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The excellent crack and fatigue resistance of Engineering Cementitious

Composites (ECC) materials makes it promising to be used in orthotropic

bridge deck system. However, overloading and fatigue load might cause

structural damage and, consequently, structural performance degradation. In

this work, the piezoelectric lead-zirconate-titanate (PZT) transducers are used

to identify the structural damage of the steel-ECC composite deck by

implementing both experimental test and numerical simulation. Two steel-

ECC composite deck are prepared and four-point bending loading tests are

performed on the two specimens to introduce several damage scenarios by

gradually increasing the load. The impedance output signals of the piezoelectric

sensors are measured under different damage scenarios, and the damage index

are extracted to identify the structural damage. A finite element model of the

steel-ECC composite deck is established, and the impedance signals with

different damage scenarios are calculated and used to assess the structural

damages. According to the experimental test and numerical simulation, the

impedance-based technology performs to be an effective way to identify the

structural damage of the steel-ECC composite deck.
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Introduction

Orthotropic steel bridge deck is a structural system composed of steel plate stiffened

by a series of longitudinal ribs and transversal floor beams that are welded together (Sim

and Uang, 2012). Such decks are widely used in long-span bridges because of their high

strength-to-weight ratio, high bearing capacities, and convenient construction process

(Zhang et al., 2015). However, compared to reinforced concrete decks, the orthotropic

steel bridge decks are subjected to considerable local deformations caused by the wheel

loads.With the growth of operation time, high local stress amplitude, vehicle overload and

other factors easily lead to fatigue damage of steel bridge deck, which has been found

many times in the past 3 decades (Shao et al., 2013; Di et al., 2022).
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Tomitigate the problem of fatigue damage as it appears in the

steel bridge deck, ECC (Engineered Cementitious Composite)

was proposed to be used as bridge deck, which is expected to

enhance the local stiffness of orthotropic steel bridge deck. ECC

is a kind of high ductility concrete with tensile strain capacity

exceed 3% (Zhang et al., 2020; Huang et al., 2021; Zhang et al.,

2022), which allows it deform with steel bridge deck

synergistically. Uniquely, under loadings, the micron-sized

cracks develop on ECC other than one single localized

cracking that was normally observed in conventional concrete

(Yu et al., 2020; Zhang et al., 2021). Such the tiny crack on ECC

can heal itself autogeously under certain conditions (Zhang et al.,

2019a), which is expected to prevent the invasion of aggressive

agent (i.e., water and chloride ion).

For the composite bridge deck formed by ECC or other

ultra-high performance cement-based composites and steel

bridge deck, some studies have been carried out. Kakuma et al.

(2011) integrated ECC layer and steel bridge deck with studs

welded on the steel plate, and found that ECC and steel bridge

deck can play a good integral role, and the crack width of ECC

can be restricted below 100 μm. Zhao et al. (2019a)

investigated the fatigue behavior of steel-ECC composite

bridge deck, and found that the ECC layer of exhibited

multi-crack cracking performance and high fatigue

resistance under fatigue bending test. Guan et al. (2021)

found that the cracking stress of ECC layer of steel ECC-

composite bridge deck was between 13.4 and 21.0 MPa, and

the ECC layer can still bear the flexural load along with steel

deck after cracking, which effectively improves the local

stiffness of steel bridge deck and reduces the local bending

stress amplitude. Zhang et al. (2019b) demonstrated the

feasibility of utilization of ECC with self-healing capacity

on long-span steel bridge deck, and revealed that the serice

life of bridge deck can be extended significantly.

However, the performance deterioration of steel-ECC

composite deck system might occur due to the long-term

temperature effect, fatigue load, and vehicle overloading,

which would introduce durability issues, such as crack-

induced water invasion and shear resistance decreasing.

Therefore, it is of great importance to assess the damage of

steel-ECC composite deck to prevent its progress at an early

stage, which is essential for the maintenance of bridge in

operation.

Piezoelectric transducers (PZT), which has direct and inverse

piezoelectric effects, can be used as sensor and actuator

simultaneously. It can be embedded into or installed on the

surface of structures to detect the changes of structural integrity,

that is, often caused by damages (Park et al., 2006; Song et al.,

2008). Due to the unique characteristics, i.e. wide frequency

range, active sensing and low power consumption, it has been

widely used in structural damage detection. The PZT-based

structural damage identification methods can be classified as

wave propagation and impedance method. The former is to apply

electrical excitation on the PZT to emit stress waves, and to

evaluate the structural changes by extracting signal features of the

collected stress wave signals (i.e., amplitude and energy

dissipation), thereby identifying the structural damage (Su

et al., 2006; Mitra and Gopalakrishnan, 2016). The basic

principle of the impedance method is that the structural

damage will cause the change of its mechanical impedance.

The mechanical and electrical coupling characteristics of the

PZT sensor and the main structure are used to reflect the change

of mechanical impedance of the structure through electrical

impedance signal of the piezoelectric sensor, so as to identify

the structural damage at an early stage (Annamdas and Radhika,

2013; Na and Baek, 2018; Fan et al., 2021).

Liang (Liang et al., 1994; Liang et al., 1996) was the first to

develop the electro-mechanical impedance model which reveal

FIGURE 1
Characteristics of the tested steel-ECC composite decks BE0 (A) and BE1 (B).
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TABLE 1 Parameters of steel-ECC composite deck.

Specimen Spacing
of stubs (mm)

Number of stubs Number
of steel reinforcement

Reinforcement ratio

BE0 200 6 0 0

BE1 200 6 4 2.4%

TABLE 2 ECC mix ratio (kg/m3).

Cement Fly ash Silica fume Limestone powder Quartz sand Fibre Superplasticizer Water

714.4 451.2 90.99 184.51 451 20 20 275

FIGURE 2
Diagrams of the loading and instrumentation devices.

FIGURE 3
Experimental setup.
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the coupling of PZT sensor and host structure. Thereafter, the

application of impedance-based technique has been widely

conducted for damage detection of pipeline system, metallic

structure, reinforced concrete, bolted joints and composite

structure in the past decades. Surface bonded and embedded

PZT sensors were used to detect the cracks, freezing-thawing

damage and flexural damage stages of concrete structures

(Sabet and Yang, 2014; Karayannis et al., 2015; Liu et al.,

2017; Zhao et al., 2020). A good correlation relationship can

be observed between the location and severity of structural

damages, that is, a closer and severer damage likely induce a

higher value of damage indicators, such as root mean square

deviation (RMSD), mean absolute percentage deviation

(MAPD), covariance, and correlation coefficient (CC)

(Giurgiutiu, 2007).

Corrosion of steel structure is identified by using

impedance-based technique since it is able to continuously

detect variation of the host structure using impedance

analyzer. Ai et al. (2014); Zhu et al. (2016) used the

admittance (inverse of impedance) signal of PZT sensor to

detect the steel corrosion, and the structural damage can be

quantified according to the changes of measurements. Li et al.

FIGURE 4
Load-displacement curves of the two specimens at midspan.

TABLE 3 Damage scenarios of steel-ECC composite deck of
experimental test.

Damage scenario Load (kN)

BE0 D0 0

D1 10

D2 20

D3 30

D4 40

BE1 D0 0

D1 20

D2 40

D3 60

D4 80

FIGURE 5
Crack distribution of (A) BE0 at 40 kN and (B) BE1 at 80 kN.
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(2019) developed a novel corrosion monitoring technique by

bonding PZT sensors onto the corrosion coupon using epoxy

adhesive, called smart corrosion coupon (SCC). The thickness

loss of SCC due to corrosion would lead to the change of

impedance signatures, and the corrosion damage can be

quantified according to the decrease of frequency peaks and

leftward shift of measurements. Due to its capability of

continuous monitoring, the impedance-based method is used

to monitor the concrete hydration process and strength

evaluation (Lim et al., 2016; Negi et al., 2018; Talakokula

et al., 2018), which demonstrates that PZT sensors is

promising to be used for hydration monitoring of reinforced

concrete structures in situ. The sensitivity of impedance

signatures to structural damage had been testified due to the

high frequency and short wavelength excitation. Therefore, the

impedance based method is usually applied for minor defects

detection in an early stage, for instance looseness of bolted

connection (Nguyen et al., 2017; Li et al., 2020; Na, 2021; Zhou

et al., 2021) and interfacial bond damage (Sun et al., 2015; Sun

et al., 2017; Deng et al., 2021; Zhu et al., 2022). Furthermore,

with the development of artificial intelligence, many studies

(Castro et al., 2019; Alazzawi and Wang, 2021; Li et al., 2021;

Nguyen et al., 2022; Ai and Cheng, 2023) used machine learning

algorithms to cooperate with impedance-based technique, and

the capability and accuracy for damage detection and

localization are greatly enhanced.

FIGURE 6
Impedance curve of the PZT sensors of BE0 with different damage scenarios.
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The main objective of this paper is to use impedance-

based technique to identify the structural damage of steel-

ECC composite deck in a global perspective, which is very

difficult to be quantified due to the distribution of amount of

micro-cracks in the ECC layer. To achieve this, a four-point

loading test is conducted to obtain different damage

scenarios of steel-ECC composite deck, and the

impedance signals are measured using PZT sensors which

were placed on the surface of the specimens. The damage

index is extracted from measurements to employ the

structural damage identification and localization. Then,

the finite element model of the steel-ECC composite deck

was established to verify the experimental results. The

results showed that the damage of the steel-ECC

composite deck can be quantitatively identified based on

the output impedance signal of PZT sensor, and the

preliminary location can be obtained.

Experimental setup of steel-ECC
composite deck

Specimen details

In this study, two steel-ECC composite decks, named

BE0 and BE1, were prepared, which consisted of 1200 ×

200 × 65 mm ECC layer and 1400 × 200 × 12 mm Q345 steel

deck, and the ECC layer was connected with steel deck by stubs

with 13 mm diameter and 35 mm height as shown in Figure 1.

Compared with BE0, the ECC layer of BE1 is reinforced with

FIGURE 7
Impedance curve of the PZT sensors of BE1 with different damage scenarios.
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HRB400 steel mesh. The diameter of steel bars is 10 mm with a

spacing of 70 mm, and the thickness of ECC protective layer is

25 mm. The parameters of specimen are shown in Table 1.

Material properties of ECC layer

The ECC mixture adopted in this study was composed of

Portland cement (CEM-52.5), fly ash, silica fume, limestone

powder, quartz sand, PE fibres, water and superplasticizer.

The mixture proportion of ECC is shown in Table 2. By

implementing tensile test for three dog-bone shaped ECC

samples, an evident strain-hardening phenome-non can be

clearly observed. According to the experimental test, the

average cracking strength of ECC is 4.25 MPa, and the

average ultimate tensile strain and ultimate tensile stress of

ECC in this study is 4.37% and 9.27 MPa, respectively. In

addition, the average compressive strength of ECC is 111.6 MPa.

Test setup and instrumentation

As shown in Figure 2, a four-point loading test was

performed on the specimen, and an oil jack was used to

control the load which was measured by a load sensor with a

maximum range of 500 kN. The load is transferred from the

loading point to steel-ECC composite deck specimen through

distribution beam, forming a pure bending section with 400 mm

FIGURE 8
RMSD value of the PZT sensors of BE0 with the increase of damage.
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in length on specimen. Three linear variable differential

transducers (LVDTs) were arranged at the mid-span section

of composite deck and at loading point with a spacing of 200 mm

to measure the deflection of specimen during loading process.

The strain was recorded by a static data acquisition system.

In order to monitor the different damage states of ECC-

deck specimens during, three PZT sensors with dimensions of

10 × 10 × 1 mm were arranged on specimen surface with a

spacing of 200 mm, located at 300 mm from two supports of

specimen and at the mid-span of the deck, numbered PZT1-

PZT3 from left to right, as shown in Figure 2. The electrical

impedance signal test was carried out using the

AD5933 impedance analysis chip, as shown in Figure 3.

During loading process, when the steel-ECC composite deck

is un-der different damage scenarios induced by different load

levels, the output impedance signature of each PZT sensor was

tested in the range of 10–100 kHz with 400 frequency sampling

points. By doing that, the damage states of the steel-ECC deck

can be monitored, since the variation of PZT impedance

signature is directly related to the change of structural

integrity which implies structural damage.

Experimental results

The load-midspan deflection curves of the two specimens

are shown in Figure 4. For BE1, it was initially in the linear

elastic stage, and the load was proportional to the mid-span

FIGURE 9
RMSD value of the PZT sensor of BE1 with the increase of damage.
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deflection. After that, cracks started to appear in the ECC layer

as the load reached cracking load. The stiffness decreases

significantly and the load increases slowly with the growth of

the midspan deflection, and the ultimate load of the

BE1 specimen is 95.5 kN and the mid-span deflection

reaches 90.3 mm. The load-midspan deflection curve of

BE0 is similar to that of BE1. Since there is no steel

reinforcement, its crack load and ultimate load are 15 and

44.5 kN, respectively, and the corresponding midspan

deflection values are 0.5 mm and 65.2 mm. The structural

stiffness gradually decreases as cracks occur in the ECC

layer, and its load slowly increases with the increase of

midspan deflection until structural failure.

According to the test results of BE0 and BE1, it is clear that

the steel bars significantly improve the bearing capacity of the

specimens, and the ultimate mid-span deflection values also

reflected the excellent ductility of the ECC material. The

failure modes of BE0 and BE1 were ECC cracking and steel

yielding respectively, nevertheless, there were no obvious wide

cracks on specimens during the whole loading process instead of

distributed tiny cracks with the maximum width not exceeding

0.08 mm, which shows the excellent crack width-control-ability

of ECC.

In this paper, five damage scenarios D0-D4 are predefined,

corresponding to the damage states of the specimens under

different loading levels. As shown in Table 3, D0 represents

the intact state of specimen. D1-D4 of BE0 correspond to the

damage states under 10, 20, 30, and 40 kN, while for BE1, they are

related to the damage states under 20, 40, 60, and 80 kN,

respectively. For the two specimens, the piezoelectric

impedance signals under D0-D4 damage states were measured

in order to reflect the structural changes induced by the gradually

increased load in real case.

Figure 5 shows the crack distribution of BE0 and BE1 in

midspan of ECC layer at load level of 40 and 80 kN, respectively.

Similar phenomena can be clearly observed for the two

specimens that numerous small-width cracks are distributed

along the midspan of deck, which indicate the existence of a

severe damage at high load level. However, the

phenomenological characterization is not enough to

quantitatively evaluate the damage conditions and damage

FIGURE 10
Comparison of RMSD value of the PZT sensors of BE0 under
four damage scenarios. FIGURE 12

Constitutive model of ECC material.

FIGURE 11
Comparison of RMSD values of the PZT sensors of BE1 under
four damage scenarios.
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levels of the steel-ECC composite deck since massive micro-

cracks would be generated and expanded during the whole

process of loading. Despite of this, the impedance-based

method provides an effective way to identify structural

damage of steel-ECC composite deck, and thereby assess the

deterioration of structural performance according to the

impedance signals and extracted damage indicator which are

directly related to the variation of structural integrity.

As shown in Figure 6 and Figure 7, the impedance signals

were tested by PZT1-PZT3 of the specimens BE0 and BE1 under

different damage scenarios. From the figures, it can be seen that

the impedance signals of the structure in the D1–D4 damage

states all changed compared to the healthy state D0, which

reflects the variation of structural integrity caused by the load.

In order to quantitatively assess the structural damage, the

statistical metric RMSD (root mean square derivation) is used

as the damage indicator of structure, and its expression is as

follows:

RMSD �
�������������∑i�N

i�1 (Zi − Z0)2∑i�N
i�1 Z0

2

√
(1)

where Z0 is the impedance signal in the intact state. Zi represents

the impedance signal in the damage state, i is the measured point

in the frequency range.N is the total number of measured points.

The value of RMSD is between 0 and 1. When RMSD is equal to

0, it represents the intact state. The larger the value, the larger the

deviation between the impedance measurements and the

reference measurements (D0 state), that is, the greater the

damage of structure. Based on that, it makes the impedance-

based methodology be a physical model-free approach to

quantify the structural damage since only impedance

measurements of different damage states are needed. And

then, the evolution of structural damage can be captured

according to the damage index value.

Figure 8 and Figure 9 show the RMSD values of the three

PZT sensors bonded on the surface of the two specimens under

different damage scenarios. At the elastic stage D1, it can be

seen that the RMSD value is relatively small. The RMSD values

of the three PZT sensors distributed on the surface of BE0,

from PZT1 to PZT3, are 0.133, 0.158, and 0.102, respectively.

And the RMSD value of PZT1, PZT2 and PZT3 of BE1 are

0.135, 0.168, and 0.109, respectively. This clearly shows that

the PZT sensor is very sensitive to the minor structural damage

at an early damage stage, and the change of the structure can be

detected quantitatively according to the change of impedance

signal.

As shown in Figure 8 and Figure 9, the structural damages of

steel-ECC composite decks continues to increase as the load

increasing, and the RMSD value of each PZT sensor ascends from

D1 to D4. For D4 damage scenario, the RMSD value of PZT1,

PZT2, and PZT3 of BE0 reach 0.173, 0.211 and 0.114,

respectively. And those of BE1 reach 0.197, 0.217, and 0.178,

respectively. It is clear that the RMSD value can directly reflect

the change of structural integrity, and the evolution of structural

damages with the increase of load can be addressed based on the

fact that RMSD value is proportional to the severity of structural

damage as shown in Figure 8 and Figure 9. Besides, the RMSD

value of the PZT3 sensor of BE0 decreases slightly under the

damage conditions of D2 and D3, which might be caused by test

errors and environmental noise. Nevertheless, by using the

externally bonded PZT sensors, the damage conditions of

steel-ECC composite deck can be identified according to the

damage index extracted from impedance signals that directly

related to the structural damage.

Figure 10 and Figure 11 compare the RMSD value of the

three distributed PZT sensors of the two specimens under

different damage scenarios. It can be observed that RMSD

value of the PZT2 is higher than that of PZT1 and PZT3.

Considering that PZT2 is placed in the mid-span of the steel-

FIGURE 13
Finite element model of the steel-ECC composite deck.
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ECC composite deck, this indicates that the damage has probably

reached more severely in the middle section of specimens. As

shown in Figure 5, most of the cracks are distributed along the

midspan section of the deck where PZT2 is located. The number

of cracks in the area near two supports is much less than that in

the midspan area, where PZT1 and PZT3 are located. This

FIGURE 14
Impedance curve of the PZT sensors at the frequency range of 10–100 kHz.

FIGURE 15
Damage scenarios of the steel-ECC composite deck.
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phenomenon is consistent with the distribution of RMSD value

of the PZT transducers placed on the surface of the steel-ECC

compo-site deck as shown in Figure 10 and Figure 11. Obviously,

it implies that the PZT sensor in more severely damaged area is

more influenced than the others, leading to a bigger RMSD value.

Therefore, according to the comparison of the damage index of

the distributed PZT sensors, it can be found that the RMSD value

of the PZT sensor is higher at the location, where the damage

severity is higher. The distribution of structural damages of the

steel-ECC composite deck can be globally determined using PZT

sensors.

Finite element analysis

To verify the effectiveness of the PZT sensor for damage

identification of the steel-ECC deck structure, the BE0 specimen

was selected to establish a finite element model and implement

numerical simulation using commercial finite element software

ANSYS. SOLID 45 and SOLID 65 were introduced to represent

the steel plate and the ECC layer. SOLID5 was used to simulate

TABLE 4 Damage scenarios of steel-ECC composite deck for
numerical simulation.

Damage scenarios Notch depth (mm)

D1 5

D2 10

D3 15

D4 20

FIGURE 16
RMSD value of each PZT sensor of BE0 using FE model.
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the electro-mechanical coupling effect of PZT sensor. Since the

amplitude of the excitation of PZT transducer is very small

compared to the structural deformation, the interfacial bond-

slip between PZT and the host structure is ignored, and a perfect

bond model is adopted in order to simplify the process of

numerical simulation. The material properties of ECC and

steel used in the FE model are consistent with the

experimental test. As shown in Figure 12, the yield and

ultimate stress of ECC are 6.03 and 9.27 MPa, and the related

strains are 0.15% and 2.96%, respectively. The finite element

model conducted in this paper is shown in Figure 13.

In this paper, in order to capture the impedance signal in high

frequency range, usually higher than 10 kHz, a refined mesh is

adopted, especially in the vicinity of PZT sensors. A harmonic

voltage signal of 2 V is applied on the upper and lower surfaces of

each PZT sensor, and the piezoelectric impedance spectrum curve

can be obtained under the excitation of the electrical signal. To verify

the established FE model, the electrical impedance signal of each

PZT sensor under the intact state is first calculated. Figure 14 shows

the comparison of impedance signal between the FE model and that

of the test data. Although there is a deviation in the high frequency

range of 50–100 kHz, the numerical results agree quite well with the

test data, which verifies the accuracy and validity of the finite

element model established in this work.

In the experimental test, four damage scenarios were introduced

gradually with the increase of load, resulting in a large number of

distributed small-width cracks. In order to conveniently simulate

different damage severities of steel-ECC composite deck, a notch with

a width of 3 mm was artificially introduced to the FE model at a

distance of 35 mm from the right side of the PZT2, as shown in

Figure 15. Four damage scenarios, D1–D4, were defined by changing

the depth of the notch as shown in Table 4. By applying electrical

excitation on the surface of PZT transducer, the impedance signatures

can be captured under four damage scenarios.

The impedance output signals of the sensors PZT1-PZT3

in the frequency range of 10–100 kHz under the no-damage

and D1–D4 damage scenarios of the steel-ECC compo-site

deck were calculated using FE model. The changes of

impedance signals caused by the structural damages are

observed which indicates the change of the structural

integrity will affect the mechanical impedance of the

structure, which will directly lead to the change of the

electrical impedance signal of the externally bonded PZT

sensor. The RMSD value of the PZT1-PZT3 sensors under

different damage scenarios are evaluated in order to

quantitatively analyze the influence of structural damage on

the impedance signal of the piezoelectric sensor. As shown in

Figure 16, from D1 to D4, the RMSD values of the three PZT

sensors gradually increase with the increase of the load.

Obviously, the change of the structural damage could be

directly reflected based on the RMSD value which is

proportional to the increase of the damage. Besides, the

change of RMSD value of PZT2 with the change of

structural damage is more significant than that of

PZT1 and PZT3, which indicates that the PZT sensor

placed near the damage region is more sensitive to the

change of structural damage.

Figure 17 shows the distribution of RMSD values for the three

piezoelectric sensors in D1-D4 damage scenarios. It is clear that the

RMSD value of PZT2 is significantly higher than that of PZT1 and

PZT3, that is, the sensor with a higher value of damage index is

closer to the structural damage. Furthermore, the damage is located

at the left side of PZT2, which is closer to PZT3 than PZT1, and the

RMSD value of PZT3 is obviously higher than that of PZT1 as

shown in Figure 17. This phenomenon indicates that a more severe

damage might exist in the vicinity of PZT2 and PZT3. Furthermore,

it should be noted that a notch is introduced in the FE model to

represent the structural damage instead of a large number of tiny-

width cracks in the test. Nevertheless, according to the FE analysis

and experimental test, it can be concluded that a higher RMSD value

of PZT sensor corresponds to a more severe damage nearby. Hence,

based on the value of the damage index of the PZT sensors bonded

on the structure, the area of the structural damage can be identified

in a first step. More PZT sensors would be helpful to assess and

localize the damages of steel-ECC composite deck by using

impedance measurements under different damage scenarios.

Conclusion

In this paper, the damage identification of steel-ECC

composite deck is implemented using piezoelectric sensors.

The experimental test includes two steel-ECC composite

decks subjected to four-point loading test until failure. A

FIGURE 17
RMSD values of the PZT sensors using FE model.
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harmonic voltage excitation is applied on the three PZT

sensors externally bonded on the surface of two specimens,

and the impedance signals are simultaneously measured at

different damage levels induced by gradually increased

loading. To assess the structural damages, the statistical

damage index RMSD are extracted between the baseline

signals in healthy state and related loading/damage level to

represent the changes of structural integrity. Further, FE

simulation has been carried out to evaluate the impedance

signatures of different damage scenarios. The capability of the

impedance-based technique for damage identification of the

steel-ECC composite deck is verified. Based on that, several

conclusions can be drawn:

1) Based on the experimental test of steel-ECC composite deck, it

can be found that the structural performance is significantly

improved by the ECC layer. The maximum crack width of the

ECC layer is less than 0.08 mm, so the corrosion of steel is able to

be prevented effectively which makes it promising for

engineering application under aggressive environments.

2) The main advantages of the impedance-based method are

that no physical model is required making it a data-driven

approach, and the high sensitivity for minor defects according

to the high frequency excitation. Hence, it is very convenient

and powerful to monitor the health condition of steel-ECC

composite deck using impedance signatures of different

damage scenarios measured by PZT transducers.

3) According to the impedance measurements, the growth of

damage severities would result in the increase of damage index

RMSD, which makes it be proportional to the structural damage.

Therefore, impedance-based technique can be used to directly

evaluate the damage conditions of steel-ECC composite deck, and

specific values can be determined as early-warning thresholds.

4) The impedance signals of PZT sensor is more sensitive to the

structural damage in its vicinity, so the region of damage is

able to be identified in a first step. For future work, an array of

PZT sensors might be used to assess the damage area

according to the comparison of damage index value of

each sensor based on impedance measurements.
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