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Piezoelectric lead zirconate titanate (PZT) is one of the piezoelectric smart materials, which has direct and converse piezoelectric
effects and can serve as an active electromechanical impedance (EMI) sensor. The design and fabrication processes of EMI sensors
embedded into concrete structures are presented briefly. Subsequently, finite element modeling andmodal analysis of a continuous
rigid frame bridge are implemented by using ANSYS and MIDAS and validated by the field test results. Uppermost, a health
monitoring technique by employing the embedded EMI and strain sensors is proposed in this paper. The technique is not based
on any physical model and is sensitive to incipient structural changes for its high frequency characteristics. A practical study on
health monitoring of the continuous rigid frame bridge is implemented based on the EMI and strain signatures. In this study, some
EMI and strain sensors are embedded into the box-sectional girders. The electrical admittances of distributed EMI active sensors
and the strains of concrete are measured when the bridge is under construction or in operation. Based on the electrical admittance
and strain measurements, the health statuses of the continuous rigid frame bridge are monitored and evaluated successfully in the
construction and operation stages using a root-mean-square deviation (RMSD) index.

1. Introduction

The performance of in-service structures, such as bridges,
dams, and tunnels, can be affected by the degradation and
damage resulting from severe environmental conditions and
excessive loads. Health monitoring of reinforced concrete
bridges and other large-scale civil infrastructures has received
considerable attention in recent years. Many techniques for
structural health monitoring (SHM) have been reported in
literatures [1–4], based on either the global or the local inter-
rogations. In global interrogation techniques, the structure
is mostly subjected to low frequency excitations, and the
first few natural frequencies and mode shapes are extracted
to assess the location and the size of damage. The main
limitation of these global techniques is that they are not
very sensitive to the localized incipient damage. For practical
applications, these techniques have not been proved to be
effective in detecting incipient structural damage. Moreover,
the low frequency measurement data are more prone to con-
tamination by ambient vibration noise, which also happens to
be in the low frequency range, typically less than 100Hz [5].

In recent years, many researches have also proposed the SHM
methods based on the local strain responses of structures
using optical fiber sensors. Zhang et al. [6] presented a fiber
optic sensing technology for strainmonitoring of engineering
materials and structures. The research program consisted
of laboratory tests including thermal tests, tensile tests and
flexural tests, and a field application on a concrete bridge
deck (Joffre Bridge) reinforced partly with fiber reinforced
polymers. Zhang et al. [7] used the fiber Bragg grating
(FBG) and Brillouin optical time domain reflectometry to
monitor a rehabilitated concrete bridge strengthened by
external prestressing. Laflamme et al. [8] presented a sensing
method for automatically localizing strain over large surfaces
and discussed preliminary results from an application on a
bridge located in Ames. The sensor consists of several soft
capacitors arranged in a matrix form, which can be applied
over large areas. More investigations and applications on
SHMbased on optical fiber strain sensing can be found in the
references [9–11]. The main disadvantages of these methods
based on optical fiber sensors are that optical fibers need to

Hindawi Publishing Corporation
Shock and Vibration
Volume 2015, Article ID 821395, 12 pages
http://dx.doi.org/10.1155/2015/821395



2 Shock and Vibration

be placed along the full-length structure and they are frail
and damageable when embedded into concrete structures.
The other local interrogation methods called nondestructive
evaluation (NDE) methods have been investigated, such as
the ultrasonic technology, acoustic emission, X-ray, impact-
echo, and visual inspections. In general, when these NDE
methods are utilized, it is required that the structure is out of
operation and the tested structural component is accessible
[12], so they are not good choices for real-time and in-service
structural health monitoring.

Piezoelectric ceramics (PZT) is one of the smart materi-
als, which has direct and converse piezoelectric effects and
can be used as EMI transducer. The EMI transducer can be
easily surface bonded to or embedded into host structures
and act as both sensors and actuators widely used in struc-
tural health monitoring because they are lightweight, robust,
inexpensive, and high bandwidth. Over the last decade, a
large number of studies on SHM using EMI transducers
have been carried out [13–20]. In recent years, the EMI-
based health monitoring method has provided a promising
approach for healthmonitoring of large-scale structures. Kim
et al. [21] proposed a vibration-impedance-based monitoring
method to predict the loss of prestressing forces in prestressed
concrete (PSC) girder bridges by using acceleration responses
and electromechanical impedances. Hong et al. [22] pro-
posed a hybrid damage monitoring scheme using parallel
acceleration-impedance approaches to detect girder damage
and support damage in steel plate-girder bridges which are
under ambient train-induced excitations. Song et al. [23]
developed a new EMI measurement technique specifically
for continuous monitoring of large structures. Then, a series
of experiments were carried out on a laboratory-size spec-
imen and a full-scale bridge and building structures. The
experimental results revealed that the proposed technique
successfully measured the EMI signals from massive struc-
tures with a high signal-to-noise ratio (SNR) and good
repeatability even when the conventional techniques failed
to do so. However, in most of these investigations, the PZT
patches were directly attached to the surface of the structures
and used as EMI transducers for health monitoring, and
most of the works were performed under the condition of
laboratory. So far, no practical application of the EMI-based
method using embedded impedance sensors to monitor the
integration of large-scale concrete bridge structures has been
reported.

This paper presents a practical study on health monitor-
ing of a continuous rigid-frame bridge using finite element
and EMI-based methods. Some EMI active sensors are
designed and embedded into concrete at the critical sec-
tions of the box-sectional girders. The electrical admittances
(inverse of impedance) of distributed EMI active sensors
are measured when the bridge is constructing or suffering
from operational loads. For comparison and cooperation,
strain gauges are also arranged in adjacent regions of EMI
sensors to obtain strains of concrete around them. It is found
that the health statuses of the continuous rigid-frame bridge
in construction and operation process are monitored and
evaluated successfully based on the obtained real admittance
and strain measurements.

2. EMI-Based Health Monitoring Method

APZT patch produces an electrical charge when themechan-
ical stress is applied on, which is called the direct piezoelectric
effect of PZT. Conversely, when an electrical field is applied
on a PZT patch, a mechanical strain will be produced, which
is called the converse piezoelectric effect of PZT. For a linear
piezoelectric material, the relation between the electrical and
mechanical variables can be described by the linear relations
[24]:
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where 𝑆 is mechanical strain, 𝑇 is mechanical stress, 𝐸 is
electric field,𝐷 is charge density, 𝑠 is mechanical compliance,
𝑑 is piezoelectric strain constant, 𝜀 is permittivity, and the
subscripts 𝑖, 𝑗,𝑚, and 𝑘 indicate the direction of stress, strain,
and electric field. The superscripts 𝑇 and 𝐸 indicate that
quantities are measured at zero stress and constant electric
field, respectively. The first part of (1) describes the converse
piezoelectric effect and the second part describes the direct
piezoelectric effect.

The basic principle of EMI-based health monitoring
method is tomonitor the structural changes bymeasuring the
electrical impedances of the EMI active sensors bonded onto
or embedded into the structures. The electrical admittance
𝑌(𝜔) of the EMI active sensor is a combined function of the
mechanical impedance of the EMI sensor 𝑍
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where 𝑑
31
, 𝑌𝐸
11
, and 𝜀𝑇

33
are the piezoelectric coupling con-

stant, Young’s modulus, and the complex dielectric constant
of the PZT at zero stress, respectively; 𝑎 is a geometric
constant of the PZT and 𝛿 is the dielectric loss tangent of the
PZT. The equation indicates that the electrical admittance of
the PZTbonded to or embedded into the structures is directly
related to the mechanical impedance of a host structure.

Liang et al. [25] first proposed the electromechanical cou-
pling property of piezoelectric materials and host structures
and EMI technique. In their literature, the PZT transducer
is attached on the surface of the structure by a high-strength
adhesive which can be described as a simple one-dimensional
model. Assuming that all the parameters of PZT are constant
over the period ofmonitoring, the electrical admittance of the
PZT is uniquely determined by the mechanical impedance
of the host structure. Therefore, any change in the electrical
admittance signature is considered as an indication of a
change in the structural integrity. Through monitoring the
measured electrical admittance signatures and comparing it
to the pristine state signatures, the structural conditions can
be identified qualitatively.

Contrary to the global interrogation techniques, high
frequencies in the orders of a few kHz to a few hundred
kHz are used in the EMI-based method. Under this high
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Figure 1: Naked PZT patches.

frequency range, the wavelength of the excitation is small
and so sensitive enough to detect minor changes in the
structural integrity. Due to the high frequency characteristics,
the sensing region of the EMI transducer is limited to its
close vicinity. Therefore, the EMI transducer is less sensitive
to boundary condition changes or any operational vibrations.
Because of these characteristics, the EMI-based technique
has been considered as a robust, nondisturbing, and local-
sensitivity structural health monitoring technique.

3. Design of Embedded EMI Active Sensors

3.1. Waterproof of PZT Patches. The naked PZT5 type PZT
patches with the dimensions of 8mm × 8mm × 0.3mm
are used to fabricate the embedded EMI active sensors, as
shown in Figure 1. In the study, asphalt lacquer is used as
the waterproof material.The waterproof process is as follows.
First, both the surfaces of each naked PZTpatch arewelded to
wires, respectively, and the bare PZT impedance sensors are
formed. Second, the bare PZT impedance sensors are overlaid
by asphalt lacquers, and a set of waterproofed PZT impedance
sensors are shown in Figure 2. After the covered layer of PZT
impedance sensors was solidified, we measured the electric
admittances of the covered PZT impedance sensors for seven
days. The real admittance measurements were shown in
Figure 3. From Figure 3, it is found that in the seven days
the real admittance curves of the PZT impedance sensors
overlaid by asphalt lacquer hardly change. This indicates that
the waterproof effect of asphalt lacquer is good and the PZT
impedance sensors overlaid by asphalt lacquer are stable.

3.2. Encapsulation of EMI Impedance Sensors. In order to be
applicable to health monitoring of concrete structures, the
PZT impedance sensors are attempted to be encapsulated by
Portland cements.The roles of encapsulation layer include the
following: first, strengthen the waterproof capacity of PZT
impedance sensors, second, keep PZT impedance sensors
from breakage under construction, and third let the cement
material be compatible to concrete structures, which makes
good integration and stress transfer between sensors and
concrete structures. Therefore, the PZT impedance sensors

Figure 2: PZT impedance sensors covered with asphalt lacquer.

are encapsulated by using cement material after they are
waterproofed by using asphalt lacquer and fully stable, as
shown in Figure 4. So, the design and fabrication of the
embedded EMI active sensors are finished.

After the encapsulation layer of EMI sensors was solidi-
fied fully, we measured the electric admittances of the encap-
sulated EMI active sensors for 34 days. The real admittance
measurements in 28–34 days were shown in Figure 5. From
Figure 5, it is found that in the seven days the real admittance
curves of the EMI sensors encapsulated by Portland cements
hardly change. This indicates that the encapsulation effect
of Portland cements is good and the EMI active sensors
encapsulated by Portland cements are basically stable, which
can be used to monitor the concrete structures.

4. Health Monitoring of a Continuous
Rigid-Frame Bridge

A large-span prestressed continuous rigid-frame box bridge
is investigated for health monitoring in this paper. The span
of this bridge is 58m + 90m + 58m. The bridge deck is
bidirectional and four lane pavements with a width of 13.5m.
A layout of the bridge is shown in Figure 6.

4.1. Dynamic Property Analysis by Using Finite Element
Method. Finite element modeling and analysis are imple-
mented here by using commercial software programs:ANSYS
and MIDAS. Their main aim is to determine the optimal
acceleration sensors and their arrangements for modal test
on site. In addition, they will also provide more supports for
future condition evaluation of the rigid-frame box bridge.
The material parameters of concrete piers and prestressed
concrete box girders are listed in Tables 1 and 2, respectively.
When establishing the finite element model of the bridge
by using ANSYS, the concrete is modeled by the use of
SOLID65 element, which is 8-node hexahedron element and
can simulate the actual deformation of RC effectively. The
steel bar is simulated by using LINK8 element, and the
secondary dead loads, such as the rigid layer of the bridge
deck pavement, are simulated by using MASS21 element.
When modeling, the sizes of finite element meshes are
restrained to less than 0.45m in general and restrained to
0.25m in local area. The whole finite element model of
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Table 1: Material parameters of concrete piers.

Material types Density 𝜌 (kg/m3) Modulus of elasticity 𝐸 (MPa) Compressive strength (MPa) Tensile strength (MPa)
Concrete 2500 3.25 × 104 22.4 1.65
Rebar 7850 2.0 × 105 300 300

Table 2: Material parameters of prestressed concrete box girders.

Material types Density 𝜌 (kg/m3) Modulus of elasticity 𝐸 (MPa) Compressive strength (MPa) Tensile strength (MPa)
Concrete 2600 3.45 × 104 22.4 1.65
Rebar 7850 2.0 × 105 300 300
Steel strand 7850 1.95 × 105 390 1320
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Figure 3: Real admittances of the PZT impedance sensors waterproofed by asphalt lacquer: (a) 1–4 days and (b) 4–7 days.

Figure 4: Embedded EMI active sensors.

the bridge consists of 70031 elements and 222962nodes.There
are 42148 SOLID65 elements, 5772 LINK8 elements, and 22111
MASS21 elements. According to the real conditions of the
bridge, the piers are presumed to be fixed, and the two ends of
girder are presumed to be supported by rolling bearings. The
finite element models of the bridge and the prestressed steel
strand are shown in Figures 7 and 8, respectively.

The modal analysis of the bridge model is carried out by
using ANSYS, and the first six mode shapes of the bridge
model are plotted, as shown in Figure 9. The first six natural
frequencies and periods are also calculated and shown in
Table 3. In order to verify the accurateness of the ANSYS
model of the bridge, another finite element model of the
bridge is established by using MIDAS. The modal analysis
of the bridge model is also carried out by using MIDAS. The
first six natural frequencies and periods of the bridge are also
computed and listed in Table 3 for comparison. FromTable 3,
it can be found that the maximal relative error of the first six
natural frequencies computed by using ANSYS and MIDAS
is 13.72% and the minimum is 1.46%. This indicates that the
finite element model established by using ANSYS is accurate.

4.2. Validation of Finite ElementModel by Field Test. Based on
the computed natural frequencies, we can select proper low
frequency acceleration sensors for acquiring structural nat-
ural frequencies to further validate the finite element model
of the bridge. According to the computed mode shapes, we
can also select the proper arrangements of the acceleration
sensors, keeping away from the nodes of mode shapes to
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Figure 5: Real admittance curves of PZT impedance sensors encapsulated by using cement material: (a) 28–31 days and (b) 31–34 days.
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Figure 6: Continuous rigid-frame bridge model.

Figure 7: Finite element model of the continuous rigid-frame
bridge.

be measured. In the field test, four CA-YD-109 acceleration
sensors were selected for use, and the frequency range of the
acceleration sensor is 0.2∼500Hz. Therein, two acceleration
sensors were installed at the edges of the midspan section in
the span of S006-S007, respectively, and the other two were
installed at the edges of the midspan section in the span of

Figure 8: Finite element model of the prestressed steel strand.

S007-S008, respectively, as shown in Figure 10. The power
spectrums of the acceleration responses in the spans of S006-
S007 and S007-S008 are obtained, respectively, as shown in
Figures 11 and 12.

From Figures 11 and 12, it is found that the first antisym-
metric transverse bending frequency is 0.93Hz obtained by
themodal tests in the span of S006-S007 and is 0.88Hz in the
span of S006-S007. The second symmetric vertical bending
frequencies obtained by the modal tests are 1.91Hz in both
the spans of S006-S007 and S007-S008. The comparisons for
natural frequencies between by finite element method and
the field tests are also shown in Table 4. From Table 4, it is
found that the computed natural frequencies are comparative
to those obtained by the field tests, which further verify the
accurateness of the finite element models of the bridge.

4.3. PZT and Strain Sensor Layouts and Field Tests. Seven
critical cross sections labeled from A to G, as shown in
Figure 6, are chosen for health monitoring. Only one typical
section labeled as D will be discussed in this paper. Figure 13
presents the dimensions and details of this section. Ten
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(a) (b) (c)

(d) (e) (f)

Figure 9: First six mode shapes of the continuous rigid-frame bridge: (a) first mode, (b) second mode, (c) third mode, (d) fourth mode, (e)
fifth mode, and (f) sixth mode.

Table 3: Comparisons for natural frequencies and periods between ANSYS and MIDAS.

Mode Mode types MIDAS ANSYS
Δ𝑓 (%)

Period Frequency Period Frequency

1 First antisymmetric
transverse bending 1.177 0.85 1.15 0.87 −2.36

2 First symmetric
transverse bending 1.172 0.853 1.031 0.97 −13.72

3 Second antisymmetric
vertical bending 0.924 1.082 0.938 1.066 1.46

4 Second symmetric
transverse bending 0.751 1.332 0.74 1.351 −1.46

5 Second symmetric
vertical bending 0.581 1.72 0.521 1.921 −11.69

6 Second antisymmetric
transverse bending 0.394 2.54 0.366 2.734 −7.62

Acceleration sensors

L/4 L/4 L/4 L/4

Figure 10: Arrangements of acceleration sensors in the spans of
S006-S007 and S007-S008.

Table 4: Comparisons for natural frequencies between finite ele-
ment method and the field tests.

Direction Span Experiment FEM
ANSYS MIDAS

Vertical S006-S007 1.91 1.92 1.72
S007-S008 1.91 1.92 1.72

Longitudinal S006-S007 0.93 0.87 0.85
S007-S008 0.88 0.87 0.85
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Figure 11: Power spectrums of the acceleration responses in the span of S006-S007: (a) longitudinal bridge direction and (b) vertical direction.
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Figure 12: Power spectrums of the acceleration responses in the span of S007-S008: (a) longitudinal bridge direction and (b) vertical direction.
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Figure 13: Arrangement of PZT sensors in section D.

PZT sensor

Strain gauge

Figure 14: Arrangements of strain gauge and EMI active sensor.

EMI active sensors are embedded into section D of the
continuous rigid-frame box beam prior to pouring concrete.
The positions of these EMI sensors are shown in Figure 13.
Ten intelligent digital strain sensors are also placed in the
vicinity of corresponding EMI sensors, respectively. They
were colligated at the bottom of rebar to measure the strains
of concretes. The embedded EMI and strain sensors are
shown in Figure 14. Figure 15 shows the protection of sensors
from rough construction and wicked environment. In the
test, the soldered wires connected to EMI transducers are

Protector

Figure 15: Protection of sensor.

Figure 16: Field test.

then plugged into the impedance analyzer to acquire their
admittance signatures. These strain gauges were interrogated
automatically by a strain interrogator, as shown in Figure 16,
respectively.

In order to ensure high sensitivity, high frequency excita-
tion was used in this field test. It was suggested that a freque-
ncy range of 30 kHz to 400 kHz was suitable for health moni-
toring of concrete structures in the EMI-based method [14].
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Figure 17: Real admittances of PZT1 in the frequency range of 50–100 kHz: (a) 7 days and (b) 40 days.

However, up to now, there is little analytical work done to
determine the exact frequencies used in this method. In most
of the studies, the range is determined by trial and error
method. After a few trials, a frequency range of 50–100 kHz,
having an interval of 50Hz, is selected in this study.

4.4. Test Results and Analysis. Health monitoring of the
bridge has extended for more than four months. The real
admittance signatures of all ten PZT sensors were obtained
during construction and operation stages. Concretely, the
field tests were carried out on days 1, 7, 14, 28, 40, 60, and 120
after the concrete was poured. The strain values of concrete
around PZT sensors were also measured at the same time.
As described previously, the frequency range of 50–100 kHz
was selected when measuring EMI signatures. Figures 17(a)
and 17(b) show the real admittance signatures of PZT1 in
the frequency range of 50–100 kHz. The admittance mea-
surements at the first day after the concrete was poured are
considered as the baselines in this study.Thebaselines and the
measurements at the seventh day are plotted in Figure 17(a),
while the comparisons of the baselines and the fortieth-day
measurements are shown in Figure 17(b). From Figure 17, it
is found that the magnitudes and peak values of admittance
signatures increase as time increases. In addition, it is also
found that the admittance signatures appear to be very noisy,
which should be due to the ambient noise in the construction
field and the circuit noise of the PV70 impedance analyzer,
which is used to measure EMI signatures in this study.
However, it is difficult to quantitatively evaluate the health
status of the bridge based only on the original admittance
signatures. So, an assessment index needs to be introduced
to quantify the variations of the admittance signatures.

Many kinds of assessment indexes have been developed to
quantify the changes of admittance signatures in recent years,
for instance, root-mean-square deviation (RMSD), mean

absolute percentage deviation (MAPD), covariance (Cov),
and correlation coefficient (CC) [17]. It is found that the
RMSD andMAPD indexes are suitable for characterizing the
location and the growth of damage. In this study, the RMSD
index is employed. The RMSD is defined as

RMSD (%) = √
∑
𝑖=𝑁

𝑖=1
(𝑦
𝑖
− 𝑥
𝑖
)
2

∑
𝑖=𝑁

𝑖=1
𝑥
𝑖
2
× 100, (3)

where 𝑥
𝑖
(𝑖 = 1, 2, 3, . . . , 𝑁) are baseline signatures obtained

from theEMI sensors and𝑦
𝑖
(𝑖 = 1, 2, 3, . . . , 𝑁) are signatures

at subsequent state with time increasing. The larger the
difference between the baseline signature and the subsequent
signature, the greater the RMSD value. The RMSD index
quantifies the change of admittance signatures and hence
evaluates the health status of structures quantitatively. Elec-
trical admittance signatures are very convenient to acquire
by the impedance analyzer in practice. Since the real part
of admittance signatures shows more interaction with the
structure than the imaginary part of conductance [26],
the real part of admittance signature instead of impedance
signature is adopted in this study.

Figure 18(a) presents the RMSD values of PZT1measured
in different times, while Figure 18(b) shows corresponding
strain measurements of concrete around PZT1. It is observed
that both the RMSD values and the strains have the same
change trend. As we know, in the stage of construction (the
first 28 days), the bottom of continuous rigid-frame box
girder is subjected to tension under the gravity of concrete,
which is proved in Figure 18(b).The tensile strain of concrete
decreased due to the interaction of shrinkage and hardening
behaviors. The decline process of tensile strain is also clearly
observed in Figure 18(b). Consequently, the RMSD value
of PZT1 will decrease in construction stage as shown in
Figure 18(a). The changes of RMSD values and strains in
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Figure 18: Measurements for PZT1: (a) RMSD value and (b) strain of concrete around EMI sensor.
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Figure 19: Measurements for PZT2: (a) RMSD value and (b) strain of concrete around EMI sensor.

the stage of operation are also presented in Figures 18(a)
and 18(b), respectively. Both RMSD value and strain increase
greatly in this stage. Since formworks were dismantled 40
days after the concrete was poured, the bottom of the box
girder was subjected to compression rather than tension.The
compressive strain increased greatly soon after formworks
were dismantled and then grew slowly with time. Similar
results can be obtained for PZT2 as shown in Figure 19.
The results suggest that the trend of RMSD change is well
consistent with the strain of concrete.

The RMSD values of PZT3 and PZT4 are computed
and shown in Figure 20(a). Figure 20(b) presents the strain
values of concretes where PZT3 and PZT4 are symmetrically

arranged. Because of the symmetry of the position, the
theoretical strains of the concretes around the two EMI
sensors should be the same. This is well proved by the
strain measurements, as shown in Figure 20(b). Just as the
strainmeasurements, the RMSDvalues were slightly different
but approximately identical for both two EMI sensors. The
differences were due to some factors, such as the construction
error of concrete structure, the position error of sensors,
and the parameter discrepancy of different sensors. The
same variation trends of RMSD and strain in the stages of
construction and operation are also found in Figure 20. The
strains and RMSD values of PZT5, PZT6, PZT7, PZT8, PZT9,
and PZT10 are plotted in Figures 21–23, respectively. It is also
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Figure 20: Comparison of PZT3 and PZT4: (a) RMSD value and (b) strain of concrete around EMI sensors.
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Figure 21: Comparison of PZT5 and PZT6: (a) RMSD value and (b) strain of concrete around EMI sensors.

observed from these figures that the RMSD values are corre-
lated well with the corresponding concrete strains and both
of them have the same change trends in different periods.
All these figures indicate that, based on the RMSD values of
EMI sensors and the strainmeasurements of concrete around
them, the health status of the bridge in construction and
operation process is monitored and evaluated successfully.

5. Conclusions

Health monitoring of a continuous rigid-frame bridge is
studied based on embedded EMI and strain sensors in this
paper. The embedded EMI active sensors are designed and

fabricated using PZT patches. It is found that asphalt lacquer
can be used as waterproof material of PZT sensors, and Port-
land cement is also one of promising encapsulation materials
of PZT sensors. Finite element modeling and modal analysis
of the continuous rigid-frame bridge are also implemented.
The analysis results indicate the computed natural frequen-
cies by using ANSYS and MIDAS are comparable to those
obtained by the field tests. In this study, in order to ensure
high sensitivity of embedded EMI sensors to small changes
in concrete structures, high frequency excitation is selected
when EMI technique is used. It is found that the frequency
range of 50–100 kHzwas suitable for healthmonitoring of the
large-scale concrete bridge. It is also found that the changes
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Figure 22: Comparison of PZT7 and PZT8: (a) RMSD value and (b) strain of concrete around EMI sensors.
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Figure 23: Comparison of PZT9 and PZT10: (a) RMSD value and (b) strain of concrete around EMI sensors.

in RMSD values of EMI measurements show similar trends
to the strain measurements at the same positions. It could be
concluded that the RMSD is a suitable assessment index for
health monitoring of large-scale concrete bridges. Based on
the obtained electrical admittance and strain measurements,
the health statuses of the continuous rigid-frame bridge in
the construction and operation stages are monitored and
evaluated successfully.
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