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Abstract

:

Steel bars, which are commonly used as reinforcements in concrete structures, are slender rods and are good conduits for stress wave propagation. In this paper, a lead zirconate titanate (PZT)-based steel bar corrosion monitoring approach was proposed. Two PZT transducers are surface-bonded on the two ends of a steel rod, respectively. One works as actuator to generate stress waves, and the other functions as a sensor to detect the propagated stress waves. Time reverse technology was applied in this research to monitor the corrosion of the steel bars with a high signal to noise ratio (SNR). Accelerated corrosion experiments of steel bars were conducted. The anti-corrosion performance of the protected piezoceramic transducers was tested first, and then they were used to monitor the corrosion of the steel bar using the time reversal method. The degree of corrosion in the steel bar was determined by the ratio of mass loss during the experiment. The experimental results show that the peak values of the signal that were obtained by time reversal operation are linearly related to the degree of corrosion of the steel bar, which demonstrates the feasibility of the proposed approach for monitoring the corrosion of steel bars using the time reversal method enabled by piezoceramic transducers.
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1. Introduction


Steel bars are widely used as reinforcements for concrete structures in civil engineering [1,2]. Although the use of non-metal bars in concrete is receiving more and more attention [3,4], steel bars are still the most commonly used in concrete structures. During their service life, steel bars are prone to corrosion in the natural environment [5]. The consequences of the corrosion of steel rebars may result in non-uniform distributed points or pits on the steel surface, and the volumetric expansion of the reactant leads to the increase of radial stress on the reinforcement concrete, which reduces the constraints of the reinforced concrete, destroys the original bonding, and ultimately results in cracks in the structure [6,7]. The corrosion of steel bars often occurs in coastal structures, hydraulic structures, and bridges, as well as roads and buildings, among others. The corrosion of steel bars poses a threat to the safety and health of these structures, and may cause catastrophic consequences if undetected.



Monitoring corrosion is one of the best options to offer early warning about corrosion, and the high cost of later repairing can be avoided. Structural health monitoring (SHM) [8,9] is a relatively new area that is currently being explored in corrosion monitoring in order to achieve the objectives of rapid and real-time detection of the corrosion of steel reinforcement, and to offer an early warning for timely maintenance [10].



In the current literature, physical and electrochemical methods are the two main methods used to detect the corrosion of steel rebars [11]. Physical methods are used to evaluate the corrosion of steel rebars by detecting changes in the physical characteristics, including electrical resistance, electromagnetics, heat conduction, and sound propagation. Such methods include time domain reflectometry (TDR) [12], X-ray diffraction and atomic absorption probe technique, infrared (IR) thermography [13], and fiber optic corrosion detection [14]. A disadvantage is that the external sensor wire is not sufficiently sensitive to detect the degree of corrosion of steel rebars in the TDR measurement. The X-ray diffraction and atomic absorption probe technique are not suitable for on-site monitoring, owing to their radiation hazard [15]. The fiber optic sensors can also be used to monitor the corrosion of steel bars, but the detection is restricted to the small area where the sensor probe is installed. In addition, the high cost of protecting the fiber and interrogator also poses challenges to implementation [16].



The electrochemical method is an approach that detects the electrochemical properties in order to evaluate the corrosive degree of a reinforced concrete corrosion system. It includes the half-cell potential method [17], galvanostatic pulse technique [18], and electrochemical impedance spectroscopy method [19,20]. Although these electrochemical methods can be used for monitoring civil structures, their disadvantages include a long preparation time, low accuracy, saturation, unstable readings, insulation aging, poor electromagnetic interference resistance [21], and the loss of signal owing to a long electrode lead wire.



The ultrasonic guided wave (UGW) technique is a type of physical method. With the advantages of in situ, real time, and more precision in corrosion monitoring, it has become increasingly popular in the corrosion monitoring of steel bars [22]. Miller et al. [23] proposed a corrosion monitoring method of steel bars in an RC structure based on the time of arrival changes. Ervin et al. [24] used frequency sweeps of guided mechanical waves for the detection and estimation of corrosion damage in steel-reinforced mortar samples with seeded defects, and in samples undergoing accelerated corrosion owing to the impressed current. Moustafa et al. [25] presented an approach for monitoring the corrosion evolutionary path in post-tensioned systems, based on the fractal analysis of UGW. In addition, acoustic emission (AE) can also be used to monitor and classify early corrosion damage in RC piles exposed to saltwater [26].



The time reversal (TR) method has been increasingly popular in the fields of signal processing and imaging in recent years. TR is a reverse operation for the received signals in the time domain. Two properties, namely spatial focusing and temporal focusing, enable the TR operated signal to have a high signal to noise ratio (SNR) [27]. Zhang et al. [28] proposed a TR method using stress wave-based active sensing in order to detect the state of looseness of a cuplock connection. Mustapha et al. [29] used a method to detect corrosion damage in reinforced concrete beams, which is based on the time reversal of the guided waves. Tian et al. [27] proposed a method to monitor the grouting quality using a piezoceramic transducer enabled time-reversal method. Qiu et al. [30] proposed an impact image method, which is time-reversal-focusing-based, to estimate the position of the impact for complex composite structures. Hong et al. [31] proposed an active sensing method to monitor the degree of looseness of a pipeline tapered thread connection, which used piezoceramic transducers based on time reversal, and demonstrated it to be more robust in rejecting noise in SHM applications. Zhang et al. [32] proposed a TR method to identify the depths of artificial pitting corrosion on the galvanized steel wires. On et al. [33] proposed a technique regarding time reversal to improve the performance of detecting a cylindrical object bottoming at the seafloor in shallow water.



Piezoceramic is one kind of functional material that can realize the conversion of electrical energy and mechanical energy [34]. In addition, piezoceramics have many advantages, including a high sensitivity, low cost [35], quick response [36], wide frequency response range [37,38], suitability for high-frequency excitation [39], and small size, which have almost no effect on the structural properties [40]. Piezoceramics have been widely used in medical imaging, acoustics, ultrasound, and energy harvesting [41,42,43,44,45,46,47], among others. Piezoceramics can be conveniently developed into sensors or actuators of different shapes [48,49], because of their positive piezoelectric effect and inverse piezoelectric effect [50]. Piezoceramic devices are commonly used to generate and detect ultrasonic waves for structural health monitoring [35,51,52]. Piezoceramics can be embedded into structures or pasted onto the surface of structures in order to monitor the health of structures [53,54,55,56]. Lead zirconate titanate (PZT) is the most commonly used piezoceramic material, with a strong piezoelectric effect. Shao et al. [38] used PZT to detect bolt looseness. Jiang et al. proposed an active sensing method to detect the debonding between the reinforcing bar and the concrete [57].



To monitor the corrosion of steel bars, this paper proposes a new approach that is simple to implement and offers real time monitoring. First of all, the corrosion resistance of the piezoceramic transducers with epoxy resin protection were investigated. A rapid corrosion test environment was created using a 20% solution of sodium chloride (NaCl) with an amplified current. The experimental results demonstrated that the NaCl solution had no influences on the epoxy resin proofed piezoceramic transducers. Then, two PZT transducers were surface-bonded on the two ends of a steel rod, respectively. One PZT worked as an actuator, which emits a Gauss signal, and the other one was a receiver. By the TR operation, the amplitude of the focused signal works as the criteria to evaluate the corrosion severity of the steel bars. The accelerated corrosion experiments of steel bars were conducted in a water solution containing 5% NaCl. The ratio of mass loss was applied to evaluate the corrosion severity of the steel bar. The corrosion result shows that the corrosion on the steel bar significantly effects the propagation of the stress wave. The amplitude of the focused signal can effectively reflect the corrosion state of the steel bar. Figure 1 presents a flow chart to summarize the experimental flow of our study.




2. Piezoceramic Transducer and Monitoring Principle


2.1. Piezoceramic Transducer


Piezoelectric materials, such as piezoceramics, have characteristics of actuating and sensing in a wide frequency range, which makes them suitable for the SHM field [58,59,60,61]. The piezoelectric effect includes the direct and converse piezoelectric effect [62,63]. Owing to these characteristics, the piezoceramic materials can be used as a sensor and an actuator [64,65,66]. The piezoelectric material has a strong commercial availability and piezoelectric effect; therefore, it is highly applied in this research. Furthermore, we used PZT disks as transducers so as to enable the TR method to monitor steel bar corrosion.




2.2. Time Reversal (TR) Method


The time reversal (TR) method enabled by the piezoceramic transducer is a relative new approach, and has found use in some applications, including therapy, electromagnetic, SHM, underwater acoustics, and ultrasound medical imaging. For guided waves in cylinders, the propagation of the stress waves is complex, and numerous vibrating modes propagate simultaneously at one single excitation frequency [32]. For steel bars, the propagation of the guided waves in them will be more complex, and non-uniform distributed points or pits on the bar surface as a result of the corrosion can cause serve noise. As an inherent property, the time-reversal method has the capability of self-adaptive focusing and robust anti-noise [67], which can make up for the limitation of multi-path transmission [68], enhance the received pulse energy [69,70], and improve the detection capability. Fink [71] applied the TR methods to the acoustic field, and carried out an in-depth research on the theory, experiment, and application of the adaptive focusing principle. The TR method has the above advantages, and has been applied to steel bar corrosion monitoring in this study. Taking the advantages of having the ability to generate and detect stress waves in a wide frequency range, two PZT disks, which are bonded to the end-surfaces of the steel bar, are used as transducers to enable the TR method, as illustrated in Figure 2.



First, in Figure 3a, PZT1 emits a Gauss signal, then, PZT2 records the propagated signal, which shown in Figure 3b. Second, we reversed the recorded signal in the time domain. After being amplified by the power amplifier, the reversed signal was re-emitted to PZT1. Figure 3c shows the reversed signal. Figure 3d is the focused signal generated by PZT1. When the corrosion becomes more severe, more masses will be lost and the surface of the steel bar will be full of corrosion pits, which will negatively impact the stress wave propagation and reduce the peak of the focused signal. As a result, the corrosion status of the steel bar was monitored by observing the peak value of the focus signal through the time reversal process.




2.3. The Accelerated Steel Bar Corrosion Experiment


The impressed current technique, also known as the galvanostatic method, was widely used to accelerate the corrosion of the steel bar in the concrete durability tests [72]. The steel bar was connected to the positive electrode of a DC power supply source as the anode, which acted as a reducing agent, and was oxidized under the effect of the electric current and the loss of the     Fe   2 +     ions. The copper rod connected to the negative electrode acted as the cathode, and the    O 2    combined with    H 2  O   generated hydroxyl ions     OH  −    when a reduction reaction occurred in the oxidant. The     Fe   2 +     ions combined with the     OH  −    ions and generated   Fe    (  OH  )   2    when there were relatively increased oxygen contents in the electrolyte. Conversely,   Fe    (  OH  )   2    could be oxidized completely when there was a lack of oxygen in the electrolyte, which was changed to black rust as     Fe  3   O 4    [73]. The chemical process of the steel bar corrosion is shown in Figure 4.





3. Experimental Setup


3.1. Corrosion Resistance of the Resin-Protected Piezoceramic Transducers


In the steel bar corrosion detection experiments, the piezoceramic transducers and the steel bar were simultaneously immersed in the sodium chloride solution. To ensure that the piezoceramic transducers worked properly without corrosion, it was necessary to experimentally study the property of the piezoceramic transducers in the solution. For this experimental study, two pieces of piezoceramic transducers were bonded on both sides of a piece of organic glass disk by using an ultrasonic vibrator adhesive, as shown in Figure 5a. Then, an epoxy resin was used to wrap them completely, in order to protect the piezoceramic transducers and the connection wires, as shown in Figure 5b.



The piezoceramic transducers were immersed into a container filled with a solution of 20% NaCl. A Labview program was used to emit Gaussian pulse signals, whose frequencies were set as 100 KHz, 70 KHz, 60 KHz, 50 KHz, and 30 KHz, and the corresponding amplitudes were 10 V, 9 V, 7 V, 8 V, and 5 V, respectively. The focused signals were recorded after 55 h using the Labview program.



Figure 6 shows the relationship between the focused signals and the corrosion time. Obviously, the amplitude of the voltage did not produce any obvious changes in the signal, and the transducer was stable in the NaCl solution. Therefore, the piezoceramic transducers that were protected with epoxy resin were not affected by corrosion in the NaCl solution, and remained working properly.




3.2. Detection of Corrosion in Steel Bars


In a concrete structure, natural corrosion is a time-consuming process. The corrosion electric current has significant effect on the corrosion speed of the steel bar. Thus, in this study, the impressed current was used to shorten the corrosion time and to obtain the corroded specimens quickly. The experimental instruments included a real-time data acquisition system (NI-USB 6363), PC, specimens, piezoceramic disk transducers, and support foam. With the consideration of the properties’ difference of the steel bars, four Q235 steel specimens with a different date of production were used to verify the consistency of the experimental results. The diameter and length of the steel bars were 20 mm and 400 mm, respectively. The piezoceramic disk transducers were bonded to the ends of the steel bar, one of which was used as a signal receiver, and the other one was used as a signal generator. Then, both of the ends of the steel bar and the wires were wrapped with epoxy resin. In addition, the impressed current technique was used for accelerated corrosion under a constant current of 2 A. The experimental apparatus is shown in Figure 7.



The steel bar and a copper rod were immersed in a tank filled with a water solution containing 5% NaCl. The steel bar was connected to the positive electrode of a DC power supply source as the anode, and the copper rod was connected to the negative electrode, and it acted as the cathode, which formed the accelerated corrosion system. Figure 8 shows the accelerated corrosion setup.



An NaCl solution has been chosen in this study, which is based on the large amount of NaCl in seawater, and because the long-span bridge structure is vulnerable to seawater erosion. Piezoceramic transducers were bonded on the surface of the two ends of the steel bar, and a multimeter was used to detect whether the piezoceramic transducers were properly insulated. First, the Labview data acquisition system was used to carry out a frequency sweep so as to acquire the resonance frequencies of the steel bars and to record the waveform data. The obtained data showed that the amplitude of the received signal had a better response at frequencies ranging between 25 KHz to 100 KHz. The Gaussian pulse signals, whose frequencies were set as 70 KHz, 60 KHz, and 50 KHz, respectively, and with an amplitude of 5 V for all of the frequencies, were generated using a Labview program hosted by a PC. The pulse signals were recorded every 5 h using a Labview program, and the quality of the steel bar during the accelerated corrosion process was measured using the current control technique. Figure 9 and Figure 10 show the steel bar without corrosion and the same bar with corrosion after 35 h, respectively.



Figure 11 and Figure 12 show the amplitudes of the focused signal after 15 h and 35 h, respectively. During the test, the received time domain signal was reversed using the TR method, and the gain coefficient of the Labview data acquisition program was adjusted to improve the amplitude of the reversed signal. Then, the corresponding focused signal was obtained using the TR method. The non-uniform distributed points or pits on the surface of the steel bar increased with the increase of the corrosion degree, which meant that the wave propagation path was more complicated owing to the rusting of the steel bar surface. The transmission signal oscillated repeatedly in the propagation path and led to an increased dissipation of the wave energy within the steel bar. As a result, the magnitudes of the focused signals were decreased. As shown in Figure 11d and Figure 12d, the peak values of the focused signals show a significant decline at the two different time periods.



After 50 h, the corresponding signals for the different degrees of corrosion were obtained. To analyze the influences of the corrosion degrees on the amplitudes of the focused signal received by the piezoceramic transducers, the peak values of the focused signals for the four specimens are listed in Table 1, Table 2, Table 3 and Table 4, respectively. Each table includes three cases for the frequency of the emitted Gaussian pulse signal 50 KHz, 60 KHz, and 70 KHz. It can be seen from the tables that with the decrease of the magnitude of the focused signal, the mass loss ratio of the steel bar is increased, which means that the steel bar was corroded more seriously.



The relationship between the mass loss ratio of the steel bar and the peak values of the focused signal were established, as shown in Figure 13a–c. Four different straight lines with cross, plus, square, and star signs (in Figure 13) express the experimental results of different steel bars (specimens no. 1, 2, 3, and 4, respectively).



The peak values of the focused signal in Figure 13 are decreased with the increase of the mass loss ratio for different steel bars. Because of the interference resulting from some inevitable human and external conditions, such as the process of pasting piezoceramic transducers at both the ends of the steel bar and the different thicknesses of the epoxy resin at both the ends, different specimens will obtain different signal amplitudes under an identical impressed current and emitted signal. In addition, it can be concluded that the peak values of the focused signal are linearly related to the severity of the corrosion of the steel bar.





4. Conclusions and Future Work


This study proposed a corrosion detection method of steel bars based on piezoceramic transducer enabled time reversal in a controlled laboratory environment. The durability of the piezoceramic transducers was tested using accelerated corrosion experiments, and the results showed that the protected piezoceramic transducers have a good ability for resisting corrosion. In the testing, two piezoceramic transducers were bonded to the two ends of a steel bar, one of which was used as a sensor, and the other was used as an actuator. The experimental results showed that the signal recorded by the piezoceramic transducers changed linearly with the mass loss ratio of the reinforcement bar, which demonstrates the feasibility of the proposed method. Although the proposed method is feasible for detecting corrosion in steel bars, further studies on how to acquire the degree of corrosion and their locations in the segment between two transducers are needed. Furthermore, future work will focus on the corrosion monitoring of different forms of steel bars and structures.
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Figure 1. The flow chart of steel bar corrosion monitoring. PZT—lead zirconate titanate. 
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Figure 2. Time reversal process of steel bar corrosion monitoring. 
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Figure 3. Illustration of time reversal process. 
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Figure 4. Chemical process of accelerated steel bar corrosion. 
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Figure 5. The piezoceramic disk transducers. 
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Figure 6. Relationship diagram of time and voltage. 
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Figure 7. Experimental setup consisting of piezoceramic transducers to detect the corrosion of steel bar. 
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Figure 8. Corrosion experimental setup. 
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Figure 9. Steel bar without corrosion. 
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Figure 10. Corrosion of steel bar after 35 h. 
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Figure 11. Signal after 15 h. 
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Figure 12. Signal after 35 h. 
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Figure 13. The amplitude of focused signal with mass loss ratio of different specimens. 
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Table 1. The data of specimen no. 1.
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	The Mass Loss Ratio (%)
	The Magnitude of Focused Signal (50 KHz)
	The Magnitude of Focused Signal (60 KHz)
	The Magnitude of Focused Signal (70 KHz)





	0
	0.2399
	0.2311
	0.2142



	0.88
	0.2132
	0.2132
	0.1972



	2.11
	0.2057
	0.1997
	0.1804



	3.19
	0.1953
	0.1846
	0.1747



	4.10
	0.1915
	0.1776
	0.1692



	5.54
	0.1788
	0.1703
	0.1597



	6.61
	0.1687
	0.1601
	0.1456



	7.80
	0.1541
	0.1505
	0.1367



	8.80
	0.1483
	0.1403
	0.1261



	9.90
	0.1362
	0.1284
	0.1132



	10.89
	0.1257
	0.1173
	0.1012
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Table 2. The data of specimen no. 2.
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	The Mass Loss Ratio (%)
	The Magnitude of Focused Signal (50 KHz)
	The Magnitude of Focused Signal (60 KHz)
	The Magnitude of Focused Signal (70 KHz)





	0
	0.2311
	0.2136
	0.261



	1.05
	0.2101
	0.1902
	0.2507



	2.38
	0.1941
	0.1706
	0.2331



	3.30
	0.183
	0.1575
	0.2161



	4.31
	0.1577
	0.1421
	0.1944



	5.18
	0.144
	0.1358
	0.1829



	6.22
	0.1281
	0.1248
	0.1621



	7.45
	0.1165
	0.1077
	0.1444



	8.42
	0.1051
	0.092
	0.1244



	9.61
	0.087
	0.0756
	0.1009



	10.78
	0.067
	0.0621
	0.0813
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Table 3. The data of specimen no. 3.
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	The Mass Loss Ratio (%)
	The Magnitude of Focused Signal (50 KHz)
	The Magnitude of Focused Signal (60 KHz)
	The Magnitude of Focused Signal (70 KHz)





	0
	0.5752
	0.5578
	0.5982



	1.03
	0.5425
	0.5148
	0.5546



	1.99
	0.5141
	0.4822
	0.5071



	2.76
	0.4833
	0.4495
	0.4823



	3.90
	0.4389
	0.4153
	0.4398



	5.09
	0.4008
	0.3863
	0.3878



	6.18
	0.3523
	0.3455
	0.3401



	7.47
	0.3201
	0.3067
	0.3102



	8.52
	0.289
	0.2851
	0.2648



	9.691
	0.2524
	0.2472
	0.2254



	10.93
	0.210
	0.2113
	0.1751










[image: Table] 





Table 4. The data of specimen no. 4.






Table 4. The data of specimen no. 4.





	The Mass Loss Ratio (%)
	The Magnitude of Focused Signal (50 KHz)
	The Magnitude of Focused Signal (60 KHz)
	The Magnitude of Focused Signal (70 KHz)





	0
	0.3881
	0.3658
	0.3718



	0.90
	0.3628
	0.3586
	0.3603



	1.76
	0.3510
	0.3483
	0.3481



	2.72
	0.3201
	0.3391
	0.3261



	3.84
	0.2962
	0.3247
	0.3099



	5.02
	0.2722
	0.3183
	0.2812



	6.13
	0.2431
	0.3021
	0.2632



	7.32
	0.2259
	0.2918
	0.2504



	8.49
	0.1952
	0.2842
	0.221



	9.69
	0.1701
	0.2728
	0.2001



	10.84
	0.1552
	0.2572
	0.1826
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