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ABSTRACT 
 

In this paper, a new prototype of PZT-CFRP (carbon fiber reinforced polymer) 
interface for impedance monitoring in multi-strand tendon anchorage systems is 
presented. Firstly, the PZT interface-based impedance monitoring method is visited. 
Secondly, a hoop prototype of PZT-CFRP interface is proposed to detect the stress 
field changes in the anchor head of the multi-strand tendon anchorage systems. The 
use of CRFP material allows easier fabrication of the hoop-type interface. Thirdly, a 
finite element (FE) model of a 7-strand tendon anchorage is established to evaluate the 
feasibility of the proposed PZT-CFRP interface. Under various prestress-loss cases 
simulated in FE models, the sensitivity of the impedance signatures obtained from the 
interface is analyzed. Finally, the CFRP interface is equipped with an array of PZTs for 
the identification of the damaged cables. The location of damaged cables is revealed 
via comparing the sensitivity of the impedance signatures of the array sensors. The 
result showed that the hoop type of PZT-CFRP interface can be used as a potential 
sensing device for prestress force monitoring in multi-strand tendon anchorage systems. 

 
 

1. INTRODUCTION 
 

Post-tensioning has been an increasingly popular technique used in civil, and 
infrastructure construction because of its advantages such as improved original 
concrete properties, control of crack, faster installation, reducing construction cost. 
However, under environmental effects, and operational conditions, the damages in 
prestressed concrete structures may happen. Among various damage types, the loss of 
prestress in strands due to shrinkage and creep in concrete, corrosion of strands and 
wedges, relaxation of prestressing strands, fatigue in anchorage systems has received 
significant attention. Because of their important roles, any damage in anchorage 
systems may induce potential risks in whole structure. Hence, prestress force 
monitoring becomes essential to ensure the safety of prestressed concrete structures.  
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In recent years, researchers have attempted to determine the prestress force in 
existing tendon anchorage systems. Kim et al. (2004) proposed a method to detect the 
loss of prestress forces that based on the relationship between experimental natural 
frequencies, and relative changes in tension forces. Ho et al. (2012) estimated 
prestress force in prestress concrete by using vibration characteristics, and system 
identification. By updating numerically natural frequencies matched with natural 
frequencies of a target structure, the prestress-loss can be identified. Nguyen and Kim 
(2012), and Huynh et al. (2015) proposed a PZT interface-based impedance monitoring 
technique. A PZT patch is attached to an aluminum interface, and electromechanical 
(EM) impedances of structure were obtained via the PZT interface. The loss of 
prestress force can be detected by monitoring the stress field changes or quantitative 
impedance signatures of the PZT interface. With the use of proposed PZT interface, the 
effective frequency band was reduced under 100 kHz which is convenient for 
application of wireless impedance technique. Min et al. (2016) proposed a methodology 
to estimate remaining tensile force by using EM impedance characteristics. In their 
method, the impedance signatures were measured from a PZT patch attached on an 
anchor head, and another attached on a bearing plate.  

Although the PZT interface technique has developed and verified on a lab-scaled 
tendon anchorage systems, its implementation for a real scale of tendon anchorage 
such as multi-strand tendon anchorages has not been evaluated. Also, the prototype of 
PZT interface (Huynh et al. 2015) is currently applied to only a target structure which 
has flat surfaces. Additionally, for the multi-strand tendon anchorage systems, damage 
can be occurred at any strands, and thus an identity technique of damaged tendons is 
needed.  

This study presents a new prototype of PZT-CFRP interface for impedance 
monitoring in multi-strand tendon anchorage systems. To obtain the objectives, the 
following approaches are implemented. Firstly, the PZT interface-based impedance 
monitoring method is visited. Secondly, a hoop prototype of PZT-CFRP interface is 
proposed to detect the stress field changes in the anchor head of the multi-strand 
tendon anchorage systems. Thirdly, a FE model of a 7-strand tendon anchorage is 
established to evaluate the feasibility of the proposed PZT-CFRP interface. Under 
various prestress-loss cases simulated in FE models, the sensitivity of the impedance 
signatures obtained from the interface is analyzed. Finally, the CFRP interface is 
equipped with an array of PZTs for the identification of the damaged cables. The 
location of damaged cables is revealed via comparing the sensitivity of the impedance 
signatures of the array sensors. 

 
 

2. PZT INTERFACE-BASED IMPEDANCE MONITORING METHOD 
 

2.1. Impedance-based Monitoring Technique 
The impedance-based method is based on the coupling of mechanical, and 

electrical characteristics (Liang et al. 1996). A piezoelectric patch can be utilized as 
sensor, and actuator embedded on the surface of a host structure. The electrical effects 
of piezoelectric are partly controlled by mechanical effects of host structure. As shown 
in Fig. 1, the interaction between the PZT patch, and the host structure is explained as 
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an idealized 1D EM relation. The host structure is described as a single degree of 
freedom with mass M, stiffness K, damping ratio C. 

 
Fig. 1 1D model of coupling interaction between PZT, and structure (Liang et al. 1996) 

 
In practice, the electric current I() is measured, and it is utilized to calculate EM 

impedance, as follows (Liang et al. 1994):  
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where ˆ (1 )E E
xx xxY i Y   is the complex Young’s modulus of the PZT patch at zero electric 

field; ˆ (1 )T T
xx xxi    is the complex dielectric constant at zero stress; d3x is the 

piezoelectric coupling constant in x-direction at zero stress; and wa, la, and ta are the 
width, length, and thickness of the PZT patch, respectively. The parameters  and  are 
structural damping loss factor, and dielectric loss factor of piezoelectric material, 
respectively. Eq. (1) shows that the EM impedance, Z(), is a combined function of the 
structural mechanical (SM) impedance of the piezoelectric patch, Za(), and that of the 
host structure, Zs(). The structural impedance of host structure is calculated, as 
follows (Liang et al. 1994): 
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where c, and m are the damping coefficient, and the mass of the structure, respectively; 
n,  are the angular natural frequency of the structure, and the excitation voltage, 
respectively. The SM impedance, Zs(), is a function of mass, damping, and stiffness of 
structural properties. Hence, the changes in structural properties (K, M, C) can be 
represented the change in EM impedance. 

 
2.2.  PZT Interface-based Impedance Monitoring Technique 
The PZT interface was proposed for predetermining the effective frequency bands 

in impedance monitoring practices (Nguyen and Kim 2012, Huynh and Kim 2014, and 
Huynh et al. 2015). The PZT interface can be also used to reduce the effective 
frequency bands of impedance signature under 100 kHz which allows wireless 
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Table 1. PZT 5A was selected for the interface, detailed information about 
material properties of PZT 5A can be found at Efunda, (2016). The damping loss 
factors of CFRP, and anchorage system were selected equal to 1% for bare structure 
(Bachmann et al. 1995).  
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Fig. 10 Impedance signature of PZT-CFRP interface in intact case 

 

a) First peak 

b) Second peak 
Fig. 11 Impedance signatures under prestress-loss cases 
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Fig. 10 shows the impedance signature of PZT-CFRP interface equipped on 
anchorage system in intact case (T0). There are two resonant impedance peaks at 
20.94 kHz for the first peak, and 165.2 kHz for the second peak. The numerical 
impedance signatures under prestress-loss events are shown in Fig. 11. For the first 
peak, the real impedance was varied under prestress-loss cases while the variation of 
second peak was not clear. As shown in Fig. 11a, the first resonant peak of impedance 
signature was shifted to the left under increasing prestress-loss. It indicates that the 
prestress-loss decreased modal stiffness of interface.  

 

a) First peak b) Second peak 
Fig. 12 RMSD indices of impedance signatures 

 
Next, RMSD index was used to quantify the change of impedance signatures 

under prestress-loss cases. As shown in Fig. 12a, the RMSD index of first impedance 
peak is 2.4% in case T1 (equivalent to one loosened cable) while the ones of second 
peak is only 0.12%. In case T2, the RMSD indices are 4.79%, and 0.23% for the first 
peak, and second peak, respectively. In the case T3, the RMSD indices are 7.16% for 
the first peak and 0.34% for the second peak. The RMSD indices show that the first 
peak of impedance signature is a more sensitive indicator than the second ones. Thus, 
the proposed PZT-CFRP interface has enough sensitivity for prestress force monitoring 
in anchorage systems.  

 
4.3. Identification of Damaged Cables using Multiple PZTs-CFRP Interface 
In order to identify the location of damaged cables via comparing the sensitivity of 

impedance signatures of multiple PZTs. FE models of anchorage system equipped with 
the PZTs-CFRP interface  were analyzed under damage scenarios, as shown in Table 
2. In intact case, the prestress force was introduced into all strands of the anchor head 
with 15 tons per one strand. For single damage, Cable 3, and Cable 4 were completely 
loosened in case 1, and case 2, respectively. For multiple damaged cables, Cable 3&4 
were completely loosened. Due to the sensitivity of first impedance peak, the 
impedance signatures were analyzed in the band width of 1 kHz from 20.4 kHz to 21.4 
kHz for all PZTs.  
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a) Impedance signature of PZT 1 b) Impedance signature of PZT 2 

 
c) Impedance signature of PTZ 3 

d) Impedance signature of PTZ 4 
Fig. 13 Impedance signature of multiple PZTs-CFRP interface 
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PZT has different amplitude. It is observed that the impedance responses of sensors 
near loosened cables have more variation than the others. This is because the 
sensitivity of PZT is distance-dependent. 

 
Table 2. Damage scenarios for impedance simulation using multiple PZTs-CFRP 

interface 
Damage cases Damage scenarios Applied force (tons)

Intact All cables are applied force 105  
Case 1 Cable 3 is completely loosened 90 
Case 2 Cable 4 is completely loosened 90 
Case 3 Cable 3&4 are completely loosened 75 

 

a) Case 1: Cable 3 damaged b) Case 2: Cable 4 damaged 

c) Case 3: Cable 3&4 damaged 
Fig. 14 RMSD indices of impedance signatures in multiple PZTs-CFRP interface 
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indices of sensor 3, and 4 got the approximate value (2.68%), while the other sensors 
got smaller value of RMSD (0.93%), as shown in Fig. 14a. For the case 2, the RMSD 
index of PZT 3 had the largest value (6.75%) because the distance from the PZT 3 to 
the damaged cable was nearest, as shown in Fig. 14b. For multiple damaged cables, 
when Cable 3, and Cable 4 were concurrently loosened, the RMSD index in PZT 3 got 
the largest value (9.37%). This is because the location of PZT 3 was the most close to 
the two damaged cables. By comparing the RMSD indices of four PZTs with different 
damaged cables, the location of damaged cables is identified. Therefore, the proposed 
multiple PZTs-CFRP interface can be used as the sensing device in impedance-based 
monitoring technique for anchorage systems. 

 
 

5. CONCLUSION 
 

In this paper, the new prototype of PZT-CFRP interface for impedance monitoring 
in multi-strand tendon anchorage systems was presented. Firstly, the PZT interface-
based impedance monitoring method was visited. Secondly, the hoop prototype of 
PZT-CFRP interface was proposed to detect the stress field changes in the anchor 
head of the multi-strand tendon anchorage systems. Thirdly, the FE model of a 7-strand 
tendon anchorage was established to evaluate the feasibility of the proposed PZT-
CFRP interface. Under various prestress-loss cases simulated in FE models, the 
sensitivity of impedance signatures obtained from the interface was analyzed. Finally, 
the CFRP interface was equipped with the array of PZTs for the identification of 
damaged cables. The location of damaged cables was revealed via comparing the 
sensitivity of impedance signatures of the array sensors. The result showed that the 
hoop type of PZT-CFRP interface can be used as the potential sensing device for 
prestress force monitoring in multi-strand tendon anchorage systems. 
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