-span of the RC frame specimens. The load was applied in 10 kN steps at mid-span of RC frame. The load was applied from 0.5 kN to maximum of each loading cycle (10 kN increment) and held constant for one minute. Then, the load was unloaded from maximum of each loading cycle to 0.5 kN and was held constant for 2 minutes. The test was monitored by AE throughout the test. The measurements including load, mid-span deflection,  and AE data were recorded continuously during the three-point bending test. Figure 2 shows setup of an RC frame under cyclic. 












	


	
		


	
		


	
		


	
		


	
		


	
		


	
		


	


	
		


	
		


	
		


	
		


	
		


	
		


	
		


	


	
		


	
		


	
		


	
		


	
		


	
		


	
		


	


	
		


	
		


	
		


	
		


	
		


	
		


	
		


	
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
	


	
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
	


	
		
		
		
	


	
		
	

Figure 2: A typical cracks development in the RC frames specimen.


4. Results Analysis and Discussion
4.1. Responses of Test RC Frame to Cyclic Loading
The RC frames described early were tested under loading cycle. Figure 2 shows a typical cracks development in the RC frames specimen. The behaviour of all RC frames under loading cycle can be divided into seven stages of failure, namely, (I) micro-cracking at the mid-span of RC frame, (II) first flexural cracks at mid-span of RC frame, (III) distributed flexural cracks at the mid-span of RC frame, (IV) first cracks at the beam-column connection zones, (V) distributed cracks at beam-column connection zones, (VI) damage localization at the beam-column connection zone, and (VII) failure at beam-column connection zone.
4.2. Relaxation Ratio
The AE data obtained in the test was used in order to carry out relaxation ratio analysis. The relaxation ratio in terms of signal strength during loading and unloading phase for all channels was calculated. Figures 3(a), 3(b), 3(c), 3(d), and 3(e) show the trend of relaxation ratio during loading cycle for all RC frames specimens. Data points represent that from loading cycle 1 to loading cycle 6 the behaviour of RC frame is in stages microcracks and cracks visible and distributed cracks in mid-span of RC frame (stages I, II, and III). The relaxation ratio is less than one. Also, from loading cycle 7 to loading cycle 12 the first crack was observed at beam-column connection until specimen failure at this region. The Relaxation ratio is greater than one.
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(e)
Figure 3: Relaxation ratio versus cycle number for all specimens.


It needs to be mentioned that relaxation ratio is based on comparison of AE activities during loading and unloading phase. Relaxation ratio less than one shows that AE events in loading phase are dominant. Also the relaxation ratio greater than one shows that AE events in unloading phase are dominant. The results of this experiment work show that inversion of trend in relaxation ratio occurs when load approaches 58% ultimate load.
Commonly, fracture mode of cracking with the progress of fracture in concrete structure is changing from the tensile type of fracture to the shear type of fracture. Crack opening is a principal motion when tensile fracture cracks are nucleated, while sliding on an existing crack is a major motion to generate the shear fracture cracks [15]. In early stages, tensile fracture cracks are primary source of AE activities. As approaching the final failure, the shear fracture cracks are primary source of AE activities. AE activity as the shear fracture cracks could be generated during unloading [14]. In addition, in loading phase the cracks are the predominant source of AE activity while in the unloading phase the friction are sources that prevail of AE activity [5]. Therefore, it could be said that in the early stages, I and II, the tensile cracks are the primary source of AE activity. Thus, AE activity during loading phase is dominant. As approaching the final failure, shear cracks are the primary source of AE activity. Thus, AE activity during unloading phase is dominant.
4.3. Calm Ratio Analysis
The AE data obtained in bending test was used in order to carry out calm ratio analysis. The calm ratios in terms of signals strength for all RC frames were calculated. Figure 4 shows the trend of calm ratio versus cycle number for all RC frame specimens. Data points show that calm ratio increased with increases load. Also, from loading cycle 1 to loading cycle 6 in which the behaviour of RC frame is in stages microcracks and cracks visible and distributed cracks in mid-span of RC frame (stages I, II, and III), calm ratio has low value and is less than 25%. In addition, from loading cycle 7 to loading 12 the first crack was observed at beam-column connection until specimen failure at this region. Calm ratio has a high value.
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(e)
Figure 4: Calm ratio versus cycle number for all specimens.


4.4. Load Ratio Analysis
The load ratios for all RC frames were calculated. Figure 5 shows the trend of load ratio versus cycle number for a RC frame specimen. Data points indicate that from loading cycle 1 to 3 load ratio is more than one and from loading cycle 4 to 12, an inversion of trend in load ratio occurs and the load ratio is less than one. This change occurs when the cracks were observed. It needs to be mentioned that load ratio is based on the concept of Kaiser effect and a load ratio which was more than 1 is a criterion of a structure in good condition [5]. The results of load ratio analysis show that initial cracks associated with an inversion of trend in load ratio from more than that one to less than one. In addition, this inversion of trend in load ratio occurs when load is approaching 25% ultimate load.
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(e)
Figure 5: Calm ratio versus cycle number for all specimens.


4.5. Calm and Load Ratio Chart
According to NDIS 2421, damage assessment could be evaluated by using two ratios: load and calm Ratios. Calm and load ratio chart is divided into three levels of damage: low, moderate, and high. Load ratio more than 1 is a criterion of a structure in good condition [5]. Thus, an appropriate limit value for load ratio can be 1.0. In the relaxation ratio chart for RC frame, points move from a “loading dominant” to a “relaxation dominant” condition from loading cycle 6. With respect to results of relaxation ratio, an appropriate limit value for calm ratio can be identified as 25%. Calm and load ratio chart was plotted with considering two limit values. Figure 6 shows calm and load ratio chart for a sample.
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(b)
Figure 6: Calm ratio versus load ratio chart.


4.6. Proposes for a New Chart
The results of this research show that an inversion of trend in load ratio occurs when load is approaching 25% ultimate load and in stage of cracks visible at mid-span of RC frame specimen. Also, of trend in relaxation ratio occurs when load is approaching 55% ultimate load and in stage of cracks visible at beam-column connection of RC frame specimen. With respects to the results obtained from relaxation ratio and load and calm ratio indicated, a new chart is proposed by cross-plotting load and relaxation ratio. Three levels (heavy, moderate, and low) of damage in concrete structure can be identified using this chart. Figure 7(a) shows relaxation ratio versus load ratio chart. This chart was used for classification of three-level damage in the RC frame that a sample as shown in Figure 7(b).
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(b)
Figure 7: Relaxation ratio versus load ratio chart-SPRCF1.


5. Conclusions
This paper provides the results from tests on RC frame under loading cycle and was monitored by AE throughout the test. On the basis of AE activities, the analysis of signal characteristics using ratios of relaxation, load, and calm and with regard to damage levels, the conclusions are presented below:(1)Three levels of damage in concrete structure can be identified using this chart by cross-plotting load and relaxation ratio.(2)The relaxation ratio was dominated with load approaching 58% of the ultimate load.(3)The trend of relaxation ratio and calm and load ratio method during loading and unloading showed that these methods are strongly sensitive with cracks growth in RC frame specimens and were able to indicate the levels of damage.(4)Results showed that AE can be considered as a viable method to predict the remaining service life of reinforced concrete.
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