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Abstract: This study investigates the dynamic characteristics of a smart PZT interface mounted on
a prestressed anchorage to verify the numerical feasibility of the admittance-based anchor force
monitoring technique. Firstly, the admittance-based anchor force monitoring technique through a
single-mount PZT interface is outlined. The admittance response of the PZT interface-anchorage
system is theoretically derived to show the proof-of-concept of the technique for anchor force
monitoring. Secondly, a finite element model corresponding to a well-established experimental
model in the literature is constructed. The effect of anchor force is equivalently treated by the contact
stiffness and damping parameters at the bottom surface of the anchorage. Thirdly, the admittance
and the impedance responses are numerically analyzed and compared with the experimental data
to evaluate the accuracy of the numerical modelling technique. Fourthly, the local dynamics of the
PZT interface are analyzed by modal analysis to determine vibration modes that are sensitive to the
change in the contact stiffness (i.e., representing the anchor force). Finally, the admittance responses
corresponding to the sensitive vibration modes are numerically analyzed under the change in the
contact stiffness. The frequency shift and the admittance change are quantified by statistical damage
indices to verify the numerical feasibility of the anchor force monitoring technique via the smart
PZT interface. The study is expected to provide a reference numerical model for the design of the
single-point mount PZT interface.

Keywords: piezoelectric sensor; admittance method; dynamic characteristics; PZT interface; finite
element model; anchor force; single-point mount technique

1. Introduction

In the past decades, the requirement of structural safety and reliability has increasingly
demanded the development of low-cost and online structural health monitoring (SHM)
systems for modern complex structures. Among various SHM and damage identification
techniques, the admittance-based method has attracted significant attention from both
academic and industrial communities and has been successfully applied to various civil
engineering structures [1-5]. The technique utilizes an inexpensive piezoelectric transducer
(such as PZT) to obtain the admittance signature from a host structure, which is sensitive
to a structural change. The admittance response in a high-frequency band with multiple
resonances is often used to enhance the detectability of minor structural damage [6]. The
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merits of the admittance-based technique include the cost-effectiveness, the ability to detect
a wide range of multi-scale structural damage, the suitability for continuous online SHM,
and the easy practical implementation [7].

Traditionally, the piezoelectric transducer is directly attached to the monitored region
on a host structure through a bonding layer. However, an issue with the direct attachment
is the occurrence of potential weak resonances that could result in difficulties in optimizing
the damage-sensitive frequency band in damage detection [8-10]. In some situations, the
optimal frequency band could be higher than 100 kHz, which is over the measurement capa-
bility of currently available low-cost and compact impedance analyzers [11-14]. Research
attempts have been conducted to enhance the sensitivity of the admittance signatures
to damage and to reduce the demand for high-cost and bulky instruments. The general
idea is to design compact piezoelectric devices that are equipped with PZT patches. For
example, smart piezoelectric aggregates were proposed to monitor the structural condition
of concrete members [15-17], piezoelectric-based smart strands for tension force monitor-
ing [18,19], smart piezoelectric transducers to monitor corrosion occurrence [20], and smart
piezoelectric washers to detect preload changes in a bolted joint [13,21].

The prestressing technique has been commonly used to enhance the load-bearing
capacity of civil infrastructures. Along with the continuous increasing use of prestressed
members, the loss of prestress force has received significant interest from engineers, re-
searchers, and inspection and maintenance crews. A significant drop of the designed
prestress force could lead to the reduced load-bearing capacity of the prestressed structure,
threatening its safety and serviceability. Due to its distinct merits, the admittance-based
technique has been applied to monitor the prestress level in prestressed structures. The
previous study showed that the electromechanical impedance (i.e., an inverse of the ad-
mittance) of the PZT-driven anchorage was sensitive to prestress force [9]. The smart
washer concept was also developed for assessing the prestress-loss in a prestressed girder
using wireless low-cost impedance analyzers [13]. In the past years, the concept of the
mountable PZT interface was proposed to monitor existing prestressed anchorages [22].
The proposed interface can be easily designed to achieve strong resonances in a frequency
band lower than 100 kHz, thus enabling the adaptability to currently available low-cost
wireless impedance analyzers [19,23].

However, the initial prototype of the mountable PZT interface uses the two-point
mount technique, which could cause inconveniences during installation and replacement
processes and further induce considerable additional stresses in the interface body under
a temperature change [24,25]. To deal with these drawbacks, the single-point mount
PZT interface, which uses only one bonded section, has been newly developed [25]. The
initial experimental investigation showed that the impedance response of the newly-
developed interface had strong resonances sensitive to the prestress force [25]. Although
the single-point mount PZT interface was successfully tested for anchor force monitoring
of a lab-scaled cable-anchorage system, its feasibility should be verified by numerical
simulation. Besides, the local dynamic characteristics of the single-point mount PZT
interface remain unsolved, and these are difficult to obtain via experimentation. That is, the
modal parameters of the smart interface, which are sensitive to the anchor force variation,
should be identified to prove the monitoring technique of the anchorage. A reliable
numerical model is a further key to optimize the structural and geometrical parameters of
the smart interface.

In this study, we therefore conduct the numerical simulation of a single-point mount
PZT interface mounted on a prestressed anchorage for admittance-based anchor force
monitoring. The study aims to identify the vibration characteristics of the interface that are
sensitive to the anchor force. The subsequent parts of the study are organized as follows.
The second section outlines the admittance-based technique through a single-mount PZT
interface, including the design of an interface prototype and the proof-of-concept of the
technique for anchor force monitoring. The next section describes the numerical simulation
of the previous experimental model of the PZT interface-anchorage system in literature [25],
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and then compares the numerical admittance response with the experimental data. The
fourth section investigates the local dynamic responses of the PZT interface and verifies
the numerical feasibility of the admittance-based anchor force monitoring technique. A
summary and conclusion of this study are presented in the final section.

2. Admittance-Based Anchor Force Monitoring Method
2.1. Prototype of Single-Point Mount PZT Interface

Figure 1A illustrates a prototype design of the single-point mount PZT interface, which
is a plate-like structure with a bonded part and a flexural part. The PZT interface is attached
to a host structure (i.e., an anchorage) via the bonded part while the flexural part is designed
to enable convenient vibrations of the PZT due to the piezoelectric effects. This flexural
section allows it to produce strong admittance responses. The structural and geometrical
parameters of the flexural section can be adjusted to control the damage-sensitive frequency
band [12,14]. In a typical way, the PZT is excited by a harmonic voltage in a high-frequency
band (often in ultrasonic bands) and the admittance signature is measured using an
impedance analyzer, as shown in Figure 1B. During the piezoelectric excitation, the interface
interacts with the host structure and its coupling responses are represented in the measured
admittance signature [24]. Once the host structure is damaged, those coupling responses
are shifted, resulting in the change in the admittance signature. By quantifying the change
in the admittance signature, the structural damage is feasibly detected.

PZT PZT
Viw,
Bonded  Flexural Interface (w) T
Part Part PZT Analyzer
\ \ / I O

N/ |
Host Structure

Admittance

vl

(a)

Frequency

(b)

Figure 1. Admittance monitoring technique using a single-point mount PZT interface. (a) Prototype; (b) Admittance

measurement process.

2.2. Admittance Signature of Single-Point Mount PZT Interface

The admittance signature of the PZT interface-anchorage system can be theoretically
derived using an analytical model in which the PZT patch, the interface, and the anchorage
are coupled in a 1-dimensional system [26]. As shown in Figure 2, the interface is simplified
by the mass m;, the spring k;, and the damper c;, while the anchorage is represented by the
mass s, the spring ks, and the damper ;.

Interface Anchorage
PZT Patch ST N it Bl N
I B
i ! ! = ! =
V(~!|PzTH : : /
1 1 F I . 1 . A
'\\ kl_ /II\ ky ,l
Z Z. Z

a i s

Figure 2. Analytical impedance model of a PZT interface-anchorage interactive system.
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To obtain the admittance of the system, a harmonic voltage V is applied to the PZT
patch and makes it expand following the inverse piezoelectric effect. The PZT’s deformation
introduces an exciting force F into the system and an output current I is concurrently
obtained from the PZT. The ratio between the output current and the input voltage is
computed as the admittance response Y based on the following formula [27,28]:

Y={jwC|1- = Z  d5 Vi tan(kl,) )
Z+2, &L, kg

where C = &l w,l, /1, is the capacitance of the PZT patch; wy, I,, and t, are, respectively,
the effective width, length, and thickness of the PZT; Y5, = (1 + ji)Yf is the complex
Young’s modulus of the PZT at the constant electric field; j is the imaginary unit; 7 is
the structural damping loss factor of the PZT; ¢1, = e1,(1 — j§) is the complex dielectric
permittivity at the constant stress; d3; is the piezoelectric coupling constant at zero stress; &
is the dielectric loss factor of the PZT; k = w/c is the wavenumber of the PZT and c is the
wave speed given by \/p/YE; p is the mass density of the PZT. Z, = YEwata/ jwl, is the
mechanical impedance of the PZT patch and Z is the equivalent mechanical impedance of
the interface-anchorage system.

From the previous study [25], the equivalent mechanical impedance Z can be theoreti-

cally estimated by:
K11 (w)Kao (w) — Ky (w)

Z= 2
in22 (w) ( )
where K1, K13, and Ky, are the dynamic stiffness terms and are obtained by:
K1 (w) Kpz(w) _ —w?m; + iwe; + k; —iwc; — k; 3)
Kip(w) Kx(w) —iwc; — k; —w?ms 4 iw(c; + cs) + (ki + ks)

By substituting Equation (2) in Equation (1), we can obtain the final equation to
calculate the admittance response of the PZT interface-host structure system, as follows:

. Walg AT 1 2 vE
Y = {iw— |833 — a3, Yix 4)
t 2
a Za (w) / (KH (w)ili)zlii:}()w)Klz L ) 1

Equation (4) shows that the measured admittance consists of the mechanical parame-
ters of both the anchorage and the smart interface. Once the anchorage is damaged (for
example, the anchor force is reduced), its structural parameters are varied, resulting in the
change in the measured admittance signature. By observing the admittance change, it is
feasible to detect the structural damage of the anchorage (i.e., the anchor force change).

2.3. Anchor Force Monitoring Approach Using Admittance Signature

To quantify the change in the admittance signature, statistical damage indices such as
root-mean-square-deviation (RMSD) and cross-correlation deviation (CCD) are commonly
employed [6,29]. The RMSD index measures the difference in the magnitudes of the two
admittance signatures as follows [30,31]:

RMSD(Y,Y*) = i[Y*(wi) —Y(wi))?/
i=1 i

[Y (w;)]? ©)

™=

1

in which Y(w;) and Y*(w;) are the admittance signals of the reference (i.e., the case of initial
anchor force) and unknown state (i.e., the case of anchor force change), respectively; the
term N is the number of swept frequency points; w; is the ith swept frequency.
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The CCD index measures the shift in the pattern of two admittance signatures and is
computed by [32].

1

CCD(Y,Y*) =1— ——
Oy0y

E{ [Y(w) = Y] [Y*(w) - Y] } ®)

in which E[.] is the expectation operation; Y and ¢y are the mean and the standard deviation
of the admittance signal at the reference state; Y* and oy are the mean and the standard
deviation of the admittance signal at an unknown state. Theoretically, the RMSD and CCD
indices are equal to 0 if there is no change in the anchor force, whereas they are higher than
0 when the anchor force is reduced/increased.

3. Numerical Simulation
3.1. Finite Element Model of Single-Point Mount PZT Interface on Prestressed Anchorage

In the previous study [25], impedance monitoring via a single-point mount PZT
interface was conducted on a lab-scale prestressed anchorage. Figure 3 illustrates the overall
experimental methodology. At first, a prototype of the single-point mount PZT interface
was fabricated and surface-mounted on the bearing plate of the anchorage. Afterwards, the
impedance/admittance response was acquired from the PZT interface using an impedance
analyzer (HIOKI-3532). A set of anchor forces (T = 5, 4, 3, and 2 tons) were simulated for
the lab-scale anchorage, and the change in the impedance response is monitored to detect
the change in the prestressed force. More information about the experimental setup and
the anchor force monitoring results can be found in [25].

Prestressed Single-point Mount Impedance Impedance/Admittance
Anchorage PZT -Interface Analyzer Response
} ] [ pr

Bearing
/ Plate

I

Prestress

Magnitude

0= —> ‘ Asaa - =
™ Anchor -
block

v

Frequency

Figure 3. Overall experimental methodology.

Based on the geometric parameters (see Figure 4a) of the experimental model in
reference [25], we have established a corresponding numerical model in the finite ele-
ment modeling program, COMSOL Multiphysics (see Figure 4b). The modeling of the
piezoelectric effects of a PZT-driven system requires the coupling between mechanical
and electrical physics [33-35]. Due to its strong simulation capacity of the piezoelectric ef-
fects, COMSOL was successful to simulate the admittance response of various PZT-driven
models [19,35-40]. We therefore employed the COMSOL program to verify the numerical
feasibility of the single-point mount PZT interface for anchor force monitoring.

The dimensions of the finite element model are selected to be the same as the dimen-
sions of the experimental model. The model consists of a prestressed tendon-anchorage
equipped with a single-point mount PZT interface. An adhesive layer between the PZT
interface and the anchorage was also simulated to mimic the experimental model. Based
on the previous studies [41-43], the effect of the anchor force can be simulated by a spring
and dashpot system. The change in the anchor force is represented by the reduction in the
contact stiffness of the spring.

The finite element model was meshed using the user-controlled mesh sequence type
available in the simulation program. We progressively increased the number of elements
(i.e., a finer mesh) until the admittance response of the model was nearly unchanged.
Figure 4c shows the final meshing of the finite element model. The total number of



Buildings 2021, 11, 550 60of 19

elements was 1654, including 870 prism elements and 784 hexahedral elements. It is noted
that finer meshings were imposed to the PZT patch and the interface to accurately simulate
the admittance responses and capture their local dynamics.

18 ,
PZT Interface

PZT Patch

45%x 18 x5 #%5 % 15 x 0.508 Anchor
\¥\ . 25 Force
— 41 ) ¢ 45
A
20 Anchor
v ¥
Tendon Bearing

$15.2 Plate

Anchor

Block ¢45
Contact Spring —/
Bearing Plate
100 x 100 x 10 & Damper
(a) ()
ZY Plane
Anchor

Block
PZT

Interface

Bearing
Plate

Contact gpring & Damper

Detail A: Adhesive Layer

Contact Spring

& Damper
Interface

()

Figure 4. Finite element modelling of the PZT interface-anchorage system. (a) Geometric parameters (unit: mm); (b)
Equivalent finite element model; (c) Meshed finite element model.

The mechanical properties of the interface body and its adhesive layer, the anchor
block, and the bearing plate are shown in Table 1. The steel anchor head and the bearing
plate were assumed to have a Young’s modulus of 200 GPa, a Poisson’s ratio of 0.33, and a
mass density of 7850 kg/m? [43]. The aluminum interface was assumed to have a Young's
modulus of 70 GPa, a Poisson’s ratio of 0.33, and a mass density of 2700 kg/m3 [43]. Based
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on the previous studies [44—46], the adhesive layer was supposed to have a thickness of
0.2 mm, a Young’s modulus of 3 GPa, a Poisson’s ratio of 0.38, and a mass density of 1700
kg/m3. The damping plays a major role in validating the experimental result. Therefore,
we carefully selected the damping ratios so that the obtained numerical signature was
consistent with the experimental data. Consequently, the damping ratio was selected as
0.5% for the interface and its adhesive layer and 1% for the anchor head and the bearing
plate. The selected damping ratios were within a reasonable range, according to the
references [40,47].

Table 1. Mechanical properties of the aluminum interface and the steel anchorage.

Steel Anchor Head and

Parameters Beari Aluminum Interface Adhesive Layer
earing Plate
Young’s modulus (GPa) 200 70 3
Poisson’s ratio 0.33 0.33 0.38
Mass density (kg/m3) 7850 2700 1700
Damping ratio 0.01 0.005 0.005

The PZT patch was assigned by the PZT-5A piezoelectric material (the same as the
one used in the previous experiment [25]). The mechanical and piezoelectric properties of
the PZT-5A patch were referred to in the previous publication, as listed in Table 2 [43]. The
stiffness parameters were manually selected so that the numerical admittance signature was
well-agreed with the experimental data. As the result, we identified the contact stiffness
as follows: k; =4 x 1012 N/m?/m and k, = y =2 X 1012 N/m?2/m, which were relatively
similar to those obtained from the previous study [43]. The damper system was supposed
to have the damping loss factor in the three axes as 17y = 17y = 17, = 2%.

Table 2. Piezoelectric properties of the PZT-5A patch.

Parameters Value
164 574 -722 0 0 0
—-574 164 722 0 0 0
—-722 -722 188 0 0 0
Elastic compliance (m?/N) 0 0 0 475 0 0 X
0 0 0 0 475 0
0 0 0 0 0 443
10712
0 0 -171
0 0o -171
. . . 0 0 374 12
Dielectric coupling constant (C/N) 0 584 0 x 10
584 0 0
0 0 0
1730 0 0
Permittivity (Farad/m) 0 1730 0 x (8.854 x 10712)
0 0 1700
Mass density (kg/m?) 7750
Damping loss factor 0.005
Dielectric loss factor, & 0.015

3.2. Numerical Admittance Response vs. Experimental Result

To obtain the numerical admittance from the finite element model, we simulated the
same experimental conditions by applying a harmonic voltage of 1 V to the top surface
of the PZT patch while the ground electrode was imposed to the bottom surface. The
sweep frequency band was 10-100 kHz with an interval of 0.18 kHz (i.e., 501 frequency
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Real Impedance (Ohm)

Real Impedance (Oh

points). At each swept frequency, the governing equations of the problem were solved by
the generalized minimum residual (GMRES) iterative method. The convergence error of
the simulation was defined as 0.001. The admittance response was computed as the ratio
between the output current from the PZT patch and the input voltage applied on it.

The real part of the numerical impedance signature is compared with the experimental
data (the case of T =5 tons) [25] in Figure 5a. Similar to the experimental result, we observed
three strong resonant bands (i.e., 20-35 kHz, 70-80 kHz, and 90-95 kHz) in the frequency
range of 10-100 kHz. Specifically, four strong resonant peaks (i.e., Peak 1-Peak 4) were
observed in the numerical data; those were identical to the peaks of the experimental result.
We also observed identical patterns between the numerical simulation and the experiment
at non-resonant bands (i.e., 10-20 kHz, 35-70 kHz, 80-90 kHz, and 95-100 kHz).

The imaginary part of the numerical impedance signature was also well-agreed with
the experimental signature, as shown in Figure 5b. It should be noted that the imaginary
part mainly contains the information of the PZT patch. Thus, the good agreement between
the imaginary impedance signatures suggested that the piezoelectric effects of the PZT
patch were well simulated by COMSOL. The resultant admittance signatures were com-
pared between the simulating model and the experimental model in Figure 5c. It is shown
that the trend, the magnitude, and the resonant bands of the two models were identical.

Peak 1 Peak 2 Peak 3 Peak4
1000 ——— . — | —
1 ' Expe:riment
i ' Simulation
800 - ! : : |
600 |- b | w -
400 ‘ j j s
200 : | |
0 | I
10 20 30 40 50 60 70 80 90
Frequency (kHz)
(a)
3500 T T T T T T T T
Experiment
3000 Simulation |7
2500

20 30 40 50 60 70 80 90
Frequency (kHz)

(b)
Figure 5. Cont.
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Experiment
Simulation

50 60
Frequency (kHz)

(c)

70 80

90 100

Figure 5. Comparison of impedance responses between the simulation and the experiment. (a) Real impedance signatures;
(b) Imaginary impedance signatures; (c) Admittance signatures.

The frequency of the four peaks observed in the numerical impedance signature is
compared with the experimental result in Figure 6 and is listed in Table 3. It is seen that
the peak frequencies showed good agreements between the two models. In this study,
we used the peak frequency values for calculating the error between the experimental
and simulation results. The maximum frequency error was only 5.69% (Peak 1) and the
minimum error was ignorable at 0.24% (Peak 3). It is noted that the frequency of the vertical
bending modes (Peak 1 and Peak 2) is strongly dependent on the vertical bending stiffness
of the flexural part of the PZT interface. The error is relatively higher for Peak 1 and Peak
2 due to the difference in the vertical bending stiffness between the finite element model
and the experimental model. To narrow this gap, it is necessary to update the structural
parameters (e.g., elastic modulus) that affect the vertical bending stiffness of the flexural
part of the interface [46]. Despite that, the finite element model was successful to predict

the experimental admittance response in the literature [25].

100
90
80
70
60
50
40
30
20
10

0

Frequency (kHz)

= Simulation

0O Experiment

Peak 1

Peak 2

Peak 3

Peak 4

Figure 6. Comparison of peak frequencies between the numerical simulation and the experiment.
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Table 3. The frequency of the impedance peaks.
Simulation Experiment Difference o
Peak (kHz) (kHz) (kHz) Error (%)
1 23.86 25.3 —1.44 5.69
2 29.08 30.7 —1.62 5.28
3 73.54 73.36 0.18 0.24
4 92.62 92.98 —0.36 0.39

Real Impedance (Ohm)

1200

1000

800

600

400

200

4. Dynamic Characteristics and Numerical Feasibility Verification

To demonstrate the numerical feasibility of the single-point mount smart interface
for anchor force monitoring, there is a need to identify the local vibration modes of the
interface that are identical to the resonant peaks and to prove that the frequency of those
modes is changed by the change in the anchor force.

4.1. Local Dynamic Characteristics of Single-Point Mount PZT Interface

First, the local dynamic characteristics of the single-point mount smart interface
were examined to determine the modal parameters of the resonant impedance peaks that
were sensitive to the anchor force change. It is noted from Figure 5a that the numerical
impedance signature showed four strong resonant peaks at 23.86 kHz (Peak 1), 29.08 kHz
(Peak 2), 73.54 kHz (Peak 3), and 92.62 kHz (Peak 4) in the frequency range of 10-100 kHz.
There was, therefore, a need to find the vibration modes of the smart interface for those
resonant peaks.

We performed the numerical modal analysis using the established finite element model
in COMSOL. Consequently, we identified four vibration modes of the smart interface-
anchorage system that showed identical frequencies with the four impedance peaks, as
sketched in Figure 7a. Specifically, the identified mode that occurred at 23.721 kHz belonged
to the first impedance peak (Peak 1), while the one that occurred at 29.041 kHz was
attributed to the second impedance peak (Peak 2). The mode that occurred at 72.550 kHz
was assigned to the third impedance peak (Peak 3), and the one that occurred at 92.724 kHz
belonged to the fourth impedance peak (Peak 4).

20 30 40 50 60 70 80 90 100
Frequency (kHz)

(@)
Figure 7. Cont.
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23.721 kHz

4

L

29.041 kHz

72.550 kHz

92.724 kHz

3D View ZY Plane

(b)

Figure 7. Identified modal parameters corresponding to resonant impedance peaks of the PZT interface-anchorage system.

(a) Identified modes for the resonant impedance peaks; (b) 3-dimensional modal shapes of the identified modes.

The frequency and 3-dimensional modal shapes of the identified modes are depicted
in Figure 7b. It is observed that the first and the second peaks had vertical bending motions
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Real Impedance (Ohm)

1000

800

600
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(translations in the zx plane), while the third and the fourth peaks exhibited coupled
vertical-lateral bending motions (translations in both the zx plane and the zy plane). The
result suggests that the piezoelectric deformation of the PZT patch mainly excited the
bending motions of the interface.

4.2. Numerical Feasibility of Single-Point Mount PZT Interface for Anchor Force Monitoring

Next, we proved that the resonant frequency of the identified modes (i.e., the resonant
impedance peaks) was changed due to the change in the anchor force. From the explanation
in Section 3.1, the effect of the anchor force was treated by the stiffness and damping
parameters at the contact interface of the bearing plate. To simulate the change in the
anchor force in the finite element model, we reduced the value of the contact stiffness in
the three axes (ky, ky, kz). Four cases of the contact stiffness (i.e., Case 1-Case 4) are detailed
in Table 4. That is, Case 1 was the intact case while the contact stiffness was reduced by
25%, 50%, and 75% in Case 2, Case 3, and Case 4, respectively.

Table 4. The peak frequency vs. damage case.

Area Contact Stiffness

Damage (N/m/m?) Peak Frequency (kHz)
Case
ky=ky ks Peak 1 Peak 2 Peak 3 Peak 4
Case 1 20 x 1011 40 x 1011 23.86 29.08 73.54 92.62
Case 2 16 x 1011 32 x 1011 23.26 28.36 73.36 92.44
Case 3 12 x 1011 24 x 101 22.6 28.72 73.36 92.62
Case 4 8 x 1011 16 x 1011 20.8 27.46 73.36 92.62

Figure 8 shows the real part of the numerical impedance signatures in the wide
frequency band of 10-100 kHz and two strong resonant bands of 20-30 kHz and 70-75
kHz for the four damage cases. Similar to the previous experimental results [25], the
real impedance signatures showed certain variations under the change in the contact
stiffness. The frequency band of 20-30 kHz varied more sensitively than the band of 70-75
kHz. Similar observations were found from the plots of the imaginary impedance and the
admittance signatures, as seen in Figures 9 and 10, respectively.
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Case 3 |4
Case 4

- —

50 60 70 80 90
Frequency (kHz)
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Figure 8. Cont.
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Figure 8. The real part of the numerical impedance signatures for different cases of contact stiffness. (a) 10-100 kHz;
(b) 20-30 kHz; (c) 70-75 kHz.
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Figure 9. The imaginary part of the numerical impedance signatures for different cases of contact stiffness. (a) 10-100 kHz;
(b) 20-30 kHz; (c) 70-75 kHz.
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Figure 10. The numerical admittance signatures for different cases of contact stiffness. (a) 10-100 kHz; (b) 20-30 kHz;

(c) 70-75 kHz.

The resonant frequency of the four peaks was extracted, as listed in Table 4. The
peak frequencies tended to reduce as the contact stiffness was lost. The percentage of
frequency shift was calculated, as depicted in Figure 11. The frequency shift of Peak 1 was
the most significant while that of Peak 2 was moderate and those of Peak 3 and Peak 4 were
ignorable. Since the four impedance peaks were associated with the four identified modes
of the smart interface (see Figure 7a), it was shown that the frequency of the first and the
second identified modes was significantly sensitive to the contact stiffness change (i.e., the
anchor force reduction) while those of the remaining modes experienced ignorable changes.

Finally, the damage indices (i.e., RMSD and CCD) were computed using the numerical
admittance response. The RMSD and CCD indices for the resonant band of 20-30 kHz are
shown in Figure 12a,b, respectively. The damage indices varied with the contact stiffness
(i.e., the anchor force). However, strong nonlinearities were observed in the changing
trends of both damage indices. There was a drop in the damage indices at Case 3, while the
values of Case 2 and Case 4 were quite similar. Therefore, anchor force monitoring using
this frequency band could lead to inaccurate diagnosis results.
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Figure 12. The damage indices for the frequency range of 2040 kHz. (a) RMSD index; (b) CCD index.

Figure 13a,b, respectively, show the RMSD and CCD indices for the frequency band of
70-75 kHz. In contrast with the frequency band of 20-30 kHz, clear changing trends were
observed. The RMSD index was proportional with the contact stiffness, but the changing
trend was rather nonlinear. Meanwhile, the CCD index exhibited a fairly linear change
with the contact stiffness. The result suggests that the anchor force monitoring result was
improved when the second resonant band was employed. The numerical observations were
well-consistent with the previous experimental results [25], demonstrating the numerical
feasibility of the single-point mount PZT interface for anchor force monitoring of the
anchorage system.

It is noted that the local vibrations and the admittance of the PZT interface are mainly
dependent on the sizes of the PZT patch and the interface body. While the modal frequency
of vibration modes strongly varies with the size of the interface body, the size of the PZT
determines the curve of the imaginary admittance; the size of the PZT patch should be also
large enough to excite the vibration modes of the interface [48]. The sizes of the bearing
plate, the anchor block, and the tendon have only minor effects on the local dynamic
characteristics of the PZT interface, but they do affect the admittance response of the
PZT interface. To sufficiently quantify such geometric effects, a parametric study will be
investigated in a future study.
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Figure 13. The damage indices for the frequency range of 70-80 kHz. (a) RMSD index; (b) CCD index.

5. Summary and Conclusions

In this work, the numerical modeling and local dynamic characteristics of a single-
point mount PZT interface on a prestressed anchorage were investigated to show the
numerical feasibility of the anchor force monitoring technique. First, the admittance
response of the smart interface was theoretically derived from an analytical impedance
model to show the proof-of-concept of the technique. Second, finite element modeling
of the PZT interface-anchorage system corresponding to the experimental model was
conducted. The admittance and impedance responses of the smart interface were analyzed
and compared with the experimental data. Fourth, the local dynamics of the PZT interface
were analyzed by the modal analysis approach to determine the sensitive vibration modes.
Finally, the impedance and admittance responses corresponding to the sensitive vibration
modes were numerically analyzed under the change in the anchor force (i.e., the contact
stiffness). The frequency shift and the admittance change were quantified to verify the
numerical feasibility of the anchor force monitoring technique through the single-point
mount smart interface.

From the numerical investigation, the following concluding remarks can be drawn,
as follows: (1) The simulated impedance and admittance responses were well-matched
with the experimental data in the literature. Thus, the electromechanical response of the
single-point mount PZT interface can be reliably predicted by the numerical modeling
technique. (2) Four sensitive vibration modes (including two longitudinal bending modes
and two longitudinal-lateral hybrid bending modes) that correspond to the four resonant
impedance peaks were identified. (3) The impedance and the admittance responses of
the identified modes were found to be sensitive to the change in anchor force (i.e., the
contact stiffness). Among four modes, the two longitudinal bending modes showed the
most frequency variations. (4) Similar to the previous experimental observation, the third
vibration mode of the single-point mount PZT interface was found to be suitable for anchor
force monitoring. (5) The numerical feasibility of the anchor force monitoring technique
through the single-point mount smart interface was successfully verified. The RMSD
and CCD damage indices were sensitively varied with the change in the contact stiffness
(representing the change in the anchor force). In the resonant band of 70-75 kHz, the
CCD index showed a fairly linear change with the contact stiffness while the change in the
RMSD index was rather nonlinear. The study is expected to provide a reference numerical
model for the design of the single-point mount PZT interface.

The future research remains as follows: (1) a parametric study will be investigated to
sufficiently quantify the geometric effects on the local dynamic characteristics and the ad-
mittance/impedance responses of the PZT interface; (2) our research group is also working
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on updating the damping ratios to get a better agreement in the admittance magnitudes
and improving the finite element model to consider the stress effect of the anchor force on
the shift of admittance signatures; (3) a quantitative estimation of the admittance-spring
stiffness-anchor force relationship will be sufficiently investigated; (4) the authors will
explore new applications of the presented technique (e.g., monitoring the axial stress in
rock bolts).
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