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Abstract

:

This study examined the feasibility of the admittance-based method for detecting simulated damage in the bearing plate of a prestressed anchorage. The proposed method utilized the PZT (lead zirconate titanate) interface technique to acquire a strong admittance response from the anchorage. Firstly, the numerical feasibility of the method was demonstrated by detecting the presence of fatigue cracks and preload changes in a fixed–fixed beam-like structure. Next, the experimental verification was carried out using a lab-scale prestressed anchorage model. A PZT interface prototype was designed and surface-mounted on the bearing plate. The admittance response of the PZT interface was measured before and after the simulated damage cases of the bearing plate. Afterwards, a statistical damage metric, root-mean-square deviation (RMSD) was used to quantify the change in the admittance spectrum and identify the damage’s presence. It was shown that the experimental admittance response was consistent with the numerical simulation result in the same effective frequency band. Both the numerical and experimental results showed clear shifts in the admittance spectrum due to structural damage. The simulated damages in the bearing plate were successfully identified by the RMSD evaluation metric.
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1. Introduction


Structural health monitoring (SHM) is an important field involving using sensors and damage identification algorithms to assess the condition of civil, mechanical, and aerospace structures over time [1,2,3,4,5]. The admittance (or impedance)-based damage detection technique has emerged as a promising approach among different SHM technologies due to its ability to detect minor changes in the physical properties of a structure, enabling early damage detection and potentially preventing catastrophic failure [6,7,8]. The admittance-based technique works on the principle that mechanical changes in a structure due to damage would result in changes in its electromechanical properties, such as admittance response. The technique is cost-efficient because of the adoption of low-cost transducers such as PZT (lead zirconate titanate) and the availability of low-cost admittance analyzers [9,10,11,12].



The admittance-based technique has been extensively studied for SHM of various engineering structures [13,14,15,16,17]. For instance, Giurgiutiu and Zagrai [18] demonstrated its effectiveness in detecting fatigue cracks in thin plate-like and aerospace structures. They developed statistical damage metrics and a probabilistic neural network to assess incipient damage by classifying the high-frequency impedance spectrum [18]. Karayannis et al. [19] used the technique for detecting flexural damage stages in the lower part of the mid-span area of a simply supported reinforced concrete beam. Their study showed that the frequency selection greatly influenced the damage detection capacity and that flexural damage in the transducer near field was detected with higher overall sensitivity. Kim et al. [17] evaluated the effectiveness of the technique for detecting defects in an adhesive joint used in composite materials. The study showed that the impedances of the joint were modified by the defects, allowing for the evaluation of its strength degradation. These studies demonstrated the versatility of the admittance-based technique for detecting different types of damage in various engineering structures.



In recent years, the admittance-based technique has gained popularity for the SHM of prestressed anchorage [20,21,22]. The changes in the mechanical impedance of the bearing plate or anchor head are utilized as indicators for the identification of prestress loss or deterioration in the anchorage system [21,23,24]. Kim et al. [25] attached the piezoelectric transducer to the bearing plate of a prestressed concrete girder and detected the loss of prestress force by monitoring changes in the impedance response. Their study showed that the frequency band sensitive to the prestress force was within 800–1000 kHz [25]. Min et al. [21] monitored the mechanical impedance of the anchor head and bearing plate to predict the remaining tensions in a prestressed steel frame. Huynh and Kim [26] developed the so-called “mountable PZT interface” as a resonance-enhanced piezoelectric device for prestress force monitoring using mechanical impedance responses. Dang et al. [22] proposed using multiple PZT interfaces to detect a loose strand in a multi-strand anchorage system. Nguyen et al. [27] quantitatively estimated the prestress force in a prestressed reinforced concrete girder using a convolutional neural network. The aforementioned studies validated the great potential of the admittance-based technique as an effective means of monitoring the structural integrity of prestressed concrete structures.



As a critical subsystem in prestressed structures, the anchorage is likely to experience failure due to many factors, such as corrosion and fatigue [23,28,29,30]. However, most of the previous studies have focused on monitoring the prestress force using the admittance-based technique. In this study, we examined the feasibility of the admittance-based technique for detecting simulated damage in the bearing plate of a prestressed reinforced concrete anchorage. A PZT interface as a resonance-enhanced piezoelectric device was designed and used to acquire a strong admittance response from the anchorage. Firstly, a finite element model of a fixed–fixed beam-like structure instrumented with a PZT interface was simulated. The numerical feasibility of the method was demonstrated by detecting the preload change and the presence of fatigue cracks in the beam. Secondly, the experiment was conducted on a lab-scale prestressed anchorage model to test the performance of the proposed method. A PZT interface prototype was manufactured and mounted on the surface of the bearing plate. Two testing scenarios were investigated, including the simulated damages close to and distant from the interface. The admittance response of the PZT interface was measured before and after the damages. To identify the simulated damages in the anchorage, a statistical damage evaluation metric was used to estimate the change in the admittance spectrum. Finally, the damage sensitivity across different frequency bands was compared to determine the optimal band for damage assessment in the tested prestressed anchorage.




2. Admittance-Based Active Sensing Technique


2.1. Admittance Monitoring Using Resonance-Enhanced Piezoelectric Device


The schematic of the admittance-based technique for crack detection in a prestressed anchorage is illustrated in Figure 1. This technique relies on measuring the changes in the mechanical impedance of an anchorage caused by damage [31,32]. To apply the technique, a piezoelectric device is bonded to the bearing plate of a prestressed anchorage. Afterwards, the admittance response of the anchorage is periodically measured in a predefined frequency band using an impedance analyzer. Next, statistical damage metrics are computed to estimate changes in the admittance spectrum. Finally, the structural integrity of the anchorage is then assessed using the calculated damage metrics.



The frequency band used for damage detection should have strong resonant peaks containing rich structural properties information [33]. However, this frequency range varies with the local dynamic characteristics of the target structure [24]. To ensure the consistency of measured admittance responses, the resonance-enhanced technique using the PZT interface device is applied to the admittance monitoring process. The device prototype is presented in Figure 1, following the previous studies [26,34]. The interface structure consists of two outer bonded parts and a central part that remains un-bonded and contains a PZT transducer. The outer bonded components allow for the simple installation and removal of the interface from the host prestressed anchorage. Meanwhile, the middle section is designed as a flexural segment, which can produce strong vibrational responses when the PZT is excited. By adjusting the structural and geometrical properties of the flexural section, it is possible to produce admittance signals in any targeted frequency ranges [35]. Numerical simulations are often used to determine the effective frequency band of the PZT interface before actual admittance measurements [36,37].




2.2. Admittance Response of the PZT Interface-Anchorage System


It is worth noting that the PZT interface-based admittance monitoring technique was first proposed in [26] for tendon-anchorage subsystems. The detailed theoretical background of the technique with the validated modal superposition can be found in [38]. Therefore, in this section, we briefly present important equations to explain the admittance response of the PZT interface-anchorage system and to show the feasibility of damage detection using this technique.



To record the admittance response, the PZT patch of the device is excited by a harmonic voltage V(ω) using an impedance analyzer. As a piezoelectric material, the PZT can produce an electrical charge in response to a mechanical force or vice versa. Thus, the voltage applied to the PZT patch causes a mechanical deformation as a result of the inverse piezoelectric effect. This deformation, in turn, generates a force F(ω) that excites the structure. The interaction between the piezoelectric interface and the anchorage can be modeled as a two-degree-of-freedom (2-dof) system, as presented in the previous studies [6,39].



It is supposed that the interface body’s dynamic properties include the mass (mi), stiffness parameter (ki), and damping coefficient (ci). Additionally, the prestressed anchorage’s dynamic properties consist of the mass (ms), the stiffness parameter (ks), and the damping coefficient (cs). During the piezoelectric excitation of the PZT, there are couplings between the PZT transducer and the interface and between the interface and the prestressed anchorage. The equivalent mechanical impedance of the interface-anchorage subsystem    Z ¯  ( ω )   related to such coupling responses can be computed using the 2-dof model [38], as follows:


   Z ¯  ( ω ) =    K  11   ( ω )  K  22   ( ω ) −  K  12  2  ( ω )   i ω  K  22   ( ω )    



(1)







In Equation (1), the symbol i stands for the imaginary unit; ω denotes the scanned frequency; the terms [Kmn(ω)], where m, n = 1, 2 are the “dynamic stiffness” terms and can be computed as:


         K  11   ( ω )      K  12   ( ω )        K  12   ( ω )      K  22   ( ω )       =       −  ω 2   m i  + i ω  c i  +  k i      − i ω  c i  −  k i        − i ω  c i  −  k i      −  ω 2   m s  + i ω (  c i  +  c s  ) + (  k i  +  k s  )        



(2)







The admittance response of the 2-dof system is determined as a joint function of the mechanical impedance of both the prestressed anchorage (   Z ¯  ( ω )  ) and the PZT transducer (   Z a  ( ω )  ) [32], expressed as follows:


  Y ( ω ) =   I ( ω )   V ( 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       



(3)







In Equation (3),     Y ^   x x  E    represents the complex Young’s modulus of the PZT patch under a 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 transducer, respectively.



From Equation (1) and Equation (3), it is shown that the change in the mechanical properties (ms, cs, ks) of the monitored anchorage would result in the alternation in the admittance response of the interface device. Therefore, any damage (i.e., crack or corrosion) to the anchorage can be detected by quantifying the admittance change. To detect early-stage structural damage effectively, the admittance responses should be measured in the effective high-frequency range of strong resonances. The short wavelengths generated at high frequencies can enhance the damage detectability of the technique [32].




2.3. Damage Evaluation Approach


As a commonly used damage metric, root-mean-square deviation (RMSD) was selected to quantify the admittance change and to detect structural damage in a prestressed anchorage. According to the references [7,40], the RMSD metric can be obtained by the following expression:


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



(4)




where   Z (  ω i  )   represents the admittance signature at the healthy state for the ith frequency,    Z *  (  ω i  )   stands for the admittance signature at the unknown state, and n indicates the number of scanned frequencies.   Z ¯   and     Z ¯  *    represent, respectively, the means of the admittance signatures, and    σ Z    and    σ Z *    are the standard deviations.



The RMSD value equal to 0 implies no damage, whereas a value greater than 0 indicates damage. Nonetheless, uncertainties in experimentation and the environment may produce a non-zero damage metric even though there is no damage. To account for such uncertain conditions, control chart analysis is often used for damage classification [41]. In the control chart analysis, it is essential to determine the threshold for signaling an alarm. In this study, the alarming threshold is determined through the upper control limit (UCL) equation, as follows:


  U C L = μ + 3 σ  



(5)




in which μ stands for the mean of the damage metric dataset at the reference condition, and σ presents the corresponding standard deviation. This threshold is often referred to as the “three-sigma rule”, which suggests that nearly all values within a normal distribution fall within three standard deviations of the mean. The UCL is defined as three standard deviations from the mean, which represents a confidence level of 99.7%.



The UCL calculation process is described in three stages: (1) n admittance signals are recorded at the reference condition; (2) the RMSD damage metric for n admittance signals are calculated, and a set of damage indices is obtained; and (3) the UCL is computed using Equation (5). When the magnitude of the RMSD metric surpasses the control limit UCL, an alarm is triggered, indicating that damage has occurred. Conversely, if the magnitude of the damage indices does not exceed the control limit UCL, there is no damage.





3. Numerical Study


3.1. Finite Element Model


We conducted numerical simulations to examine the feasibility of using the admittance response of the piezoelectric interface for identifying load changes and cracks. To simplify the model, we selected a fixed–fixed beam as the host structure, as illustrated in Figure 2. The beam had a uniform cross-section of 50 × 5 mm and a length of 300 mm. To simulate the effect of loading on the admittance response, we placed a concentrated load at the midpoint of the beam, as shown in Figure 2a. We sequentially investigated three levels of the concentrated load P = 0 (i.e., the intact case), 1 kN, and 2 kN. In the next simulation, we introduced a crack into the beam at a distance of 80 mm from the left end, as shown in Figure 2b. The crack had a width of 2 mm and was simulated by reducing the Young’s modulus of the damaged elements. We simulated three crack cases, including the intact case, 20% stiffness loss, and 40% stiffness loss.



To accurately simulate the piezoelectric effects of the PZT-anchorage subsystem, it was essential to consider both the electrical and mechanical physics that occurred simultaneously during the excitation of the PZT transducer. We used the COMSOL Multiphysics software to model the admittance response of the PZT interface–host beam system. The software has shown its robust modelling capabilities for simulating the piezoelectric effects, as demonstrated in the previous studies [15,42,43]. The modeling method of the admittance response in this study precisely followed the validated procedure presented in previous studies [44,45,46]. Figure 3a displays a finite element model of the beam instrumented by a PZT interface at the center, developed in the COMSOL software. The interface device comprises two bonded sections measuring 35 × 33 × 5 mm, a flexible section measuring 30 × 33 × 4 mm, and a mounted PZT transducer measuring 20 × 20 × 0.51 mm at the center. The interface body and the host beam were made of aluminum, having the mechanical properties listed in Table 1 [24]. The PZT transducer was added using the piezoelectric material PZT-5A, with the properties listed in Table 2 [24]. To obtain the admittance responses through simulation, a harmonic voltage excitation with a magnitude of 1 V was applied to the top surface of the PZT transducer, while the bottom surface was connected to the ground electrode.



Figure 3b displays a mesh of the finite element model, utilizing hexahedral solid elements with eight nodes. The PZT transducer was meshed with a finer mesh to ensure an accurate simulation of the stress wave. In the COMSOL software, two modules, namely Solid Mechanics and Piezoelectric Devices, were coupled to simulate the admittance response of the piezoelectric interface. The x-directional displacement of the structure under loading is shown in Figure 3c. It is shown that the PZT interface deforms along with the deformation of the beam. Notably, the magnitude of the stress field is significant near the two ends of the PZT interface. Figure 3d displays the piezoelectric deformation of the structure when the PZT patch is excited. The interface was strongly coupled with the beam during the piezoelectric excitation.




3.2. Numerical Admittance Response


The numerical analysis of the admittance response of the piezoelectric interface was conducted within a frequency band of 10–40 kHz. Figure 4 illustrates the response under increasing loading (P = 0–2 kN with 1 kN increments). As shown in Figure 4a, several resonant peaks were observed within the examined frequency range, indicating strong coupling responses between the piezoelectric device and the host beam. Figure 4b illustrates a narrow frequency band of 31–36 kHz with resonant peaks. The admittance signature shifted to the right due to an increased applied load, implying an enhancement of the host beam’s modal stiffness. Figure 5a presents the admittance response in the 10–40 kHz range under different damage severities of the crack. The narrow frequency band of 31–36 kHz with resonant peaks is depicted in Figure 5b. It is observed that the admittance signature shifted to the left due to a decrease in the Young’s modulus of the damaged elements, suggesting a reduction in the modal stiffness of the system.



The RMSD metric was computed for both loading and damage cases. The entire frequency range of 10–40 kHz was used to calculate the metric, and the results are displayed in Figure 6a and Figure 6b, respectively. It is shown that the RMSD metric was almost zero for the intact case but significant for the damage and the applied load cases. The metric increased with the severity of the damage or the applied load. It is shown that the stress change and the presence of a crack in the host beam can be detected based on the evolution of the RMSD metric.





4. Experimental Study


4.1. Experimental Setup


4.1.1. Test Setup


The purpose of this experiment was to test the effectiveness of the admittance-based crack detection method in a lab-scale anchorage system. The test structure, shown in Figure 7a, was an anchorage of a prestressed reinforced concrete beam, being 6.4 m long with a T-shaped cross-section. As designed in the previous study [27], the beam had a compressive strength of 23.6 MPa and a mass density of about 2400 kg/m3. The beam was prestressed using a 7-wire steel strand with a nominal diameter of 15.2 mm and a tensile strength of 260 kN. A prestress load of 14 tons was introduced into the beam using a double acting cylinder hydraulic jack (model: DRW-50150, capacity 50 ton, manufactured by Shinjin Hydrotec) and a pump (model: DP-A, capacity 700 kg/cm2). More information about the geometrical parameters and structural properties of the tested beam can be found in [27].



A PZT interface was fabricated by a CNC (computer numerical controlled) milling machine with a tolerance ± 0.04 mm. The geometrical and piezoelectric properties of the fabricated device were the same as those simulated in Section 3. The device was located just below the anchor head, as shown in Figure 7a. The PZT transducer was connected to a commercial impedance analyzer, HIOKI 3532, which applied a harmonic voltage of 1V amplitude to the transducer. The admittance response was then recorded by the analyzer and, finally, visualized on a computer, as illustrated in Figure 7a.



The admittance response was recorded before and after structural damage using a swept frequency range of 10-40 kHz (501 swept points), identified from the numerical simulation in Section 3. The HIOKI-3532 analyzer was set to repeatedly measure the admittance response of the transducer five times per run, with a sampling rate of 200 Hz and a measurement time of 5ms. The laboratory temperature was closely monitored and maintained at a stable level throughout the experiment to eliminate any potential influence of temperature on the measured admittance response of the piezoelectric device.




4.1.2. Test Scenarios


A damage simulation technique using adding masses was adopted to simulate the structural damage in the anchorage. This technique can physically model the stiffness loss in the anchorage resulting from crack or corrosion damage without damaging the test structure [25,47,48]. Figure 7b shows the added masses used in this experiment. A single mass block has a cylindrical shape with a height of 10mm and a diameter of 40 mm. Damage 1 used a single mass block with a weight of 87 g, while Damage 2 used two mass blocks with a total weight of 174 g. The masses were magnetically attached to the bearing plate’s surface of the tested anchorage, as shown in Figure 8.



Two testing scenarios were simulated. In the first scenario, the masses were placed right above the anchor head to simulate Damage 1 and Damage 2, as shown in Figure 8a. It was noted that the interface was placed below the anchor head. The center-to-center distance between the transducer and the damage was 102 mm. This test aimed to examine the detectability of the PZT interface for distant damage when the wave propagation was scattered by the anchor head. In the second scenario, the masses were placed at the right side of the anchor head, close to the bonded section of the piezoelectric interface. Damage 1 and Damage 2 were simulated, as shown in Figure 8b. The center-to-center horizontal and vertical distances between the transducer and the damages were 33 mm and 40 mm, respectively. In the second scenario, it was noted that the space between the transducer and the damage had no obstacles.





4.2. Experimental Admittance Responses


Figure 9a shows the absolute value of the admittance response of the piezoelectric device under the first testing scenario. The effective frequency band and the curve pattern of the admittance response were quite similar between the simulation and the experiment. As identified in Section 3 through numerical simulations, the effective frequency band of the interface device was found to be 10–40 kHz with strong admittance resonances. In the experimental test, we observed similar strong resonances in the admittance spectrum of 10–40 kHz. Although there were some discrepancies in the admittance magnitude, the admittance response in the 30–35 kHz range in Figure 9b was well consistent with the simulated response in Figure 5b. The admittance response was slightly changed due to the damage. This was expected, since the damage was distant from the transducer, causing the elastic wave generated by the transducer to be heavily scattered by the anchor block.



Figure 10a displays the absolute value of the admittance response of the PZT interface under the second testing scenario. As shown in Figure 10b, the admittance response in the frequency band of 30–35 kHz shifted to the left due to the damage, resulting from the reduction in modal stiffness. This experimental observation was consistent with the numerical simulation results. As compared to the result in Figure 9b, the admittance response in Figure 10b exhibited considerable changes due to the damage. This was expected, as the damage in the second test scenario was closer to the PZT interface, and there was no obstacle between the damage and the transducer, enabling the generated elastic wave to easily propagate to the damage’s position with less attenuation and greater sensitivity. The admittance shift was found to increase with damage severity. These experimental results confirmed the reliability of the numerical simulation results in Section 3, and the use of the PZT interface technique ensured the consistency of the measured admittance responses, regardless of the target structure.




4.3. Damage Detection Using Admittance Response


To detect structural damage in the anchorage, we computed the RMSD metric and UCL threshold. We assessed three frequency bands: 10–40 kHz (whole examined band), 10–15 kHz (the first resonant zone), and 30–35 kHz (the second resonant zone). The results of the first testing scenario are presented in Figure 11a–c. The intact case showed negligible RMSD values that were below the UCL thresholds, while the damage cases showed significant RMSD values above the thresholds, indicating the successful detection of damage. Under Damage 1, both 10–40 kHz and 30–35 kHz displayed a substantial increase in the RMSD metric, while Damage 2 caused a sharp decrease in the metric. The 10–15 kHz band had a lower RMSD magnitude but exhibited a linear change in the RMSD with damage severity.



The results for the second testing scenario for the same three frequency ranges are shown in Figure 12a–c. Similar to the first scenario, the intact case showed negligible RMSD values, while the damage cases showed significant values above the UCL thresholds, indicating successful damage detection. In contrast to the distant damage case in the first scenario, both 10–40 kHz and 30–35 kHz showed linear changes in the RMSD metric for the second scenario. The RMSD of the 10–15 kHz band showed an increase under Damage 1 but a slight reduction under Damage 2.



To identify the optimal frequency range for damage assessment in the bearing plate of the anchorage, we investigated six frequency bands, including Range 1 (10–15 kHz), Range 2 (15–20 kHz), Range 3 (20–25 kHz), Range 4 (25–30 kHz), Range 5 (30–35 kHz), and Range 6 (35–40 kHz). The RMSD metric corresponding to each frequency sub-band is plotted in Figure 13. Each frequency band exhibited different sensitivities to structural damage, with all except Range 1 (10-15 kHz) displaying linear changes in the RMSD metric with damage severity. Based on the magnitude of the RMSD metric, we concluded that the 30–35 kHz frequency band was optimal for the damage assessment of the bearing plate.





5. Summary and Conclusions


This study aimed to evaluate the feasibility of the admittance-based method for detecting simulated damage in the bearing plate of a prestressed anchorage. To secure the repeatability of the admittance response acquired from the anchorage, we utilized the PZT interface technique. We assessed both the numerical and experimental feasibility of the method. In the numerical simulation, we successfully detected fatigue cracks and preload changes in a beam-like structure using the method. In the experimental evaluation, we assessed added mass to simulate crack/corrosion-type damage in the bearing plate of a lab-scale prestressed anchorage model. We tested two scenarios, one with damage close to the interface and one with damage distant from the interface. The admittance response was measured before and after the damage, and the RMSD metric was used to quantify the change in the admittance spectrum. Finally, we compared the damage metric of different frequency bands to determine an optimal band for simulated damage assessment in the tested anchorage.



From the numerical simulation and the experimental evaluation in this study, the following concluding remarks can be drawn, as follows: (i) The study demonstrated that strong resonances were observed in both numerical and experimental admittance signatures in the effective frequency band 10–40 kHz, with identical curve patterns. (ii) The admittance response shifted to the right when the structure gained stiffness and to the left as the structure was damaged (i.e., stiffness loss), as shown by the numerical results. (iii) The experimental results indicated that the admittance response shifted to the left due to the simulated damage, with higher sensitivity to the damage close to the interface device. (iv) The RMSD of the band 30–35 kHz showed a linear change with the damage severity and was the most sensitive to damage, thereby making it the optimal band for assessing damage in the bearing plate of a prestressed anchorage.



Based on these findings, the proposed admittance-based method, coupled with a resonance-enhanced piezoelectric device, appears to be a promising method for detecting simulated damage in the bearing plate of a prestressed anchorage. This preliminary study lays a foundation for further applications of the admittance-based technique for SHM of prestressed anchorages. In future studies, the admittance-based method will be evaluated for damage detection in real-world prestressed anchorage structures under more complex conditions. Additionally, there is a need to conduct long-term monitoring to track the progression of damage. Moreover, the effectiveness of the admittance-based method in detecting more realistic types of damage, such as corrosion and cracks, will also be examined.
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Figure 1. The admittance-based active sensing technique for damage monitoring of prestressed anchorage. 
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Figure 2. The target beam-like structure under loading and damage cases (unit: mm). 
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Figure 3. The finite element model of the fixed–fixed beam-like structure instrumented with a PZT interface at the center. 
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Figure 4. Numerical admittance responses under ascending loading. 
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Figure 5. Numerical admittance responses under reduced stiffness of damaged beam element. 
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Figure 6. RMSD metric of numerical admittance responses under loading and damage cases. 
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Figure 7. Experimental setup. 
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Figure 8. Simulation of damage scenarios in the prestressed anchorage. 
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Figure 9. Measured admittance responses under damage cases: damage distant from the transducer (the first test scenario). 
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Figure 10. Measured admittance responses under damage cases: damage close to the transducer (the second test scenario). 
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Figure 11. RMSD metric of measured admittance response under damage cases: damage distant from the transducer (the first test scenario). 
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Figure 12. RMSD metric of measured admittance response under damage cases: damage close to the transducer (the second test scenario). 
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Figure 13. Selection of the frequency range for damage assessment. 
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Table 1. Mechanical properties of the interface and the host beam.
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	Parameters
	The Interface Body and the Beam Structure





	Young’s modulus, E (GPa)
	70



	Poisson’s ratio, υ
	0.33



	Mass density, ρ (kg/m3)
	2700



	Damping loss factor, η
	0.02
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Table 2. Piezoelectric properties of the PZT-5A transducer.
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	Parameters
	Value





	Elastic compliance,

   s  i j k l  E    (m2/N)
	         16.4     − 5.74     − 7.22    0   0   0      − 5.74     16.4     − 7.22    0   0   0      − 7.22     − 7.22     18.8    0   0   0     0   0   0    47.5    0   0     0   0   0   0    47.5    0     0   0   0   0   0    44.3       ×   10   − 12     



	Dielectric coupling constant,    d  k i j     (C/N)
	        0   0     − 171       0   0     − 171       0   0    374      0    584    0      584    0   0     0   0   0      ×   10   − 12     



	Permittivity,    ε  j k  T    (Farad/m)
	         1730    0   0     0    1730    0     0   0    1700       ×   8.854 ×   10   − 12       



	Mass density, ρ (kg/m3)
	7750



	Damping loss factor, η
	0.005



	Dielectric loss factor, δ
	0.015
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