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Abstract

:

The bearing plate is an important part of a tendon–anchorage subsystem; however, its function and safety can be compromised by factors such as fatigue and corrosion. This paper explores the feasibility of the electromechanical impedance (EMI) technique for fatigue crack detection in the bearing plate of a prestressed anchorage. Firstly, the theory of the EMI technique is presented. Next, a well-established prestressed anchorage in the literature is selected as the target structure. Thirdly, a 3D finite element model of the PZT transducer–target anchorage subsystem is simulated, consisting of a concrete segment, a steel anchor head, and a steel bearing plate instrumented with a PZT transducer. The prestress load is applied to the anchorage via the anchor head. The EMI response of the target structure is numerically obtained under different simulated fatigue cracks in the bearing plate using the linear impedance analysis in the frequency domain. Finally, the resulting EMI response was quantified using two damage metrics: root-mean-square deviation and correlation coefficient deviation. These metrics are then compared with a threshold to identify the presence of cracks in the bearing plate. The results show that the simulated cracks in the bearing plate are successfully detected by tracking the shifts in the damage metrics. The numerical investigation demonstrates the potential of the EMI technique as a non-destructive testing method for assessing the structural integrity of prestressed structures.
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1. Introduction


The electromechanical impedance (EMI) technique has been extensively studied to detect damage in civil infrastructure [1,2,3]. Its practicality for structural health monitoring has been demonstrated by various real applications [4,5,6,7,8]. This technique involves attaching a small, inexpensive, high-sensitivity, and quick-responsiveness piezoelectric transducer, such as PZT (lead zirconate titanate), to the structure being monitored to measure EMI response [9]. By observing changes in the EMI response caused by damage, the integrity of the monitored structure can be evaluated. The main advantages of the technique can be summarized as follows: (i) it can be applied to a wide range of structures, including civil, aerospace, and mechanical systems; (ii) it is a low-cost technique and can be implemented in real time; (iii) it is highly sensitive to minor structural damages due to the use of the EMI response in a high-frequency band.



The tendon–anchorage subsystem of a prestressed structure plays an important role in transferring the prestress force to the entire structure. The failure of this vital subsystem can lead to the collapse of the whole prestressed structure [10]. The previous studies show that the EMI response of the prestressed anchorage is varied with changes in the prestress loss or local damage [11,12,13]. Over the past decade, the EMI technique has been studied as a cost-effective solution for monitoring prestress forces in anchorage subsystems [12,14,15,16,17]. In their study, Kim et al. [14] directly attached the piezoelectric transducer to the bearing plate of a prestressed concrete girder and successfully monitored the reduction in the prestress force by the EMI technique. They found that the frequency band sensitive to the prestress loss, from 800 to 1000 kHz, was relatively high [14]. Min et al. [12] established the relation between the EMI response and the prestress force to predict remaining tensions in a multi-strand prestressed system. Nguyen et al. [18] developed a deep learning-based regression model for estimating the prestress force of a prestressed concrete beam. Recently, Dang et al. [19] successfully monitored tension forces and detected loosened strands in a multi-strand anchorage using multiple PZT interfaces. Pham et al. [20,21] have developed PZT-based smart aggregates to detect inner concrete cracks in the prestressed anchorage. The above studies have verified the great potential of the EMI technique for the structural health monitoring of prestressed concrete structures.



The bearing plate is a critical component of the anchorage subsystem and potentially damaged by various factors such as fatigue and corrosion [11,22,23]; however, most of the previous studies have focused on using EMI response for monitoring the prestress force in the prestressed anchorage, and only a few studies have explored its application for crack detection in the bearing plate of the anchorage. Previous studies have examined the numerical simulation of the EMI technique for structural health monitoring in civil structures [16,24,25,26,27,28]; however, there has been no simulation research on crack detection in the bearing plate of a prestressed anchorage. This study aims to investigate the potential of the EMI technique for detecting cracks in the bearing plate of a prestressed anchorage via a numerical simulation. The paper commences by presenting the fundamental principles of the EMI technique and damage evaluation metrics. Then, a well-established prestressed anchorage from the literature is selected as the target structure [14]. This is a mono tendon–anchorage of a prestressed reinforced concrete (RC) beam, in which the prestress load is introduced into the beam via a single prestressing strand anchored at two ends by anchor heads and bearing plates. Subsequently, the feasibility of the proposed EMI technique is evaluated via finite element (FE) modeling, in which an FE model with vertical and horizontal fatigue cracks is simulated. Finally, the damage evaluation metrics are employed to estimate the change in the EMI response, thereby enabling the detection of fatigue cracks in the bearing plate.




2. EMI Technique


2.1. Overview


The schematic of the EMI technique for crack detection in a mono tendon–anchorage subsystem is depicted in Figure 1. The EMI technique is based on the principle of measuring the alternation in the mechanical impedance of a monitored structure caused by damage. The mechanical impedance is the ratio of the force applied to the structure to the resulting motion of the structure [29]. Any changes in the mechanical impedance can be an indication of damage in the structure [7]. To apply the EMI technique, a piezoelectric patch such as PZT are bonded to the surface of the bearing plate of the prestressed anchorage, as shown in Figure 1. The EMI response of the anchorage is then periodically measured in a predefined frequency band by an impedance analyzer with a harmonic voltage excitation. Next, statistical damage metrics are used to quantify the change in the EMI response. Finally, the structural integrity of the anchorage is assessed by the damage metrics. In the following sections, the fundamental of the EMI impedance and the damage evaluation methods are presented.




2.2. Theory of EMI Response


In the EMI technique, the PZT transducer is excited by a harmonic voltage V(ω) using an impedance analyzer. PZT is a piezoelectric material that can produce an electrical charge in response to a mechanical force or vice versa. As a result of the inverse piezoelectric effect, the voltage applied to the PZT transducer causes deformation, as shown in Figure 2a. This deformation, in turn, generates a force F(ω) at the PZT exciting point. The coupling between the PZT transducer and the host structure can be modeled as a 1-dof (degree-of-freedom) mass-spring-damper system, as shown in Figure 2b [30,31]. Dividing the force (F(ω)) by the velocity   (   u (  ˙  ω ) )   of the host structure at the driving point of the PZT yields the mechanical impedance of the monitored structure (Zs(ω)), as presented in [29]:


   Z s  ( ω ) =   F ( ω )    u ˙  ( ω )   = c + m    ω 2  −  ω n 2   ω  i  



(1)




in which m, c, and k are the mass, the damping coefficient, and the stiffness constant of the host structure, respectively. The term i represents the imaginary unit, while ωn refers to the monitored structure’s natural frequency, and ω denotes the sweep frequency of the PZT transducer.



The EMI response of the 1-dof system is determined as a combined function of the mechanical impedance of the monitored structure (Zs(ω)) and that of PZT (Za(ω)), according to the following equation [7]:


  Z ( ω ) =   V ( ω )   I ( ω )   =     i ω    w a   l a     t a        ε ^   33  T  −  1     Z a  ( ω )  /   Z s  ( ω )   + 1    d  3 x  2    Y ^   x x  E        − 1    



(2)







In Equation (2),     Y ^   x x  E    represents the complex Young’s modulus of the PZT transducer under zero electric field;     ε ^   x x  T    stands for the complex dielectric constant under zero stress; d3x denotes the piezoelectric coupling constant in the x-direction under zero stress; and wa, la, and ta indicate the width, length, and thickness of the PZT transducer, respectively.



By combining Equations (1) and (2), it is possible to interpret information about the mass, the damping coefficient, and the stiffness constant (m, c, and k) of the monitored structure from its EMI response [32,33]. Any damage to the structure will result in an alternation in the EMI response, which can be detected by impedance monitoring. In practice, it is important to capture EMI responses within a specific high-frequency range. Due to the short wavelengths generated by the PZT’s excitation at a high frequency, the EMI technique can effectively detect minor structural damages [7].




2.3. Damage Evaluation Approach


In order to achieve reliable damage detection, it is essential to select an appropriate damage metric. The appropriateness of an evaluation metric can vary depending on the specific structure being studied, as a metric that may be effective for one structure may not work well for another. We selected two damage indices: Root Mean Square Deviation (RMSD) and Cross-Correlation Coefficient Deviation (CCD), which are widely employed to quantify the changes in impedance signatures [1,2]. It is noted that the RMSD and CCD metrics differ in their sensitivity to structural damage. The CCD evaluation metric is defined as [9,34]


  C C D = 1 −  1  N − 1       ∑  i = 1  N     Z (  ω i  ) −  Z ¯       Z *  (  ω i  ) −   Z ¯  *         σ Z   σ   Z *       



(3)







According to the references [2,35], the RMSD evaluation metric can be obtained by the following equation:


  R M S D =       ∑  i = 1  N        Z *  (  ω i  ) − Z (  ω i  )    2        ∑  i = 1  N       Z (  ω i  )    2         



(4)







In the Equations (3) and (4),   Z (  ω i  )   represents the EMI signature at the healthy state for the ith frequency;    Z *  (  ω i  )   stands for the EMI signature at the unknown state, N, which indicates the number of scanned frequencies;   Z ¯   and     Z ¯  *    represent the means of the EMI signatures; and the symbols    σ Z    and    σ Z *    are the standard deviations.



The RMSD and CCD indices will be greater than 0 in response to the presence of damage. The selection of an appropriate damage index depends on the variation trend of the impedance. While the CCD metric is more responsive to frequency changes and less sensitive to amplitude changes in the EMI response, the RMSD metric is sensitive to both types of changes [36,37]. Selecting an unsuitable damage metric may lead to suboptimal outcomes in detecting damage and estimating its severity. In this study, both RMSD and CCD metrics are examined to evaluate their effectiveness in detecting cracks in the bearing plate of prestressed anchorage.





3. Numerical Simulation


3.1. Description of Target Structure


The target structure is the prestressed anchorage of a T-shaped RC beam, which is a mono tendon–anchorage, as presented in the previous study [14]. Figure 3 illustrates the target structure’s geometry and dimensions, following the experimental model’s realistic geometry. As depicted in Figure 3a, the beam is simply supported on two steel bars with overhangs of 0.2 m. The beam is prestressed by a load of 14 tons using a seven-wire steel strand of 15.2 mm. The strand is enclosed in a plastic duct with a diameter of 25 mm and secured at its two ends by two bearing steel plates. As depicted in Figure 3b, the beam’s cross-section is T-shaped with a flange width of 0.71 m and a height of 0.6 m. As illustrated in Figure 3c, the dimensions of the steel anchor head are 45 mm in diameter and 45 mm in height. To acquire the EMI response from the prestressed anchorage, the PZT transducer is installed on the bearing plate right below the anchor head, as illustrated in Figure 3a. The PZT patch has a square shape with a size of 10 × 10 × 0.508 mm, as sketched in Figure 3d. Figure 3e–g present the geometric parameters of the bearing plate in the top, front, and back views.




3.2. Finite Element Modeling


To accurately simulate the piezoelectric effects of the PZT-anchorage subsystem, it is necessary to account for both electrical and mechanical physics that act simultaneously during PZT’s harmonic excitation [38,39,40]. Given its robust modeling capabilities for piezoelectric effects [16,41,42,43], the finite element (FE) modeling program, COMSOL Multiphysics, was adopted to simulate the EMI response of the target anchorage. The FE modeling procedure of the EMI response used in this study followed the protocol presented in the previous studies [16,25,42].



3.2.1. Structural and Material Modeling


The simulated part is the 0.2 m overhang of the prestressed RC beam, as shown in Figure 4a. The FE model consists of an RC segment, a bearing plate embedded with a PZT transducer, and an anchor head. The geometric parameters of all structural members in the FE model followed the previous experimental model [14], as illustrated in Figure 3. In the structural modeling, all structural members were formed into a union. A prestress load of 10 tons was applied on the anchor head in a direction perpendicular to the bearing plate, as illustrated in Figure 4b. A fatigue crack was simulated in the bearing plate, which was supposed to be on the right of the anchor head. The crack was simulated by removing the material of the bearing plate. The PZT transducer was positioned right below the anchor head with a distance between them of 11.5 mm.



In the material modeling, the bearing plate and the anchor head were assigned by steel materials with mechanical properties, as presented in Table 1 [14,16]. In addition, the PZT transducer was assigned by the PZT-5A material with piezoelectric properties, as presented in Table 2 [16]. The material properties of the RC concrete segment were also presented in Table 1 [14]. The FE model was discretized by employing the controlled meshing capability option for users available in COMSOL, as presented in Figure 4c. The mesh size was gradually reduced until the resulting EMI signature remained nearly constant, using the method described in a previous study [25]. A finer mesh was applied to the PZT transducer and simulated crack, as illustrated in Figure 4d. The total number of elements was 31,665, consisting of 64 hexahedral elements, 64 pyramid elements, and 31,537 tetrahedral elements.




3.2.2. Compatibility and Boundary Conditions


In the simulations, the Solid Mechanics module and the Piezoelectric Device module of COMSOL Multiphysics were coupled to simulate the EMI response of the bearing plate. To ensure accurate modeling, the following compatibility conditions were taken into account: (i) continuity of displacements—the displacement field in the elastic and piezoelectric materials must be continuous across their interfaces with no gaps or overlaps between the materials; (ii) continuity of stresses—the stress field in the materials must also be continuous across their interfaces with no singularities at the interfaces; (iii) electrode compatibility—the electrodes used to apply the electric field in the piezoelectric material must be compatible with the material; (iv) charge conservation—the total charge in the piezoelectric material must be conserved by ensuring that the divergence of the electric displacement field is equal to the charge density; (v) electric field continuity—the electric field in the piezoelectric material must be continuous across the interfaces to avoid any abrupt changes in the field.



In the Solid Mechanics module, a fixed boundary was applied to the back side of the RC part to secure the structural condition of the overhang part of the prestressed RC beam. An electrical potential boundary condition was applied to the PZT transducer in the Piezoelectric Device module. Specifically, the PZT transducer’s upper surface was assigned by the electrical potential of 1V, while the lower surface was set as the ground electrode. This simulation setup was similar with the previous studies [14,42].




3.2.3. Linear Stress Analysis under Prestress Load and Piezoelectric Deformation


Figure 5a illustrates the von Mises stress of the bearing plate when subjected to the prestress load of 10 tons (98.1 kN). To ensure that the prestressing effect is clearly observable, the color legend bar was set within a range of (0–5 × 107). The results indicate that stress concentration occurs around the anchor head, which can lead to the overloading of the surrounding material and result in cracks and other forms of damage. Hence, it is crucial to monitor the bearing plate’s area around the anchor head to prevent potential failure.



Figure 5b presents the von Mises stress of the bearing plate under the PZT’s excitation at 140 kHz. The color legend bar was set within a range of (0–1 × 104) to distinctly observe the presence of stress waves. It can be seen that the PZT transducer was expanded under the piezoelectric effect and its harmonic expansion induced an exciting force acting on the surface of the bearing plate at the driving point. As shown in Figure 5b, the stress waves were generated at the transducer’s driving point and radially propagated into the bearing plate. The von Mises stress under the effect of stress waves (see Figure 5b) was inconsiderable compared to the effect of the prestress load (see Figure 5a).





3.3. Simulation of EMI Response under Fatigue Crack


The EMI response was investigated for a frequency band ranging from 10 kHz to 500 kHz (i.e., the sweep frequency band of the PZT transducer). At each frequency point, the resulting current from piezoelectric effects was simulated. The EMI response was then calculated numerically as the ratio between the applied voltage and the resulting current. It is important to note that when the frequency of the PZT’s excitation matches the natural frequency of the monitored structure (i.e., the resonance frequency), the mechanical impedance of the system dominates the overall EMI response. Specifically, at resonance frequency, the damping coefficient (represented as Zs(ω) = c in Equation (1)) of the host structure is the primary contributor to the overall EMI response (Z(ω) in Equation (2)). As the bearing plate undergoes cracking, both the modal damping and the stiffness of the plate are altered, leading to changes in both the frequency and magnitude of the impedance function at resonance. These changes in the EMI signature can be used to indicate the presence and severity of the crack in the bearing plate.



In the intact case, the anchorage was assumed to be healthy, not cracked. In the damage cases, two scenarios of cracking in the bearing plate were simulated, as shown in Figure 6. In the first scenario, as shown in Figure 6a, the horizontal fatigue crack with a size of 20 × 2 × 10 mm (width × height × depth) was simulated. The position of the horizontal crack is determined by the coordinates x and y. Five cases of the horizontal crack were investigated, including Case H1 (x = 17.5 mm; y = 0), Case H2 (x = 17.5 mm; y = 12.5 mm), Case H3 (x = 17.5 mm; y = 25 mm), Case H4 (x = 17.5 mm; y = 37.5 mm), and Case H5 (x = 17.5 mm; y = 62.5 mm). In the second scenario, the vertical fatigue crack was simulated, as shown in Figure 6b. The size of the vertical crack is the same as the horizontal crack. Four cases of the vertical crack were investigated, including Case V1 (x = 17.5 mm; y = 0), Case V2 (x = 17.5 mm; y = 25 mm), Case V3 (x = 17.5 mm; y = 50 mm), and Case V4 (x = 17.5 mm; y = 75 mm). It is noted that the positions of all simulated cracks were mostly within the stress concentration region of the bearing plate (see Figure 6a).



Figure 7a presents the EMI response of the anchorage subjected to horizontal crack cases H1–H5. The EMI signatures above 50 kHz contain various resonant peaks, representing different local dynamics of the bearing plate. These resonant peaks changed in frequency and magnitude after the bearing plate was cracked, as shown in Figure 7b. Moreover, the frequency band above 50 kHz showed significant variation while the band below 50 kHz remained stable. Figure 8a depicts the EMI response of the anchorage under vertical crack cases V1–V5. The EMI response varied as the bearing plate experienced a vertical fatigue crack. Similarly, the frequency band above 50 kHz showed more variations than the band below 50 kHz, as shown in Figure 8b. From the above observations, the frequency range of 50–100 kHz was selected as the sensitive frequency band for detecting the horizontal and vertical cracks in the bearing plate.




3.4. EMI Quantification and Crack Assessment


We computed two damage indices, CCD and RMSD, to assess the changes in the EMI response caused by horizontal and vertical cracks. The full sensitive frequency band of 50–500 kHz with multiple resonant EMI peaks was used to compute these metrics, as suggested in the previous study [7]. Figure 9a,b depict the CCD and RMSD metrics for the cases of horizontal cracks, respectively. Both metrics showed negligible magnitudes for the intact case, but significant ones for the damage cases (H1–H5), indicating that the horizontal cracks were successfully detected. The magnitude of the RMSD metric was more significant than that of the CCD metric because the EMI response exhibited not only vertical shifts but also horizontal shifts due to the crack. Similarly, Figure 10a,b show the CCD and RMSD metrics for the cases of vertical cracks, respectively. Both metrics showed negligible magnitudes for the intact case, but significant ones for the damage cases (V1–V4), indicating the successful detection of the vertical cracks. Moreover, the RMSD metric exhibited higher magnitudes than the CCD metric.



Linear approximation functions were used to analyze the relationships between the location of the crack and the RMSD and CCD damage metrics. The result for the cases of horizontal cracks is depicted in Figure 11. Both RSMD and CCD datasets fit well with the linear lines, and the R-squared value accounted for 0.95 and 0.94 for the RSMD and CCD datasets, respectively. The metrics decreased as the distance from the transducer to the crack increased. Figure 12 shows the result for the cases of vertical cracks. The R-squared value was 0.93 for the RMSD metric and 0.95 for the CCD metric. It can be seen that both damage metrics showed a linear decrease with the sensing distance. This implies that the sensitivity of the EMI signature to the damage decreased when the sensing distance increased, which is consistent with the previous experimental observations [7,41].



The numerical evaluation showed the effectiveness of the EMI method in detecting the presence of cracks in the bearing plate of prestressed structures. In addition to crack detection, the method can be utilized to predict the location of the cracks in the bearing plate. This can be achieved by performing regression analysis on the damage metric datasets obtained from various locations on the bearing plate. The resulting regression model is then used to estimate the location of the crack based on the metric obtained from the EMI measurements. Combining wireless sensor nodes with intelligent monitoring software [43,44,45,46], this method has a great promise to enhance the efficiency of crack detection in the bearing plate of a prestressed structure since it can allow for the remote identification of cracks without the need for on-site inspection by a human. Further research is needed to validate the effectiveness of this approach and to optimize the regression models used to predict the location of cracks.





4. Summary and Conclusions


The bearing plate of the prestressed anchorage is an important component that can be damaged by various factors such as fatigue and corrosion. This study investigated the numerical feasibility of the EMI technique for detecting cracks in the bearing plate of prestressed anchorage. Firstly, the EMI technique’s fundamental principles and damage evaluation metrics were presented. Next, a well-established prestressed anchorage in the previous experiment was selected as the target structure. An FE model of the target anchorage with fatigue cracks in the bearing plate was simulated. Both vertical and horizontal cracks were considered to demonstrate the EMI method’s effectiveness. Finally, the RSMD and CCD metrics were employed to quantify the change in the EMI response and to evaluate the bearing plate’s structural integrity.



From the numerical evaluation, the following concluding remarks have been drawn:




	(1)

	
The EMI response above 50 kHz showed high sensitivity to cracks in the bearing plate.




	(2)

	
The bearing plate’s vertical and horizontal cracks were successfully detected using the RMSD and CCD metrics.




	(3)

	
The relationship between the damage metrics and the sensing distance was linear: the magnitude of damage metrics linearly decreased with the sensing distance.









The numerical investigation shows the great promise of the EMI technique as a non-destructive testing method for assessing the structural integrity of prestressed structures. The FE modeling technique presented in this study can be used to optimize the transducer placement and predict crack severity for practical applications. In the future, lab-scale and field-scale experiments will be conducted to verify the practicality of the proposed EMI technique. In addition, advanced regression models will be developed to predict crack locations and estimate crack severity.
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Figure 1. Overview of the EMI technique for crack detection in prestressed anchorage. 






Figure 1. Overview of the EMI technique for crack detection in prestressed anchorage.



[image: Buildings 13 01008 g001]







[image: Buildings 13 01008 g002 550] 





Figure 2. The PZT–structure interactive system: (a) PZT’s expansion under applied voltage; (b) simplified impedance model. 
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Figure 3. Geometry and dimensions of the target structure: (a) Prestressed RC beam; (b) cross-section of the beam; (c) anchor head; (d) PZT transducer; (e) top view, (f) front view and (g) back view of the bearing plate. 
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Figure 4. 3D simulation of the PZT–anchorage subsystem: (a) FE model; (b) anchorage; (c) meshed FE model; (d) meshing at anchorage. 






Figure 4. 3D simulation of the PZT–anchorage subsystem: (a) FE model; (b) anchorage; (c) meshed FE model; (d) meshing at anchorage.



[image: Buildings 13 01008 g004]







[image: Buildings 13 01008 g005 550] 





Figure 5. Von Mises stress under (a) prestress load and (b) PZT’s excitation at 140 kHz. 
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Figure 6. Simulation of cracks in the bearing plate: (a) Horizontal crack; (b) vertical crack. 
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Figure 7. The EMI response of the anchorage under the intact case (not cracked) and horizontal crack cases: (a) Frequency range of 10–500 kHz; (b) sensitive frequency range of 50–500 kHz. 
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Figure 8. The EMI response of the anchorage under the intact case (not cracked) and vertical crack cases: (a) Frequency range of 10–500 kHz; (b) sensitive frequency range of 50–500 kHz. 
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Figure 9. The quantification of the EMI change under the horizontal cracks using (a) CCD index and (b) RMSD index. 
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Figure 10. The quantification of the EMI change under the vertical cracks using (a) CCD index and (b) RMSD index. 
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Figure 11. Linear regression analyses of the damage metric vs. the distance (y) for the horizontal cracks: (a) RMSD metric; (b) CCD metric. 
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Figure 12. Linear regression analyses of the damage metric vs. the distance (y) for the vertical cracks: (a) RMSD metric; (b) CCD metric. 
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Table 1. The mechanical properties of the structural elements in the FE model.
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	Parameters
	Symbols
	Steel Anchor Head

and Steel Bearing Plate
	RC Beam
	Unit





	Modulus
	E
	200
	24.55
	GPa



	Poisson’s ratio
	ν
	0.3
	0.38
	



	Mass density
	ρ
	7850
	2400
	kg/m3



	Damping ratio
	ξ
	0.01
	0.04
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Table 2. The piezoelectric properties of the PZT transducer.
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	Properties
	Symbols
	Value
	Unit





	Compliance matrix
	     s   11   E   =   s   22   E     

     s   33   E     

     s   44   E   =   s   55   E     

     s   66   E     

     s   12   E   =   s   21   E     

     s   13   E   =   s   31   E     

     s   23   E   =   s   32   E     
	16.4

18.8

47.5

44.3

−5.74

−7.22

−7.22
	×10−12 (m2/N)



	Coupling matrix
	     d   31     

     d   32     

     d   33     

     d   24     

     d   15     
	−171

−171

374

584

584
	×10−12 (C/N)



	Relative permittivity
	     s   11   T     

     s   22   T     

     s   33   T     
	1730

1730

1730
	



	Mass density
	ρ
	7750
	(kg/m3)



	Dielectric loss factor
	δ
	0.02
	



	Damping loss factor
	η
	0.02
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