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Prestressed structures are widely employed in bridges and large-span spatial structures, and the accurate evaluation of prestress
state is of great importance for structural maintenance. This paper reviews the nondestructive testing (NDT) and health
monitoring techniques for structural effective prestress. Specifically, the fiber Bragg grating (FBG) sensor-based, magnetic-elastic
(ME) sensor-based, dynamic response-based, ultrasonic guided wave (UGW)-based, electromechanical impedance (EMI)-based,
and electrical resistance-based methods are reviewed in this paper. Firstly, the principle, application range, and measuring
accuracy of each technique are introduced and analyzed, and the benefits and limitations of each technique are summarized: The
FBG sensor and ME sensor take on high measuring accuracy and have been applied in practical engineering, but they are required
to be preinstalled during structural construction; the dynamic response-based method is greatly effective in cable force assessment
but not suitable for prestress evaluation of prestressed concrete (PSC) structures; the UGW-based, EMI-based, and electrical
resistance-based methods have shown favorable potential for prestress assessment in laboratory experiments, but their feasibility
and accuracy in practical engineering need to be verified. Secondly, the challenges and discussion of each method are discussed in
the following four aspects: measuring range, reliability of measuring results, stability and durability considering long-term
monitoring, and cost-efficiency. Finally, a decision tree is proposed to choose the most appropriate prestress evaluation method in
a specific application scenario.

1. Introduction

To increase structural bearing capacity and service perfor-
mance, prestress is commonly applied to a certain part of the
structure, and typical prestressed structures include cable-
supported bridges [1, 2], PSC structures [3, 4], and pre-
stressed anchor-reinforced slopes [5]. In terms of the
abovementioned structures, the value of effective prestress
during service plays a crucial role in their security state.
However, the prestress losses due to concrete shrinkage and
creep [6, 7], duct friction [8], relaxation of steel strands [9],
corrosion [10], and other external effects [11] are un-
avoidable. Once the effective prestress is reduced to a certain
threshold, the structural performance can be significantly
degraded and may even lead to structural damage [12, 13].
The current codes, such as JTG 3362 [14], ACI 318-08 [15],

and AASHTO-LRFD [16], estimate prestress loss based on
empirical formulas only, and there are large deviations
between estimated results and the actual prestress loss
[17-19]. In addition, in prestress evaluation using the finite
element model, the uncertainties in environmental condi-
tions, boundary conditions, material parameters, and
structural dimensions can also cause difficulties in accurate
assessment of effective prestress [20, 21]. Therefore, to
provide timely warning of structural degradation due to
prestress loss, it is necessary to adopt appropriate ap-
proaches to measure and monitor structural effective
prestress.

NDT is a technique for detecting and identifying
structural internal defects without causing damage to the
object being tested [22, 23]. The current NDT approaches
commonly utilized in engineering include ultrasonic testing
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[24, 25], radiographic testing [26, 27], magnetic particle
testing [28], penetrant testing [29, 30], and eddy current
testing [31, 32]. In terms of the abovementioned techniques,
damage location and quantification are accomplished based
on changes in the acoustic, optical, electrical, and magnetic
properties caused by internal defects, and some of the ap-
proaches require direct contact between the test devices and
the object being tested. However, the prestressed steel
strands are usually installed inside the grout and concrete,
and the steel cables are wrapped with HDPE sheaths, which
make it difficult to apply certain contact testing devices to the
above structures. However, there are still some NDT ap-
proaches that have shown great potential for prestress es-
timation, such as UGW-based [33, 34] and electrical
resistance-based [35] methods.

Structural health monitoring (SHM) is a technique that
uses sensors installed inside or on the surface of the structure
to obtain the structural response in real time and then
evaluate the global and local security state [36, 37]. As for
prestress monitoring, the most direct and effective way is to
install sensors, such as load cells and strain gauges, during
construction state [38, 39], but such sensors are easily
damaged and with low measuring accuracy. Embedded FBG
sensors [40] and ME sensors [41], which have been rapidly
developed in recent years, are considered effective means to
monitor prestress loss due to their high accuracy and du-
rability. Furthermore, using lead zirconate titanate (PZT)
sensors [42], which are able to monitor the variation of EMI
due to prestress loss, is also a viable approach. Acceler-
ometers, as the most commonly used sensor type in SHM
systems, can also play a role in structural prestress moni-
toring [43], whose monitoring principle is to obtain dynamic
response and then back-calculate the prestress state.

This paper aims to review the NDT and SHM techniques
for structural effective prestress. Specifically, the FBG
sensor-based, ME sensor-based, dynamic response-based,
UGW-based, EMI-based, and electrical resistance-based
methods are reviewed. Firstly, the principle, application
range, and measuring accuracy of each technique are in-
troduced and analyzed, and the benefits and limitations of
each technique are summarized; secondly, the challenges
and discussions of each method are discussed in the fol-
lowing four aspects: measuring range, reliability of mea-
suring results, stability and durability considering long-term
monitoring, and cost-efficiency; finally, a decision tree is
proposed to choose the most appropriate prestress evalua-
tion method in a specific application scenario.

2. Review of Various Prestress Evaluation
Methods

2.1. FBG Sensor-Based Method. The FBG sensor is widely
employed in SHM systems for various structures due to its
high interference immunity, small size, low transmission
loss, and wide measuring range, and the diagram of FBG
sensor is shown in Figure 1 [44]. According to grating
theory, when the light wavelength spectrum is launched in
the FBG sensor, the wavelength corresponding to the
conditions of the Bragg gratings is reflected, while the other
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wavelengths pass through. The peak of reflected wavelength
can be shifted by AA when the grating is subjected to external
physical fields (e.g., temperature and stress). Thus, the
changes in stress and temperature can be determined by AA.

The FBG sensor used for structural prestress monitoring
has been deeply investigated and realized engineering ap-
plications, as shown in Table 1. The FBG needs to be carefully
encapsulated due to its brittle quality and weak shear re-
sistance, especially when the FBG sensor is embedded in
concrete, the sensor can be damaged if it is not properly
encapsulated [59]. According to Table 1, there are 2 en-
capsulating approaches for FBG sensors: one is surface-
bonded, i.e., the FBG sensor is fixed to steel surface with
adhesive [45, 52, 56], as shown in Figures 2(a) and 2(b).
Although it is easy to install in this way, the sensor and its
connecting wire are susceptible to be broken by the friction
between steel strand and duct. The other approach is to
embed FBG sensors in the core wire of the strand, which
enables the steel strand to realize the integrated function of
bearing and sensing and is therefore known as smart strand
(or self-sensing strand), and similar to this is smart cable
[47]. The current techniques for manufacturing smart steel
strands mainly include fusing FBG sensor and fiber rein-
forced polymer (FRP) material into a whole by heating cure
processing [46-48, 50, 51, 53, 54, 57, 58] and embedding
FBG sensor into a hollow steel tube and injecting epoxy glue
into the tube to achieve a reliable bond between the FBG and
the tube [44, 49, 55]. In addition, Zhu et al. [40] proposed
a new method that encapsulating the FBG sensor in a lon-
gitudinal groove of the core wire, which allows FBG and core
wire to be deformed synchronously.

In addition to the embedding and encapsulating method,
the measuring accuracy, performance in service, and mea-
suring range are also the main research contents of FBG
sensors. In terms of measuring accuracy, several scholars
have evaluated the effective prestress of PSC girders and steel
cables using embedded FBG sensors, and the results were
compared with conventional sensors such as strain gauges
and load cells. The FBG sensors show fairly high measuring
accuracy [46, 48-52, 58], and the specific measuring errors
can be seen in Table 1.

The performance in service refers to the bonding per-
formance and codeformation ability between FBG sensor
and the object to be measured. Li et al. [48] conducted
repeated loading and unloading experiments on a smart
suspender with embedded GFRP-OFBG composite bars in
the laboratory, and no relative sliding occurred between
GFRP-OFBG composite bars and other steel wires
throughout the experiments. He et al. [50] observed that the
embedded FRP-OF-FBG composite bars maintained con-
sistent deformation with the cable even under high-stress
state. However, Dan et al. [57] found relative slip between
the internal smart composite bar and other steel wires due to
nonuniform longitudinal connection. In this regard, they
suggested increasing the contact and engagement forces
between the steel wires and smart bar during production.

It is well known that prestressed steel strands and high-
strength steel wires are subjects to fatigue loading during
service, leading to a wide range of changes in stress and
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FIGURE 1: Diagram of FBG sensor.

strain, which raises higher requirements of measuring range
for FBG sensors. Li et al. [47] attached GFRP-OFBG smart
bars with different diameters (¢3.5 mm, ¢5 mm, and ¢7 mm)
to the surface of ¢15.2 mm steel strand by using AB glue and
conducted tensile tests on them. Results show that the ul-
timate strain of the smart bar increases with diameter, and
the ultimate strain of ¢7 mm smart bar is about 8000 e,
indicating that the ¢7 mm smart bar can monitor 75% of the
ultimate strain for steel strand with a diameter of 15.2 mm
and an ultimate strength of 1860 MPa. Relevant Chinese
codes [60, 61] stipulate that the design load of bridge cables
should be less than 40% of the ultimate load; therefore, the
smart bar with a diameter of 7mm can meet the strain
monitoring requirements of bridge cables. However, Jiao
et al. [58] pointed out that the above GFRP-OFBG smart
bars could not monitor the fracture strain of steel strands;
hence, a coaxial cable Fabry-Perot interferometer (CCFPI)
sensor was encapsulated into the GFRP material to form
a GFRP-CCFPI smart bar. The test results show the smart bars
realize the monitoring of fracture strain with a maximum
measured strain of 16000ue. Kim et al. [55] proposed
a technique to coat the surface of the FBG sensor with
polyimide to improve its maximum measured strain, and
results indicate that the maximum strain measured by the
FBG sensor using the proposed technique is 1.73 times of the
yield strain of steel strand, while that of the conventional FBG
sensor was only 0.65 times of the yield strain of steel strand.

In summary, in terms of structural prestress moni-
toring based on embedded FBG sensors, the current
research mainly focuses on the embedding and encap-
sulating process, measuring accuracy, performance in

service, and measuring range. The embedded FBG sensor
is capable of directly and effectively measuring changes
in structural prestress with high accuracy and has been
implemented for engineering applications in several
fields. However, the FBG sensor must be preinstalled
during construction, and in other words, it is not ap-
plicable to in-service structures without preinstalled FBG
Sensors.

2.2. ME Sensor-Based Method. When a ferromagnetic ma-
terial is magnetized by an external magnetic field, its volume
and length will be changed, which is called magnetostrictive
effect [62]. Conversely, when a ferromagnetic material is
deformed by an external force, its magnetism will also be
changed, which is called inverse magnetostrictive effect, also
known as the magnetoelastic (ME) effect [63]. The principle
of structural prestress evaluation based on ME effect can be
expressed as follows.

When the material is subjected to axial tension force F, in
the elastic region, the axial strain € can be expressed as

c F
=—==—, 1
E EA W
where F refers to the axial tensile force and E and A refer to
the elastic modulus and cross-sectional area of the material,
respectively. According to the Joule effect, the axial strain of
the material can also be expressed as [64]

Al 3\ Mg
E=—=
l 2K,

AM sin*6, cos 6, (2)

u
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where A refers to the constant for axial deformation, M;
refers to the saturation magnetization, K,, refers to the
magnetic anisotropy constant of a single axis, 0, refers to the
angle between the magnetic field and the easy magnetization
axis, and AM refers to the change in magnetization under
external force. AM can be expressed as

AM = (4 — po)H = Ay - H, 3)

where H refers to the magnetic field intensity, y refers to the
permeability, y, refers to the air permeability, and Ay refers
to the change in permeability under external force.
According to equations (1)-(3),
F= EAMAyH sin’6, cos 6. (4)
2K,

Equation (4) shows that there is a proportional re-
lationship between F and Ay. The value of F can be calculated
so long as Ay can be accurately measured.

Based on the above theory, several scholars have
developed ME sensors that can measure the change in
permeability, and structural prestress was also obtained
using ME sensors, as shown in Table 2. In terms of the
ME sensor-based method, current research focuses on
the development of sensors with new types and the effect
of temperature on the service performance of the ME
Sensor.

In the research of developing new type of sensors,
conventional ME sensor mainly consists of a primary coil (as
the excitation coil), a secondary coil (as the induction coil),
and an object to be measured (steel cable and steel strand), as
shown in Figure 3(a) [65]. Its operating principle can be
expressed as follows: when a pulse or alternating current is
passed through the excitation coil, an excitation magnetic
field is generated and the measured object is magnetized.
Then, the magnetized object generates an induced magnetic
field along its longitudinal direction, after which the in-
duction coil generates an induced voltage. The value of
induced voltage depends on magnetic permeability of the
measured object. The abovementioned double-coil type
sensor is also the most widely used one of the ME sensors
[65, 66, 69, 73, 75-77, 80]. However, this type of sensor
shows some shortcomings, such as complex design, difficult
installation, low signal-to-noise ratio, and slow response
[41, 71]. To solve these shortcomings, numerous scholars
have researched developing ME sensors with new types.
Zhang et al. [68, 71, 74] developed an elastomagnetoelectric
(EME) sensor based on the elastomagnetic effect and
magnetoelectric effect, as shown in Figure 3(b). The sensor
replaces the secondary coil (induction coil) with a smart
magnetoelectric sensing element, numerical simulations and
laboratory experiments results demonstrate that the mag-
netoelectric sensing element owns a faster response speed,
and its sensitivity is more than 10 times that of secondary
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TABLE 2: Research studies on structural prestress monitoring based on ME sensors.

Publication year Researchers Measuring object Laboratory or field Measuring error
2005 Sumitro et al. [65] PSC tendon, stay cable Both Within 10%
2008 Tang et al. [66] Steel cable Laboratory —

2013 Joh et al. [67] Prestressed tendon Laboratory —

2014 Zhang et al. [68] Steel cable Laboratory —

2014 Tang et al. [69] Steel cable Laboratory —

2016 Cho et al. [70] PSC steel strands Laboratory —

2016 Duan et al. [71] Stay cable Both Within 2%
2017 Xiu et al. [72] Steel cable Laboratory —

2018 Ren et al. [73] Steel cable Both

2018 Zhang et al. [74] Steel cable Laboratory —

2018 Chen and Zhang [75] PSC tendon Laboratory —

2018 Liu et al. [76] Steel strand Laboratory 0-7.7%
2018 Feng et al. [77] Stay cable Field —

2018 Guo et al. [78] PSC tendon Laboratory —

2019 Zhang et al. [64] Steel cable Laboratory —

2020 Kim and Park [79] PSC tendon Laboratory —

2021 Liu et al. [80] Steel wire rope Laboratory Within 5%
2021 Zhang et al. [41] Steel strand Laboratory Within 10%
2021 Zhang et al. [81] Steel strand Laboratory 12.5%, 11.9%, and 9.5%
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generator
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FIGURE 3: Diagram of several types of ME sensors. (a) Traditional ME sensor with dual coils [65]. (b) Smart elastomagnetoelectric (EME)
sensor [68]. (c) ME sensor with a self-induction coil [64]. (d) Resonance-enhanced magnetoelastic (REME) sensor [81].

coil. Based on self-induction phenomenon, Zhang et al.
[41, 64] simplified the conventional primary and secondary
coils into a single self-induction coil, as shown in Figure 3(c).
The feasibility of this sensor in tension force measuring for
steel cable was verified by numerical simulations and lab-
oratory experiments. Results indicate that the self-induction

ME sensor has merits of high sensitivity, fast response, and
ease of installation. According to the resonance theory,
Zhang et al. [81] developed a resonance-enhanced magne-
toelastic (REME) sensor with low power supply and good
dynamic response, as shown in Figure 3(d). The basic
principle is to adjust the excitation frequency of the
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excitation coil to the resonance frequency of the induction
coil, and thus, the magnetic coupling resonance is generated.
Experimental results show that the introduction of reso-
nance theory effectively improves the measuring sensitivity.

As mentioned above, the tension force of prestressed
structures can be determined by the change in permeability,
Au. However, Ay is not only governed by prestress but also
by variation in temperature. In addition, the change in
permeability due to temperature rising and dropping may
vary considerably, making the use of temperature com-
pensation curves for temperature error compensation in-
effective [66]. The temperature variation of ME sensor is
mainly influenced by the environmental temperature and
the thermal effect of the coil, while the use of pulsed current
excitation [65] can reduce the thermal effect to a certain
extent. Moreover, several new approaches for temperature
compensation have been investigated. Tang et al. [66]
proposed an ME sensor with a different single bypass ex-
citation structure; in addition to the working magnetic loop,
a reference loop is also set in this sensor. The strand in
reference loop is of the same material as the strand to be
measured but is not involved in prestressing. Therefore, the
output Ay from reference loop is only caused by temperature
variation, which is utilized as temperature compensation.
Feng et al. [77] extracted ME characteristic parameters that
are sensitive to changes in tension force but not in tem-
perature, and a frequency domain parameter, ie., the
summation of spectra amplitudes, in particular, frequency
band (Sg.), was introduced. Field test results show that Sg. in
a specific frequency range is almost independent of tem-
perature variations and reflects changes in cable force. In
recent years, machine learning has shown unique advantages
in dealing with structural nonlinear problems, Zhang et al.
[74] developed an improved BP neural network to com-
pensate for the nonlinear errors caused by temperature
variations, and the measuring cable force after temperature
compensation is within +0.9%. The BP neural network-
based temperature compensation algorithm exhibits good
reliability, effectiveness, and robustness.

In summary, the ME sensor-based method effectively
monitors structural prestress state with high measuring
accuracy. Improved ME sensors significantly increase the
response speed and measuring sensitivity. Changes in ME
sensor temperature can also lead to changes in permeability,
and appropriate temperature compensation approaches can
be utilized to reduce the effects of temperature and improve
measuring accuracy. However, similar to FBG sensors, ME
sensors need to be preinstalled during structural con-
struction phase, and therefore, such technique is not suitable
for prestress monitoring of in-service structures without ME
sensors installed.

2.3. Dynamic Response-Based Method. Once the structural
damage occurs globally or locally, its natural properties (e.g.
stiffness, damping, etc.) may be changed, leading to a change
in its dynamic response. Therefore, structural damage
identification and location can be realized through the
monitoring of dynamic response (e.g., displacement,

velocity, acceleration, etc.) [82, 83]. For prestressed struc-
tures, the dynamic response also varies with prestress; hence,
structural prestress state can be inversely calculated by
monitoring its dynamic response [84].

2.3.1. Dynamic Response-Based Cable Force Estimation.
In the aspect of cable force estimation, the measuring
method and calculation theory have received a great deal of
attention [85]. The main focus of this work is prestress
monitoring approaches, and therefore, only one classical
cable force calculation theory considering bending stiffness
is introduced here [86]. Taking the stay cable as an example,
the mechanical model of the stay cable with tension force is
shown in Figure 4, where F refers to tension force, L refers to
cable length, EI refers to bending stiffness, w refers to the
mass of a unit length, and g refers to gravitational accel-
eration. The differential equation of motion for stay cable
can be expressed as
2 4 2
w0y g 592 _, (5)
g ot ox ox
If a simply supported boundary is used at both ends of
the cable, the cable force F can be calculated from the nth-
order natural frequency f:

qwI? > B
Fw7<f_) T (©)

The natural frequency of cable can be obtained from the
Fourier transform (FT) of its dynamic response time history.
Therefore, the key to dynamic response-based cable force
estimation is to accurately and efficiently acquire the natural
frequency of cable from monitoring data. The feasibility and
accuracy of this method have been verified through labo-
ratory and field experiments by several scholars, as listed in
Table 3.

In earlier studies, the main method for dynamic response
monitoring was attaching accelerometers to cable surface to
capture its vibration acceleration. However, there are some
limitations to this method considering field application: the
installation of accelerometers is cumbersome and danger-
ous; the accelerometers are difficult to install in the middle of
the cable, but only at the bottom, which, considering that the
bottom of the cable is usually equipped with vibration
damping devices, causes the vibration signal captured to be
insignificant. In recent years, there has been widespread
concern about noncontact measurement-based cable dy-
namic response monitoring. Compared to accelerometer-
based approaches, noncontact approaches avoid cumber-
some sensor installation procedures and enable vibration
monitoring for the whole cable [102]. The most common one
in noncontact approaches is image-based cable force
identification, whose basic principle is to capture vibration
images using cameras and then extract the displacement
information from the target points, and finally, the vibration
displacement time history is obtained. Benefiting from the
development of digital image correlation [96] and computer
vision [108] techniques, the accuracy of the image-based



FIGURE 4: Mechanical model of the stay cable with tension force.

cable vibration monitoring approach has been improved
continuously, which has reached and even exceeded
that of the accelerometer-based approach [95]. In the image-
based approach, the most commonly used device is
a  high-resolution camera at a fixed point
[92, 93, 95-98, 101, 107-110]. For example, based on digital
image processing and digital image correlation technique,
Du et al. [96] achieved cable force identification with cap-
turing single and multiple points images by the camera, and
the relative deviation between the cable force measuring
values based on the above two methods and the results based
on the accelerometer is within 5%. In addition, Wang et al.
[103] proposed a method for capturing vibration images
using a smartphone. Tian et al. [102] and Zhang et al. [105]
developed computer vision-based cable vibration measuring
approaches using unmanned aerial vehicles. In both ap-
proaches, the camera devices are no longer limited to a fixed
point, which allows for a higher degree of flexibility in field
application. Furthermore, the acoustic radiation technique
was first employed in cable vibration measuring [104], as
shown in Figure 5. The forced cable vibration under the axial
force F causes changes in near-field radiated acoustic
pressure, and the radiated acoustic pressure signal is linearly
proportional to the acceleration response of vibration
source, indicating the vibration response can be determined
from changes in near-field radiated acoustic pressure. The
laboratory experiments showed the maximum average error
in cable force between the proposed approach and accel-
erometers is less than 2%. Zhao et al. [94] presented a time-
varying cable force assessment method for multiple cables
based on microwave interferometric radar. The real-time
displacement history of multicables was obtained using
microwave interferometric radar, and then, the time-varying
frequency identification of each cable was realized based on
the blind source separation algorithm and Hilbert trans-
form. The average relative error of the tested cables is less
than 2%.

In summary, a high accuracy level is achieved in cable
force estimation using the dynamic response-based method,
and noncontact measuring approaches are becoming the
mainstream due to their convenience.

2.3.2. Dynamic Response-Based Prestressing Force Estimation
for PSC Structures. In PSC structures, structural stiffness
can vary with its prestress state, leading to changes in natural
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frequency. It is therefore theoretically feasible to evaluate the
effective prestress of PSC structure based on natural fre-
quency. However, the relationship between natural fre-
quency and prestress state for PSC structures has remained
controversial. In terms of a homogeneous beam under ex-
ternal axial compression force, Saiidi et al. [111] proposed an
equation for the correspondence between natural frequency
fand external axial force F:

= (VI (yE, %

L/m \L/ m
where n refers to the modal number, L refers to the span
length, F refers to the axial compression force, m refers to
beam mass per unit length, and EI refers to bending
stiffness. Equation (7) shows that an increase in the axial
compression reduces the natural frequency, which is called
“compression softening” effect. However, some scholars
believe the application of prestress increases structural
whole stiffness and therefore increases its natural fre-
quency. Ho et al. [112] proposed the theory of considering
the contribution of prestress as the equivalent bending
stiffness of the prestressed strand. The mechanical model of
the PSC girder is shown in Figure 6, and the prestress effect
is represented by external force F. A small deformation 6L
is produced in the length direction when F is applied, the
effective girder length is expressed as L,, and the effective
length of embedded prestress strand is expressed as L,. The
differential equation of motion for PSC girder can be
expressed as follows:

0’ azy) %
= (E1L=2)+m=—2 =0, (8)
ax2< x> ot

where E., and m, refer to cross-sectional effective
bending stiffness and mass per unit length of the PSC
girder, and the cross-sectional effective bending stiffness
can be obtained by superimposing the bending stiftness of
concrete and the equivalent bending stiffness of pre-
stressed strand:

El, =EI +E,l, (9)

Similarly, the mass per unit length of the PSC girder is
superimposed by the mass of the concrete and the mass of
prestressed strand:

m, = p.A.+p,A, (10)

where p,, p, and A, A, refer to the density and cross-
sectional area of concrete and prestressed strand, re-
spectively. The modal property of strand subjected to pre-
stressing force is equated to that of a girder with equivalent
bending stiffness, and the equivalent bending stiffness of
prestressed strand can be calculated as

L 2
El, = (—) F. (11)
ni

Combining the above equations, the nth-order natural
frequency of the PSC girder is calculated as
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FIGURE 5: Diagram of vibration monitoring based on near-field radiated acoustic pressure signal [104].

Concrete beam

Pre-stressed steel strand

L =L(1-0L/L) >|

FIGURE 6: Mechanical model of the PSC girder.

4 4 2
A=) B (") s (2)F) a2
L] m, L ) m, nm
Equation (12) shows the prestressing force F can be
calculated once f,, is determined:

274 2
F= fﬂiszm, - EI(”") . (13)
(nﬂLs) L5

Equation (13) indicates that, theoretically, once the girder
suffers prestress loss, a decrease in natural frequency
can occur.

The relationship between dynamic response and the
prestress state of PSC structures has also been experimen-
tally investigated by several scholars, as shown in Table 4.

Table 4 indicates that there remain some controversies
in the current studies on the relationship between natural
frequency and prestress state of PSC structures. Some
scholars suggested that the natural frequency of PSC
structures is not influenced by prestress state or that there is
no monotonous relationship between natural frequency and
prestress state [119]. As early as 1991, Hop [113] in-
vestigated the effect of prestress degree on vibration of
concrete beams, and results show vibration frequency firstly
increases and then decreases with the increase in prestress.
In addition, Hop stated that the most dominant factor
affecting the natural frequency is the concrete cracking
process, the stiffness of the beam decreases once concrete
crack occurs, which in turn leads to a decrease in natural
frequency. However, Hop did not explain the phenomenon
that the natural frequency of the beam first increased and
then decreased. Noble et al. [116] carried out dynamic
impact experiments on 9 PSC beams with different ec-
centricities of prestressed strand; then, the first-order linear
regression and statistical significance tests were

subsequently conducted on the recorded data. Experimental
results indicate that there is no statistically significant re-
lationship between natural frequency and tension force for
the 9 uncracked concrete beams. Similarly, Bonopera et al.
[118] conducted 3 repeated laboratory experiments and
demonstrated that the natural frequency was unaffected by
changes in prestress, with only a 0.8% change in natural
frequency when the increment of prestress was 17.7%. More
experiments have proved a positive correlation between
natural frequency and prestress state, but there remains
some variation between these similar results. Saiidi et al.
[111] carried out impact tests on a laboratory PSC girder
and an in-service bridge. For the laboratory girder, both the
first and second-order frequencies produced a significant
increase with axial force; for the in-service bridge, the first-
order frequency decreases with prestress loss, but the
variation in frequency is quite slight, while the second-order
frequency does not show a significant variation rule with
prestress loss. In addition, Saiidi suggested that the appli-
cation of prestress force makes the microcracks in the beam
turn to close, which in turn leads to an increase in stiffness
and the natural frequency. Gan et al. [120] utilized the finite
element model to simulate the vibration response of a PSC
beam in the presence of shrinkage cracks, and the results
also demonstrate that the shrinkage cracks do tend to close
when prestress is applied, thereby increasing the bending
stiffness and natural frequency. Kim et al. [43] predicted the
prestress loss of a PSC girder based on the measured natural
frequency, and the predicted values were compared with
actual ones, as shown in Figure 7. For the 1st-4th order
modes, the prediction errors of prestress loss are 0-30%,
24-44%, 0-9%, and 0-33% respectively, which indicate that
although the predicted prestress losses based on natural
frequency are consistent with the actual ones, the predicted
errors remain quite large.
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FIGURE 7: Prediction of prestress losses in PSC girder (in the research of Kim et al. [43]).

In summary, in terms of dynamic response-based
prestressing force estimation for PSC structures, there
is no consensus on the relationship between the variation
of prestress and natural frequency, either in theoretical
calculations or in experimental experiments. Most of the
relevant studies are still at the laboratory investigation
stage and have not yet been applied to practical
engineering.

In conclusion, the dynamic response-based method
has been widely implemented in cable force estimation,
and the measuring error can be limited to less than 10%.
However, there remain several difficulties in prestress
estimation for PSC structures. This can be attributed to
the differences in force state and boundary condition
between the cable and PSC structure. The cable is mainly
subjected to axial forces, and its boundary conditions are
relatively simple; that is, only the hinged or tied con-
straints at the ends of the cable need to be considered.
Therefore, the equations for calculating cable force are
easy to solve. In addition, the cable is directly exposed to
the external environment and its vibration is relatively
independent, which makes the dynamic response easy to
monitor. In the case of PSC structure, the force state is
complex; the steel strand bears the tension force, and the
concrete bears the compression force. Meanwhile, how to
consider the prestress effect in the differential equation of
motion for PSC structures has not yet reached a unified
understanding.

2.4. UGW-Based Method. The main difference between
UGW and ultrasonic testing is that UGW propagates
directionally along with the medium and takes advantages of
low signal attenuation and long propagation distances.
UGW is considered a viable approach for structural stress
detection, which has been applied to stress detection in
railway rails [121], concrete [122], as well as bolt preload
[123, 124]. Some scholars have also employed UGW for
structural prestress estimation. According to the research
studies, the main approaches based on the UGW technique
include the acoustoelastic effect-based approach [125],
missing frequency band-based approach [126], and singular
value feature-based approach [127].

In the UGW-based method, two vital characteristics
must be concerned, namely, dispersion and multimodes
[128]. The dispersion refers to the variation of wave velocity
with frequency. The multimode property means that there
are three modes in propagation: longitudinal, flexural, and
torsional, each of which contains multiple orders. Both
characteristics can be reflected in the dispersion curves. In
terms of steel strands, the dispersion curves for the core wire
are shown in Figure 8.

2.4.1. Acoustoelastic Effect-Based Approach. The wave ve-
locity of UGW can be changed with structural stress state,
which is called acoustoelastic effect [129, 130]. For a uniform
isotropic infinite solid subjected to uniaxial stress, the
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FIGURE 8: Dispersion curves for the core wire of prestressed steel strand: (a) phase velocity and (b) group velocity.

velocities of longitudinal and transverse waves propagating
in the same direction as the stress can be expressed as
follows:

VI =VY(1+K,0),

, o (14)
where V{ and V7 refer to velocities of longitudinal and
transverse waves at stress o, V% and VOT refer to velocities of
longitudinal and transverse waves at stress-free state, and K
and K refer to longitudinal and transverse acoustoelastic
coefficients and can be calculated as

K = 1 Aty
L2 +2w)Gr+2u)\

1 n
Kp=—— (41+4 o
T 2y(3A+2y)( * ’”m+4y)

(4L + 10pu +4m) + A + 21),

(15)

where A and p refer to Lame’s elastic constants and m, [,
and n refer to Murnaghan’s third-order elastic constants.
In addition to theoretical calculation, the acoustoelastic
coefficients can be determined from laboratory calibra-
tion tests. Previous studies show that the effect of stress
level on wave velocity is relatively small; therefore,
a device with higher accuracy is required to measure the
change in wave velocity in experimental calibration tests
[131].

Several scholars have carried out research studies on
acoustoelastic effect-based structural prestress evaluation.
Chaki and Bourse [132] calibrated the acoustoelastic
coeflicient of a 7-wire steel strand based on the L (0, 1)
mode of UGW, and the result is shown in Figure 9.
Notably, the phase velocity of L (0, 1) mode exhibits
a nonlinear relationship with prestress when the stress is
below 600 MPa. Subsequently, the prestress state was
calculated according to the acoustoelastic coefficient
obtained from calibration:

13
6000
L(0,1)

5000
E 4000
z T (0,1)
23000 .
s ’
g F(1,2) /
S 2000
S

1000 | £ (1,1) F(1,3)

L(02)
0
0 200 400 600 800 1000
Frequency (kHz)
(®)
1(1,-1tV
o=—-—"2), (16)
K\t,v,-1,

where K refers to the calibration value of the acoustoelastic
coefficient, [; refers to the total length of the strand, i.e., the
sum of the stressed part and stress-free part, I, refers to the
length of stress-free part outside the anchored end of the
strand, V|, refers to phase velocity at stress-free state, and t,
refers to time-of-flight of UGW propagating in the strand.
Chaki claimed that the errors between estimated prestress
values and the actual ones are small; for example, the applied
stress value is 1339 MPa at 72% of the ultimate tensile
strength, while the estimated one is 1330 MPa. However,
equation (16) indicates that the measuring error in strand
length can strongly influence the estimated result. In this
study, the range of measuring error in strand length is
+1 mm, which can lead to an estimated prestress error of
+123 MPa. Therefore, in the acoustoelastic effect-based
approach, prestress estimation deviations caused by mea-
suring errors in strand length are likely to result in distortion
of prestress estimation.

Similarly, Dubuc et al. [125] investigated the effect of
axial stress on the propagation behavior of longitudinal
higher-order modes of UGW for prestressed steel strands,
and the measuring results were compared with theoretical
calculation ones, as shown in Figure 10. There is a certain
degree of deviation (about 15%) between measuring results
and theoretical ones, which is mainly due to uncertainty in
the value of Murnaghan’s third-order elastic constants.

2.4.2. Missing Frequency Band-Based Approach. The miss-
ing frequency band refers to the energy in a certain fre-
quency band of UGW producing a serious attenuation when
UGW propagates in steel strand under axial tension, which
shows a missing band in the frequency domain.

The missing frequency band of UGW was first discov-
ered by Kwun et al. [133]. They investigated the effect of
tensile loading on the properties of longitudinal-mode UGW
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[125].

in prestress steel strands. The time-frequency spectrum
shows a serious attenuation at 75kHz when tensile force
reaches 10% of the nominal yield strength, i.e., a missing
band is generated. The center frequency of missing band
gradually shifts to the right with the increase in tensile force,
as shown in Figure 11. There is a strong linear relationship
between center frequency of missing band and logarithm of
tensile force (i.e., logN), which provides a new idea for the
UGW-based prestress evaluation method.

Treyssede [134] utilized semianalytical finite element
(SAFE) to analyze the missing frequency band, and the
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FIGURre 11: A plot of missing frequency versus applied tensile load
to a seven-wire prestressed strand with a 12.7 mm nominal di-
ameter [133].

relationship between frequency missing band and tensile force
is highly consistent with experimental results by Kwun et al.
[133]. Treysséde et al. [134] explained that the missing fre-
quency band was caused by the increase in contact width
between core wire and helical wire. The change in interwire
contact breaks the circular symmetry of the wire cross-section,
thus yielding coupling between longitudinal, flexural, and
torsional motion together with curve veering phenomena.
According to the missing frequency band of UGW, Liu
et al. [135] proposed a new parameter to evaluate effective
prestress for steel strands. This new parameter refers to the
amplitude ratio of two peaks on the left and right sides of the
missing frequency band, and the relationship between
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amplitude ratio and tensile force is shown in Figure 12. The
amplitude ratio increases linearly with tensile force with
a fitting accuracy R*=0.9952 and within a maximum error
of 10%.

2.4.3. Singular Value Feature-Based Approach. As an at-
tractive signal processing method, singular value de-
composition has been applied in UGW-based defect
localization and damage detection [136, 137]. Ji et al. [127]
first applied singular value decomposition in the UGW-
based prestress evaluation method with the following
process: (1) wavelet packet transform (WPT) is performed
on the time domain signal of UGW to obtain the wavelet
packet coeflicient matrix; (2) singular value decomposition
of the wavelet packet coefficient matrix is performed to
obtain the singular value vector which reflects the stress
characteristics in the time and frequency domain; (3)
a support vector regression model is constructed using the
singular value vector as input and the prestress level as
output. The predicted prestress based on the above process
is shown in Figure 13. The error between predicted pre-
stress values and actual ones is basically within +5%, and
the prediction accuracy increases with the size of
training sets.

In summary, an unavoidable problem in the acous-
toelastic effect-based approach is that the measuring
error in strand length can strongly influence the esti-
mated result, thus resulting in distortion of prestress
estimation. In addition, the acoustoelastic effect-based
approach only analyzes the difference of the UGW signal
in the time domain, while numerous research studies
have shown that the frequency domain spectrum and the
time-frequency spectrum contain a large amount of
information related to the structural state. Both the
missing frequency band and singular value evaluate the
prestress state based on frequency domain or time-
frequency domain features with high measuring accu-
racy. Therefore, compared with the acoustoelastic effect-
based approach, the missing frequency band-based ap-
proach and singular value feature-based approach are
more suitable for prestress evaluation, although some
engineering cases are needed to verify their feasibility
and accuracy in the field.

2.5. EMI-Based Method. 'The principle of structural damage
assessment based on EMI can be summarized as follows
[138]: In the application of the EMI technique, a sensor
made of piezoelectric material, e.g., PZT, is required to be
attached to the surface of the measured structure. A si-
nusoidal alternating voltage excitation is applied to the
piezoelectric element; due to the inverse piezoelectric ef-
fect, the piezoelectric element generates a forced vibration
and transmits the vibration to the structure. Simulta-
neously, the vibration of the structure in turn deforms the
piezoelectric element and changes the current in the circuit
due to the positive piezoelectric effect. In terms of the
electromechanical system coupled by the piezoelectric el-
ement and the structure, the changes in structural natural
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properties, such as stiffness, can lead to a change in its EMI.
Therefore, structural damage identification can be achieved
by monitoring impedance changes in the electromechan-
ical system.

Benefiting from the advantages of high operating fre-
quency and sensitivity to local damage, the EMI technique
has been broadly employed in damage monitoring for rocks
[139], concrete [140, 141], metals [142], composite structures
[143], and material corrosion [144, 145]. In addition, some
scholars have also applied the EMI technique to the eval-
uation of the structural prestress, as shown in Table 5.

Figure 14 shows the diagram for the EMI-based method
[146]. As shown in Figure 14(a), a PZT patch is attached to
the bearing plate at the anchor end. The PZT patch can be
equivalent to a combination of three parameters, namely,
mass (m'), stiffness (k'), and damping (c; similarly, the
bearing plate is equivalent to a combination of mass (mb),
stiffness (k%), and damping (c"); the contact of bearing plate
and PSC structure is equivalent to a spring with stiffness k
and damping c. The change in prestress can result in changes
in the spring, mass, and stiffness of the contact interface. The
dynamic coupling response of the PZT and PSC structure
can be simplified to a 2-DOF impedance model, as shown in
Figure 14(b); Z,, Z;, and Z, refer to impedances of the an-
choring system, PZT interface, and PZT patch, respectively,
and Z refers to the sum of Z; and Z;. The impedance of the
whole system consisting of PZT, PZT interface, and an-
chorage can be calculated as

\%4 . U)l T 1 2 sE -1
Z(w) = — = diPala | _ il &5 ,
(@) =7 {’“’ ‘ [833 Z(DIZ(@)+1 “”

(17)

where V refers to the input excitation voltage, I refers to the
output current, Z(w) refers to impedance of the whole
system, Y|, refers to the complex Young’s modulus of the
PZT patch at zero electric field, €, refers to the complex
dielectric constant at zero stress, d3, refers to the piezo-
electric coupling constant at zero stress, w refers to the
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FIGURE 13: Prediction of stress status with (a) small samples and (b) additional samples [127].

excitation frequency, and w,, I, and t, refer to the width,
length, and thickness of the PTZ patch, respectively. The
impedance of the whole system can vary with prestress or
environmental temperature. Therefore, it is feasible in
principle to utilize the variation in impedance to calculate
the change in prestress.

CCD=1-

Oz

where E[.] refers to the expectation operation, Z (w;) and
Z* (w;) refer to impedances at the ith frequency before and
after damage, Z and Z" refer to the mean value of Z (w;) and
Z* (w;), and 0, and o}, refer to the standard deviation of
Z(w;) and Z* (w;).

N N

RMsD =\ (2" () - Z(@)] Y. [Z(@)fs  (19)
i=1 i=1

where N refers to the number of swept frequencies. In

addition, a damage warning threshold, i.e., the upper control

limit (UCL), is proposed for the statistical damage

classification:

UCL = u + 30, (20)

where y and o refer to the mean and standard deviation of
UCL. According to the 30 criterion, the damage probability
is greater than 99.73% if damage index is higher than UCL.
The prestress loss inspection results based on damage in-
dexes and UCL are shown in Figure 15, CCD and RMSD
increase significantly as the PSC girder suffers prestress loss,

102 E{[Re(Z(@)) - Re(D)][Re (2" (@) - Re(Z)]},

In the research studies of Huynh and Kim, two damage
indexes, namely, root mean square deviation (RMSD) and
correlation coeflicient deviation (CCD), were introduced to
quantify the local damage of PSC structure caused by
prestress loss [149]:

(18)

and UCL effectively provides early warning of the occur-
rence of prestress loss.

As mentioned above, changes in both structural pre-
stress state and environmental temperature cause change in
the impedance of the anchored end. Therefore, incorrect
judgment of prestress loss may occur if the contribution of
temperature variation to structural impedance is ignored.
To explain the mechanism of the effect of temperature
variation on the impedance, Huynh and Kim [147] con-
structed a finite element model of the PSC girder with
anchorage end and investigated the stress field at the an-
chorage end under the effect of prestress and thermal ef-
fects. The changes in local stress at the PZT interface caused
by prestress and temperature are shown in Figure 16, and
the PZT interface is compressed in the longitudinal di-
rection with the increase of prestress and temperature, thus
stiffening the PZT interface and increasing in resonant
frequencies (i.e., the stiffening effect). In this regard, they
proposed a temperature compensation approach based on
effective frequency shift (EFS). The EFS approach obtains
the baseline impedance spectrum by shifting the frequency
change dw;sr generated by the temperature change 67, and
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FIGURE 14: Analytical impedance model of the PZT interface-tendon anchorage system [146]. (a) Equivalent structural model of PZT
interface-tendon anchorage. (b) 2-DOF impedance model.
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FIGURE 15: Prestress-loss inspection using (a) CCD index, (b) RMSD index, and (c) UCL [147].
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the prestress loss is accurately predicted based on
temperature-compensated impedance by the EFS ap-
proach. In addition, a principal component analysis (PCA)-
based approach [148] and a radial basis function network
(RBEN)-based approach [149] were also proposed for
temperature compensation of the EMI technique. In the
PCA-based approach, the damage indexes (i.e., RMSD and
CCD) caused by temperature variations are calculated first;
then, the damage index matrix is constructed and principal
components in the matrix are extracted; finally, the im-
pedance variations due to the temperature effect are suc-
cessfully filtered out by removing the two principal
components (i.e., PC1 and PC2) that contribute most to the
temperature variation. In the RBFN-based approach, im-
pedance spectrums under varying temperatures and cor-
responding temperature values are input to the network
and temperature-compensated impedance baseline spec-
trums are output. Results show that the error between the
baseline impedance spectrums using the RBFN approach
and measured impedance spectrums under the reference
temperature is negligible if the number of training samples
is enough (more than 168).

Apart from investigating the effect of temperature on
prestress estimation results, the optimal placement of PZT
patches at the anchor end is also studied, which is related to
the sensitivity of stress field at the anchor end to changes
in prestress. Dang et al. [151] investigated the local pre-
stress variation at the anchor end by attaching axial,
circumferential, and radial strain gauges. Results show
that the near top of the anchor head is more sensitive to
circumferential stress change, while the near bottom of
the anchor head is more sensitive to axial stress change.
Subsequently, three PZT patches were attached at the top,
middle, and bottom of anchor head and one was attached
at the bearing plate to monitor local damage due to
prestress variations, as shown in Figure 17(a). Results
indicate that the near top and near bottom of anchor head
are ideal areas for measuring prestress loss. To monitor
and locate local fracture and prestress loss in the multi-
strand anchorage system, Dang et al. [152] proposed
a hoop-type PZT patch and a circumferential PZT ar-
rangement, as shown in Figure 17(b). The PZT patches
were attached to the top and bottom of the anchor head,
and the circumferential positions corresponded to the
positions of peripheral strands. The experimental results
show that PZT patches are only sensitive to prestress
damage of the nearest peripheral strand, while the pre-
stress damage of center strand cannot be effectively
monitored. In addition to attaching PZT patches on the
anchor end surface, Ryu et al. [150, 153] also designed
a PZT fixed to strand surface, as shown in Figure 18, the
patch was fixed to the strand through connecting rings at
both ends, and PZT arranged in this way is also effective in
prestress monitoring for steel strand.

In summary, the EMI-based method is effective in
prestress monitoring in laboratory experiments. However,
since no reports or literature works on the field appli-
cation have been found, its field applicability needs to be
further verified. In addition, as EMI is locally sensitive, the
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PZT patch may only monitor prestress loss occurring at
the anchorage end while not enabling monitoring pre-
stress losses due to concrete shrinkage, creep, and duct
friction.

2.6. Electrical Resistance-Based Method. Electrical resistance
is an essential property of a material that may be changed if
damage occurs. Accordingly, structural damage assessment
can be performed through electrical resistance monitoring.
Indeed, it has been employed in the evaluation of metal
corrosion [154], durability [155], and cracks [156] of
concrete.

The volume contraction and plastic deformation of the
metal caused by external stress will change the resistivity,
and changes in resistivity and volume will further lead to
a change in electrical resistance. It has been demonstrated
that resistivity variation shows great potential in predicting
the tensile strength of metal [157]. Therefore, it should also
be feasible to evaluate the structural prestress state using the
change in resistance or resistivity. Zhang et al. [35] con-
ducted a preliminary study on electrical resistance-based
prestress evaluation method, and the principle is described
as follows.

Taking the 7-wire strand as an example, the stress o,
under axial tensile force F can be expressed as

F

=3 > 21
A, +6A,c08” 1)

Oc

where A, and Ay, refer to the cross-sectional areas of core
wire and helical wire, respectively, and f refers to the lay
angle of helical wire. According to the classical Ram-
berg-Osgood model, the strain of core wire can be expressed
as

n
o o
& =€t e = fc + 0.002(0—5) , (22)
02

where ¢, €, and ¢, refer to total strain, elastic strain, and
plastic strain, E refers to the elastic modulus, o, , refers to the
stress corresponding to 0.2% plastic strain, and n refers to
the hardening index. The change in tensile fore of core wire
leads to changes in its length and cross-section, which can be
expressed as

dr.__d
rC lC
= —VE, Ed Yer

(23)

=r.(1-ve) = A
= ﬂrf (1- vsc)z,

where 7, and [, refer to initial radius and length, dr. and dl,
refer to changes in radius and length, v refers to the Poisson
ratio, and A.r refers to cross-sectional area of tensed core
wire. Changes in length and cross-sectional area lead to
a change in resistivity, p:
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Apoy _ CIAV
Pe Ve

Cc

=C ZC(1+‘€C)‘”r2(1_vSC)2_Vc (24)
- >
\Y4

=C [(1 +e)(1-ve) - 1],

where p, refers to initial resistivity, Ap_y refers to resistivity
increment caused by volume change, and C; refers to
a constant. The resistivity change caused by plastic de-
formation can be calculated as

Apg,

c

= Cye2, (25)

where Ap,, refers to resistivity increment caused by plastic
deformation and C, and n, refer to constants. The electrical

resistance change is determined by both changes in volume
and resistivity:

lep
Rc = cc_
T PTACT
I.(1+e)
=p(1+Ap~ +A — e
pc( Pev pcp) Ac(l— VSC)Z
1
={1+C1[(1+5C)(1_V55)2_1]+C25?é}(E_-’_1Z§Z~Rc)
(26)

where R.rand p.rrefer to electrical resistance and resistivity
of tensed core wire and R, refers to initial electrical re-
sistance. The change of electrical resistance caused by vol-
ume may be more than that caused by resistivity. If the
change in resistivity was ignored, equation (26) can be
simplified as

RcT _ (1 + ec)

R (1-ve,)* @7

In the measuring process, since the resistivity of steel
strand changes little, the resistivity of the full strand is
equivalent to the resistivity of the part stretched out of

anchors, which can be measured in advance. Therefore, the
initial electrical resistance can be calculated as

Ry _per(lca/Ag) (1 +eq)
R~ R Sy R
c od (1 Vscd)

C

lcd (1 - Vecd)z

- W"cd)z (1 + ‘Ecd)

(28)

where R4, 4, A and ey refer to electrical resistance,
length, cross-sectional area, and strain under designed
tensile force, which are known parameters. Therefore, the
unknown stress state can be obtained if the corresponding
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electrical resistance R.r is measured using equations (22)
and (27).

Based on the above calculation theory, Zhang et al. [35]
proposed an equivalent circuit model for 7-wire prestressed
steel strands: in terms of epoxy-coated strand, the wires are
equivalent to resistances insulated from each other; while in
terms of galvanized-coated strand, the wires conductive to
each other form a parallel resistance R,, as shown in Fig-
ure 19. In the experiment, conducting wires were welded to
the end of the helical wire to connect the ammeter and
voltmeter, and the strand resistance was obtained by di-
viding the measured voltage by the measured current. Re-
sults show that the effective prestress can be calculated by the
fitting function of incremental resistance AR and tensile
force F, and the error between estimated and true values of
the tensile force is about 10%.

In summary, the electrical resistance-based method
shows excellent potential for structural prestress evaluation.
However, since this is only a preliminary study, several
factors, such as thermal effect, have not yet been considered.
More in-depth studies for this method are needed if engi-
neering applications are to be realized.

3. Challenges and Discussion for
Future Research

Based on the review of various prestress evaluation methods
mentioned above, the current understanding has been
synthesized, and the main challenges and discussion for
future research are identified in the following four aspects:
measuring range, reliability of measuring results, stability
and durability considering long-term monitoring, and cost-
efficiency. Subsequently, a decision tree is proposed to
choose the most appropriate prestress evaluation method in
a specific application scenario.

3.1. Measuring Range. In terms of the FBG sensor-based
method, it is well known that conventional FBG sensors can
only obtain stress data from a limited number of measuring
points [40], while the stress distribution along the full strand
length cannot be measured. The Brillouin optical time do-
main reflection (BOTDR) sensing technique enables strain
and temperature distribution over the full structural length
by measuring the Brillouin frequency shift along the fiber
length [158]. Related studies have proved the effectiveness of
smart strands with embedded BOTDR sensors in moni-
toring prestress distribution [51]. However, the BOTDR
sensing-based technique has not been applied in practical
engineering yet, which may be due to the low spatial res-
olution of BOTDR sensors. Therefore, improvement in
spatial resolution of BOTDR sensors can be considered in
future research. In terms of the dynamic response-based
method, one accelerometer can only measure the cable force
of a single cable [85, 99], while microwave interferometric
radar-based [94] and image-based [102] approaches can
achieve simultaneous measurement of multiple cable forces,
which is obviously more in line with practical engineering
needs and more promising for promotion. As for the
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FIGure 19: Equivalent electrical model of prestress testing [35]. (a) Epoxy-coated steel strand. (b) Galvanized steel strand.

UGW-based method, although one of the advantages of the
UGW technique is the wide measuring range [159], the
attenuation and dispersion characteristics may cause the
long-range propagated UGW signals to be mixed and dif-
ficult to interpret [160]. The strand length in the current
UGW-based method ranges from 09m to 55m
[125, 127, 132, 135], while the length of strands and steel
cables in engineering can be tens or even hundreds of
meters. Consequently, subsequent studies must focus on the
effects of signal attenuation and dispersion of UGW
propagating in steel strands or cables over long distances. In
the case of the EMI-based method, only localized changes in
prestress can be monitored if PZT patches are installed solely
on anchor end or on strand surface. Hence, to expand the
measuring range of the EMI-based method, it is recom-
mended that multiple PZT patches be attached simulta-
neously on anchor ends and along the strand length.

3.2. Reliability of Measuring Results. Changes in environ-
mental temperature can directly affect the performance of
FBG sensor, ME sensor, and PZT patch, and the UGW signal
is also disturbed by temperature change. In addition, en-
vironmental disturbances can cause a certain level of noise in
monitoring signals. The above factors strongly affect the
effectiveness of prestress evaluation results. In terms of the
FBG sensor-based method, the temperature compensation
FBG sensor is usually installed along with FBG strain sensor
[48]. As for the ME sensor-based method, as mentioned in
Section 2.2, the improvement of conventional ME sensors
[66] or extracting parameters that are insensitive to tem-
perature changes [77] can solve the problem of temperature
effects to some extent. Further research can be conducted to
further eliminate temperature effect on the performance of
ME sensors. For the EMI-based method, current research
studies focus on development of temperature compensation
algorithms [147-149], and investigation of temperature
compensation algorithms with better efficiency can be

considered in future studies. Although effects of temperature
variation and environmental disturbance on prestress
evaluation results based on the UGW-based method have
not yet been studied, there is much research progress in
damage detection. For example, principal component
analysis (PCA) and independent component analysis (ICA)
were employed to achieve UGW-based damage assessment
of welded steel I-beam under temperature variation [161];
the convolutional neural network (CNN) and UGW were
used to classify and localize damage of aluminum plate
under the effect of environmental disturbance and tem-
perature variation [162]. Thus, in subsequent studies, the
above research achievements can be taken to achieve ac-
curate prestress evaluation under the effects of temperature
variation and environmental disturbance. In the case of the
electrical resistance-based method, the effect of current
thermal effect on prestress measuring results should be
concerned.

3.3. Stability and Durability Considering Long-Term
Monitoring. Excellent stability and durability are necessary
for each method to achieve long-term prestress monitoring.
However, no in-depth research has been conducted on this
topic. In terms of the FBG-based method, the long-term
performance of FBG sensors depends mainly on the en-
capsulation process [163]. Compared to the surface-attached
encapsulation method, the smart strand with embedded
FBG sensor undoubtedly has better stability and durability
because it effectively avoids breakage due to friction and
extrusion between strand and duct [40]. For ME sensors, the
influence of friction between sensor and concrete on op-
erating performance needs to be considered if the sensor is
embedded inside the concrete; if the ME sensor is utilized for
cable force monitoring, the sensor is directly exposed to the
external environment, and the sensor performance may be
greatly affected due to extreme weather conditions and
serious cable vibration. In the case of the EMI-based method
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FIGURE 20: A decision tree for choosing the most appropriate prestress evaluation method in a specific application scenario.

and UGW-based method, the PZT patch is usually attached
to the anchor end and the end of steel strand. The bonding
performance of PZT determines its service life, and
debonding or unreliable bonding of PZT can seriously affect
the monitoring results. Therefore, the bonding performance
of PZT and structure to be measured should be further
investigated. As for the electrical resistance-based method,
the process of welding conducting wire to strand end is not
suitable for long-term prestress monitoring, as welding
point is easy to be broken due to friction. Therefore, it is
recommended to carry out further research on reliable
approaches to the connection of conductor wire to strand.

3.4. Cost-Efficiency. The high cost of sensor is an important
factor limiting its large-scale promotion and application. The
time and manpower consumed by sensor installation and
maintenance, as well as the time consumed by monitoring
data processing, are also factors to be considered. The
current costs of FBG sensor and ME sensor and corre-
sponding acquisition devices are still high. Therefore, it is
recommended to carry out subsequent research from the
perspective of reducing sensor costs. As for the dynamic
response-based method, microwave interferometric radar-
based [94] and image-based [95, 96, 102] methods do not
require cumbersome sensor installation tasks, and the de-
vices are both reusable, which is certainly more valuable for
promotion. For the methods based on EMI and UGW, low-
cost PZT patches [164, 165] are commonly employed to
excite and receive monitoring signals, and the electrical
resistance-based method only requires a cheap multimeter
to realize data measurements. Thus, the above low-cost
methods provide higher promotion value and application
prospects. In the UGW technique, extraction of parameters
suitable for prestress evaluation from waveform signals is
a time-consuming process. It is suggested to carry out re-
search studies on automatic parameter extraction of UGW
signals. In addition, wired sensing devices are still utilized in
the majority of current prestress evaluation methods, which
not only makes the sensor installation cumbersome but also
makes the sensor connecting wires easily broken [90]. The
wireless sensing systems effectively solve the above problems
and have been used in accelerometer [90], FBG sensor [166],
and PZT patches [167]. Therefore, the development of the
prestress monitoring system with wireless sensing devices is
valuable for research.

3.5. Decision Tree-Based Selection for Prestress Assessment
Methods. According to the above analysis, there are ad-
vantages and certain limitations among various prestress
evaluation methods, as shown in Table 6. Therefore, a de-
cision tree is proposed to associate the specific application
scenario with the most appropriate prestress evaluation
method, as shown in Figure 20. First, we need to judge
whether the structure to be tested belongs to the newly built
or in-service structure. As for the newly built structure, it is
recommended to preinstall FBG sensor or ME sensor in the
construction stage to enable real-time prestress monitoring.
It is also required to judge whether it belongs to cable or
embedded steel strand. In terms of cable structure, the
dynamic response-based method is suggested, which is
considered to be a mature and high-precision means for
cable force monitoring. In terms of embedded steel strand,
UGW-based, EMI-based, and electrical resistance-based
methods can be considered to be utilized. It is worth not-
ing that the above three methods are only proven to be
effective in the laboratory, while the feasibility in practical
engineering has yet to be verified.

4. Conclusions

The accurate evaluation of structural effective prestress is of
great importance for structural maintenance. The FBG
sensor-based, ME sensor-based, dynamic response-based,
UGW-based, EMI-based, and electrical resistance-based
methods are reviewed in this paper. The principle, appli-
cation range, and measuring accuracy of each method are
introduced and analyzed, and the benefits and limitations of
each method are summarized. The main conclusions are as
follows:

(1) FBG sensor-based and ME sensor-based methods are
widely employed in the monitoring of cable force
and embedded strand prestress, and both methods
provide high measuring accuracy and have been
applied in practical engineering. Constantly im-
proved sensor types, such as smart steel strand
with embedded FBG sensor and smart and smart
ME sensor, have improved their performance and
application range. However, both methods re-
quired sensors to be preinstalled in the con-
struction stage and thus not suitable for in-service
structures.
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(2) Dynamic response-based cable force estimation
method provides high measuring accuracy and has
already been implemented in engineering, and
noncontact measuring is becoming the mainstream
of cable vibration monitoring. However, in dynamic
response-based prestress estimation for PSC struc-
ture, no consensus has been reached on relationship
between the variation of prestress and natural fre-
quency, either in theoretical calculations or in ex-
perimental experiments.

(3) The main prestress estimation approaches based on
the UGW technique include acoustoelastic effect-
based, missing frequency band-based, and singular
value feature-based approaches. One unavoidable
problem in acoustoelastic effect-based approach is
that the measuring error in strand length can
strongly influence the estimated result, thus resulting
in distortion of prestress estimation. The missing
frequency band-based and singular value feature-
based approaches show higher prediction accuracy
and are more suitable for prestress evaluation, al-
though some engineering cases are needed to verify
their feasibility and accuracy in the field.

(4) The EMI-based method is effective in prestress
monitoring in laboratory experiments, but its field
applicability needs to be further verified. As EMI is
locally sensitive, the PZT patch may only monitor
prestress loss occurring at the anchorage end while
may not enable monitoring prestress losses due to
concrete shrinkage, creep, and duct friction.

(5) The electrical resistance-based method shows ex-
cellent potential for structural prestress evaluation.
Since this is only a preliminary study, several factors,
such as thermal effect, have not yet been considered.
More in-depth studies for this method are needed if
engineering applications are to be realized.

(6) As for FBG-based and ME-based methods, devel-
opment in low-cost sensors and wireless sensing
systems is highly recommended. Noncontact vi-
bration measuring approaches are suggested to be
promoted in dynamic response-based cable force
estimation. For the UGW-based method, it is ad-
visable to carry out research studies on automatic
parameter extraction of UGW signal. The temper-
ature sensitivity and temperature compensation al-
gorithm of the EMI technique should be further
studied in future research. In the electrical
resistance-based method, the factors, such as thermal
effect, are suggested to be investigated.

(7) A decision tree is proposed to choose the most
appropriate prestress evaluation method in a specific
application scenario. As for newly built structure, it
is recommended to preinstall FBG sensor or ME
sensor in the construction stage to enable real-time
prestress monitoring. For in-service cable structure,
the dynamic response-based method is suggested.
In terms of in-service embedded steel strand,
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UGW-based, EMI-based, and electrical resistance-
based methods can be considered to be utilized. It is
worth noting that the above three methods are only
proven to be effective in the laboratory, while their
feasibility in practical engineering has yet to be
verified.
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