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Abstract.  In this study, parametric analyses on a hoop-type PZT (lead-zirconate-titanate) interface are performed to 
estimate the effects of the PZT interface’s materials and geometries on sensitivities of impedance responses under 
strand breakage. The paper provides a guideline for installing the PZT interface suitable in tendon anchorages for 
damage-sensitive impedance signatures. Firstly, the concept of the PZT interface-based impedance monitoring 
technique in prestressed tendon anchorage is briefly described. A FE (finite element) analysis is conducted on a multi-
strands anchorage equipped with a hoop-type PZT interface for analyzing materials and geometric effects. Various 
material properties, geometric sizes of the interface, and PZT sensor are simulated under two states of prestressing force 
for acquiring impedance responses. Changes in impedance signals are statistically quantified to analyze the effect of 
these factors on damage-sensitive impedance monitoring in the tendon anchorage. Finally, experimental analyses are 
performed to demonstrate the effects of materials and geometrical properties of the PZT interface on damage-sensitive 
impedance monitoring. 
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1. Introduction 
 

As the critical component of the prestressed concrete (PSC) structure, the tendon anchorage 

resists extreme prestress force before transferring it to the main structure (Cervenka et al. 2014). 

The instant loss of prestress force occurs due to the displacement in the anchoring subsystem during 

the installation of strands. Also, the time-dependent loss occurs due to strand corrosion, creep, and 

shrinkage of concrete anchorage (Tadros et al. 2003, Yang et al. 2020). The early detection of the 

prestress-loss is a critical issue to ensure structural integrity and to minimize the cost for long-term 

maintenance (Mehrabi et al. 2010). 

Various structural health monitoring (SHM) methods have been developed for monitoring 

prestress-force levels based on contact-based sensors (Kim et al. 2010, Abdullah et al. 2015, Huynh 
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et al. 2017, Li et al. 2018, Hiba et al. 2019, Dang et al. 2020b, Kim et al. 2020). Vision-based cable 

force estimation has also been developed to monitor tensile forces of cables via deep learning 

algorithms and computer configurations (Kim et al. 2013, Tian et al. 2020). The SHM methods were 

applied to monitor long-term performances on real-scale PSC bridges under certain conditions 

(Yang et al. 2008, Ni et al. 2012, Asadollahi et al. 2017, Hu et al. 2017, Hwang et al. 2021). 

Vibration-based methods utilized modal parameters to identify the variation of structural 

characteristics induced by the change in prestress forces (Hamed et al. 2006, Ho et al. 2012). 

Moreover, vibration-based force monitoring has been proven successful for cable-stayed structures 

in which the cable-force is directly related to natural frequencies (Peeters et al. 2001, Ren et al. 

2005, Zhang et al. 2020). However, modal vibration parameters are insensitive to minor structural 

damage. Also, the computer learning model should be generated to represent the baseline structural 

parameters, which demands a complex process for updating models (Ho et al. 2012, Ferrari et al. 

2019). In addition, strain-based methods have been adopted to develop smart strands, in which fiber-

optic sensors were embedded into the center wire of the 7-wire strand (Kim et al. 2012). Guided 

ultrasonic waves (GUWs) were applied when the end-tendons were free for placing transducers to 

excite and obtain GUWs (Moustafa et al. 2014). Meanwhile, other research groups have investigated 

effects of thermal actions on the monitoring results of the tower displacement in cable-stayed bridge 

(Yang et al. 2018b) and cable-stayed bridge girder deflection (Yang et al. 2018a). 

For the last two decades, impedance-based methods have been implemented for various local 

health monitoring tasks (Kim et al. 2010, Min et al. 2016, Lu et al. 2018, Na 2018). For the methods, 

PZT (lead-zirconate-titanate) patches are installed onto monitored structures to acquire impedance 

signals via smart devices (e.g., smart probe (Lu et al. 2018), smart interface (Huynh et al. 2014), 

and smart aggregate (Wu et al. 2018)) or surface-mounted sensors (Yang et al. 2010, Min et al. 

2016). Impedance features such as statistical metrics and frequency-shift extracted from impedance 

signals are utilized to estimate changes in structural conditions. The first implementation of the 

impedance-based method for monitoring prestress force in a real-scale PSC bridge was conducted 

by Kim et al. (2010). A PZT sensor is affixed on a steel plate of a tendon anchorage to acquire 

impedance responses under a series of prestress-force loss and structural damage. Also, Min et al. 

(2016) utilized changes in impedance features, which were measured from surface-mounted PZT 

sensors on a multi-strand anchorage, to estimate remaining tensile forces. In their studies, frequency 

bands over 100 kHz (demanding a high-cost impedance analyzer) were measured from surface-

mounted PZT sensors (Kim et al. 2010, Min et al. 2016, Ai et al. 2018), which led to troubles in 

acquiring impedance signals and difficulties in determining damage-sensitive frequency ranges. 

To deal with the above issues, a fixed type PZT interface was proposed by Nguyen and Kim 

(Nguyen et al. 2012). The fixed type interface was designed to synchronize lower resonant 

frequencies of the interface body that enhanced sensitive impedance responses. To improve practical 

usage, a portable PZT interface device was proposed as an alternative way for impedance 

measurement that enables the predetermination of impedance frequency bands (Huynh et al. 2014). 

Also, Dang et al. (2020b) proposed hoop-type PZT interfaces fitted to multi-strands anchorage for 

impedance measurement of local damaged strands. The feasibilities of those PZT interfaces for 

monitoring several scenarios in prestressed structures (e.g., prestress force and strand breakage) have 

been evaluated from lab-scaled experiments and numerical analyses. 

The optimization of sensor placement and sensor size is a critical issue to realize an efficient 

structural health monitoring system. Optimal sensor placement has received attention from research 

communities since the SHM result is primarily affected by sensor placement (He et al. 2014, Zhou 

et al. 2015, Aloui et al. 2019, Hou et al. 2019, Dang et al. 2020a). Sensor designs, including sensor  
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(a) Flat PZT interface for mono-strand anchorage        (b) 2-DOF impedance model 

Fig. 1 Concept of impedance measurement via PZT interface at prestressed anchorage 

 

 

sizes, materials, and protective sensor layer, also have significant effects on monitoring results (Yan 

et al. 2006, Yao et al. 2015, Huynh et al. 2019, Ai et al. 2020). Ai et al. (2020) investigated the 

effects of accelerator/retarder admixtures on hydration monitoring using impedance features of PZT 

sensors. Yang et al. (2021) optimized sensor design for SHM using a modified f-divergence 

objective functional. Yao et al. (2015) optimized the arrangement of the sensor array to improve the 

probability of damage detection. Also, Huynh et al. (2019) and Ryu et al. (2017) illustrated that the 

sensitivity of impedance features obtained from the PZT interface depended on the design 

parameters of the sensing devices. The effect of the PZT interface’s characteristics on measured 

impedance signature should be quantitatively investigated to sensitively monitor incipient structural 

damage in tendon anchorage members. 

In this study, parametric analyses on the hoop-type PZT interface are performed to estimate the 

effects of the PZT interface’s materials and geometries on sensitivities of impedance variations-

induced damaged strands. The study provides a guideline for installing the PZT interface suitable 

for damage-sensitive impedance responses in tendon anchorage. Firstly, the concept of the PZT 

interface-based impedance monitoring technique in prestressed tendon anchorage is briefly 

described. Secondly, a finite element (FE) model of 9-strands anchorage equipped with a hoop-type 

PZT interface is built using a commercial FE tool. Various material properties, geometric constants 

of PZT sensor, and interface are simulated to acquire impedance signatures under a damaged strand 

event. The RMSD (root-mean-square-deviation) damage metric is utilized to quantify the effects of 

these parameters on damage-sensitive impedance responses. Finally, experimental analyses are 

performed to demonstrate the effects of material and geometrical properties of the PZT and the 

interface on damage-sensitive impedance monitoring. 

 

 

2. Impedance monitoring model for prestressed tendon anchorage 
 

For impedance measurement in a prestressed tendon anchorage, a PZT interface technique is 

schematized in Fig. 1. The anchorage consists of a steel plate and an anchor block, which transfers 

the tensile force of the steel strand into the concrete structure. Contact stiffness is formed between 

the steel plate and the concrete block. The portable interface has two bonding parts and a deformable 
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part on which PZT is attached. The PZT interface is bonded on the anchorage surface to sense 

impedance responses from the interaction between the PZT interface and the structure (Huynh et al. 

2014). As the prestress force P is altered, it leads to a change in the contact stiffness. The variation 

induces changes in structural parameters at the local anchorage zone. 

In practice, impedance responses are calculated by a ratio of input harmonic voltage V(w) and 

measured current electric current I(w) using commercial impedance analyzers (e.g., HIOKI 3532) 

or impedance boards (e.g., AD 5933 EBZ (Na 2017)). The electromechanical impedance (Liang et 

al. 1994) of the system is a function of structural-mechanical (SM) impedance of the PZT patch 

Za(ω) and the one of PZT interface-anchorage, as shown in Eq. (1). 

𝑍(𝜔) =
𝑉(𝜔)

𝐼(𝜔)
= {𝑖𝜔𝐴𝑝 [𝜀3̂3

𝑇 −
1

𝑍𝑎(𝜔)
𝑍𝑡(𝜔)

+ 1
𝑑3𝑥
2 �̂�𝑥𝑥

𝐸 ]}

−1

 (1) 

where Ap is geometric constants of the PZT patch; w is the sweeping frequency of the excitation 

voltage; �̂�𝑥𝑥
𝐸 , 𝜀�̂�𝑥

𝑇 , and d3x are the complex Young’s modulus, the complex dielectric constant, and 

the piezoelectric coupling constant (in the x-direction) of the PZT patch at zero electric fields and 

zero stress, respectively.  

The coupling interaction of interface-monitored structure can be modeled as an impedance model 

with two DOFs (degree of freedom), as shown in Fig. 1b. For the impedance model, a DOF presents 

the motions of tendon anchorage (xs), and the other DOF refers to motions of the interface (xi). The 

denotation k, c, and m are, respectively, the stiffness, damping coefficient, and mass. Also, the 

subscriptions s and i represent for the structure and the interface. 

When external excitation at the PZT driving point has harmonic form 𝑓𝑖(𝜔) = 𝐹𝑖𝑒
𝑖𝜔𝑡 , the 

governing equation of the 2-DOFs model can be written (Huynh et al. 2017) 

[
𝑚𝑖 0
0 𝑚𝑠

] {
�̈�𝑖
�̈�𝑠
} + [

𝑐𝑖 −𝑐𝑖
−𝑐𝑖 𝑐𝑖 + 𝑐𝑠

] {
�̇�𝑖
�̇�𝑠
} . . . 

+[
𝑘𝑖 −𝑘𝑖
−𝑘𝑖 𝑘𝑖 + 𝑘𝑠

] {
𝑥𝑖
𝑥𝑠
} = {

𝐹𝑖(𝜔)
0

} 
(2) 

Where �̈�𝑠 , �̇�𝑠 , 𝑥𝑠 and �̈�𝑖 , �̇�𝑖 , 𝑥𝑖 are the accelerations, velocities, and displacements corresponding 

to the motions of masses ms and mi, respectively. The steady solution can be written as xj=Xje
iwt with 

j=i, s, Xi and Xs are, in general, complex quantities that depend on ω and system parameters. By 

solving Eq. (2), the value of Xi and Xs is presented in Eq. (3). 

𝑋𝑖 =
𝐾22(𝜔)𝐹𝑖𝑜

𝐾11(𝜔)𝐾22(𝜔) − 𝐾12
2 ; 𝑋𝑠 =

−𝐾12(𝜔)𝐹𝑖𝑜

𝐾11(𝜔)𝐾22(𝜔) − 𝐾12
2  (3) 

where K11=−ω2mi+iωci+ki; K12=−iωci−ki, and K22=−ω2ms+iω(ci+cs)+(ki+ks) are dependent on 

modal properties of the interface-structure. The velocity of the interface at the PZT driving point can 

be obtained as 

�̇�𝑠 = 𝑖𝜔𝑋𝑖𝑒
𝑖𝜔𝑡 =

𝑖𝜔𝐾22(𝜔)

𝐾11(𝜔)𝐾22(𝜔) − 𝐾12
2 𝑓𝑖 (4) 

The coupled structural-mechanical impedance Zt(w) of the structure-interface as functions of 

harmonic excitation and the velocity is shown as follows 
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(a) Nine-strand anchorage with hoop PZT interface     (b) Parameters of PZT and interface 

Fig. 2 FE model of 9-strand anchorage with PZT interface for impedance simulation 

 

 

𝑍𝑡(𝜔) =
𝑓𝑖(𝜔)

�̇�𝑖(𝜔)
=
𝐾11(𝜔)𝐾22(𝜔) − 𝐾12

2 (𝜔)

𝑖𝜔𝐾22(𝜔)
 (5) 

 The impedance model consists of two resonant impedance peaks representing two coupling 

vibration motions of the PZT interface-monitored structure (Huynh et al. 2017, Dang et al. 2020b). 

These impedance peaks can be predetermined by adjusting geometric constants of the interface and 

the PZT sensor. As seen in Eq. (5), any changes in the monitored structure (e.g., prestress-loss) result 

in changes in the SM impedance Zt(w). When the structural impedance of the PZT patch is constant, 

structural damage can be detected by quantifying impedance signatures, as shown in Eq. (1). 

Variations in impedance responses measured from the pristine and damage cases are statistically 

quantified using RMSD (root-mean-square-deviation) (Sun et al. 1995). In the study, real-part 

impedance signals were utilized for the calculation 

𝑅𝑀𝑆𝐷(𝑍, 𝑍*) = √(∑ [𝑍*(𝜔𝑗) − 𝑍(𝜔𝑗)]
2𝑁

𝑗=1 ) /∑ [𝑍(𝜔𝑗)]
2𝑁

𝑗=1   (6) 

where N denotes the number of measured points in the frequency range, Z(wj) and Z*(wj) are the 

real-part impedance signatures corresponding to the jth sweeping point measured in the intact and 

the damage cases. 

 

 

3. Parametric analysis of PZT interface 
 

3.1 FE modeling of tendon anchorage with hoop-type PZT interface 
 

As shown in Fig. 2, a finite element (FE) model of a multi-strand anchorage with a PZT interface 

was constructed using Comsol Multiphysics (a commercial FE tool) to analyze the effect of 

geometrical constants of the PZT sensor and the hoop-type interface. The anchorage system consists 

of a bearing plate (27027040 mm3) and an anchor head ( 159 mm, 70-mm height) with nine 

conical wedges. An interface body was designed with a circumferential shape. It included two 

bonded parts (attached to the anchor head) and a flexible part equipped with a PZT patch (see Fig. 

2(b)). The geometric parameters of PZT and interface were designed based on the size of the target 

anchorage (i.e., 9-strand anchor head) and the distribution of stress field change under a strand 
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breakage event. Also, the sizes of the PZT interface and its material were selected to enable that it 

can be implemented on a real structure (Dang et al. 2020b). As the prototype, a hoop-type PZT 

interface was positioned at the near-bottom and close to Strand 1 to sensitively catch stress variation 

induced by Strand 1 breakage. A thin layer with the thickness of Tbd=0.1 mm was used to simulate 

the contacts between the PZT-interface and the interface-anchor head. 

In the FE model, the PZT interface was meshed with 64, 144, and 976 quadratic hexahedron 

elements for the PZT patch, bonding layers, and the interface body, respectively. As shown in Fig. 

2(a), the anchorage meshed with 19754 quadratic tetrahedron elements for the anchor head-bearing 

plate and 2016 quadratic hexahedron elements for wedges. The spring constants with selected 

stiffness kx=ky=0.5kz (Dang et al. 2019) were implemented to simulate the remaining part of the 

reinforced concrete anchorage. It is noted that the spring constant was spring pressure per unit area, 

which was supported by the FE tool. This study focuses on analyzing the effects of material and 

geometric properties of the hoop-type PZT interface, so that the effects of spring stiffness on stress 

variation on the anchorage zone were ignorable. After try-and-error procedure, the spring stiffness 

was selected as kx=ky=0.5kz=2.5×1015 (N/m/m2). The damping loss factor was selected as 0.5% for 

the anchorage components (Bachmann et al. 2012). 

 

3.2 Parametric analysis of PZT interface 
 

The geometric constants of a baseline PZT interface were selected as follows: a) the PZT patch 

sized Hp× Lp× Tp =15×15×0.51 mm3, b) the deformable part of the interface sized 

Hint× Wf× Tf=23×24×1.4 mm3, and c) the two bonded parts of the interface sized 

Hint× Wb× Tb=23×18×3.5 mm3. The baseline PZT interface was set as a prototype when compared to 

other geometric constants. Moreover, this prototype was experimentally proved that it was sensitive 

to the damaged strands (Dang et al. 2020b). Parametric analysis scenarios were made to analyze the 

effect of material and geometrical conditions of the PZT interface (see Fig. 2(b)) on the measurement 

of damage-sensitive impedance responses of the multi-strands anchorage (see Fig. 2(a)).  

Material properties of the PZT interface were examined only for the interface body. Note that the 

PZT patch was fixed as PZT 5A:  =7750 kg/m3 (mass density), Young’s modulus E=62.1 (GPa), 

damping loss =0.0125, dielectric loss factor  =0.015, Coupling Constant d31=-1.7110-10 (m/V), 

and dielectric constant 𝜀33
𝑇 = 1.53 × 10−8  (Farad/m). Moreover, geometrical properties of the 

PZT interface were examined for the sizes of the PZT patch and those of the interface (see Fig. 2(b)).  

 

3.2.1 Material properties of interface body 
Material properties of interface bodies were examined, as outlined in Table 1. Steel, aluminum, 

polypropylene plastic, and CFRP (carbon-fiber-reinforced polymers) were selected as four candidate 

 

 
Table 1 Four materials selected for interface bodies 

Parameters 
Density  

(kg/m3) 

Poisson’s ratio  

 

Young’s modulus 

E, (GPa) 

Tensile strength 

, (MPa) 

Aluminum 2700 0.33 70 110 

Structural steel 7850 0.33 200 450 

CFRP 1700 0.33 145 1400~2000 

Polypropylene plastic 1050 0.33 1.36 31 
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Table 2 Dimension of PZTs 1-9 

Parameters Notation Value (mm) Namely 

Thickness Tp 0.13, 0.27, 0.51, and 1.02 PZTs 1-4 

Width, Height 
Lp=Hp 11.7, 14.8, 17.4, 19.6 and 21.6 

PZTs 5-9 
Ap/Af 0.25, 0.4, 0.55, 0.70, and 0.85 

 
Table 3 Dimensions of interface for analyzing interface effects (unit: mm) 

Parameters Notation Value (mm) Namely 

Thickness 
Tf 0.8, 1.1, 1.4, 1.7, and 2.0 Interfaces 1-5 

Tb 2.7, 3.4, 4.1, and 4.8 Interfaces 6-9 

Height Hint 15, 19, 23, 27, and 31 Interfaces 10-14 

Width Wf 20, 24, 28, and 32 Interfaces 15-18 

 

 

materials for the hoop-type interface. The steel interface, which is the same material as the anchor 

block, has higher yield strength to allow tensile stress up to 450 MPa. The aluminum interface has 

medium strength to allow tensile stress up to 110 MPa. The plastic interface, which is easy to 

fabricate, has the lowest strength to allow tensile stress up to 31 MPa (Omnexus 2017). Meanwhile, 

the CFRP interface has the highest strength to allow tensile stress up to 2000 MPa (Standards 2009). 

 

3.2.2 Geometrical properties of PZT patch 
As shown in Table 2, geometric constants of the PZT patch were examined as follows: a) the 

thickness of the PZT patch (Tp) and b) the coverage area of the PZT patch. The thickness of the PZT 

patch, Tp was simulated for four cases: 0.13, 0.27, 0.51, and 1.02 mm, namely PZTs 1-4. The 

coverage area of the PZT patch was simulated for five cases, namely PZTs 5-9. The ratio between 

the PZT patch area (Ap) and the interface’s flexible section (Af) was selected in the range of 0.25-

0.85 with an interval of 0.15. 

 

3.2.3 Geometrical properties of interface body 
As shown in Table 3, geometric constants of the interface body were examined for the thickness 

of the flexible section Tf, the thickness of the bonded section Tb, the height of sensor interface Hint, 

and the length of flexible section Lf. Totally 18 cases were conducted for the impedance simulation 

(see Table 3). Specifically, the effect of the flexible-section thickness (namely Interfaces 1-5) was 

examined for Tf=0.8-2.0 mm with a 0.3-mm increment. The effect of the bonded-section thickness 

(Interfaces 6-9) was examined for Tb=2.7-4.8 mm with a 0.7-mm increment. The effect of the 

interface height (Interfaces 10-14) was tested for Hint 15-31 mm with a 4-mm increment. The 

flexible-section length (Interface 15-18) was analyzed for Lf = 20-32 mm with a 4-mm increment.  

Two cases of prestressing forces were simulated for each parametric analysis (material and 

geometric parameters). In the intact case, a force of 140 kN was applied to each of the nine wedges 

to simulate the baseline state of the structure. In the damage case, damage in Strand 1 was simulated 

by reducing the force on Wedge 1 to zero. Impedance responses were numerically acquired from 

the interaction between the PZT interface and the host structure by applying a 1V-harmonic voltage 

to the top surface of the PZT sensor. 
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Fig. 3 Impedance signatures of four interface materials in frequency range 1-40 kHz: intact state 

 

 
(a) Aluminum interface                        (b) Steel interface 

 
(c) Plastic interface                           (d) CFRP interface 

Fig. 4 Impedance responses of four interface materials in Peak 1’s frequency range: Strand 1 breakage 

 

 

4. Effects of selected parameters on damage-sensitive impedance responses 
 

4.1 Sensitivities of impedance responses for four interface materials  
 

Fig. 3 shows numerical impedance signatures of the sensor interfaces in the range 1-40 kHz for 

the aluminum, steel, plastic, and CFRP interfaces. For the four interface materials, two resonant 

impedance frequencies were found in the simulated range. The real-impedance magnitude of the 

aluminum interface exhibited the largest value. For Peak 1’s resonant frequencies, the frequencies 

of aluminum and steel interfaces were close to each other (about 10.6 kHz). Moreover, the frequency 

of the CFRP interface was the highest (15.9 kHz), and the frequency of the plastic interface was the  

Peak 1

Peak 2

Peak 1

Peak 1Peak 1

Peak 1 Peak 1
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(a) Peak 1’s impedance                 (b) Peak 2’s impedance 

Fig. 5 Sensitivities of impedance signatures of four interface materials for damage detection 

 

 

Fig. 6 Impedance signatures of PZTs 1-4 in the range 5-40 kHz: intact state 

 

 

lowest (2.8 kHz). 

For the Strand 1 breakage case, Fig. 4 shows impedance responses zoomed in Peak 1’s frequency 

ranges for the four interface materials (e.g., 10.2-10.8 kHz for the aluminum interface). The 

impedance responses were clearly shifted leftward for the three PZT interfaces (aluminum, steel, or 

CFRP interface). In contrast, the variations in impedance signals of the plastic PZT interface (see 

Fig. 4(c)) were ignorable.  

Statistical RMSD indices were calculated to quantify sensitivities of impedance responses of the 

four interface materials for damage detection, as presented in Fig. 5. The RMSD indices were 

calculated for resonant impedance signals of Peak 1 (0.6 kHz bandwidth) and Peak 2 (1.5 kHz 

bandwidth). For four interface materials, the RMSD indices of Peak 1 had a larger value than those 

of Peak 2. Specifically, the RMSD magnitude of the steel interface (37.5 %) was about 1.35 larger 

than that of the aluminum interface (27.6 %). The RMSD magnitude of the plastic interface had the 

smallest value. It is observed that the stiffer materials yielded higher sensitivity of impedance 

responses under the damaged strand. 

 

4.2 Sensitivities of impedance responses for PZT-patch sizes 
 

4.2.1 Effect of PZT-patch thickness 
As shown in Fig. 6, impedance responses of the 5-40 kHz range were numerically gained for the 

intact state from the PZTs 1-4 (see Table 2). Two resonant peaks (Peaks 1-2) of impedance responses 

were observed in the range 10.4-11.1 kHz (Peak 1) and in the range 23-33 kHz (Peak 2). Among 

PZTs 1-4, PZT 4 (thickness of 1.02 mm) exhibited the largest impedance responses (28 k for Peak  

Peak 1 Peak 2
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(a) PZT 1                               (b) PZT 4 

Fig. 7 Impedance responses of PZTs 1-4 zoomed in Peak 1’s frequency range: Strand 1 breakage 

 

 
(a) Peak 1’s impedance                    (b) Peak 2’s impedance 

Fig. 8 Sensitivities of impedance signatures of PZTs 1-4 for damage detection 

 

 

1). Meanwhile, PZT 1 presented the lowest impedance responses (3 k for Peak 1). The result 

suggested that the thicker PZT patch yielded better excitation of impedance signatures. For the 

damaged Strand 1, Fig. 7 shows Peak 1’s impedance signals zoomed in the range 0.6 kHz: 10.5-11.1 

kHz for PZT 1 (see Fig. 7(a)) and 10.4-11 kHz for PZT 4 (see Fig. 7(b)). 

As shown in Fig. 8, RMSD indices were calculated to quantify sensitivities of impedance 

responses with respect to the four PZT-patch thicknesses. The RMSD indices of PZTs 1-4’ 

impedance responses were computed for 0.6 kHz bandwidth of Peak 1’s impedance and 1.5 kHz 

bandwidth of Peak 2’s impedance. The RMSD indices (which are commonly used to indicate the 

sensitivities of damage detection) were reduced as the thickness of PZT patches increased. Notably, 

the PZT4’s RMSD magnitude was the lowest, although it produced the highest magnitude of 

resonant impedance peaks. Based on the RMSD damage indicator and the capacity of PZT’s 

excitation, the PZT patch’s thickness should be 0.27 mm or 0.51 mm. 

 

4.2.2 Effect of PZT-patch coverage area 
Fig. 9 shows numerical impedance signatures in the range 5-35 kHz obtained from the PZTs 5-9 

(see Table 2) for the intact case. Two resonant peaks (Peaks 1-2) of impedance responses were 

observed: 10.5-11.5 kHz for Peak 1 and 24.5-27.5 kHz for Peak 2.  

For the damaged Strand 1, Fig. 10 shows Peak 1’s impedance signals in the range 0.6 kHz: 10.5-

11.1 kHz for PZT 5 (see Fig. 10(a)) and 9.8-10.4 kHz for PZT 9 (see Fig. 10(b)). It is observed that 

the impedance responses of PZT 5 (AP/Af =0.25) were the most sensitive under the strand breakage 

event.  
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Fig. 9 Impedance signatures of PZTs 5-9 in the range 5-35 kHz: intact state 

 

 
(a) PZT 5                               (b) PZT 9 

Fig. 10 Impedance signatures of PZTs 5-9 zoomed in Peak 1’s frequency range: Strand 1 breakage 

 

 
(a) Peak 1’s impedance                           (b) Peak 2’s impedance 

Fig. 11 Sensitivities of impedance signatures of PZTs 5-9 for damage detection 

 

 

Fig. 11 shows RMSD indices of PZTs 5-9 calculated for 0.6 kHz bandwidth of Peak 1’s 

impedance and 1.5 kHz bandwidth of Peak 2’s impedance. The RMSD indices were linearly 

decreased once the PZT covering areas were reduced for two impedance peaks. Notably, PZT 5’s 

RMSD magnitude was about 1.5 times larger than that of PZT 9. The result suggested that the ratio 

AP/Af should be lower than 0.5 to maximize the performance of PZT for damage detection. 

 

4.3 Sensitivities of impedance responses for interface geometries 
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Fig. 12 Impedance signatures of Interfaces 1-5 in the range 2-40 kHz: intact state 

 

 
(a) Interface 1                              (b) Interface 5 

Fig. 13 Impedance signatures of Interfaces 1-5 zoomed in Peak 1’s frequency range: Strand 1 breakage 

 

 
(a) Peak 1’s impedance                           (b) Peak 2’s impedance 

Fig. 14 Sensitivities of impedance signatures of Interfaces 1-5 for damage detection 

 

 

4.3.1 Effect of flexible-section thickness 
As shown in Fig. 12, impedance signatures of 1-40 kHz range were obtained for the intact state 

from Interfaces 1-5 (see Table 3). Two resonant peaks (Peaks 1-2) of impedance signatures were 

observed in the range 5-16 kHz for Peak 1 and 16-40 kHz for Peak 2. The frequencies were leftward 

shifted and decrease in real-impedance magnitude when Tf (flexible-section thickness of interface) 

increased from 0.8-2.0 mm (i.e., Interfaces 1-5). 

For the damaged Strand 1, Fig. 13 shows resonant impedance signals of Peak 1 zoomed in the 

range 0.6 kHz: 6.3-6.9 kHz for Interface 1 and 13.6-14.2 kHz for Interface 5. Impedance signatures 

of Interface 1 (see Fig. 13(a)) had higher variation than that of Interface 5 (see Fig. 13(b)).  
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Fig. 15 Impedance signatures of Interfaces 6-9 in the range 5-35 kHz: intact state 

 

 
(a) Interface 6                              (b) Interface 9 

Fig. 16 Impedance signatures of Interfaces 6-9 zoomed in Peak 1’s frequency range: Strand 1 breakage 

 

 

As shown in Fig. 14, RMSD indices of Interfaces 1-5’ impedance responses were calculated for 

0.6 kHz-bandwidth of Peak 1’s impedance and 1.5 kHz-bandwidth of Peak 2’s impedance. As 

observed in the figure, when flexible-section thickness linearly increased, RMSD magnitudes 

decreased. Specifically, for Peak 1’s impedance, Interface 1’s RMSD magnitude (53.3 %) was quite 

larger than that of Interface 3 (27.6 %) or Interface 5 (15.3 %). It demonstrated that the flexible-

section thickness had the primary effect on damage-sensitive impedance signatures of the hoop-type 

PZT interface. 

 

4.3.2 Effect of bonding-section thickness 
Fig. 15 shows numerical impedance signatures in the range 5-35 kHz obtained from Interfaces 

6-9 (see Table 3) in the intact state. Two resonant peaks (Peaks 1-2) of impedance responses were 

observed in the range of 9.5-11.0 kHz for Peak 1 and 26-28.5 kHz for Peak 2. The resonant 

impedance frequencies varied slightly as the thickness of the bonded section increased from 2.7 mm 

to 4.8 mm (i.e., Interfaces 6-9). 

For the damaged Strand 1, Fig. 16 illustrates impedance signals of Peak 1 zoomed in the range 

0.6 kHz: 10.4-11.0 kHz for Interface 6 (see Fig. 16(a)) and 10-10.6 kHz for Interface 9 (see Fig. 

16(b)). The resonant frequency was leftward shifted, but variations in impedance signals were 

slightly different.  

As shown in Fig. 17, RMSD indices of Interfaces 6-9’ impedance responses were computed for 

0.6 kHz-bandwidth of Peak 1’s impedance and 1.5 kHz-bandwidth of Peak 2’s impedance. There 

were no significant differences in RMSD indices of Interfaces 6-9 for the two impedance peaks.  
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(a) Peak 1’s impedance                           (b) Peak 2’s impedance 

Fig. 17 Sensitivities of impedance signatures of Interfaces 6-9 for damage detection 

 

 

Fig. 18 Impedance signatures of Interfaces 10-14 in the range 5-55 kHz: intact state 

 

 
(a) Interface 10                             (b) Interface 14 

Fig. 19 Impedance signatures of Interfaces 10-14 zoom in Peak 1’s frequency range: Strand 1 breakage 

 

 

The result revealed that the bonding-section thickness of the hoop interface had relatively little effect 

on the detection result of strand breakage. 

 

4.3.3 Effect of interface height 
Fig. 18 illustrates impedance signatures of Interfaces 10-14 (see Table 3) in the range 5-55 kHz 

for the intact state. Two distinguishing resonant peaks (Peaks 1-2) of impedance signals were 

observed in the range 5-13 kHz for Peak 1 and 16-50 kHz for Peak 2. Peak 1’s impedance 

frequencies were little varied as the interface height increased from 15 mm to 31 mm. Meanwhile,  

Prototype

Peak 2Peak 1

142



 

 

 

 

 

 

Material and geometric properties of hoop-type PZT interface for damage-sensitive impedance… 

 
(a) Peak 1’s impedance                   (b) Peak 2’s impedance 

Fig. 20 Sensitivities of impedance signatures of Interfaces 10-14 for damage detection 

 

 

Fig. 21 Impedance signatures of Interfaces 15-18 in the range 2-40 kHz: intact state 

 

 

those of Peak 2 decreased from 47 kHz (Interface 10) to 17.5 kHz (Interface 14).  

For the damaged Strand 1, Fig. 19 shows impedance signatures of Peak 1 zoomed in the range: 

10-10.6 kHz for Interfaces 10 (see Fig. 19(a)) and 10.5-11.1 kHz for Interface 14 (see Fig. 19(b)). 

Variations in impedance signatures-induced strand breakage were insignificantly different.  

Fig. 20 shows the Interfaces 10-14’ RMSD indices were calculated for 0.6 kHz-bandwidth of 

Peak 1’s impedance and 1.5 kHz-bandwidth of Peak 2’s impedance. The RMSD indicator was 

slightly increased when the interface height increased from 15-31 mm (i.e., Interfaces 10-14).  

 

4.3.4 Effect of interface length 
As shown in Fig. 21, impedance signatures in the range of 2-40 kHz were gained for the intact 

state from Interfaces 15-18 (see Table 3). Two resonant impedance peaks were observed as Peak 1 

(5-17 kHz) and Peak 2 (20-35 kHz). Impedance frequencies of the two impedance peaks gradually 

decreased as the length of the flexible section varies from Lf =20 mm (Interface 15) to Lf =32 mm 

(Interface 18). Particularly, the real-impedance magnitude of Interface 15 was about twice smaller 

than that of Interface 18. The observation suggested that the slender interface yielded an excitation 

capacity of the PZT sensor. For the damage of Strand 1, Fig. 22 shows impedance signatures of Peak 

1 zoomed for the range 0.6 kHz: 14.4-15 kHz for Interfaces 15 and 5.7-6.3 kHz for Interface 18. 

Interface 18’s impedance signals were more sensitive than others were. 

As shown in Fig. 23, RMSD indices of Interfaces 15-18’ impedance responses were calculated 

for 0.6 kHz-bandwidth of Peak 1’s impedance and 1.5 kHz-bandwidth of Peak 2’s impedance. The 

RMSD indices of Peak 1 gradually increased along with the flexible-section length. Notably,  
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(a) Interface 15                             (b) Interface 18 

Fig. 22 Impedance signatures of Interfaces 15-18 zoomed in Peak 1’s frequency range: Strand 1 breakage 

 

 
(a) Peak 1’s impedance                    (b) Peak 2’s impedance 

Fig. 23 Sensitivities of impedance signatures of Interfaces 15-18 for damage detection 

 

 

Interface 18’s RMSD value was about 1.7 times larger than that of Interface 17. Meanwhile, the 

RMSD magnitudes of Peak 2 was an ignorable change among Interfaces 15-18. 

 

 

5. Experimental evaluation of various PZT interfaces for analyzing effects of material 
and geometric properties 
 

5.1 Description of experiment 
 

5.1.1 Test set-up 
Various PZT interfaces were tested under compressive forces to evaluate the effects of the PZT 

interface’s materials and sizes on sensitivities of impedance responses. It has been proved that more 

stress variation leads to more changes in impedance features (Lim et al. 2012, Ai et al. 2019, Dang 

et al. 2020a). Under a strand breakage event, it causes stress variation in the flexible section of the 

PZT interface, which can be reflected by changes in impedance features.  

To analyze the sensitivities of various PZT interface’s material and geometric parameters, the 

PZT interfaces were introduced with the same stress variation to acquire impedance signatures. 

Then, the RMSD index was utilized to analyze the effects of the PZT interface’s materials and 

geometric constants. Fig. 24 shows the test set-up of the PZT interface, which was clamped in a 

compression tester. A series of compressive forces were controlled by a load cell, and the loading 

speed was set at about 0.02 mm/minute. 
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Fig. 24 Test set-up of PZT interface in compression tester for impedance measurement 

 

 
(a) CFRP interface         (b) Steel interface    (c) Aluminum interface  (d) Steel interface 

Fig. 25 Four different material types of PZT interfaces 

 

 

To acquire impedance responses, an impedance analyzer (HIOKI 3532) was utilized to apply 

1V-harmonic excitation and gain impedance signals from the PZT patch. Also, the EDX-100A was 

used to measure room temperatures via thermocouple wire (K-type). During the experiment, the 

variation of temperatures was less than 1oC (around 28oC), thus minimizing the effect of temperature 

variation on impedance features. 

 

5.1.2 Four different material types of PZT interfaces 
As shown in Fig. 25, four different types of PZT interfaces were tested to analyze the effects of 

interface materials on impedance responses. The four materials included CFRP (carbon fiber 

reinforced polymer), steel, aluminum, and polypropylene plastic. Design parameters of the four  
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(a) PZT patch thickness 

 

 
(b) PZT patch size 

 
(c) Interface thickness 

Fig. 26 Interface thickness, PZT-patch thickness, and PZT-patch covering area 

 

 

PZT interfaces were specified as follows (see also Fig. 2(b)): a) the CFRP type had 

Hint× Lb× Tb=40×20×3 mm3, Hint× Lf× Tf=40×60×3 mm3, and Lp× Hp× Tp=20×20×0.51 mm3; b) the 

steel type had Hint× Lb× Tb=27×30×5 mm3, Hint× Lf× Tf=27×35×4 mm3, and Lp× Hp× Tp=15×15×0.51 

mm3; c) the aluminum type had Hint× Lb× Tb=23×18×3.4 mm3, Hint× Lf× Tf=23×24×1.4 mm3, and 

Lp× Hp× Tp=15×15×0.51 mm3; and d) the plastic PZT interface had Hint× Lb× Tb=10×14×3.4 mm3, 

Hint× Lf× Tf=10×15×1.4 mm3, and Lp× Hp× Tp=10×10×0.51 mm3. The material properties of the four 

interfaces were listed in Table 1. 

For the selected materials, the sensitivities of impedance responses were examined with respect 

to axial stresses applied to the interfaces, which could simulate real stress states in a prestressed 

tendon anchorage. The applied loads were chosen based on the yield strength of the plastic interface 

(see Table 1). The compressive stresses were simulated with five levels for impedance measurement. 

At first, a PZT interface was compressed by the stress of 0.25 MPa (S1) to make an initial state. 

Then, compressive stress was increased from 0.25-0.45 MPa (S1-S5) with an interval of 0.05 MPa. 

 

5.2.3 PZT-patch thickness, PZT-patch coverage area, and interface thickness 
As shown in Fig. 26, geometrical properties of PZT interfaces were examined for PZT-patch 

thickness, PZT-patch coverage area, and interface thickness. The aluminum interface shown in Fig. 

25(c) was used as the baseline prototype. Firstly, the PZT-patch thickness (Tp) was tested for two 

cases: PZT 1 with 0.51 mm and PZT 2 with 1.02 mm. The PZTs 1 and 2 had the same size of 15×15 

mm (see Fig. 26(a)). Secondly, the rate of the coverage area of the PZT patch (Ap) over the interface’s 

flexible section (Af) was tested for four cases: PZT 3 with 0.22, PZT 4 with 0.40, PZT 5 with 0.59, 

and PZT 6 with 0.87. Notably, PZTs 1-6 mounted on the baseline prototype had the same thickness  

PZT 2: Tp =1.02 mm PZT 1: Tp = 0.51 mm 

 T
p 

   

Ap

Af

PZT 3: Af/Ap = 0.22 PZT 4: Af/Ap = 0.40 

PZT 5: Af/Ap = 0.59 PZT 6: Af/Ap = 0.87 

Interface 1: Tf  = 1.4 mm 

T
f

Interface 2: Tf  = 0.8 mm 
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(a) CFRP interface                               (b) Steel interface 

 
(c) Aluminum interface                            (d) Plastic interface 

Fig. 27 Impedance responses of four interface materials under compression 

 

 

of Tf =1.4 mm (see Fig. 26(a)-(b)). Thirdly, the interface thickness (Tf) of the flexible section was 

tested for two cases: Interfaces 1 with 1.4 mm and Interface 2 with 0.8 mm (see Fig. 26(c)). 

Five levels of compressive forces (C1-C5) were designed to estimate the effect of the PZT 

interface’s geometry on the sensitivity of impedance responses. At first, a PZT interface was 

compressed by a force of 25 N to make an initial state (C1). Then, the compressive load was 

increased from 25-45 N (C1-C5) with an interval of 5.0 N. Note that structural damage caused the 

stress variation in the flexible-section interface as the PZT interface was mounted on a monitored 

structure. Consequently, the forces C1-C5 caused compressive stress 0.78-1.4 MPa for the interfaces 

with Tf=1.4 mm (i.e., PZT1-PZT6, Interface 1) and 1.36-2.45 MPa for the interface with Tf=0.8 mm 

(i.e., Interface 2, see Fig. 26(c)).  

 

5.2 Effects of interface’s material properties for sensitive impedance responses 
 

As shown in Figs. 27(a)-(d), impedance responses in the bandwidth of 20 kHz were measured 

from the CFRP, steel, aluminum, and plastic interfaces, respectively. The CFRP, steel, and 

aluminum interfaces had real impedance signals of clear resonant peaks; meanwhile, the plastic 

interface had unclear resonant impedance peaks (see Fig. 27(d)). The steel and aluminum interfaces 

had relatively high magnitudes of the real impedance signals. The real impedance signals were 

shifted under a series of compressive stresses.  

As shown in Fig. 28(a), RSMD indices were computed to quantify the variation of impedance 

responses. For the four interfaces with different materials, the RMSD indices were calculated for  
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(a) Compressive stress versus RMDS index          (b) Young modulus versus RMSD index 

Fig. 28 Sensitivities of impedance responses of four interface materials for stress monitoring 

 

 
(a) PZT 1                                    (b) PZT 2 

Fig. 29 Experimental impedance responses measured from different thicknesses of PZT sensors under 

compression 

 

 

the 20 kHz-bandwidth of impedance signals. As the compressive loads increased from S1 (0.25 

MPa) to S5 (0.45 MPa), the RMSD magnitudes of the CFRP, steel, and aluminum interfaces 

increased linearly. Meanwhile, the RMSD magnitude of the plastic interface almost no change. 

Moreover, Fig. 28(b) shows the relationship between the Young modulus and RMSD index 

calculated from average RMSD indices of test cases S1-S5. It reveals that a higher stiffness of 

interface yield a higher sensitivity. The experimental result shows a good agreement with the 

numerical simulation (see Fig. 5). It suggested that the plastic material should not be used for 

interface-based impedance measurement. 

 

5.3 Effects of interface’s geometric properties for sensitive impedance responses 
 

5.3.1 Effect of PZT-patch thickness 
Fig. 29 shows impedance responses of PZTs 1-2 in the range 5-35 kHz under compressive forces 

C1-C5. The impedance responses varied under increasing compression load. Also, the real 

impedance magnitudes of PZT 2 (thickness of 1.02 mm) were lower than that of PZT 1.  

Fig. 30 shows the RMSD index calculated for the frequency range 5-35 kHz of PZTs 1-2. The 

RMSD magnitudes of PZTs 1-2 linearly increased with respect to the increasing forces C1-C5. 

There were slight differences in RMSD magnitudes of PZT 1 and PZT 2. The experimental results 

do not quite agree with the numerical analysis, in which the thinner PZT patch yielded the higher  
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Fig. 30 Sensitivity of experimental impedance responses versus different thicknesses 

of PZT sensors under compression 

 

 
(a) PZT 3                                   (b) PZT 4 

 
(c) PZT 5                                   (d) PZT 6 

Fig. 31 Impedance responses of four PZT-patch sizes under compression 

 

 

RMSD magnitude (see Fig. 8). 

 

5.3.2 Effect of PZT-patch coverage area  
As shown in Fig. 31, impedance responses were acquired from PZTs 3-6 in the range 5-35 kHz 

under the compressive load C1-C5. There were two clear resonant frequency peaks and some 

additional peaks in the examined frequency range. Fig. 32 shows the RMSD index of PZTs 3-6 

calculated for the range 5-35 kHz. The RMSD magnitudes of PZTs 4-6 linearly increased with 

respect to increasing forces C1-C5. The RMSD magnitude of PZT 3, which had the smallest 

coverage area of the PZT sensor, had the largest values. It was indicated that the small size of the  
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Fig. 32 Sensitivities of impedance responses of four PZT-patch sizes for stress 

monitoring 

 

 
(a) Interface 1                               (b) Interface 2 

Fig. 33 Experimental impedance responses measured from different thicknesses of hoop interfaces under 

compression 

 

 

Fig. 34 Sensitivity of experimental impedance responses versus different thickness 

of hoop-interface under compression 

 

 

PZT sensor yielded higher sensitivity of the impedance responses. The result shows a good 

agreement with the numerical analysis (see Fig. 10). 

 

5.3.3 Effect of interface thickness 
Fig. 33 shows impedance signatures acquired from Interfaces 1-2 in the range 5-35 kHz under 

compressive forces C1-C5. There were two clear resonant frequency peaks and some unclear peaks 
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in the examined frequency range. This is because the boundary condition of the interfaces in the 

experiment was slightly different from the numerical analysis. Interface 2’s impedance signals show 

more sensitive to force variation than that of Interface 1.  

Fig. 34 presents the RMSD indices of Interfaces 1-2 calculated for the frequency range 5-35 kHz. 

The RMSD magnitudes linearly increased with respect to increasing compressive load. The RMSD 

magnitudes of Interface 2 (0.8 mm thick) were higher than that of Interface 1. The thinner flexible 

section yielded a higher sensitivity of impedance responses. This observation shows a good 

agreement with the numerical analysis (see Fig. 14). 

 

 

6. Conclusions 
 

The parametric analysis was performed on the hoop-type PZT interface to analyze the effect of 

the PZT interface’s material and geometric properties on the variation of impedance signatures 

induced by strand breakage. Firstly, the concept of impedance monitoring via the PZT interface 

technique was introduced. Secondly, the material properties and geometric properties of the PZT 

sensor and the interface body were numerically simulated to gain impedance signals under the strand 

breakage case. The RMSD damage metric was used to quantify the effect of those parameters on 

damage-sensitive impedance responses. Finally, the experiment evaluation was conducted on the 

PZT interfaces to support the numerical investigation.  

From the numerical and experimental analyses, three concluding remarks were made as follows. 

Firstly, the stiffer interface material yielded greater changes in impedance signatures induced by 

damage occurrence. Secondly, the thickness of the interface’s flexible section had the most effect on 

damage-sensitive impedance responses. For the detection of incipient damage in the anchorage, the 

0.8 mm-thick flexible section was the pick for the hoop-type PZT interface. Lastly, a ratio of PZT 

sensor’ area to the interface’s flexible-section area should be selected about 0.4 to enlarge 

performance impedance-based damage detection for the tendon anchorage. This study provided a 

guideline for the selection of material and geometric constants of the PZT interface for the 

impedance-based damage detection in the tendon anchorage. As further work, the performance of 

the PZT interface with optimal parameters should be experimentally investigated on real-scale 

tendon anchorages under partially damaged strands. The effects of environmental parameters (e.g., 

temperature changes) is also recommended. 
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