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Abstract

:

In this paper, the damage of a reinforced concrete (RC) column with various levels of reinforcement corrosion under axial loads is characterized using the acoustic emission (AE) technique. Based on the AE rate process theory, a modified damage evolution equation of RC associated with the axial load and different corrosion rates is proposed. The experimental results show that the measured AE signal parameters during the loading process are closely related to the damage evolution of the RC column as well as the reinforcement corrosion level. The proposed modified damage evolution equation enables dynamic analysis for the damage of corrosion on a RC column under axial loading for a further real-time quantitative evaluation of corrosion damage on reinforced concrete.
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1. Introduction


The safety and durability of reinforced concrete (RC) structures during their service lifetime are mainly dependent on reinforcement corrosion, which can lead to concrete cracking [1,2,3]. Such corrosion-induced cracking will harm the internal concrete structure, resulting in a decline in the service life of the concrete [4,5]. Hence, developing a convenient and precise evaluation method for the corrosion of RC structures has become an urgent problem to be solved [6,7].



Acoustic emission (AE) refers to the phenomenon of elastic waves released during material fracture [8,9,10]. The AE method can capture the generation process of microcracks inside the concrete structure dynamically and in real time [11,12]. It can also detect the internal damage of a concrete structure and provide early warning. Thus, the AE rate process theory has been widely used to quantitatively investigate the internal damage evolution of concrete materials.



Thus far, many efforts have been made to investigate the characteristics of AE parameters during the loading process of concrete [13,14,15]. Ohtsu et al. [16] proposed the AE rate theory to evaluate the compressive strength of actual concrete structures and the process of steel corrosion with the moment tensor theory [17]. Suzuki et al. [18] took samples from an existing bridge structure and performed AE monitoring in the uniaxial compression process. They noted that the variation of damage was consistent with that of the compressive strength. Suzuki et al. [19] also studied the uniaxial compression process of concrete samples, which were taken from a canal wall, by applying the AE monitoring method. Based on the AE rate process theory and the damage mechanism, they put forward the implementation steps to determine the relative damage and further evaluate the damage to the samples. Zhou et al. [20] nondestructively obtained the elastic modulus and initial material damage by combining the AE rate process theory and the basic damage mechanics theory. In order to achieve a real-time quantitative assessment of steel strand damage, Deng et al. [21] assumed the number of AE events and stress levels of steel strands in a mathematical model and established the AE probability density function and damage evolution model for steel strands, enabling the real-time monitoring of the tensile damage of steel strands by AE technology [22].



This research conducted axial load experiments of RC columns with 0%, 5%, 10% and 15% corrosion rates. The corrosion rate and AE parameters were introduced to the AE rate process theory as the damage characteristic parameters of reinforced concrete. Then, a modified damage evolution model of a corroded RC column was proposed. This model provides real-time monitoring of the damage of corroded RC and quantitatively evaluates the damage degree from corrosion.




2. Damage Model


The AE phenomenon can reflect the damage and deterioration of a concrete structure under loading [23]. In the literature [24], the AE rate process theory was introduced into the mathematical model for concrete under uniaxial compression. When the load level increases from V to V + dV, the probability density function f(V) of the AE event can be expressed as follows:


  f ( V ) d V = d N / N  



(1)




where N is the total number of AE events with the load level V increasing from the initial state.



In Ohtsu’s model [16], f(V) can be used to represent the AE rate and is approximately expressed by hyperbolic functions as follows:


  f ( V ) = a / V + b  



(2)




where a and b are experimental parameters. Substituting Equation (2) into Equation (1) will give the relationship between the load level V and the total number of AE events N as follows:


  N = c  V a  exp ( b V )  



(3)




where a, b and c are AE test parameters, and a reflects the number of microcracks in the material. When a > 0, a higher AE rate can appear at lower stress levels, which indicates multiple cracks. When a < 0, a low AE rate appears at lower stress levels, which corresponds to no cracks or a small number of cracks.



In Dai-Labuz’s model [25], the relationship between V and N can be expressed as follows:


  V = a N + c ln ( 1 + q N )  



(4)




where a, c and q are related parameters for the AE.



After substituting Equation (4) into Equation (2), the probability density function f(V) can be expressed as follows:


  f ( V ) =  1   N 0    (   1 + q N   a + c q + a q N   )  



(5)







After integrating the probability density function over a range of load level V, the damage degree of the specimen under this load level can be obtained:


  D =    ∫ 0 V   f ( V ) d V     



(6)







During the loading process of reinforced concrete, a large number of cracks will appear at the internal structure due to steel corrosion. Meanwhile, the corrosion degree of reinforcement will have an influence on the number of cracks on the structure during the entire loading process. However, limited research has been conducted on the damage evolution of corroded reinforced concrete [26], and there is not enough convincing evidence to show the diversity in the structural damage evolution of RC under different corrosion degrees [27]. Thus, it is necessary to fill these gaps. In this research, on the basis of Dai-Labuz’s model [25], the load level and accumulative AE hit number in the loading process can be expressed as follows:


  N = s ( V )  



(7)




where s(V) is determined by experiments.



After taking the derivative of Equation (7) and substituting it into Equation (2), the following equation can be obtained:


  f ( V ) =  1   N 0      d s ( V )   d V    



(8)




where N0 is the accumulative AE hit number when the load level reaches the ultimate load.



Finally, according to Equation (6), the damage degree of RC at load level V can be obtained as follows:


  D =  1   N 0       ∫ 0 V    d s ( V )  



(9)








3. Experimental Program


3.1. Specimen Preparation


Type I (ASTM C150) ordinary Portland cement (OPC) was used [28]. The fine aggregate was river sand with a fineness modulus of 2.6, and the coarse aggregate was crushed limestone with a maximum aggregate size of 20 mm. A commercial high-range water reducer (HRWR) was added to improve the workability and flowability of the concrete. The measured 28-day compressive strength of the concrete was 32.0 MPa on 150 mm cubes. Table 1 presents the mix proportion of the concrete. The longitudinal reinforcements in the concrete beam was a plain bar made of HPB235, with a nominal diameter of 10 mm, and the stirrups comprised a plain bar made of HPB235, with a nominal diameter of 6 mm. Then, eight RC column specimens of 100 mm × 100 mm × 400 mm were cast. A detailed configuration of the specimens is shown in Figure 1.




3.2. Corrosion Acceleration


The impressed current method was adopted to induce reinforcement corrosion in the RC specimens to reach the target level of corrosion. The layout of the corrosion acceleration apparatus is shown in Figure 2. The surfaces of the specimens were wrapped with sponge and further contained in a stainless-steel cage. In order to keep the RC specimens fully wet prior to inducing the impressed current, the specimens were soaked in a 3.5% NaCl solution for 72 h. During accelerated corrosion, the steel embedded in the specimen was connected to an anode of the direct current (DC)-regulated power supply, and the stainless-steel cage was connected to the cathode. A 3.5% NaCl solution was sprayed using a sponge every day.



A total of eight RC column specimens were prepared and divided into four groups with different levels of reinforcement corrosion, namely, 0% (Z-0), noncorroded as a reference; 5% (Z-5); 10% (Z-10); and 15% (Z-15). According to Faraday’s law, electrification duration of 30 days, 60 days and 90 days, respectively, represents the corrosion level of 5%, 10% and 15%.




3.3. Test System


The test system included the AE signal data acquisition system, the loading system and the load and displacement recording system. The DS2-AE acquisition system produced by Beijing Science and Technology Company was adopted in the test. Eight RS-35C sensors with a frequency of 150 kHz and a 40 dB preamplification were used in the AE system. The sampling frequency was set at 3 MHz. As shown in Figure 3, the eight sensors were arranged on the two sides of the columns. The characterization of the AE source was therefore measured and determined by analyzing the features of the waveform [29].



The load and displacement acquisition system consisted of a load sensor, resistance strain gauge, displacement sensor, displacement transmitter and recorder. The details are shown in Figure 4. The loading device was a 100 T high-performance testing machine, and the static loading was executed in the test. According to the standard of the concrete structure test method (GB/T50152-2012) [30], loading in the displacement control was conducted at a rate of 0.5 mm/min.





4. Results and Discussion


4.1. Accumulative AE Hit Number Analysis


The relationship between the accumulative AE hit number and load levels of the RC columns is shown in Figure 5. The effect of corrosion rate on this relationship is depicted in Figure 5a–d.



It can be seen from Figure 5 that the development of experimental curves in the four groups is similar. The AE accumulative hit number increases with the increase of the load level. However, there are also significant differences in the curves at different corrosion rates. The curve of Z-0 is similar to that of Z-5. Both curves in these groups show slow growth in the beginning, and a sharp increase occurs when the load level reaches 0.9. This indicates that, when the corrosion rate is below 5%, the internal damage accumulation is slower and lasts for a longer time during the loading process. Therefore, these two groups of specimens show a brittle characteristic, which means internal microcracks are rare before loading. It should be noted that although there is little variation between the two specimens for each group, the trends among different corrosion rates are significant.



Compared to the previous two groups’ tests (Z-0, Z-5), the curves of Z-10 and Z-15 are significantly different, showing no obvious turning points. This reveals that the AE signals of these two groups increase in the whole loading process. The initial growth rate of the AE signals is stable and increases until specimen failure. It can be found that with the increase of the corrosion rate, the curve shape changes from steep growth to steady growth. This is because the corrosion of the steel causes a large number of corrosion cracks in the columns [31]. The greater the corrosion rate, the more the cracks occur. During the loading process, with the increase of the load level, the propagation speed of the cracks increases, which leads to a significant increase in the acoustic emission signal.




4.2. Analysis of AE Energy Distribution


From the data in Figure 5, the AE accumulative energy distribution of the RC column was calculated on the area under three ranges of the load level (0–0.3, 0.3–0.6 and 0.6–0.9), as shown in Figure 6. In order to reduce the influence of machine error and environmental noise on the critical failure, this paper focuses on the analysis of energy release within the load level of 0–0.9 [32]. The loading process is divided into three phases: preloading (0–0.3), middle loading (0.3–0.6) and late loading (0.6–0.9). The proportion of the AE accumulative energy in three phases is calculated accordingly.



As shown in Figure 6, regardless of the degree of corrosion, the proportion of energy released in the late loading period is the largest but the smallest in the preloading period. The result shows that the internal damage degree of the RC column increases with the increase of the load level. Comparing among the four groups, the energy proportion of Z-0 is 5% and 6%. When the corrosion rate reaches 15% (Z-15), the preloading energy proportion only increases by 6%, which indicates that the corrosion of the reinforcement has little impact on internal damage in the preloading period. Although the internal crack increases with the increment of the corrosion degree on the reinforcement, the crack propagation is not obvious due to the low load level, which may explain the small increase in energy [33].



In the middle loading period, the energy proportion of Z-0 is 6% and 8%. As the corrosion rate increases, the energy proportion in the middle loading period can increase to 26% and 23% at a growth rate of 20%. This indicates that the load in the middle loading period can enlarge the original microcracks, resulting in a large AE energy release. The corrosion in Z-10 and Z-15 is much more than Z-0 and Z-5, which strengthens the release of AE energy from Z-5 to Z-10. In this case, the AE signals before the middle loading period can be affected by the corrosion degree of specimens. Hence, the AE signals in the middle loading period can reflect the initial health condition of the corroded RC column.




4.3. Damage Evolution Model of Corroded RC


After taking the derivative of the curve shown in Figure 7a, the curve of slope change could be obtained, shown in Figure 7b. It can be seen that as the corrosion rate increases, at the load level of 0.9, the curve form changes from exponential to linear. As shown in Figure 7b, the slope of the load over the accumulative hit curve increases linearly with the increase of the load level. According to the results of the experiment, the corrosion rate also has an effect on the initial slope. The initial slopes of Z-0, Z-5, Z-10 and Z-15 are 125, 500, 800 and 1700, respectively. It can be found that within a certain corrosion rate range, the higher the corrosion rate, the greater the initial slope of the AE accumulation signal can be achieved. Meanwhile, since the initial slope represents AE activity at the initial low load level, a higher corrosion rate refers to stronger AE activity of the RC columns during the initial loading period. Although there is little variation between the two specimens for each corrosion rate, trends among different corrosion rates are apparent.



Comparing the slope changes of each group, it can be seen that the slope of Z-0 increases from 125 to 2750. The slope of the Z-15 increases little from 1750 to 2800, but the growth rate remains at a high level. Therefore, it can be inferred that corrosion of the reinforcement can affect the whole service life of RC columns. When the corrosion rate is low or zero, the deterioration of internal damage is a dynamic process, from slow to fast. As a response, the AE signal changes from low to high. With the increase of the corrosion rate, the internal damage evolution of the RC column is accelerated, and the AE signal maintains a high level.



After considering the slope change trend, two slope relationship models are selected to fit the data [31]. The fitting results are shown in Table 2. Comparing these two models, the R2 value of    N ′  = p  e  − V   + q   is generally lower than that of    N ′  = m V + n  . Therefore, based on the characteristics of the above relationships, the binomial is adopted to establish the slope relation curve.


   N ′  = m V + n  



(10)




where N’ is the slope of accumulative AE hit number, and m and n are the AE accumulative parameters, which can be obtained by fitting, as shown in Table 3.



The variation of the parameters with the corrosion rate is shown in Figure 8. As the corrosion increases, m decreases from 3500 to 540, and at the same time, n increases from –120 to 2000. This indicates that parameters m and n are related to the change of the corrosion rate, and their approximate linear function can be expressed as [34]:


  m = 2931 − 134 ρ  



(11)






  n = − 234 + 118 ρ  



(12)




where ρ is the corrosion rate. By substituting m and n into Equation (10), N’ can be expressed as    N ′  = m V + n = 2931 V − 234 − ρ ( 134 V − 118 )  .



By integrating Equation (13), the relationship between load and accumulative hit can be expressed as follows:


  N =  1 2  m  V 2  + n V = 1465  V 2  − 234 V − ρ ( 67  V 2  − 118 V )  



(13)




where N is the accumulative AE hit number, V is the load level, ρ is the corrosion rate and m and n are the AE accumulative parameters. Combining Equations (14) and (2), the probability density function of the AE event can be obtained [35]:


  f ( V ) =  1   N 0      d s ( V )   d V   =   2931 V − 234 − ρ ( 134 V − 118 )    N 0     



(14)







The integral of Equation (15) is the damage evolution model of corroded RC:


  D =  1   N 0       ∫ 0 V    d s ( V ) =  N   N 0     



(15)







The relationship of the load and damage degree under different corrosion rates for the RC column is shown in Figure 9. It can be seen that corrosion of reinforcement has a great influence on the damage evolution of the RC column. At the beginning, at the lower load level, the damage evolution is very slow. As the load level increases, the internal damage increases until the late loading period. Compared with the uncorroded specimens at the lower load level, with the increase in the corrosion rate, the damage factor of specimens is significantly increased, which leads to great damage accumulation before initial loading.




4.4. Initial Damage of Corroded RC


The number of AE events in different corrosion rates is shown in Figure 10. In order to reduce the effect of system noise and eliminate the instability of the failed concrete, the AE signal is collected under the load level of 0.1–0.9. Based on Ohtsu’s model, the data at different corrosion rates are fitted. The fitting parameters a, b and c are shown in Figure 10.



It can be seen that the values of the uncorroded column are −0.15 and −0.86, which indicates that the AE rate of the specimens is very low at the lower load level. The initial microcracks of the two uncorroded columns are very few. The values of specimens at a 5% corrosion rate are −0.06 and 0.88. The AE rate increased with the increase of the corrosion rate, indicating that the number of microcracks also increased. The values of a for specimens at a 10% and 15% corrosion rate are both greater than 0, and the microcracks propagated. Therefore, comparing the results of the AE rate process theory theoretically proves that the different reinforcement corrosion degrees cause different initial damage to RC columns before axial compression. As a result, the diversity in the internal damage evolution of the corroded column obtained by Equation (10) is verified.





5. Conclusions


Based on the experimental investigation, the following findings can be drawn from this study:



	
The corrosion degree of reinforcement in RC can be monitored by the AE signal in the whole loading process. The greater corrosion degree causes a stronger AE signal in the middle loading period, which means the initial damage of the RC columns is accelerated in this period.



	
The corrosion rate can be used as a parameter in the V–N model. After regression comparison, the developed model has a high agreement with the actual data.



	
Based on the AE rate process theory and the influence of the corrosion rate, the damage evolution model of the corroded RC column with different corrosion rates is established. It can be used to monitor the internal damage of RC columns at different corrosion rates and quantitatively evaluate the damage degree of the loading process.
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Figure 1. Reinforcement configuration (units mm). 
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Figure 2. Accelerated corrosion test. 
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Figure 3. Sensor location in the reinforced concrete. 
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Figure 4. Experimental system. 
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Figure 5. Correlation curve of the acoustic emission (AE) accumulative hit number and load for different corrosion rates 






Figure 5. Correlation curve of the acoustic emission (AE) accumulative hit number and load for different corrosion rates



[image: Crystals 11 00067 g005a][image: Crystals 11 00067 g005b]







[image: Crystals 11 00067 g006 550] 





Figure 6. AE accumulative energy distribution of the reinforced concrete column for different corrosion rates (two specimens per corrosion rate). 
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Figure 7. Load accumulative hit curve and slope curve for different corrosion rates (two specimens per corrosion rate). 
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Figure 8. Parameter variation with the corrosion rate. (a) m variation with corrosion rate, (b) n variation with corrosion rate 
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Figure 9. Correlation curve of the load and damage degree. 






Figure 9. Correlation curve of the load and damage degree.



[image: Crystals 11 00067 g009]







[image: Crystals 11 00067 g010a 550][image: Crystals 11 00067 g010b 550] 





Figure 10. AE events in different corrosion rates and N–V fitting curves. 
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Table 1. Mix proportions of concrete.
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	OPC

(kg/m3)
	Fine Aggregate

(kg/m3)
	Coarse Aggregate

(kg/m3)
	HRWR

(kg/m3)
	Water

(kg/m3)





	372
	698
	1116
	3.71
	175
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Table 2. Fitting results of the slope.






Table 2. Fitting results of the slope.





	
Group Number

	
Fitting Equation

	
R2






	
Z-0-1

	
    N ′  = m V + n   

	
0.91057




	
    N ′  = p  e  − V   + q   

	
0.80362




	
Z-0-2

	
    N ′  = m V + n   

	
0.92083




	
    N ′  = p  e  − V   + q   

	
0.84135




	
Z-5-1

	
    N ′  = m V + n   

	
0.88712




	
    N ′  = p  e  − V   + q   

	
0.80169




	
Z-5-2

	
    N ′  = m V + n   

	
0.84131




	
    N ′  = p  e  − V   + q   

	
0.75148




	
Z-10-1

	
    N ′  = m V + n   

	
0.77161




	
    N ′  = p  e  − V   + q   

	
0.71694




	
Z-10-2

	
    N ′  = m V + n   

	
0.63221




	
    N ′  = p  e  − V   + q   

	
0.55148




	
Z-15-1

	
    N ′  = m V + n   

	
0.60132




	
    N ′  = p  e  − V   + q   

	
0.45985




	
Z-15-2

	
    N ′  = m V + n   

	
0.58443




	
    N ′  = p  e  − V   + q   

	
0.40871
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Table 3. AE accumulative parameters.






Table 3. AE accumulative parameters.





	Parameter
	Z-0
	Z-0
	Z-5
	Z-5
	Z-10
	Z-10
	Z-15
	Z-15





	m
	2985
	3324
	1684
	1935
	1885
	1382
	683
	1256



	n
	−120
	24
	256
	504
	832
	450
	1833
	1836
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