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Abstract


As a key load-bearing element in a prestressed structure, the anchor should be appropriately monitored to secure its as-built prestressing force. In previous studies, the impedance-based prestress force monitoring technique through a mountable lead–Zirconate–Titanate (PZT) interface was developed. However, the previous design of the PZT interface uses a two-point mount technique through two bonding layers, causing inconveniences during installation and replacement processes. To address this issue, we propose an alternative PZT interface model for prestress force monitoring based on the impedance method. The proposed model uses a single-point mounting technique that allows it to be more conveniently installed and replaced on a host structure. First, the electromechanical impedance of the proposed PZT interface is theoretically derived. The proof-of-concept of the proposed PZT interface for impedance monitoring is then shown by finite element modelling. Afterwards, a lab-scaled experiment is conducted on an anchoring system to demonstrate the practical application feasibility of the proposed technique. The obtained results show that the proposed technique can produce impedance responses that are highly sensitive to the prestress force. The performance of the proposed model for impedance-based prestress force monitoring is found to be comparable with the previous techniques (the washer-type mount and the two-point mount). Due to its advantage of simple design, the newly designed PZT interface is promising for the future development of the impedance-based anchor force monitoring systems in practice.
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1. Introduction


Post-tensioning is a common technique for reinforcing concrete structures such as buildings and bridges. After the concrete has gained its desired strength, steel tendons are prestressed against the applied service loads. Owing to the prestressing technique, the span of concrete structures can be significantly expanded. The prestressing force is an important parameter for the evaluation of structural integrity and damage assessment. The loss of prestress force would lead to a significant reduction in the flexural stiffness of the prestressed structure and eventually might cause catastrophic failures [1,2].



Various research attempts have been made to monitor prestress force by using electrical strain gauges and vibrating wire strain gauges [3,4]. For real-time monitoring, however, those sensor types may suffer long-term risk and electrical noise due to long-distance transmission. In recent years, fiber Bragg grating (FBG) sensors have shown good performance for monitoring civil structures due to their inherent self-referencing capability, light weight, and immunity to electromagnetic interference and corrosion [5,6,7]. By adopting those advantages, the smart tendon, which is instrumented with FBG strain sensors, was developed for the structural health monitoring of prestressed structures [8,9,10]. However, this technique is not cost-effective due to the high cost of the FBG-based smart tendon and the optical sensing interrogator system.



In the past decades, the impedance-based technique has been extensively studied and regarded as an innovative and low-cost tool for structural health monitoring [11,12,13,14,15,16,17,18]. Park et al. [13] discussed a real application of the technique for bolt-loosening detections in the main brackets, connecting the rear fuselage to the vertical tail of an airplane. They also presented a successful application of the impedance-based technique for assessing a damaged joint in a realistic pipeline system [13]. Min et al. [14] developed a method using artificial neural networks for autonomous frequency selection in impedance-based structural health monitoring. The method was verified for bolt loosening and crack monitoring of realistic steel bridge and building structures. Ho et al. [16] developed a solar-powered wireless impedance-based monitoring system for critical joints. They verified the developed system for long-term monitoring of a realistic cable-stayed bridge. The advantages of the impedance technique include cost-effectiveness, high accuracy, and applicability to structures with complex geometry. The technique uses piezoelectric ceramic patches to acquire the electromechanical impedance from a host structure. Because the impedance signature contains the local dynamic responses of the host structure, the structural damage can be diagnosed by tracking the impedance changes. PZT is one of the most common piezoelectric ceramics used for impedance-based damage detection. The PZT transducer is cheap, lightweight, robust, and has fast response [19]. Many researchers have successfully applied the impedance technique for prestress-loss monitoring of prestressed concrete structures [20,21,22,23]. Traditionally, PZT transducers are directly surface-mounted in the vicinity of the anchor block and the prestress force is monitored by detecting the change in impedance responses of the tendon-anchorage system [20,23]. However, the direct attachment of the transducer often leads to weak electromechanical impedance responses and therefore causes difficulties in searching for optimal frequency bands sensitive to the prestress force [20,24,25].



To address the above issues, Nguyen and Kim [26] developed a smart PZT washer technique for impedance-based prestress force monitoring. Instead of installing a PZT directly to the anchorage’s surface, it was alternatively mounted on a metal washer to create a smart PZT washer. This piezoelectric device was then inserted between the anchor block and the bearing plate to capture the prestress force change [26]. Although the piezoelectric washer technique can produce strong resonances in a predefined frequency range, its applicability to existing anchorages is limited [27,28]. To deal with this problem, mountable piezoelectric devices have been proposed [27,29,30]. The idea was to install a PZT patch on a fixed–fixed metal beam/plate to form a mountable PZT interface [27]. One of the main advantages of this device is its mobility, which allows the device to be easily mounted on and removed from the host structure. The middle part of the interface was specially designed to create strong impedance resonances in any desired frequency band [31]. Successful implementations of the mountable PZT interface technique for prestress force monitoring have been recently reported [29,32,33]. However, the previous design of the PZT interface uses a two-point mount technique through two bonded sections. This could cause inconveniences during installation and replacement processes because of the difficulty in making the same bond conditions for the two bonded sections in the field. Different bonding conditions of the bonded sections could result in nonlinearities in the changes in the electromechanical impedance. In addition, during its operation under varying ambient temperatures, additional stresses can be considerably induced in the interface body due to the constraints of the two bonded sections, and this may cause significant changes in the resonant peaks even though the host structure is not damaged [34].



To overcome this problem, we propose a novel design of the mountable PZT interface that uses a single-point mount. In the proposed model, the flexible section of the previous PZT interface is maintained to create strong resonances and one bonded section is eliminated to reduce the risk of bond degradation and improve convenience during the installation and replacement processes. Firstly, the fundamentals of the electromechanical impedance technique are briefly described. Secondly, the prototype of the single-point mount PZT interface is designed and its electromechanical impedance is theoretically derived. Thirdly, the numerical feasibility of the proposed model for impedance-based stress monitoring is shown by a finite element method. Consequently, the experiment is conducted on a lab-scaled anchor system to verify the practical application feasibility of the proposed transducer device. The performance of the proposed method is further compared to the previous techniques (the washer-type mount and the two-point mount) for impedance-based prestress force monitoring.




2. The Fundamental of Electromechanical Impedance Technique


In the electromechanical impedance-based technique, a PZT transducer is surface-bonded to a host structure. The PZT is then excited with a harmonic voltage V(ω) to obtain the electromechanical impedance responses of the host structure. Since the electromechanical impedance responses contain local dynamics of the host structure [35], the structural damage can be diagnosed by observing the variation in the measured impedance signatures. To accurately capture the damage at an early stage, the exciting frequency used in the impedance technique is often designed in ultrasonic bands [13,14].



Figure 1 shows a simplified one-dimensional (1-D) impedance model that describes the coupling between the PZT patch and the host structure during the PZT’s excitation. The host structure is represented by dynamic parameters such as the mass (ms), the damping coefficient (cs), and the stiffness parameter (ks). When the harmonic voltage is applied, the PZT is deformed due to the inverse piezoelectric effect. Since the PZT is bonded to the host structure, this piezoelectric deformation induces a harmonic force F(ω) into the host structure. The ability of the host structure to resist this harmonic motion is defined as the mechanical impedance Zs(ω). For the 1-D impedance model shown in Figure 1, the mechanical impedance of the host structure is computed as the ratio of force F(ω) to velocity, as follows [36]:


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



(1)







Where     u ˙  s   (ω) is the velocity of the host structure at the PZT’s driving point, ω is the angular frequency of the excitation voltage; i is the imaginary unit.



The measured electromechanical impedance, Z(ω), is a combined function of the structural impedance of the host structure (Zs(ω)) and the structural impedance of the PZT patch (Za(ω)), as follows [36]:


  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)




where     Y ^   x x  E  = ( 1 + i η )  Y  x x  E    is the complex Young’s modulus of the PZT patch at zero electric field;     ε ^   x x  T  = ( 1 − i δ )  ε  x x  T    is the complex dielectric constant at zero stress; the parameters η and δ are structural damping loss factor and dielectric loss factor of the PZT, respectively; d3x is the piezoelectric coupling constant in x-direction at zero stress; and    w a   , la, and ta are the width, length, and thickness of the PZT, respectively.



By substituting Equation (1) for Equation (2), the following expression is obtained:


  Z ( ω ) =    {  i ω    w a   l a     t a     [    ε ^   33  T  −  1     Z a  ( ω )  /   (   c s  +  m s     ω 2  −  k s  /  m s   ω  i  )    + 1    d  3 x  2    Y ^   x x  E   ]   }    − 1    



(3)







From Equation (3), it can be theoretically demonstrated that the measured electromechanical impedance at any swept frequency point consists of the information of the host structure (i.e., the mass, the damping, and the stiffness). Since the structural damage causes the change in those structural parameters, it is feasible to detect the structural damage by monitoring the alternation in the electromechanical impedance response.



It is noted that the electromechanical impedance response is a complex number, and the real part is often employed for damage detection since it contains more structural information than the imaginary part [13,14,37]. Meanwhile, the imaginary part mainly contains information about the PZT’s status, so it is often employed to diagnose the functionality of the PZT during structural health monitoring [37,38,39,40]. Furthermore, to effectively capture the initial stage of damage occurrence, the electromechanical impedance should be monitored in the resonant frequency band of the host structure [26].



To detect damage, the signature of post-damage impedance is often compared with the pre-damage impedance signature (i.e., the reference) by using statistical damage metrics. The root-mean-square deviation (RMSD) is one of the most widely used damage metrics in impedance-based damage detection. The RMSD index is calculated by [41,42]:


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



(4)




in which Z(ωj) is the impedance signature measured for the jth frequency at the reference state and Z*(ωj) is the impedance signature at the unknown stage (e.g., damaged stage), and N denotes the number of swept frequency points. Ideally, the RMSD index is equal to 0 if the two impedance signatures are identical, and therefore the structure is undamaged. The RMSD index is over 0 in the case of damage occurrence.




3. Design of Single-Point Mount PZT Interface and Its Numerical Feasibility


3.1. Conceptual Design of Single-Point Mount PZT Interface and Its Electromechanical Impedance


Figure 2a illustrates the conceptual design of the two-point mount PZT interface, which was previously developed in [27,28,43]. This design consists of three segments: two outside bonded parts and a middle unbonded part. The two outside parts allow the device to be easily mounted on and removed from the host structure, and the middle part is equipped with a PZT and designed as a flexural section to create strong vibrational responses during the PZT’s excitation. By controlling the geometrical and structural parameters of the flexural part, we can create strong impedance signals in any predefined frequency band. However, using two bonded sections could cause inconveniences during installation and replacement processes because it is hard to ensure the same bonding layers in the field. In addition, during its operation under varying ambient temperatures, additional stresses can be easily induced in the interface body due to the constraints of the two bonded sections [34]. This could cause bond degradation and significant changes in the resonant peaks.



To overcome this drawback, we created a novel design of the mountable PZT interface that uses a single-point mount, as conceptually sketched in Figure 2b. In this new design, the flexible section of the previous interface is kept to create strong resonances and one bonded section is eliminated. With only one bonded section, the PZT interface can be more conveniently installed on the existing structure or more easily replaced when it is degraded. Furthermore, the risk of bond degradation can be also reduced due to fewer bonding layers and free thermal expansion of the flexible part under variation in ambient temperature.



The interaction of the PZT interface and the host structure during the PZT’s excitation can be described by the 2-degree-of-freedom (dof) model [34], as sketched in Figure 3. The dynamic properties of the interface body include the mass (mi), the damping coefficient (ci), and the stiffness parameter (ki). In Figure 3, ui is the displacement of the interface at the PZT’s driving point, Zi(ω) is the mechanical impedance of the interface. During the PZT’s excitation, there are coupling responses between the PZT and the interface and between the interface and the host structure. By using the 2-dof model, the equivalent mechanical impedance of the interface–host structure system    Z ¯  ( ω )   can be expressed by [34]:


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



(5)




where the terms (Kmn(ω)), in which m, n = 1, 2, are the “dynamic stiffness” terms and are expressed by:


   [       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  )      ]   



(6)







By replacing Zs in Equation (2) with    Z ¯  ( ω )   in Equation (5), we can obtain the overall electromechanical impedance of the PZT interface–host structure system as follows:


  Z ( ω ) =    {  i ω    w a   l a     t a     [    ε ^   33  T  −  1     Z a  ( ω )  /   (     K  11   ( ω )  K  22   ( ω ) −  K  12  2  ( ω )   i ω  K  22   ( ω )    )    + 1    d  3 x  2    Y ^   x x  E   ]   }    − 1    



(7)







Equation (7) shows that if the structural parameters of the host structure are altered due to the structural damage, the electromechanical impedance measured from the PZT interface at any frequency points change. Therefore, it is feasible to detect the structural damage by tracking the change in the impedance signature of the PZT interface.




3.2. Numerical Feasibility of Single-Point Mount PZT Interface


The numerical impedance simulations were conducted to verify the feasibility of the proposed PZT interface prototype for detecting stress change in a beam-like structure. We used a commercial finite element program, COMSOL Multiphysics, to perform the simulations. Figure 4 shows the geometry and the clamped–clamped boundary conditions of the beam. The beam had a uniform cross-section of 50 × 5 mm and a length of 300 mm. To simulate the effect of the prestress on the impedance response, a concentrated load was placed on the middle of the beam. Three levels of the concentrated load P = 0, 1, and 2 kN were investigated sequentially. A finite element model of the beam equipped with a single-point PZT interface was constructed in COMSOL, as shown in Figure 5a. In the finite element model, the PZT interface was installed in the middle of the beam. It was designed with a bonded section of 35 × 33 × 5 mm, a flexible section of 30 × 33 × 4 mm, and a PZT of 20 × 20 × 0.51 mm. The interface bodies and the beam were assigned by aluminum with the mechanical properties listed in Table 1 [35]. The PZT patches were added by the piezoelectric material PZT-5A, with the properties listed in Table 2 [35]. To acquire the impedance responses, a harmonic excitation voltage with an amplitude of 1 V was simulated on the top surface of the PZT patch, and the ground electrode was applied to the bottom surface.



Figure 5b shows the finite element model meshed by hexahedral solid elements (8-nodes). The finer meshing was used for the PZT to accurately simulate the stress wave. Two modules of COMSOL, piezoelectric devices and solid mechanics, were coupled to simulate the electromechanical impedance response of the PZT interfaces. Figure 5c shows the deformation of the PZT interface–beam system under a piezoelectric excitation at 10 kHz. It is shown that the interface was strongly coupled with the beam during the excitation, as explained in the previous section. When the beam was stressed or damaged, this coupled vibration response was altered, making the variation of the electromechanical impedance at that frequency.



The real part of the electromechanical impedance in the frequency band of 10–40 kHz is plotted in Figure 6. Many resonant peaks were observed in the examined frequency band, showing strong coupling responses between the PZT interface and the host beam. The figure shows that the impedance signature was sensitively altered by the increment of the applied load. Specifically, the impedance peaks shifted towards the right, implying the enhancement of the modal stiffness of the beam. This is reasonable because the examined beam was thin and therefore it gained tensile stiffness under the effect of the concentrated load.



The RMSD indices of the impedance signatures were computed using the frequency band of 10–40 kHz and are plotted in Figure 7. The result shows that the RMSD index increased with the applied load quite linearly. By using the RMSD index, it was feasible to detect the stress change in the beam. The numerical simulation verified the feasibility of the proposed single-point mount PZT interface for impedance-based stress monitoring.





4. Experimental Feasibility Study


4.1. Experimental Setup


An experiment was carried out for a lab-scale cable-anchorage system to validate the implementation of the proposed PZT interface for impedance-based anchor force monitoring. As shown in Figure 8a, a steel tendon with a length of 6.4 m was anchored by two bearing plates at two ends. A stressing device was instrumented at the left end to control the prestress force. The stressing device included a double acting cylinder hydraulic jack (Shinjin Hydrotec, model: DRW-50150, capacity 50 ton) and a pump (model: DP-2A, capacity 700 kg/cm2). A load cell was also installed at the left anchorage to measure the tendon force. The experimental setup of the right anchorage is depicted in Figure 8b. The anchorage was equipped with three PZT interfaces (i.e., the washer type, the two-point mount, and the proposed single-point mount models). The interface bodies were fabricated from aluminum and the transducers were prepared using PZT-5A. The geometric parameters of the PZT interfaces and their locations on the bearing plate are sketched in Figure 8c. The PZT on the washer-type model had a size of 20 × 20 × 0.51 mm and the others had the same size of 15 × 15 × 0.51 mm.



To obtain the electromechanical impedance, the PZT patches were excited by a harmonic voltage of 1V amplitude, and the impedance responses were measured by a commercial impedance analyzer, HIOKI 3532. The anchorage was initially prestressed by the stressing device to the level of 5 ton (T1), and this prestress level was considered the healthy state. Next, the prestress force was sequentially reduced to 4 ton (T2), 3 ton (T3), and 2 ton (T4) to simulate the prestress-loss cases. For each level of prestress force, five impedance signals in the frequency range of 10–100 kHz (501 swept points) were sampled. For the impedance measurement analyzer HIOKI-3532, we selected sampling rates as “FAST” with the most rapid measurement time of 5 ms (sampling rate of 200 Hz). The laboratory temperature was controlled within 23–24 °C during the experiment to avoid the temperature effect on the measured electromechanical impedance of the PZT interfaces.




4.2. Electromechanical Impedance Responses


The real part of the electromechanical impedance of the three transducer models is plotted in Figure 9a. Many resonant peaks with different frequencies were observed in the examined frequency band (see Figure 9a). The impedance signature of the washer-type model showed two strong peaks around 17 kHz and 60 kHz, whereas the two-point mount model showed two significant peaks around 18 kHz and 81 kHz [28]. The proposed single-point mount model produced a few impedance peaks with considerable magnitudes in the band of 10–100 kHz (see Figure 9a). They were identified around 26 kHz, 30 kHz, 35 kHz, 74 kHz, and 93 kHz.



Figure 9b shows the imaginary part of the electromechanical impedance of the three transducer models. It is shown that the curves of the imaginary part of the two-point mount model and the proposed single-point mount model were quite consistent, whereas the curve of the washer-type model showed a downward deviation. The first and the second models used the same size of PZT, whereas the third model used a larger size of the PZT. The larger size of the PZT caused the lower curve of the imaginary part of the electromechanical impedance, as experimentally demonstrated in [38].




4.3. Monitoring of Anchor Force Reduction Using Electromechanical Impedance Responses


Figure 10a shows the real impedance responses in 10–100 kHz of the washer-type PZT interface under different prestress levels. As zoomed in on in Figure 10b, the real impedance in 10–25 kHz was sensitively varied with the reduction of the prestress force. Particularly, the impedance peaks were shifted to the left as the prestress force was decreased. To detect the change in the prestress force, the RMSD index of the real impedance was computed using the whole frequency range of 10–100 kHz, as plotted in Figure 11a. It is shown that the RMSD was altered when the prestress force was reduced; however, the relationship between them was considerably nonlinear. The real impedance in a subrange of 10–25 kHz, which contained the most significant peaks, was examined. As shown in Figure 11b, the RMSD of the subrange 10–25 kHz also showed a high level of nonlinearity with the prestress force. There was a sharp drop in the RMSD at the prestress force T3 = 3 ton. This means that the reduction of the prestress force from T4 = 4 ton to T3 = 3 ton was not successfully detected. We analyzed different subranges within 10–100 kHz, and found that the result was improved when the frequency band of 40–50 kHz was employed. As shown in Figure 11c, there was no drop in the RMSD index and three prestress-loss cases could be classified. However, the relationship between the RMSD and the prestress force was pretty nonlinear.



Next, the impedance response of the two-point mount PZT interface was analyzed. Figure 12a shows the real impedance signatures in 10–100 kHz under different prestress forces. The real impedance was altered as the prestress force went down, as seen in Figure 12b. The impedance peaks tended to shift to the left side. The RMSD indices were computed for the whole frequency band of 10–100 kHz and the narrow band of 78–85 kHz (which contained the second significant peak), as shown in Figure 13a,b, respectively. The figures show that the relationships between the RMSD and the prestress force were pretty linear.



Lastly, the impedance response of the proposed single-point mount model was analyzed. The real impedance signatures in 10–100 kHz for different prestress forces were shown in Figure 14a. The real impedance of the resonant peaks was sensitively changed with the decreased prestress force, as seen in Figure 14b. Similar to the above models, the impedance peaks were shifted leftward. The RMSD was computed for the whole frequency band of 10–100 kHz and plotted in Figure 15a. It is shown that all prestress-loss cases were well classified using the RMSD index and the relationship between the RMSD and the prestress force was found to be pretty linear. This is similar to the previous observation by finite element modeling in Section 3.2. However, we found that when the narrow band of 70–80 kHz (which contained the second significant peak) was employed, the result was much enhanced. In particular, the RMSD of the impedance signatures of 70–80 kHz showed a strong linear relationship with the prestress force, as seen in Figure 15b.



In our method, the proposed PZT interface was mounted on the bearing plate. In general, any changes in the structural parameters of the bearing plate lead to variations in the electromechanical impedance of the PZT interface, as previously explained in Section 3.1. In the experiment, because the bearing plate was clamped by the anchor block, the electromechanical impedance was varied with the prestress force. If the bearing plate is cracked, its structural parameters change, and this also leads to variations in the electromechanical impedance of the PZT interface. In reality, the electromechanical impedance of the PZT interface is also influenced by the variation in environmental temperatures. The impedance is shifted even when there is no structural damage [34,44]. Therefore, to secure the reliability of the damage detection results, temperature-compensated algorithms are often adopted to filter the effects of temperature change from the electromechanical impedance [15,22,43,45]. This remains to be studied in the future.





5. Summary and Conclusions


In this study, we newly proposed a single-point mount PZT interface for the anchor force monitoring problem. The proposed device uses a single-point mount technique to overcome the limitation of the previous two-point mount model. The electromechanical impedance response of the proposed device was theoretically explained by using a 2-dof impedance model of the PZT interface–host structure system. The proof-of-concept of the proposed PZT interface for impedance monitoring was demonstrated by finite element modeling. To demonstrate the practical application feasibility of the proposed method, a lab-scaled experiment was carried out on an anchor system. Three PZT interface models were designed and installed at the anchorage, including the proposed model, the two-point mount model, and the washer-type model. The electromechanical impedance responses of the models were analyzed and the RMSD was calculated for the prestress force monitoring.



From the finite element and experimental analyses, it is concluded that (1) the proposed single-point mount PZT interface can produce strong resonant impedance responses that are sensitive to the prestress force changes, (2) the RMSD index indicates that the proposed single-point mount model is concretely linear with the prestress-loss when a proper frequency band is used (e.g., the frequency band of 70–80 kHz in the experimentation), (3) the performance of the proposed model for the prestress force monitoring is at least comparable with the previous models (i.e., the washer-type mount and the two-point mount), and (4) the proposed PZT interface prototype is simple and convenient for on-site installation or replacement and therefore promising for future development of impedance-based anchor force monitoring systems.



This is a preliminary study to show the feasibility of the proposed single-point mount PZT interface, and remaining work includes (1) analyzing the geometric effect of the proposed device and optimizing its dimensional parameters, (2) analyzing the local dynamics characteristics of the proposed PZT interface, and (3) evaluating the performance of the device under varying ambient conditions such as temperature change.
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Figure 1. The one-dimensional model of PZT–host structure interaction (us is the displacement, I(ω) is the output current, V(ω) is the applied voltage). 
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Figure 2. Conceptual design of the mountable PZT interface: two-point mount vs. single-point mount. 
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Figure 3. The 2-dof electromechanical impedance model of the PZT interface–host structure system. 
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Figure 4. Geometrical parameters and boundary conditions of the host beam (unit: mm). 
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Figure 5. The finite element model of the beam equipped with a single-point mount PZT interface. 
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Figure 6. Impedance responses of two PZT interfaces under an ascending concentrated load. 
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Figure 7. The RMSD index of the impedance signatures under an ascending concentrated load. 
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Figure 8. Setup of the lab-scaled prestressed anchorage. 
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Figure 9. Measured electromechanical impedance responses of three PZT interface models. 
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Figure 10. Real electromechanical impedance responses of the washer-type PZT interface. 
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Figure 11. The RMSD index of the electromechanical impedance of the washer-type PZT interface. 
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Figure 12. Real electromechanical impedance responses of the two-point mount PZT interface. 
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Figure 13. The RMSD index of the electromechanical impedance of the two-point mount PZT interface. 
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Figure 14. Real electromechanical impedance responses of the single-point mount PZT interface. 
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Figure 15. The RMSD index of the electromechanical impedance of the single-point mount PZT interface. 
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Table 1. Mechanical properties of the aluminum [35].
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	Parameters
	The Interface and the Beam





	Young’s modulus, E (GPa)
	70



	Poisson’s ratio, υ
	0.33



	Mass density, ρ (kg/m3)
	2700



	Damping loss factor, η
	0.02










 





Table 2. Properties of the PZT-5A patch [35].
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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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(b) Meshed finite element model.
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(c) Coupling response of the finite element model at 10 kHz.
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