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1. Introduction 

 
The electromechanical impedance-based damage 

detection technique is a useful one for structural health 
monitoring of various types of structures, and related 
researches have been widely carried out. However, due to 
the environmental effect such as temperature change on the 
impedance signature measured by the piezoelectric sensor, 
it is difficult to effectively apply this method in real 
structures. Therefore, in order to efficiently apply the 
impedance-based damage detection technique to real 
structures, it is necessary to consider the temperature effect, 
which is a representative environmental noise. Also, for 
practical structural health monitoring, it is advantageous to 
measure data during operation of structure and analyze data 
considering the operating conditions such as vibration and 
live load. In addition, it is supposed that more efficient 
structural health monitoring can be performed if the 
correlation between the measured data and the analysis 
results of the corresponding structure is identified. 

Abbas et al. (2021) have identified the presence of 
fatigue crack in stainless steel beam using electro-
mechanical impedance approach and estimate the effect of 
temperature variation on the impedance. The effective 
frequency shift  technique was modified for the 
compensation of temperature effect over the impedance 
signature of the PZT (lead zirconate titanate) sensor. Rabelo 
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et al. (2017) have proposed a technique on the damage 
detection of incipient faults in rotating shafts by using a 
real-time impedance-based method. A temperature 
compensation technique was proposed based on a hybrid 
optimization method associated with different damage 
metrics. Du et al. (2023) have studied the bolt loosening 
monitoring method using the deep convolutional neural 
network for the electromechanical impedance. The network 
consists of a temperature compensation subnetwork, trained 
using the experimental results under various temperature 
conditions, and a damage identification subnetwork. Zhang 
et al. (2019) have studied an electromechanical impedance-
based technique to detect ice accretion on the stay cables of 
cable-stayed bridge. The changes in structural stiffness and 
mass due to the ice covered were considered as primary 
characteristics, whereas the change in temperature was 
corresponded to the disturbing factor. Gianesini et al. 
(2021) have proposed a new methodology to compensate 
for the temperature effect in the electromechanical 
impedance technique. The temperature and frequency 
dependences of the impedance signatures were observed 
experimentally on the aluminum beams and steel pipe, and 
a simple analytical polynomial-based temperature 
compensation method was applied. Hong et al. (2012) have 
experimentally examined the temperature-compensated 
damage monitoring in steel girder connections by using the 
wireless acceleration-impedance sensor nodes. A 
temperature-compensated damage monitoring scheme was 
designed by using the temperature compensation model 
based on regression analysis. Baral et al. (2023) have 
studied on temperature compensation in the impedance by 
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And, the correlation between the measured impedance data and the analysis results can improve the capability of structural 
health monitoring. In this study, an impedance-based damage detection method considering the temperature effect and operating 
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obtained from experiment and the equivalent bending stiffness for the cracked beam calculated by analysis is investigated. The 
long-term measurement under vibration is carried out, and it is found that the damage can be clearly estimated, while monitoring 
the warning criterion together, after compensating the temperature effect. It is also found that as the crack size increases, the 
variation in the damage indices increases, and the correlation between the impedance damage index due to crack propagation 
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compensating values calculated based on experiments on 
piezo sensors both in a free boundary condition and in a 
bonded condition on a metallic host structure. The variation 
in the first natural frequency values for the unbonded piezo 
sensor at different temperatures was used to develop the 
compensation algorithms. Antunes et al. (2019) have 
developed a method applied to damage detection in 
pipelines, including a technique for compensating the 
temperature effect in electromechanical impedance-based 
structural health monitoring. The experiments were 
conducted while changing the temperature, and 
compensation algorithms for frequency shift and amplitude 
change were proposed, respectively. Silva et al. (2021) have 
proposed a new method to compensate temperature effect 
based on a transfer component analysis, a subtype of 
transfer learning, of the features from a source domain to 
another target domain. They assumed only the labeled 
features data in the healthy condition and damaged state in a 
specific temperature as source data. Campos et al. (2019) 
have presented a new feature extraction approach 
insensitive to temperature variations for effective 
electromechanical impedance-based structure health 
monitoring for real structures. This method was based on 
the statistical criterion algorithm, which extracts the number 
of significant resonance peaks from the electrical 
impedance signatures. De Castro et al. (2019) have 
proposed a new index in the electromechanical impedance-
based damage detection technique for structure feature 
extraction based on the cross correlation signal processing 
technique that can be applied in real noisy environment. 
The proposed index was evaluated in the frequency domain 
and time domain, and experiments were carried out on a 
damaged aluminum structure subject to various signal noise 
levels. Huynh et al. (2018) have proposed a principal 
component analysis-based algorithm to filter out 
temperature effects on electromechanical impedance 
monitoring of prestressed tendon anchorages. The algorithm 
was experimentally evaluated by distinguishing temperature 
changes from prestress-loss events in a prestressed concrete 
girder. 

In the previous studies, the impedance-based damage 
detection methods considering the temperature effect in 
various ways have been mainly studied for practical 
application. However, for more practical application, it is 
advantageous to acquire data during operation, so it is 
supposed that additional consideration for operating 
conditions is needed. And, the previous studies mainly 
detect the damage by experimentally identifying the 
relationship between the damage and the impedance 
damage index. Due to the complexity of PZT patch-
adhesive-host structure coupled structural system and the 
difficulty of dynamic analysis in the high-frequency range, 
there may be difficulties to correlate changes in the 
impedance signatures to physical parameters of structures 
and could not provide further information about the nature 
of damage (Yan and Chen 2010). However, it is considered 
necessary to assess the current state of the structure more 
accurately and predict the structural behavior using the 
analysis model by identifying the correlation between the 
impedance signature and the analysis model for structural 
damage. 

In this study, for the practical application of the 
impedance-based damage detection technique, an 
experimental study considering not only the temperature 
effect but also the operating conditions such as vibration 
and live load is carried out, and additionally, the 
experimental results are compared with the analytical 
values. That is, an impedance-based damage detection 
method using the impedance signatures measured under 
vibration considering temperature effect is experimentally 
researched for an aluminum beam, and the experiment is 
also performed while changing the applied stress. 
Moreover, the correlation between the impedance damage 
indices obtained from experiment and the equivalent 
bending stiffness for the cracked beam calculated by 
analysis is partially identified. 

 
 

2. Damage index of impedance 
 
Liang et al. (1996) have studied the relationship 

between the electromechanical impedance measured from 
the piezoelectric sensor attached to the structure and the 
mechanical impedances of the structure and piezoelectric 
sensor. That is, if damage occurs in the structure near the 
attached piezoelectric sensor, the structural characteristics 
change, and the impedance signature measured from the 
piezoelectric sensor changes. Therefore, the damage of the 
structure can be estimated by comparing and analyzing the 
impedance signature before and after the damage. However, 
the impedance signature can be changed not only due to the 
damage but also the other factors such as temperature 
change and durability of the piezoelectric sensor (Na and 
Baek 2018). 

The damage index quantifying the impedance change 
before and after the damage can be used for comparative 
analysis. In impedance-based damage estimation 
techniques, the most widely used are the root mean square 
deviation based damage index in Eq. (1), which is more 
sensitive to variations in amplitude of the impedance, and 
the correlation coefficient deviation based damage index in 
Eq. (2), more sensitive to changes in the shape between the 
impedance signatures, such as frequency shifts (Baptista et 
al. 2011). 

 𝐷𝐼1 = ඨ∑ ሼ𝑅𝑒(𝑍௜ௗ) − 𝑅𝑒(𝑍௜଴)ሽଶ௡௜ୀଵ ∑ 𝑅𝑒(𝑍௜଴)ଶ௡௜ୀଵ  (1)

 𝐷𝐼2 = 1𝑁 ∑ ൛𝑅𝑒(𝑍௜଴) − 𝑍଴തതതൟ൛𝑅𝑒(𝑍௜ௗ) − 𝑍ௗതതതതൟ௡௜ୀଵ 𝜎௓బ𝜎௓೏  (2)

 
where 𝑍 is the measured impedance, 𝑅𝑒(𝑍) denotes the 
real impedance, 𝑖 is the frequency, 0 denotes the healthy 
or reference state, 𝑑 denotes the damaged or comparison 
state, 𝑍଴തതത and 𝑍ௗതതതത are the means of the real impedances 
and 𝜎௓బ  and 𝜎௓೏  are standard deviations of the real 
impedances. 

If the values of the 𝐷𝐼1  and 𝐷𝐼2  are 0 and 1, 
respectively, it can be assumed that the 2 impedance 
signatures being compared are the same. As the difference 
between the 2 impedance signatures increases, the 𝐷𝐼1 
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will increase from zero and the 𝐷𝐼2 will decrease from 
one. The damage indices in Eqs. (1) and (2) will be 
calculated by including the effect of temperature variation 
and possible environmental noise in addition to the 
impedance change due to structural damage. Therefore, in 
order to detect the damage of the structure using the 
impedance damage index, the other factors such as 
temperature change in addition to the effect of the damage 
should be considered. 

 
 

3. Experimental method 
 
For the study of the impedance-based damage detection 

method considering the temperature variation and operating 
conditions of the structure such as vibration and applied 
stress, a cantilever aluminum beam with a length of 1 m and 
a solid rectangular cross section (width 40 mm, height 60 
mm) was built as shown in Fig. 1. The 20 t plate at the left 
end of the specimen shown in Fig. 1 was fastened to a 
strong column using high tensile bolts, and the column was 
attached to the laboratory floor so that a certain fixed end 
effect was realized. On the other hand, the experiment was 
carried out by adding a tip mass to the free end as shown in 
Fig. 1. 

For the impedance measurement, the PZT sensors of 
10(L) × 10(W) × 0.3(T) size were used. PZT 1 and 2 were 
attached at locations 150 and 50 mm away from the fixed 
end, respectively as shown in Fig. 2. To observe the change 
of the impedance signature due to the temperature variation 
only of PZT sensor, PZT 3 was located near PZT 1 and 2, 
and measurement was performed together without attaching 
it to the specimen. In addition, to estimate the vibration 
quantity of the specimen during the impedance 
measurement under vibration, accelerometers (Acc 1-Acc 
4) were installed at the locations shown in Fig. 2. Here, 
although the 20t plate was fixed as mentioned above, an 
accelerometer (Acc 1) was installed on the 20t plate 
because it was supposed that the full fixed effect would not 
be realized. On the other hand, the damage test was carried 
out by increasing the crack size at a location 100 mm away 
from the fixed end as shown in Fig. 2. The air temperature 
near the specimen was measured. 

In the impedance tests, an impedance analyzer 
(Keysight; E4990A) was used. The preliminary tests were 

 
 

Fig. 1 Experimental setup 
 
 

Fig. 2 Sensor locations (lengths in mm) 

carried out for each PZT sensor to choose the target sweep 
frequency bands for estimating the damage properly. In the 
electromechanical impedance technique for structural health 
monitoring, the PZT sensor is subjected to an alternating 
voltage excitation from an impedance analyzer, sweeping 
through a particular frequency range, generally 30–400 kHz 
(Bhalla et al. 2009). Therefore, the sinusoidal voltage was 
applied to each PZT sensor while sweeping over the 
frequency range of 30 kHz to 400 kHz using the impedance 
analyzer, and the impedances for this were also measured in 
each PZT sensor for the healthy state. The target frequency 
range should include the resonance peak to facilitate the 
detection of small structural changes (Tawie and Lee 2010). 
The target sweep frequency bands for the PZT sensors were 
set to 230-250 kHz for PZT 1, 200-220 kHz for PZT 2, and 
195-205 kHz for PZT 3, respectively because each peak 
exists in the real impedance plot in those frequency ranges. 
That is, in the impedance tests, a sinusoidal voltage with an 
RMS (root mean square) value of 50 mV was applied to 
each PZT sensor while sweeping frequencies in each 
frequency band, and the impedance was measured for 5 
seconds. 

For the impedance measurement under vibration, the 
free vibration was generated using the impact hammer 
method. To estimate the vibration quantity, the accelerations 
were measured from 4 accelerometers shown in Fig. 2 with 
the sampling rate of 10 kHz for 5 seconds using a data 
acquisition device (NI cDAQ-9178, NI 9234) and software 
(LabView). 

The experiments were carried out in 3 stages. In the 1st 
stage (Chapter 4), the experiment was conducted to estimate 
the effect of applied stress and vibration on the impedance 
signature for the healthy state. That is, in order to change 
the stress applied on the PZT sensor attachment location, 
the impedance was measured while changing the tip mass 
of the specimen. In addition, in order to estimate the effect 
of vibration on the impedance signature, the impedances in 
the non-vibration state of the specimen and during vibration 
were measured under the same conditions. In the 2nd stage 
(Chapter 5), the long-term measurement was performed on 
the specimen for the healthy state in order to evaluate the 
effect of temperature variation on the impedance signature. 
After fixing the tip mass to 2.83 kg, the impedance was 
measured 3-4 times a week for a total of 60 times from May 
18, 2022. In the 3rd stage (Chapter 6), in order to estimate 
the effect of damage on the impedance signature, the 
impedance was measured while increasing the crack size 
step by step at the crack location shown in Fig. 2. The 
cracks were inflicted by making fine saw cuts of the 
specimen, and 6 cases of damages were introduced by 
changing the depth of the inflicted crack. 

 
 

4. Effect of applied stress and vibration 
 
In order to estimate the effect of the applied stress, 

which is one of the operating conditions of the structure, the 
impedance tests were conducted while changing the applied 
stress at the PZT attachment location. The impedances were 
measured under different applied stress conditions in 11 
cases (Case 0-10), that is, while adding 0.565 kg step by 
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Fig. 4 Acceleration time history 
 
 

step from 0 kg to 5.65 kg to the tip mass in Fig. 2. 
The 𝐷𝐼1 in Eq. (1) and the 𝐷𝐼2 in Eq. (2) for the 11 

cases are compared in Fig. 3 and this is the result of 
temperature compensation described later. When the tip 
mass was 0 (Case 0), the tests were performed 2 times, and 

 
 

 
 

in Fig. 3, the value for 0 on the x-axis represents the index 
between the 2 tests with the tip mass of 0. The rest of the 
results are the indices calculated with reference to the 
impedance of Case 0. It can be found that as the degree of 
applied stress increases, the 𝐷𝐼1 increases gradually more 
than zero and the 𝐷𝐼2 decreases gradually less than one. 
The impedance of PZT 2 is more affected by the applied 
stress than that of PZT 1, which is considered to be because 
the applied stress is larger at the attachment location of PZT 
2. In addition, it can be seen that the index of the impedance 
of PZT3, not attached to the specimen, is almost constant 
even when the applied stress changes. This result indicates 
that the impedance is affected by applied stress, and it is 
supposed that the effect of live load on impedance should 
be considered for the future practical application of the 
impedance-based damage detection method. However, in 
the long-term measurement and damage test following this 
study, the experiments were performed with the tip mass 
 
 

(a) 𝐷𝐼1 (b) 𝐷𝐼2 

Fig. 3 Relation between applied stress and damage index

(a) 𝐷𝐼1 of PZT 1 (b) 𝐷𝐼2 of PZT 1 
 

(c) 𝐷𝐼1 of PZT 2 (d) 𝐷𝐼2 of PZT 2 

Fig. 5 Relation between RMS of acceleration and damage index 
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Table 1 𝐷𝐼1 and 𝐷𝐼2 for each case 

Case 
No. 

Tip mass 
(kg) 

PZT 1 PZT 2 𝐷𝐼1 (%) 𝐷𝐼2 𝐷𝐼1 (%) 𝐷𝐼2 
0 0 0.562 0.998 0.455 0.999 
1 0.565 0.328 0.999 0.419 0.999 
2 1.130 0.422 0.999 0.364 0.999 
3 1.695 0.579 0.999 0.410 0.999 
4 2.260 0.846 0.997 0.650 0.999 
5 2.825 0.684 0.998 0.623 0.999 
6 3.390 0.660 0.995 0.516 0.999 
7 3.955 0.726 0.998 0.563 0.999 
8 4.520 0.532 0.999 0.474 0.999 
9 5.085 0.492 0.999 0.522 0.999 

10 5.650 0.302 0.999 0.404 0.999 
 

 
fixed. 

On the other hand, the impedance tests were carried out 
to estimate the effect of vibration on the impedance by 
measuring the impedance under vibration of the host 
structure. In the impedance test for the 11 cases mentioned 
above, the impedance measurements under free vibration, 
induced by the impact hammer method, were performed 5 
times for each case, and the impact strength was adjusted so 
that the vibration quantity was different for each of the 5 
times. A time history of the acceleration measured in Case 5 
(tip mass is 2.825 kg) by the accelerometer installed at the 
free end (Acc 4 in Fig. 2) is shown in Fig. 4. The 
impedances were also measured in the non-vibration state. 

The 𝐷𝐼1 and 𝐷𝐼2 of the impedance measured during 
the 5 vibration tests were calculated with reference to the 
impedance measured in the non-vibration state, and those 

 
 

are compared in Fig. 5 to the average of the RMS values 
calculated from the accelerations measured from the 4 
accelerometers. Fig. 5 is an example of one of the results of 
11 cases, which is the result for Case 5 (tip mass is 2.825 
kg), and the long-term measurement and damage test 
following this study were carried out under the condition of 
this tip mass. For all 11 cases, the average for the 5 
vibration cases of the 𝐷𝐼1 and 𝐷𝐼2 calculated from the 
impedances measured at PZT 1 and 2 are shown in Table 1. 
Here, the impedance tests in the non-vibration and vibration 
states for a specific case were performed under the same 
temperature and applied stress conditions. 

As shown in Table 1, overall, the 𝐷𝐼1 is less than 1% 
and the 𝐷𝐼2 is more than 0.995, therefore it is considered 
that the change in the impedance signature due to vibration 
is insignificant. Also, as shown in Fig. 5, it can be found 
that there is almost no correlation between the vibration 
quantity and the indices. That is, since impedance is the 
signature of the high frequency in the kHz range, it is 
supposed that the low frequency structural vibration has 
little effect on the impedance. In the subsequent long-term 
measurement and damage test, the impedance measured 
under vibration is used in all analysis to proceed research. 

 
 

5. Long-term measurement and damage detection 
considering temperature effect 
 
The long-term measurement was performed with the tip 

mass fixed at 2.825 kg. The 𝐷𝐼1 and 𝐷𝐼2 of impedances, 
measured at PZT 1 and 2 under vibration and PZT 3 under 
non-vibration, calculated with reference to the impedances 
measured for the 1st test in the healthy state on May 18, 
2022 (23.7°C) were obtained as shown in Fig. 6, and 
compared with the temperature change. The impedance 

 
 

 

 
(a) 𝐷𝐼1

 

 
(b) 𝐷𝐼2

Fig. 6 Variation of damage indices and temperature

303



 
Jong-Won Lee 

 
 

tests were carried out 3-4 times a week for a total of 60 
times for the healthy state. 

The 𝐷𝐼1 and 𝐷𝐼2 in the healthy state before the 
damage occurred were calculated to be greater than zero 
and less than one, respectively. Therefore, it is considered 
that the differences between the impedances are due to the 
temperature change. After the 60th test, a crack was 
generated at the location shown in Fig. 2, and the 
impedance test (the 61st test) was carried out. This is 
Damage Case 1 explained later. Since the damage indices 
after the damage are calculated by including the 
temperature and damage effects, if only the damage indices 
are monitored, it is difficult to estimate the damage. In the 
case of PZT 3, not attached to the specimen, the variations 
in the damage indices due to temperature change are 
smaller than those of PZT 1 and 2, which is considered to 
be because the impedance changes only under the influence 
of the temperature change of the sensor itself. That is, the 
variations in the damage indices from the impedances of 

 
 

 
 

 
 

PZT 1 and 2, attached to the specimen, are larger than those 
of PZT 3, and this is supposed to be because they include 
all the effects of temperature changes on sensor, structure, 
and adhesive. 

In order to examine the variation of the impedance 
signature due to temperature change, the real impedances 
measured for the healthy state in the 1st test (23.7°C), 9th 
test (25.2°C) and 15th test (26.6°C) are compared in Fig. 7 
for PZT 2 and 3, respectively. Here, the impedance 
signatures for PZT 2 were measured under vibration. It can 
be found that the frequency shift and amplitude change of 
the impedance signatures are occurred due to temperature 
change. It has been also studied that the temperature change 
causes the shift in the frequency and variation in the 
amplitude of the impedance signatures (Baptista et al. 
2011). As mentioned above, the 𝐷𝐼1 is more sensitive to 
variations in amplitude of the impedance and the 𝐷𝐼2 is 
more sensitive to the frequency shifts between the 
impedances, so it is supposed that the temperature change 

 
 

 
 

 

(a) PZT 2 (b) PZT 3 

Fig. 7 Variation of real impedance due to temperature change

(a) 𝐷𝐼1 (b) 𝐷𝐼2 

Fig. 8 Relationship between temperature change and damage index (PZT 1) 

(a) 𝐷𝐼1 (b) 𝐷𝐼2 

Fig. 9 Relationship between temperature change and damage index (PZT 2) 
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affects both the change of the 𝐷𝐼1 and 𝐷𝐼2. 
For impedance-based damage estimation considering the 

temperature effect, the changes of the impedance damage 
indices according to the temperature variation are analyzed 
as shown in Figs. 8-10. Here, the results of PZT 1 and 2 are 
the damage indices obtained from the impedances measured 
under vibration, and the results of PZT 3 are measured 
under non-vibration. The temperature changes were 
calculated as the absolute values of the temperatures 
changed based on 23.7°C, which is the temperature for the 
1st test in the healthy state, and the changes in the damage 
indices from the 1st to the 60th test performed for the 
healthy state were analyzed for PZT 1, 2 and 3, respectively. 
It can be found that the 𝐷𝐼1  and 𝐷𝐼2  have an 
approximate linear relationship with the amount of 
temperature change, and the 𝐷𝐼1 is a proportional and the 𝐷𝐼2 is an inverse proportional relationship. Therefore, after 
performing linear regression analysis on each data, the 
relationships between the temperature change amounts and 
the damage indices were obtained as shown in Figs. 8-10. 

 
 

 
 

 
 
According to the results of the linear regression analysis, 

in the case of the 𝐷𝐼1, for PZT 1, 2 and 3, changes of about 
0.33%, 0.40%, and 0.16%, respectively, and in the case of 
the 𝐷𝐼2, changes of about -0.016, -0.023, and -0.0072 
occur when the temperature changes by 1°C. In the case of 
PZT 3, the sensitivities to temperature change are lower 
than those of PZT 1 and 2, which is considered to be 
because the temperature effect of the structure and adhesive 
was excluded because it was not attached to the specimen. 

Damage detection with compensation of temperature 
effect was performed based on the results of the linear 
regression analysis. The compensation was carried out by 
calculating the damage indices for the corresponding 
temperature change using the regression analysis linear 
equation and subtracting those from the measured damage 
indices. That is, the changes of the damage indices due to 
the temperature change could be excluded and the changes 
of those caused by the damage made. The 𝐷𝐼1 and 𝐷𝐼2 
before and after the compensation from the results of the 
31st test for PZT 1, 2 and 3 are shown in Figs. 11-16. Here, 

 
 

 
 

 

(a) 𝐷𝐼1 (b) 𝐷𝐼2 

Fig. 10 Relationship between temperature change and damage index (PZT 3) 

(a) Before compensation (b) After compensation 

Fig. 11 Temperature compensated damage index, 𝐷𝐼1 (PZT 1) 

(a) Before compensation (b) After compensation 

Fig. 12 Temperature compensated damage index, 𝐷𝐼1 (PZT 2) 
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until the 60th test, it is the test in the healthy state, and the 
61st test in the damaged state (Damage Case 1 explained 
later). 

It is necessary to establish warning criteria in structural 
health monitoring. Assuming that the distribution of the 
differences between the damage indices obtained using the 
regression analysis linear equation and the measured 
damage indices is normal distribution, and applying the 

 
 

 
 

 
 

 
 

empirical rule, 3 times the standard deviation of the 
differences was set as a warning criterion, and this is 
indicated by a red dotted line in Figs. 11-16 together. Here, 
the standard deviation is the value for the test results in the 
healthy state. 

It is supposed that the warning criterion can be 
improved to a more appropriate one by utilizing wider 
temperature range and more long-term measurement data in 

(a) Before compensation (b) After compensation 

Fig. 13 Temperature compensated damage index, 𝐷𝐼1 (PZT 3) 

(a) Before compensation (b) After compensation 

Fig. 14 Temperature compensated damage index, 𝐷𝐼2 (PZT 1) 

(a) Before compensation (b) After compensation 

Fig. 15 Temperature compensated damage index, 𝐷𝐼2 (PZT 2) 

(a) Before compensation (b) After compensation 

Fig. 16 Temperature compensated damage index, 𝐷𝐼2 (PZT 3) 
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the future. As shown in Figs. 11-16, it is difficult to estimate 
the damage before compensating the temperature effect, but 
after compensating the temperature effect, it can be found 
that the damage can be clearly estimated while monitoring 
the warning criterion together. That is, if the temperature 
effect is compensated, the damage indices in the healthy 
state are almost within the warning criterion, but after the 
damage, it can be clearly estimated because it is 
significantly deviated from the warning criterion. In the 
case of the unattached PZT 3, it can be found that the 
changes in the damage indices due to the damage are 
excluded, and those due to the temperature effect occur 
within the warning criterion even after the damage. 

 
 

6. Damage index and equivalent bending stiffness 
 
The impedance tests were performed while increasing 

the crack size (𝑎/ℎ), shown in Fig. 17, step by step at the 
crack location (𝑐/𝐿 = 0.1) shown in Fig. 2, to experimentally 
study the effect of crack size on the impedance damage 
index. The cracks were inflicted by making fine saw cuts of 
the beam shown in Fig. 18. Six cases of damages were 
introduced, and the damage scenario is shown in Table 2. 

The real impedances for PZT 2, measured under 
vibration, are compared for Intact Case, Damage Case 1 

 
 

 
Fig. 17 Configuration of cracked section

 
 

 
Fig. 18 Inflicted crack (𝑎/ℎ = 0.085) 

 
 

Table 2 Damage scenario 

Damage case Crack size, 𝑎/ℎ 
Crack location, 𝑐/𝐿 

1 0.085 

0.1 

2 0.117 
3 0.167 
4 0.225 
5 0.308 
6 0.392 

 

and 2 in Fig. 19. The impedance signature for Intact Case is 
the same as that of the 1st test shown in Fig. 7(a), and 
measured at 23.7°C. The temperatures corresponding to 
Damage Case 1 and 2 were 22.5°C and 22.7°C, 
respectively. It can be found that the frequency shift and 
amplitude change of the impedance signatures are occurred 
due to damage and temperature change. 

The 𝐷𝐼1 and 𝐷𝐼2 measured from PZT 1 and 2 for 
each healthy and damaged case are shown in Fig. 20, where 
the damage indices were obtained from the impedances 
measured under vibration and temperature compensated. It 
can be found that as the crack size increases, the 𝐷𝐼1 
increases gradually more than zero and the 𝐷𝐼2 decreases 
gradually less than one. In Fig. 20, the values for 0 on the x-
axis represent the damage indices between the 2 healthy 
states. 

When a crack occurs in a beam of solid rectangular 
section, the equivalent bending stiffness of the cracked 
beam in Eq. (3) was derived using the energy balance 
approach (Yang et al. 2001). 

 𝐸𝐼௖ = 𝐸𝐼1 + ாூோ(௔,௖)൜ଵାቀ ೣష೎ೖ(ೌ)ೌቁమൠ (3)

 
where 𝑐 is the distance to crack location from the fixed 
end, 𝑎 is the crack size as shown in Fig. 17, 𝐼 and 𝐼௖ are 
the area moments of inertia of the uncracked and cracked 
section, respectively and 𝐸 is the Young’s modulus. Hence, 
the equivalent bending stiffness of the cracked beam can be 
defined by the distance along the beam 𝑥 , the crack 
location 𝑐 and the crack size 𝑎 using Eq. (3). Details of 𝑅(𝑎, 𝑐) and 𝑘(𝑎) are explained in the preceding study 
(Yang et al. 2001). 

Fig. 21 shows the variation of the normalized equivalent 
bending stiffness along the beam length calculated from Eq. 
(3) when the crack location (𝑐/𝐿) is 0.1 for the beam shown 
in Fig. 2. It can be found that the stiffness reduction is 
highly concentrated near the crack location, and reach zero 
at a location far away from the crack. It can be also found 
that the stiffness reduction near the crack location becomes 
lager as the crack size increases. 

In order to investigate the correlation between the 
impedance damage index due to crack propagation and the 
equivalent bending stiffness of the cracked beam, the 

 
 

Fig. 19 Variation of real impedance due to damage and 
temperature change 
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Fig. 21 Variation of equivalent bending stiffness
 
 

change in the damage index according to the crack size and 
the equivalent bending stiffness at a crack location (𝑐/𝐿 = 
0.1) are compared in Fig. 22. That is, the 𝐷𝐼1 and 𝐷𝐼2 
measured from PZT 1 and 2 are compared with the 

 
 

 
 

equivalent bending stiffness of the cracked section. For 
convenience, the equivalent bending stiffness was 
compared with (𝐸𝐼)/(𝐸𝐼௖) and the 𝐷𝐼2 with 1 − 𝐷𝐼2. 

In Fig. 22, it can be found that the variance in the 
damage indices increase as the equivalent bending stiffness 
at the crack location decreases due to crack propagation. 
Correlation coefficients between the damage index and 
analyzed equivalent bending stiffness at the corresponding 
crack location for 6 damage cases were calculated. The 
correlation coefficients between 𝐷𝐼1 (PZT 1 and 2) and (𝐸𝐼)/(𝐸𝐼௖) are 0.979 and 0.956, respectively, and those 
between 1 − 𝐷𝐼2  (PZT 1 and 2) and (𝐸𝐼)/(𝐸𝐼௖)  are 
0.956 and 0.987, respectively. That is, the impedance 
damage indices are considered to have a close correlation 
with the equivalent bending stiffness of the cracked beam 
using Eq. (3). 

The accuracy of the equivalent bending stiffness in Eq. 
(3) may be improved through future experiments on the 
corresponding cross section and material. Also, the cracks 
artificially inflicted in the above experiment are different 

 
 

(a) 𝐷𝐼1 of PZT 1 (b) 𝐷𝐼2 of PZT 1 
 

(c) 𝐷𝐼1 of PZT 2 (d) 𝐷𝐼2 of PZT 2 

Fig. 20 Damage index for each damage case

(a) 𝐷𝐼1 (b) 𝐷𝐼2 

Fig. 22 Relationship between equivalent bending stiffness and damage index 
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from theoretical crack. Moreover, the mechanical 
impedance of a structure is known to be affected by various 
structural properties such as damping characteristics, local 
mass and boundary conditions in addition to stiffness. 
Therefore, it is supposed that the variation in the analyzed 
equivalent bending stiffness according to crack progress 
and the variation in the impedance damage indices may not 
accurately agree. However, it is considered meaningful to 
partially identify the correlation between the impedance 
damage indices obtained from experiment and the analyzed 
equivalent bending stiffness in this study. Using this 
correlation, it is supposed that the structural characteristics 
can be more accurately evaluated from the impedance-
based damage detection results, and the behavior of the 
structure can be effectively predicted using the analysis 
model. 

 
 

7. Conclusions 
 
In this study, an impedance-based damage detection 

method considering the temperature effect and operating 
conditions was experimentally researched and the 
correlation between the impedance damage indices obtained 
from experiment and the equivalent bending stiffness for 
the cracked beam calculated by analysis was partially 
identified. 

The experiments were carried out in 3 stages. In the 1st 
stage, the experiment was carried out to estimate the effect 
of applied stress and vibration on the impedance signature 
for the healthy state. It has been found that as the degree of 
applied stress increases, the variation in the damage indices 
increases. Therefore, it is supposed that the effect of live 
load on impedance should be considered for the future 
practical application of the impedance-based damage 
detection method because the impedance is affected by 
applied stress. It has been also found that the change in the 
impedance signature due to vibration is insignificant and 
there is almost no correlation between the vibration quantity 
and the damage indices. In the 2nd stage, the long-term 
measurement under vibration was performed for the healthy 
state in order to evaluate the temperature effect on the 
impedance signature after fixing the applied stress. Damage 
detection with compensation of temperature effect was 
performed based on the results of the linear regression 
analysis for the data in the healthy state. The warning 
criterion was set considering the temperature effect and data 
deviation. It has been found that the damage can be clearly 
estimated, while monitoring the warning criterion together, 
after compensating the temperature effect. In the 3rd stage, 
the impedance was measured while increasing the crack 
size step by step at a crack location in order to estimate the 
effect of damage on the impedance signature. It has been 
found that as the crack size increases, the variation in the 
damage indices increases. Also, the correlation between the 
impedance damage index due to crack propagation and the 
analyzed equivalent bending stiffness of the cracked beam, 
which could be used for more accurate structural 
identification and prediction of structural behavior, was 
partially identified. These results support the usefulness of 
the impedance-based damage detection method for real 

structures. 
The measurement period in this study was about 4 

months, and the temperature range was not wide because it 
was experiment in the laboratory. In order to investigate the 
change of the impedance signature for a wider range of 
temperatures in the future, an experiment in a room with 
temperature control or more longer-term measurement 
needs to be performed. It is expected that the temperature 
effect on the impedance signature will be more clarified by 
this, and if the results of this study are applied and 
expanded, it will contribute to the effective practical 
application of the technique. In addition, further researches 
might address such issues as the applicability of the 
proposed method to various types of damages, the 
characteristics of impedance signature according to the 
distance between the crack and the PZT sensor location and 
the correlation between impedance signature and structural 
characteristics other than bending stiffness. 
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