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Abstract: This study proposes a cost-effective prestress monitoring method for post-tensioned
reinforced concrete (RC) beams using a smart strand. Firstly, the concept of a piezoelectric-based
smart strand and its implementation for prestress force monitoring are developed. The smart strand
is prepared by embedding inexpensive and high-sensitivity electromechanical impedance (EMI)
sensors in a steel strand. Next, the feasibility of the proposed method is experimentally verified for
prestress force monitoring of a simple supported post-tensioned RC beam. A smart strand prototype
is fabricated and embedded into a 6.4 m RC beam which is then prestressed with different levels. For
each prestress level, the EMI responses of the smart tendon are measured and the EMI features are
extracted for prestress force monitoring. The results showed that the EMI signals of the smart strand
showed strong resonant peaks that varied sensitively to the prestress level of the beam. The prestress
change in the prestressed RC beam was successfully estimated by using linear regression models of
the EMI features.

Keywords: piezoelectric-based smart strand; EMI sensor; EMI technique; prestress monitoring; RC
beam; prestressed structures

1. Introduction

Structural health monitoring (SHM) of prestressed reinforced concrete (RC) structures
has increasingly received significant interest from civil engineers, maintenance crews, and
researchers. In these structures, the value of the prestress (PS) force is a key parameter
for the evaluation of structural performance [1]. After the completion of the construction
process, the strand may suffer short-term and long-term PS loss over time as the result of
multiple causes (e.g., concrete shrinkage and creep, corrosion and strand relaxation, flexural
cracks). A severe drop in the PS force, if not timely detected, will significantly influence
the bearing capacity of the prestressed structure, carrying the potential of catastrophic
failure [2,3].

Since the 1990s, research efforts have been made to develop SHM techniques for
PS force monitoring of prestressed structures. One of the first attempts was conducted
by Saiidi et al. [4]. In their research, they analyzed the effect of the PS force on the
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dynamic properties of RC beams and concluded that periodic monitoring of the dynamic
characteristics can be useful to discriminate the PS losses. Based on this pioneering study;
Kim et al. [5] developed a theoretical formula to estimate the PS loss of an unbonded
strand in a prestressed beam by using the shift in modal frequencies. However, PS loss,
in most cases, causes only small changes in the vibration frequencies of the prestressed
RC structure. Since a tiny alternation in structural parameters of a prestressed structure
(e.g., the mass, the boundary condition, geometric properties) can also result in frequency
variations, the prediction of the actual PS force based on the vibrational frequency of the
prestressed structure becomes less accurate.

Other researchers have focused on developing local SHM techniques with a high level
of sensitivity to the loss of PS force. For example, Wang et al. [6] developed a PS force
monitoring method for stay cables using elasto-magnetic (EM) sensors. The EM-based
technique is based on the relationship between magnetic properties and the local stress of
a steel strand [6,7]. Halvonik et al. [8] applied EM sensors for long-term PS loss monitoring
in prestressed concrete beams. The acousto-elastic (AE)-based technique utilizing wave
propagation characteristics was also developed for PS force monitoring [9]. Chaki and
Bourse [10] derived acoustoelastic formulas together with acoustoelastic measurements to
assess the service PS values of seven-wire steel strands. Despite their high sensitivities to
PS loss, these local techniques require expensive and precise instruments and do not appear
feasible for real-time SHM. Other research groups attempted to monitor the PS force of
prestressed structures by measuring the strain of prestressed strands [11-14]. Kim et al. [15]
developed a smart tendon by embedding a fiber Bragg grating (FBG) sensor into a seven-
wire steel strand for anchor force monitoring. Although the FBG-based technique has high
precision and suitability for real-time SHM, it is not cost-effective because of expensive
FBG-based smart strands and optical sensing interrogator. State-of-the-art membrane
electrostatic sensors could also be promising candidates for PS force monitoring [16-18].
However, more numerical and experimental investigations are needed to prove this idea.

Among the currently available local methods, the electromechanical impedance (EMI)-
based technique has been considered as an innovative and low-cost SHM tool for PS
assessment of prestressed structures [19-24]. The EMI-based technique was first devel-
oped for damage detection and it soon received significant interest from many researchers
because of its unique advantages. The technique uses an inexpensive, lightweight, fast
response and robust piezoelectric transducer (e.g., PZT—lead zirconate titanate) to obtain
the EMI response of a host structure that varies sensitively to structural damage [25]. The
use of short wavelengths and high frequencies allow the technique to detect any structural
changes at a very early stage. The technique has a wide range of applications from simple
to complex structures. Besides, currently available EMI sensing devices are low-cost, au-
tonomous and have wireless communication, making the technique feasible for real-time
and online SHM cost-effectively [26-31]. One of the first applications of the technique
for PS force monitoring was carried out by Kim et al. [32]. In their study, the PS loss
was monitored through the change in EMI responses of the anchorage. However, due
to the high stiffness of the anchorage, it is often hard to capture strong EMI responses.
To overcome this drawback, a smart PZT washer was developed and inserted into the
connection between the anchor block and the bearing plate [33]. However, another issue
has been raised regarding the influence of the inserted washer on the overall performance
of the prestressed anchorage, which requires deeper analyses. Thus, some researchers
have designed alternative mountable piezoelectric devices for EMI-based PS force moni-
toring [34,35]. Despite these previous research attempts, there is still a need to develop a
high-sensitivity EMI-based technique for low-cost SHM of prestressed RC structures.

Inspired by the concept of the FBG-based smart tendon and the advantages of the
low-cost EMI-based technique, we develop a cost-effective prestress monitoring method
for post-tensioned RC beams using the piezoelectric-based smart strand. The main idea
is to design an inexpensive and high-sensitivity EMI sensor and attach it to a steel strand
to capture strain variations induced by the PS loss. To obtain this objective, the following
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approaches are performed. Firstly, the concept of a piezoelectric-based smart strand and
its implementation for PS force monitoring are developed. Secondly, the feasibility of the
proposed method is experimentally verified for prestress force monitoring of a simple
supported post-tensioned RC beam. A smart strand prototype is fabricated and embedded
into a 6.4 m steel strand. The EMI responses of the smart strand are measured under
different PS levels and the EMI features are then extracted for PS force monitoring. The
linear regression models of the EMI features are established to predict change in the
prestressed RC beam. It should be noted that the EMI sensor can be fabricated with
a low cost and its EMI response can be obtained by currently available inexprensive
EMI analyzers. Therefore, the proposed system is cost-effectiveness as compared to the
previous systems.

2. Piezoelectric-Based Smart Strand for Post-Tensioned RC Beam

Previous studies have shown the prospect of stress identification by EMI measure-
ment [36,37]. Based on these studies, we designed the concept of the ‘piezoelectric-based
smart strand’, which is a steel strand embedded with low-cost and high-sensitive EMI
sensors. Figure 1 shows a framework for cost-effective EMI-based PS force monitoring of a
post-tensioned RC beam that is accomplished through the following steps: (1) design the
piezoelectric-based smart strand for a prestressed RC beam; (2) periodically measure the
EMI response of the smart strand by using low-cost and compact EMI analyzers [26-31];
(3) extract the EMI features (such as peak frequency, peak magnitudes, damage met-
rics); and (4) monitor the PS force and estimate the PS change by using the extracted
EMI features.

EMI Sensor  Steel Strand

mﬁ ezl

Piezoelectric-based > EMI
Smart Strand Analyzer

Prestressed

vy
EMI Signal

_________________

EMI
Features

Prestress
Monitoring

Strand

EMI

Figure 1. Framework for PS force monitoring using the concept of piezoelectric-based smart strand.

2.1. Conceptual Design of Piezoelectric-Based Smart Strand

Figure 2 depicts the conceptual design of a piezoelectric-based smart strand. Tradi-
tionally, the PZT patch is directly attached to the surface of the host structure to measure
EMI responses in the EMI-based technique. The target surface should be flat to secure the
contact between the PZT and the host structure and reduce the attenuation of the elastic
waves transmitting through the structure during the piezoelectric excitation. However, the
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rugged surface of the steel strand is not ideal for direct attachment of the PZT. To address
this issue, we install the PZT patch on an aluminum substrate to create the portable EMI
sensor [38—41]. This idea was initiated by Annamdas et al. [42] and improved in [19,43] to
achieve damage-sensitive resonant frequency bands for impedance-based SHM.

EMI
Bonded

Section

Flexural
Section

Bonded
Section

Prestressed
Strand

Figure 2. The conceptual design of the piezoelectric-based smart strand.

The design of the EMI sensor is depicted in Figure 2. The sensor is composed of
a substrate structure and a PZT. The substrate is a plate-like structure with a middle
flexural segment and two outside bonded segments. The middle section is equipped
with a PZT patch while the outside segments are designed as joint rings to clamp the
piezoelectric device on the strand. The middle segment should be thin enough to enhance
the piezoelectric deformation of the PZT. The joint rings allow the EMI sensor to be
conveniently installed on and removed from the host strand. It should be noted that the
PZT is not exactly installed at the middle of the flexural section, but slightly deviated from
the center to activate more modes of the substrate. The dimensional parameters of the
EMI sensor can be adjusted to create strong EMI responses in any pre-defined frequency
bands [44]. This is one of the most important features of the proposed EMI sensor.

2.2. Theoretical Feasibility of the Piezoelectric-Based Smart Strand

The prestress (PS) force applied to the smart strand induces the axial tensile load (T)
in the flexural part of the EMI sensor through the two outside rings (see Figure 3). The EMI
response of the smart strand contains the information not only of the EMI sensor but also
the PS force. Once the PS force of the smart strand is altered, the tensile stress of the sensor
is varied, resulting in change in the EMI response. When a harmonic voltage is applied
on the PZT patch, there are coupling vibrations between the PZT and the flexural part.
Figure 3 shows an example of the piezoelectric deformation of the substrate at the first
bending natural frequency. The PZT is bent with the motion of the middle segment while
the outside parts remain fixed on the host structure.
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Flexural
Section

Figure 3. The 1st bending deformation of the EMI sensor due to the piezoelectric effects.

The interaction between the PZT and the substrate structure can be theoretically
described by a simplified EMI model, as depicted in Figure 4. Under the effect of applied
voltage V, the PZT is expanded and its deformation drives the substrate structure through
the contact force F. The ability to resist this piezoelectric deformation is regarded as the
mechanical impedance of the structure, which can be computed as the rate between the
exciting force F and the velocity vs at the PZT driving point, as follows [45]:

F(w) w? — w?

Zs(w) = m = Cs+msTi 1)

where m;, cs, and ks are the mass, the stiffness, and the damping parameters of the substrate
structure; and w is the angular frequency which is often designed in high-frequency

bands [46,47].

Z,(o)

Figure 4. The simplified model of the EMI sensor; the term u; is the displacement of the mass ;.

In real EMI-based applications, the mechanical impedance of the substrate is not
possible to measure. Instead, we measure the output current I of the system and the
EMI response is computed as the rate between the applied voltage V and the current I.
Liang et al. [45] demonstrated that the EMI response of the PZT-substrate system, Z(w) is a
combined function of the structural impedance of the substrate (Zs;(w)), and the structural
impedance of the PZT patch (Z,(w)), as follows:

_ V(w) . waa ], 1 - -1
Z(w) - I(w) - {lw ta |:£§3_Zﬂ(w)/zs(w)+1d%xyfx:|} (2)

where YE. = (1+i5)YE, is the complex Young’s modulus of the PZT patch at zero electric
field; 2T, = (1 —ié)el, is the complex dielectric constant at zero stress; the parameters 7
and ¢ are structural damping loss factor and dielectric loss factor of the PZT, respectively;
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d3, is the piezoelectric coupling constant in x-direction at zero stress; and wy, I;, and ¢,
are the width, length, and thickness of the PZT, respectively. From Equations (1) and (2),
it is shown that the measured EMI response provides information about the resonant
frequencies of the EMI sensor.

On the other hand, it is well-known that the natural frequency of the substrate struc-
ture is proportional to the axial load [36,37]. Supposing that the flexural part of the sensor
is a simple supported beam and has the Young modulus E;, the moment of inertia I;, the
length [, the mass density ps; and the cross-section area A, the n-th natural frequency of
the transverse vibration of the sensor under tension could be expressed [36,37] as follows:

El <n7I>2 (nn)z T
wy = - - T 3
n pSAS ZS ls ES IS ( )
where the term T indicates the tensile load in the EMI sensor, which relates to the PS force
of the smart strand based on the following expression:

EsAs
EstAst

T=2¢ pPS 4)
where the terms Es; and A are the Young’s modulus and the cross-section area of the host
strand; ¢ is the shear-lag index, representing the load transfer capability of the prestressed
strand to the EMI sensor through the joint rings. ¢ = 1 indicates a situation that the PS
force is completely transferred to the sensor, while ¢ = 0 indicates no PS force transfer. In
practice, ¢ ranges from 0 to 1.

Equations (1), (3) and (4) show that the mechanical impedance of the substrate varies
with the PS force of the strand while the measured EMI response at a particular frequency
is a function of the mechanical impedance, according to Equation (2). Consequently, the
measured EMI response in the frequency domain is expected to vary with the PS load. As
the PS force is altered, the resonant impedance peaks of the EMI sensor are shifted. By
observing the alternation of the EMI response, the change in the PS force of the prestressed
strand can be identified.

2.3. PS Monitoring Approaches Using EMI Features

From the previous works, it is evidenced that the real part of the EMI responses
contains the majority of the structural information [46-48], whereas the imaginary part
contains more information about the PZT patch and thus is often used to assess abnormal
functionalities during SHM [48-51]. In this study, we extract EMI features from the real
EMI signals to monitor the PS force. We adopt two common EMI features: root-mean-
square-deviation (RMSD), and cross-correlation deviation (CCD) for PS force monitoring.
Ideally, the EMI features (i.e., RMSD and CCD) are equal to O if the PS force remains
unchanged, whereas they are over 0 if the prestressed structure is losing its PS force.

The RMSD index is one of the more widely used damage metrics in the EMI-based
technique. It statistically measures the difference between two EMI signals. The RMSD
index is obtained by the following expression [52,53]:

N N
RMSD(Z,Z*) = | Y. [Z*(w;) — Z(wi)*/ Y [Z(wi)]? 5)
i=1 i=1

in which Z(w;) and Z*(w;) are the EMI signals of the reference (i.e., healthy state) and
unknown state (i.e., PS change state), 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 deviation in the pattens of two EMI signals. The formula
of the CCD index can be expressed by [54].

1

CCD(Z,Z*) = 1 — ——
070,

E{[2(w) - Z) 7" (w) - Z'] } ©)

where E{.} is the expectation operation; Z and oy are the mean and the standard deviation
of EMI signal at the reference state (i.e., healthy); 7" and o, are the mean and the standard
deviation of EMI signal at the unknown state (i.e., PS change).

3. Experimental Feasibility
3.1. Experimental Setup

An experiment was performed on a realistic post-tensioned RC beam to evaluate the
feasibility of the concept of the piezoelectric-based smart strand for PS force monitoring.
Figure 5a shows the setup of the RC beam in the laboratory. The test structure is a
6.4 m simple supported RC beam prestressed by a seven-wire steel strand. The PS force
was introduced into the beam using a stressing device and measured by a load cell. To
prepare the piezoelectric-based smart strand, an EMI sensor was fabricated and attached
to the naked strand; then the prepared strand was inserted into the RC beam for PS force
monitoring, as shown in Figure 5b. The EMI response of the smart strand was measured
by an EMI analyzer, the HIOKI 3532-50 LCR Hi-Tester (HIOKI E.E. corporation, Ueda,
Nagano, Japan) (frequency range of 42 Hz to 5 MHz, minimum measurement time of 5 ms,
4 simultaneous measurement items).

Piezoelectric-based Smart Strand

e W A

=== 1 . ‘ g

_Ew
Post-
!’ tensioned RC
S—— Beam {

Stressing
Device

Prestressed
\ Strand

Load Cell
Indicator

b _ v

(a) Setup of the post-tensioned RC beam (b) Setup of the smart strand

Figure 5. Experimental setup.

The detailed geometry of the prestressed RC beam can be seen in Figure 6a. The beam
has a T-shaped cross-section with a flange of 0.71 m in width and a web of 0.5 m in height.
The dimensional parameters of the EMI sensor and its location on the strand are depicted in
Figure 6b. The flexural section of the sensor has 10 mm width, 50 mm length, and 0.5 mm
thickness, while the ring parts have 15.2 mm diameter, 10 mm width and 0.5 mm thickness.
The PZT patch has 15 mm length, 5 mm width, and 0.508 mm thickness. The PZT is made
of the piezoelectric material PZT-5A while the substrate is made of aluminum. The PZT’s
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location is deviated by 1.5 mm from the middle of the flexural section. The distance from
the anchor block to the EMI sensor is 40 mm (see Figure 6b).

A
200 >«

A l‘ 710

> Prestressed RC Beam 80
ok‘ 20I
40
Piezoelectric-based Smart Strand
320 A-A

6000 »<—> 200 140

A 180

(a) Dimensional parameters of the post-tensioned RC beam

% )Y
Unit: mm oe°

(b) Dimensional parameters of the piezoelectric-based smart strand

Figure 6. Geometric parameters of the post-tensioned RC beam and the smart strand.

After installing the smart strand, a PS force of 1 ton (PS1) was initially introduced into
the RC beam to set the initial condition for the EMI sensor. Next, the smart strand was
pre-stressed up to 2 tons (PS2), 3 tons (PS3), 4 tons (PS4), and 5 tons (PS5) to simulate the
change in the PS force. After reaching the desired PS level, the EMI response of the smart
strand was measured in a frequency range of 0.5-10.5 kHz (501 swept points, a frequency
interval of 20 Hz). During the EMI measurement, the ambient temperature surrounding the
test structure was controlled and nearly unchanged to minimize the effect of temperature
change on the EMI response of the smart strand.

3.2. Experimental EMI Response of the Smart Strand

The real part of the EMI response measured under different PS forces is shown in
Figure 7a. In the frequency range of 0.5-10.5 kHz, we observed four resonant zones:
0.5-1.2 kHz (Peak 1, see Figure 7b), 2-3 kHz (Peak 2, see Figure 7c), 4.5-6.5 kHz (Peak 3,
see Figure 7d), and 7.7-9.5 kHz (Peak 4, see Figure 7e) corresponding to the first, second,
third, and fourth bending motions of the EMI sensor. It is found that Peak 2 had an
inconsiderable magnitude compared to all four peaks because the PZT was located near
the middle of the flexural section where the modal displacement of the second mode was
zero. The figure shows that the resonant peaks were exceptionally sensitive to the PS force.
In particular, the resonant peaks were sensitively shifted to the rightward as the PS force
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(@) ¢

was increased, suggesting the increased natural frequencies of the EMI sensor, as explained

by Equation (4).
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Figure 7. Resonant EMI responses of the smart strand (a—e) Real part; (f—j): Imaginary part.

The imaginary part of the EMI response corresponding to five PS levels is depicted
in Figure 7f. This also showed variations under the effect of the PS force. However,
the variations were different for each impedance peak. Specifically, the imaginary parts
of Peak 1 and Peak 2 showed ignorable changes while the remainder had considerable
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Peak Magnitude (Ohm)

2500

2000 [

1500 [

1000

500

variations, as shown in Figure 7g—j. It is found that the curves of the imaginary part agreed
well with each other, suggesting that there was no damage occurred in the PZT patch and
its bonding layer during the prestressing process. The result confirmed the stability of the
designed smart strand when it is implemented in a realistic structure.

The changes in the peak frequency and the peak magnitude were analyzed in Figure 8a,b,
respectively. While the peak magnitude showed inconsistent changing trends for all peaks,
the peak frequency showed a consistent increase with the PS force. Among four peaks,
Peak 1 had the least frequency shift while Peak 3 experienced the most frequency variation.

(a) Peak magnitude

10
)‘““67—~7AO---——@'/"//< yk %= — — = — X—— - = - T T
8- © —Peak1
E — % —Peak 2
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(b) Peak frequency

Figure 8. Changes in magnitudes and frequencies of the resonant peaks.

3.3. PS Monitoring Using EMI Features

For PS force monitoring, two EMI features, RMSD and CCD metrics, were extracted
from the real part of the EMI response. It should be noted that the two metrics have
different behaviors. Particularly, while the RMSD metric is sensitive to both vertical shift
(i.e., magnitude change) and horizontal shift (i.e., frequency change) of the EMI response,
the CCD metric is more sensitive to the change in the horizontal shift [55,56].

The RMSD and CCD metrics were calculated using the whole frequency band of
0.5-10.5 kHz, as shown in Figure 9a, b, respectively. The results showed that both metrics
were increased with increment in the PS force. As compared with the RMSD metric, the
CCD showed a more linear change with an increase in PS force. The CCD also showed
clearer gaps between two PS levels than the RMSD. This observation suggests that the CCD
metric can be a better indicator for PS force monitoring through the piezoelectric-based
smart strand.

Next, we extracted the RMSD and CCD metrics for the four impedance peaks (Peak 1-
Peak 4), as plotted in Figure 10a—-d. Overall, the metrics were proportional to the increase
of PS force for all peaks. The RMSD metric showed nonlinear changing trends in most
cases while the CCD metric tended to linearly vary with the PS force in cases of Peak 2 and
Peak 4. This result again confirms the reliability of the CCD metric for PS force monitoring
using the smart strand.
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Figure 10. Changes in EMI features of the resonant bands (a) Peak 1; (b) Peak 2; (c) Peak 3; (d) Peak 4.

3.4. PS Prediction Based on Regression Analysis

The relationships between the PS change and the RMSD and CCD metrics are analyzed
using linear approximation functions, as shown in Figure 11a,b, respectively. We considered
different frequency ranges ranging from the narrow ones (i.e., Peak 1-Peak 4) to the whole
frequency band (i.e., all peaks) to select the best relationship for PS force prediction. It
is found that Peak 4 showed the least scatter of the RMSD data points around the fitted
regression line (see Figure 11a) while the CCD data points of Peak 2 had the best regression
line (see Figure 11b).

From the above analyses, two empirical formulas were selected to predict the PS force
change (APS), as follows:

_ ARMSD(%)

APS(ton) = 18357 @)
_ ACCD(%)

APS(ton) = 19512 8)

Using Equations (7) and (8), the PS changes in the prestressed RC beam were estimated,
as shown in Figure 12. The prediction results for the two metrics agreed relatively well
with the inflicted values. Excepting the considerable error of the prediction in the case
PS3, the PS changes in other cases were well predicted, with only ignorable errors, by
the CCD-based regression. The obtained result shows that the CCD metric was a good
indicator to detect the PS force change in the smart strand.
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In summary, the proposed smart strand is cost-effective due to the use of a cheap and
easy-fabrication EMI sensor. Additionally, the EMI sensor has low resonant frequencies
that are compatible with low-cost wireless EMI sensing devices. Moreover, the EMI sensor
shows a high sensitivity to the PS changes with clear shifts of resonant impedance peaks.

4. Summary and Conclusions

In the present work, the concept of a piezoelectric-based smart strand was developed
for PS force monitoring of a post-tensioned RC beam. To prepare the smart strand, a high-
sensitivity EMI sensor was designed and embedded in a steel strand. The experimental
feasibility of the proposed smart strand was evaluated on a realistic prestressed RC beam
under changes in the PS force. The EMI response of the smart strand was recorded and the
EMI features (i.e., RMSD and CCD) were extracted for PS force monitoring and prediction.
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From the experimental investigation, the following conclusions can be drawn, as
follows: (1) The real part of the EMI signals had four resonant peaks that were sensitively
varied with the PS force. The resonant peaks were shifted to the rightward as the PS force
was increased, suggesting an increase in natural frequencies of the EMI sensor. (2) The
imaginary part of the EMI response showed consistent curves during the prestressing
process, indicating the stable functionality of the designed smart strand. (3) The EMI
features (RMSD and CCD) proportionally increased with the PS force. The CCD showed a
more linear change with an increase of the PS force than the RMSD metric. (4) The prestress
change in the prestressed RC beam could be predicted by using linear regression models of
the EMI features. It is found that the CCD metric was a better indicator for detecting the PS
force change in the smart strand.

The main objective of this study was to preliminarily verify the feasibility of the
conceptual design of the piezoelectric-based smart strand. Our research group is go-
ing to optimize the geometry of the smart strand and develop new algorithms to better
predict the PS force using the EMI response. We will also focus on developing a new
EMI model that can accurately predict the EMI response of the smart strand. The in-situ
performance of the proposed technique will be further investigated under the effect of
environmental variation.
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