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ABSTRACT

As the impedance monitoring technique has been successfully implemented on
various types of structures, the quantitative damage detection by the impedance-based
technique has become an important issue for complex structural connections. Since the
impedance-based technique is not based on any particular physical models, it is very
difficult to quantitatively correlate the change in impedance signatures to the change in
structural properties. In this study, the severity of damage in tendon anchorage caused
by the loss of tendon forces is quantitatively identified by using the PZT interface-based
impedance monitoring technique. Firstly, a prototype of PZT interface is designed for
the impedance monitoring of tendon anchorage. Next, impedance signatures are
experimentally measured from a lab-scaled tendon-anchorage system under different
prestress-force levels. Finally, damage severities of the tendon anchorage caused by
the loss of prestress-force are quantitatively identified from a phase-by-phase model
updating process, in which changes in the measured impedance signatures are
correlated to changes in structural properties.

1. INTRODUCTION

Many researchers have studied the impedance-based damage detection in
structural systems during the past decade. The primary advantages of the impedance-
based technique include (1) the technique is not model-based, so it can be easily
applied to complex structures; (2) the technique uses small, cheap, lightweight, fast
response, and non-instructive sensors; (3) the technique itself is very sensitive to small
damage-size; and (4) the technique can be integrated with a wireless impedance
sensing network to perform auto-monitoring. By taking the above advantages, the
impedance-based technique has been applied for structural health monitoring of tendon
anchorage systems (Liang et al. 1994, Kim et al. 2010, Nguyen and Kim 2012, Huynh
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and Kim 2014, Huynh et al. 2014, 2016). As the impedance monitoring technique has
been successfully implemented on the tendon anchorage, the quantitative damage
detection by the impedance-based technique has become an important issue. Most of
experimental studies used the impedance technique for qualitative health monitoring
(Chaudhry et al. 1996, Park G. et al. 2001, Kim et al. 2010, Park et al. 2015, Huynh and
Kim 2016, Nguyen et al. 2017). In these applications, the impedance signatures have
been qualitatively classified for the alert of damage occurrence due to the target
structure’s complexity and the difficulty in high-frequency modelling.

Up-to-date, few researchers have reported on the quantitative health monitoring
in structural joints using the impedance-based method. Ritdumrongkul et al. (2004)
employed the spectral element method to model the PZT-bolted joint and applied a
mathematical technique to quantitatively estimate structural parameters of the joint. In
their study, the considered frequency band was relatively low, less than 2.5 kHz, as
compared to the ones commonly used in reality. Lopes et al. (2000) and Min et al.
(2012) combined the impedance-based technique with the ANN (artificial neural
network) to estimate damage types and severities in joints. However, a large amount of
the impedance records should be conducted on the target structure under both intact
and damage states that could limit the application of their methods to realistic
structures.

In this study, the severity of damage in tendon anchorage caused by the loss of
tendon forces is quantitatively identified by using the PZT interface-based impedance
monitoring and model updating technique. Firstly, a prototype of PZT interface is
designed for the impedance monitoring of tendon anchorage. Next, impedance
signatures are experimentally measured from a lab-scaled tendon-anchorage system
under different prestress-force levels. Finally, damage severities of the tendon
anchorage caused by the loss of prestress-force are quantitatively identified from a
phase-by-phase model updating process, in which changes in the measured
impedance signatures are correlated to changes in structural properties.

2. PZT INTERFACE-BASED IMPEDANCE MONITORING METHOD

2.1 Prototype of Mountable PZT Interface

To predetermine effective frequency bands in impedance-based damage
detection, a mountable PZT interface device was developed by Huynh and Kim (2014).
The interface prototype is a beam-like structure with a PZT patch at the center, see Fig.
1(a). The interface device has a flexible beam section in the middle and the fixed-fixed
boundary by two outside contact bodies. The flexible section, where the PZT sensor is
installed, is intentionally designed to allow flexural vibrations of the interface according
to piezoelectric deformations of the PZT. The two contact bodies of the PZT interface
allows it to be easily attached and detached from the target structure.

As shown in Fig. 1(b), the PZT interface is surface-mounted on the host structure
to monitor the changes in its structural properties which can be induced by any
structural damage. Under the excitation of the PZT sensor, the PZT interface interacts
with the mother structure via the coupling vibrations. If the mother structure is damaged,
the coupling dynamic responses could be altered, making the variation of the EM
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impedance responses obtained from the interface.

I()

— PZT
_ PZT
Aluminum PZT Interface | F
77 1 @ — »iC - ()
{ | i. | Q I | Interface |
|- | | ! - 1
iz » TN, Y ; ["""""‘""](A'c’m) :
]  Flexible Section ) _ i Host Structure i
Surface-bonded Section Surface-bonded Section gy 1 _“_-“_f_‘_ ‘_’f‘_ft_”ft_ D
(a) Prototype of PZT interface (b) PZT interface-host structure interaction

Fig. 1 Design of PZT interface device (Huynh and Kim 2014)

2.2 Local Dynamic Characteristics of PZT Interface

Sensitive frequency ranges of impedance signatures can be controlled by using
the PZT interface for which its dynamic characteristics is closely associated with the
resonant peaks of the impedance signatures. Thus, it is needed to analyze the local
dynamic characteristics of the PZT interface. For that purpose, an example of the PZT
interface device was selected, as shown in Fig. 2(a). Aluminum was selected for the
interface’s material. A PZT patch sized 15x15x0.51 mm?® was installed at the middle of
the interface. The properties of the aluminum interface are specified as: Young's
modulus E = 70.0 GPa, Poisson's ratio v = 0.33, mass density p = 2700 kg/m?, and
damping loss factor n = 0.02. The PZT patch was added by PZT-5A (Huynh et al.
2015).
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(a) Geometric sizes (b) Meshing and boundary conditions
Fig. 2 Geometries of PZT interface (mm)

A FE model of the PZT interface was established by COMSOL Multiphysics. The
interface was discretized by 608 solid elements and the fixed-fixed boundary condition
was applied, as shown in Fig. 2(b). To acquire the EM impedance responses, a
harmonic excitation voltage with an amplitude of 1 V was simulated to the top surface
of the PZT patch, and the bottom one was set as the ground electrode. Figure 3 shows
numerical impedance responses of the PZT interface, in which the first and second
peak frequencies were identified at 19.18 kHz and 38.44 kHz, respectively.

Modal analysis was numerically performed for the PZT interface. Figure 4 shows
the first four mode shapes representing the modal vibrations of the interface. Among
them, Mode 1 is out-of-plane longitudinal flexural motion and Mode 4 is out-of-plane
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lateral flexural motion. By comparing Fig. 3 with Fig. 4, two modal shapes of the
interface identical to the two impedance peaks were numerically analysed as 19.016
kHz (Mode 1) and 37.923 kHz (Mode 4) that mainly represent the local vibration
characteristics of the PZT interface.
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Fig. 3 Numerical impedance responses of PZT interface

Vertical

Peak 1 '

Mode 2
22.767 kHz

__________________________________

' ! ' | Peak 2
: i
Mode 3 ' Mode 4 .
36.886 kHz (37983 Kz N l

Fig. 4 Modal shapes of PZT interface identical to resonant peaks of impedance
signatures (Huynh et al. 2015)

3. IMPEDANCE MONITORING OF LAB-SCALE TENDON ANCHORAGE

3.1 Test Setup of Lab-scaled Cable Structure
As shown in Fig. 5(a), a lab-scale tendon anchorage system was selected as the

test structure. A 7-wire mono tendon (¢15.2 mm) was installed in length of 6.4 m by
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steel anchorage heads (¢45 mm) on bearing plates (100x100x10 mm?®) at two ends.
The designed PZT interface was mounted on the surface of the bearing plate of the
tendon-anchorage connection, as shown in Fig. 5(b). The PZT was excited by a
harmonic voltage with 1V-amplitude, and the impedance signals in 10-100 kHz were
measured by an impedance analyser, HIOKI 3532. A stressing jack was used to
introduce the prestress force into the cable system. And, a load cell was installed at
one anchorage to measure the actual cable force. As the healthy state, the prestress
force T1 = 48.1 kN was introduced. Next, the prestress force was decreased to T2 =
40.2 kN, T3 =29.4 kN and T4 = 20.6 kN to simulate the damage cases. For each case,
5 measurements were conducted repeatedly. The temperature was kept as 23-24 °C.

(a) Tendon anchorage (b) Interface on bearing plate
Fig. 5 Test setup for PZT interface-anchorage system
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Fig. 6 Impedance responses of PZT interface under various prestress forces

3.2 Impedance Responses under Prestress Force Changes

Figure 6 shows real impedance signatures in 10-100 kHz from the PZT interface
under various prestress forces. Two resonant frequencies were identical to the two
frequency bands, 14-20 kHz (Peak 1) and 34-40 kHz (Peak 2). Table 1 outlines the
tendon-force scenarios and the variation of the peak frequencies. As the tendon force
was gradually reduced from 48.1 kN (T1) to 20.6 kN (T4), the two peak frequencies
were gradually decreased from 17.18 kHz to 16.68 kHz (Peak 1) and from 36.78 kHz to
35.60 kHz (Peak 2). By noticing that the change in coupled impedance responses of
the interface-anchorage system was caused by the change in tendon forces, it is
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reasonable to confirm the relationship between the prestress force and the system
stiffness. That is, the prestress force-loss caused the reduction in the modal stiffness of
the coupled interface-anchorage system.

Table 1 Peak frequencies of PZT interface under various tendon-force levels

Case Tendon Force Peak 1 Peak 2
Level (kN) Freq. (kHz) Var. (%) Freq. (kHz) Var. (%)
T1 48.1 17.18 0 36.78 0
T2 40.2 17.04 -0.81 36.62 -0.44
T3 29.4 17.00 -1.05 36.50 -0.76
T4 20.6 16.68 -2.91 35.60 -3.21

4. QUANTITATIVE DAMAGE IDENTIFICATION OF TENDON ANCHORAGE

Damage severities induced by the prsestress-loss in the tendon anchorage
should be quantified to estimate the variation of structural performance with regards to
its designed state. This goal is achieved by the following steps: (1) a FE model of the
PZT interface-tendon anchorage system is simulated; (2) a phase-by-phase model
updating process is designed to fine-tune the FE model; and (3) the model updating is
performed to correlate the change in impedance signatures to the change in structural
properties, both of which are induced by the variation of prestress forces.

4.1 FE Analysis of Tendon Anchorage with PZT Interface

Figure 7 shows a FE model of the tested tendon anchorage with the PZT
interface which was established by using COMSOL Multiphysics. The dimension of the
FE model was consistent with the actual size of the target structure. The presence of
the tendon force can be equivalently treated as the contact stiffness of the bearing
plate (Nguyen and Kim 2012, Huynh et al. 2015). The loss of the prestress force can be
simulated by the reduction in the contact stiffness. Hence, an equivalent contact spring
system ky, ky and k, was simulated for the test structure (see Fig. 7(a)). The loss factor
of the contact damping is assumed as 0.02. The FE model was meshed by 1463 solid
elements.

The bonding layers between the PZT patch and the interface were not
considered for the simplification. The material properties of the aluminum interface
were input to the FE model, as described in the previous section. The steel tendon-
anchorage has Young's modulus E = 200 GPa, Poisson's ratio v = 0.3, mass density
p = 7850 kg/m*, and damping loss factor n = 0.02. The material properties of the PZT
patch can be found in Huynh et al. (2015). The initial contact stiffness parameters
were selected as: ky = ky = 0 and k, = 10° N/m/m?. A harmonic voltage of 1V-amplitude
was simulated to the top of PZT, and the bottom one was set as the ground electrode.

Figure 8 shows real impedance signatures which were generated from the initial
FE model. According to the figure, two resonant impedance peaks were identified at f;
= 18.16 kHz (Peak 1) and f, = 36.96 kHz (Peak 2). As compared to the experimental
results shown in Fig. 6, the two calculated impedance peaks were respectively
consistent with the two experimental ones, though the peak frequencies and peak
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magnitudes were quite different. The motion of Peak 1 is the longitudinal flexural mode

while that of Peak 2 is the lateral flexural mode (see Fig. 7(b)).
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(a) FE model (b) Interface’s two modal responses
Fig. 7 FE model of tendon-anchorage with PZT interface
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Fig. 8 Numerical impedance signatures of initial FE model of tendon-anchorage

4.2 Phase-by-phase Model Updating Algorithm

As described previously, the local dynamic responses of the interface device
would be unchanged unless the structural parameters of the tendon-anchorage and/or
the interface device are altered. By assuming the interface itself remains undamaged,
the local dynamic characteristics of the interface-anchorage can be utilized as the
indicator for the contact stiffness condition. That is, the contact stiffness of the lab-
scaled tendon-anchorage can be identified when the impedance peaks obtained from
the corresponding FE model are well-matched with the experimental results.

Figure 9 shows the phase-by-phase model updating algorithm which was
particularly designed for the tendon anchorage system (Huynh and Kim 2017). The
parameter having higher sensitivity to the structural change would be selected to be
updated first (Ho et al. 2012, Huynh et al. 2016). As reported by Ritdumrongkul et al.
(2004), the variation of lateral contact stiffness (i.e., kx and ky) has relatively small effect
as compared to that of axial contact stiffness (i.e., k;). Therefore, the model update was
performed for the phase k; first, and next was the phase ky. It should be noted that
this model updating process needs to be performed in combination with the FE
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modelling at each iteration step.
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Fig. 9 Model updating algorithm for contact stiffness identification

4.3 Identified Contact Stiffness of Tendon-Anchorage

The model updating process was carried out for the tendon anchorage using the
impedance signatures measured from the PZT interface. At first, the model updating
was performed for the tendon force T1 = 48.1 kN. For the case T1, three phases were
performed to match the numerical impedance peaks (Peaks 1 and 2) to the
experimental results. Figure 10 shows convergences of two peak frequencies of
impedance signatures during model updating for the case T1. In Phase 1, the contact
stiffness k, was first updated. Parameter k, was went up from k, = 10® N/m/m? to k, =
4x10™ N/m/m? while k, and k, were remained as zero. After Phase 1, the frequency
error of Peak 1 was converged from 5.7 % to 0.58 % while that of Peak 2 was
converged from 0.58 % to 0.33 %. In Phase 2, the contact stiffness ky and k, were
updated. The contact stiffness was gradually increased from ky = ky = 0 to ky = ky =
2.6x10™ N/m/m? while k, remained unchanged. After Phase 2, the frequency error of
Peak 1 was decreased from 0.58 % to 0.12 % while that of Peak 2 remained
unchanged as 0.33 %. In Phase 3, k; was again updated, and the contact stiffness
was changed from k, = 4x10"* N/m/m? to k, = 5.15x10™ N/m/m? while k. and k, were
remained unchanged. After Phase 3, the frequency error of Peak 1 was converged
from 0.58 % to 0 % while that of Peak 2 was reduced from 0.33 % to 0.16 %.

From the model updating for T1 = 48.1 kN, it is observed that the two peak
frequencies of the selected impedance signatures were changed in their frequencies
during the model updating (see Fig. 10). The frequency differences of Peak 1 and
Peak 2 were decreased as the iteration C24 was reached (see Fig. 10). The stiffness
parameters were identified as the converged values when the peak frequencies of the
updated FE model became identical to the experimental peak frequencies.

The same updating process was repeated for all tendon force cases T2-T4, from
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which the stiffness parameters corresponding to the four tendon forces were identified
as shown in Fig. 11. In the figure, the numerical impedance signatures identified from
the model updating were compared to the measured experimental ones. It is observed
that the numerical impedance responses were well-matched with the experimental
results at the same frequency range and also identical patterns.

Phase 1: k, Phase 2: k= k, Phase 3: k,
~ 10 A R
s
é 9 4 /) ——NMode 1 -e--Mode 2
¥ 8 A !\
£ 74 A
% () 1 6__9.—(/ ll'll
a 5 \
g 4 \ k.=3.15x10"
£ 34 k =k, =26x10°
= N
=3 2 4
g‘ -
=1 \0*-9 \
0 i e A SO - PR - o i - S S S R e - Lo
s B LA T = I - B B e BT o B N B RCR - B o e R o B s R
SRS A Y e s s s s
B = S S e

Updating Cases
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4.4 Quantitative Identification of Tendon Anchorage Damage

Relationships between the identified contact stiffness parameters (i.e., ky, ky and
k;) and the peak frequencies (i.e., Peak 1 and Peak 2) of impedance signatures were
examined as shown in Fig. 12. Power functions were used to establish these
relationships since they provided the good fits for the data. From using the
relationships, the contact stiffness parameters of the tendon-anchorage could be
predicted for measured peak frequencies of impedance signatures.
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Fig. 13 Relationship between contact stiffness and prestress forces

As the final step, the relationship between the prestress-loss force and the
structural contact stiffness is constructed for the quantitative damage severity
estimation of the tendon-anchorage connection, as shown in Fig. 13. The relationships
between the tendon forces and the contact stiffness k, k, and k, were established by
using the exponential functions, which provided the best fits for the data. From using
these relationships, the value of the prestress force could be predicted from the
measured impedance signatures. It is observed that the severity of damage in the
prestressed tendon anchorage can be quantitatively estimated by measuring
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impedance signatures and analyzing equivalent structural parameters corresponding to
the damaged state. It is also noted that the relationship between the identified contact
stiffness and the prestress force may also be applicable for similar cable anchorage
systems.

5. CONCLUSIONS

In this study, the severity of damage in a lab-scaled tendon anchorage caused by
the loss of tendon forces was quantitatively identified by using the PZT interface-based
impedance monitoring technique. The change in impedance signatures was correlated
to the change in tendon forces by the phase-by-phase model updating process. Then
the relationship between the prestress force and the contact stiffness was identified for
the tendon-anchorage system. By using the relationship, the prestress force could be
estimated from the measured impedance signatures. From the findings, it is
concluded that the proposed approach has the potential to quantitatively estimate the
damage severity in the tendon anchorage which is caused by the tendon force-loss.
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