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ABSTRACT

This study aims to investigate the feasibility of PZT-embedded rebar-aggregate
sensors for electromechanical impedance-based structural damage monitoring in
prestressed concrete (PSC) anchorages. Firstly, the impedance-based monitoring
method for the PSC anchorage is briefly outlined. Secondly, a prototype of a PZT-
embedded rebar-aggregate (smart rebar-aggregate) is designed to obtain impedance
signals sensitive to initial defects in PSC anchorages. Lastly, an experiment is performed
on a real-scale PSC anchorage zone for evaluating the practicality of smart rebars and
smart aggregates, which are embedded at various locations in the anchorage zone.
Measured impedance signatures are quantified to estimate the accuracy of smart rebars-
aggregates under prestressed force variations.

1. INTRODUCTION

In a prestressed concrete (PSC) structure, especially post-tensioning concrete
girder, the anchorage zone plays a crucial role in transferring the prestress force into the
concrete body. During stressing process, the anchorage zone could be damaged due to
high-stress concentration induced by prestressing forces (Breen 1994). Pristine cracks
often occur at the inner concrete domain close to a bearing plate, which is generally
installed in the concrete anchorage (Marchdo 2019). Internal cracks will be propagated
to the concrete surface, the structural degradation (e.g., tendon corrosion) becomes
under ambient effects. Thus, the damage occurrence in the anchorage should be
monitored at its early state to ensure the safety of the PSC structure.

Over past decades, an impedance-based method has emerged as a promising one
in the structural health monitoring field. It has been applied to monitor various types of
damage, such as concrete damage (Bhalla 2004), strand-breakage (Dang 2020), and
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concrete strength development (Lim 2019). The method could detect local structural
damage by quantifying the variation in impedance responses measured before and after
a damage event.

This study investigates the practicality of a smart rebar-aggregate for
electromechanical impedance-based structural damage monitoring in prestressed
concrete (PSC) anchorages.

2. IMPEDANCE-BASED CONCEPT FOR PSC-ANCHORAGE VIA EMBEDDED-PZT
INTERFACE

The impedance-based technique has relied on the coupling of mechanical and
electrical characteristics. The method employs a PZT patch to stimulate the monitored
structure and to simultaneously obtain the structural vibrational responses under such
excitation. The impedance can be calculated based on Liang (1994):
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where i is the imaginary unit; @ denotes the excitation frequency; and Ay is the geometric
parameters constant of the PZT patch; &5, ds1, and Y%, are the complex dielectric
constant at zero stress, the piezoelectric constant in 1-direction at zero stress, and the
complex Young’s modulus of PZT patch at zero electric fields. In Eq. (1), the electrical
mechanical impedance, Z(w), is a function of the impedance of the PZT patch, Za(®) and
that of the target structure, Zs(w). Thus, the change in structural characteristics (k, m, c)
can be detected by the change in impedance signals.
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Fig. 1 Impedance monitoring concept for anchorage zone via embedded-PZT sensor
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As shown in Fig. 1a, the PSC anchorage consisted of an anchor head (¢ x h), a
bearing plate (a x a x tv), and a concrete block (D x D x H) under prestress force PS. The
stress distribution in the anchorage under PS can be examined in the local zone and the
general zone, which can be found in Ro (2020). The local zone (~a x a) is subjected to
large bearing and compressive stresses. Meanwhile, the general zone (D x H) is
experienced a dispersion of compressive stresses and lateral tensile stresses. The
stresses are evenly distributed for both compressive and tensile stresses at the end of
the anchorage.

The PZT-embedded interfaces can be employed to monitor the changes in
impedance signals caused by the initial damage in the anchorage under PS. As shown
in Fig. 1a, two PZTs are positioned at P1 (close to bearing plate) and at P2 (far from
bearing plate) in the anchorage for impedance measurement under PS variations. Figure
1b presents the impedance responses obtained from PZTs at P1 and P2. Generally, the
impedance signals of PZT at P1 would be more change than that at P2 since the local
position P1 is under higher stress variation, thus enabling the feasibility of the
impedance-based method for damage monitoring in the anchorage zone.

Variations in impedance responses under structural damage can be quantified by
the root mean square deviation (RMSD), which can be found in Giurgiutiu (1998):

n
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where Z(@) and Z*(@) are the real-parts impedance signatures measured before and
after the damage of the ith frequency, respectively.

3. SMART IMPEDANCE MONITORING IN PSC ANCHORAGE

3.1. Prototype of Smart Rebar and Smart Aggregate

As shown in Fig. 2a-b, two prototypes of PZT-embedded interfaces were proposed
to measure changes in impedance signals induced by pristine defects in the anchorage
zone. Two configurations of PZTs were selected: PZT-embedded aggregate (smart
aggregate) can be viewed in Wang (2016) and PZT-embedded rebar (smart rebar) can
be found in Karayannis (2016). For smart rebar (see Fig. 2a), a PZT patch (PZT 5A, a
size of 10 x 6 x 1 mm) was soldered with electric wires and mounted on a machined
surface of the steel rebar. Then an epoxy layer was applied to cover the PZT on the
machined area of rebar (about 12 x 6 x 1.5 mm) to waterproof. For smart aggregate (see
Fig. 2b), a PZT 5A patch (10 x 10 x 1 mm) was welded with electric wires and coated by
a 0.5 mm epoxy layer. Then the coated PZT was located at the center of a concrete block
(¢ 26 x h = 26 mm). A concrete mix without coarse aggregate Dmax 25 listed in Table 1
was used for the smart aggregate fabrication.
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Fig. 2 Prototype of smart rebar-aggregate for impedance sensing (dimension in mm)

Table 1. Concrete mix for concrete member (*)
Material (1m3 concrete) Mass (kg)

Sand 800
Aggregate (Dmax 25) 997
Cement 346
Water 165

(*) The mixture was used for the concrete anchorage zone in Section 3.2

As shown in Fig. 3, impedance signals were measured for a coated PZT, PZT-rebar,
and PZT-aggregate. The 15t frequency peak of coated-PZT’s impedance was about 190
kHz. It was shifted to about 200 kHz after being formed in the smart aggregate. The
magnitude was decreased, which can be referenced in Pham (2021). After formed in the
smart rebar, the resonant frequency was shifted to about 280 kHz. The magnitude of
impedance signal was reduced, which can be found in Talakokula (2018).
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Fig. 3 Measured impedance responses of coated-PZT, PZT-rebar, and PZT-aggregate
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3.2. Implementation for Real-Scale PSC Anchorage under Prestress Force

As shown in Fig. 4, a full-scale test on a 9-strands concrete anchorage zone was
performed to evaluate the impedance monitoring using smart rebar-aggregate. The
anchorage zone consists of an anchor head (¢ 159 x h =75 mm), a bearing plate (200 x
200 x 30 mm), and a concrete block (460 x 460 x 500 mm) (VSL. International Ltd.
(2015)). The detail of the anchorage zone’s reinforcement was shown in Fig. 4a: (1) spiral,
(2) inner orthogonal stirrups, (3) outer orthogonal stirrups, and (4) longitudinal rebars.

Figure 4a also shows the deployment of smart rebars-aggregates in the anchorage
zone during the construction process. Two smart rebars (RB.1-1 and RB.2-1) were
installed in two layers of inner stirrups (Rebar 1 and Rebar 2). Rebar 1 and Rebar 2 were
placed about 60 mm and 120 mm from the anchorage surface, respectively. Two smart
aggregates (AG.1-1 and AG.2-1) were attached to Rebar 1 and Rebar 2, respectively.
The anchorage zone was set up on a steel frame to resist tensions induced by
prestressing strands (see Fig. 4b). The frame had two steel plates connected via four
steel-tubes using bolts. On the left plate, strands were clamped to anchor head by
wedges. On the right plate, strands were connected to hydraulic jacks via steel threads,
and jacks were used to control tension forces in strands. The applied forces were
recorded via 9-load cells.

Left plate

"$10@50( 1)
M -

Concrete block
P 460 x 460 x 500

a) Rebar and sensor installation b) Test setup for anchorage zone
Fig. 4 PSC anchorage zone and smart rebar-aggregate (dimension in mm)

Four test cases, namely PS1-PS4, were simulated to measure impedance
responses. In PS1, all 9-strands were stressed with a force about 1 kN per strand as the
intact baseline, and all load cells were balanced at 0 kN. Then, each strand was
increased up to 40 kN for PS2. In PS3 and PS4, each strand was simulated at about 80
kN and 120 kN levels.

For impedance measurement, a wired impedance analyzer was employed to
recorded impedance signals from smart rebar-aggregates in the frequency range of 100-
600 kHz (501 points). Four ensembles of impedance were measured for each test case
to compute the control threshold CL. During the measurement, the lab temperature was
controlled around 21.5°C using air conditioners to minimize temperature effects.

As shown in Fig. 5, the impedance signals of smart rebars RB.1-1 and RB.2-1 were
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presented in the selected range of 200-400 kHz. RB.1-1 (close to bearing plate) were
relatively more sensitive to PS force variation than RB.2-1.

As shown in Fig. 6, the impedance signatures of smart aggregates AG.1-1 and
AG.2-1 were presented in the selected range of 100-300 kHz. AG.1-1 (close to bearing
plate) were relatively more sensitive to PS force variation than AG.2-1.
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Fig. 5 Impedance responses of smart rebars under prestressing force PS1-PS4
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Fig. 6 Impedance responses of smart aggregates under prestressing force PS1-PS4
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The change in impedance signatures obtained from smart rebars-aggregates under
PS forces was quantified via the RMSD index. Figure 7 shows the RMSD indices of smart
rebars under PS1-PS4. In the intact state (PS1), the RMSD magnitudes of smart rebars
were relatively small (<1%). The RMSD magnitudes for PS2-PS4 were successively
increased and beyond the CL values, thus indicating the variation of PS forces.
Furthermore, the RMSD values of RB.1-1 on Rebar 1 were higher than those of RB.2-1
on Rebar 2, confirming that Rebar 1 (placed closer to bearing plate) experienced more
stress variation than Rebar 2.
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Fig. 7 Impedance features of smart rebars under prestressing force PS1-PS4
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Figure 8 shows the RMSD indices of smart aggregates (AG.1-1 and AG.2-1) under
PS1-PS4. In the PS1, RMSD indices of smart aggregates were ignorable (<0.6 %). The
magnitudes were increased and higher the CL values under loading cases PS2-PS4,
thus showing that the smart aggregates successfully detected the variation of
prestressing force in the anchorage zone. The RMSD indices of AG.1-1 on Rebar 1 were
higher than those of AG.2-1 on Rebar 2.
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Fig. 8 Impedance features of smart aggregates under prestressing force PS1-PS4

Based on impedance features determined from impedance signals of smart rebars-
aggregates, it is suggested that embedded-PZT interfaces should be localized in Rebar
1 to sensitively detect the variation in prestress forces. Furthermore, smart rebars yielded
more accurate indications than smart aggregates for the change of applied forces.

4. CONCLUSION

The feasibility of smart rebar-aggregate was investigated for impedance-based
monitoring in the PSC anchorage. The impedance-based concept for the anchorage
zone via embedded-PZT sensors was illustrated. The prototype of both smart rebar and
smart aggregate was designed to obtain impedance signatures. The practicality of the
smart rebar-aggregate was evaluated on the real-scale PSC anchorage zone under
prestressing force variations.
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