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Abstract
This work presents an experimental study of the influence of radiation on structural health
monitoring systems based on the electromechanical impedance method using low-cost
piezoelectric diaphragms. For application of the method, the baseline was obtained without
radiation and then compared by damage indices after application of radiation. Considering
applications in nuclear power plants, the irradiation and calculation of damage indices were
performed in the range of 10 kGy–60 kGy at 10 kGy intervals. Impedance measurements were
performed in seven frequency bands between 0 and 65 kHz. The results show that, due to the
change in the impedance signatures, the damage indices values increase according to the total
applied radiation dose, which may indicate a false indication of damage. Besides, results
indicate that there are frequency bands less sensitive to radiation and a threshold can be defined
to distinguish radiation from structural damage.
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(Some figures may appear in colour only in the online journal)

1. Introdução

Structural health monitoring (SHM) field have been focusing
of research and industry. SHM techniques importance relies on
fact that it permits to detect structural damage before a failure
occurs guarantying human safety [1, 2]. Moreover, SHM tech-
niques also reducemaintenance costs and has been used in sev-
eral application fields such as civil engineering, aerospace, and
naval industry. There are several SHM techniques proposed
in the literature such as eddy currents [3], fiber optic sensors
[4], guided waves and infrared thermography [5], Lamb waves
[6] and acoustic emission [7]. Among these techniques, the

∗
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electro-mechanical impedance (EMI) method is one of the
most promising SHM technique, because it uses small and
light piezoelectric transducers attached to the structure to
be monitored, operating simultaneously as an actuator and
sensor. These characteristics allow the non-invasive monitor-
ing of different types of engineering structures [8, 9].

The EMI technique relies on an impedance measurement
over several frequency ranges. Due to the piezoelectric effect,
the electrical impedance of the attached transducer is related
to the mechanical impedance of the structure. Therefore, when
a failure occurs it changes the mechanical impedance of the
structure and, consequently, the electrical impedance of the
attached transducer. The damage detection is performed by
comparing a reference impedance signature of the healthy
structure (also called baseline) with an impedance extracted
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from an inspection. In order to quantify the structural condi-
tion, two main damage indices are commonly used to perform
failure detection and its evolution. These indices are the root-
mean-square deviation (RMSD), which is based on the Euc-
lidean norm, and the correlation coefficient deviation metric
(CCDM), which is based on the correlation between the two
impedance signatures.

Although the EMI technique has been investigated for dec-
ades, the effects of some external disturbances such as noise
[10] and temperature variations [11] have hindered its applic-
ation in real structures. In this sense, many researchers have
investigated and proposed methods to compensate for the
effects of external disturbances, mainly temperature variation,
which has been reported as one of the most critical practical
problems. Jiang et al [10] have proposed a new evaluation
index to detect flange bolt looseness under different noise
levels. Du et al [11] used a multitask convolutional neural net-
work (CNN) for identifying bolts loosening under temperature
variation. Recently, Alazzawi et al [12] applied the residual
learn algorithm to perform damage detection using the time-
domain impedance responses. De Rezende et al in [13] pro-
pose a temperature compensation by a CNN to carry out the
correct damage detection. Chowdary and Alapati [14] studied
external vibration effects in the EMI technique. A cointegra-
tion method to remove temperature effects in the EMI tech-
nique was proposed in [15].

In this context, one of the research gaps which was not
previously studied is the influence of the radiation, which
is present on nuclear facilities, airplanes, satellites, etc [16].
According to a report from of Scientific Committee on the
Effects of Atomic Radiation [16] another radiation environ-
ment is oil and gas exploration where SHM techniques could
be used to monitor metal pipes integrity.

In this scenario, although the EMI technique using piezo-
electric sensors has been widely used, the study of the effect-
iveness of its application in radioactive environments is still
incipient and a few studies in the literature have been pub-
lished focusing on radiation effects only at piezoelectric
ceramic transducer itself [17–19]. However, none of these
studies presents results of how radiation affects structural
damage detection at a structure where the EMI technique
is applied. Based on this issue, this work presents the radi-
ation effects on damage detection using the EMI technique
and how radiation affects the CCDM and RMSD damage
indices. These indexes are the base of damage quantification
and, as attested in the previously published mentioned works
[10–15], environmental issues such as temperature, vibration,
and noise, can alter the damage identification and impair the
EMI technique. As radiation can be present in the environ-
ment where impedance measurements are taken, it is neces-
sary to investigate the effect of this disturbance in the tradi-
tional indexes that are used to quantify damages in the EMI
technique.

2. EMI method and radiation effects

2.1. EMI method

Piezoelectric materials have the property of converting mech-
anical energy into electrical energy by direct piezoelectric

effect. Besides, in the reverse effect the electrical energy can
produce mechanical energy [20].

The principle of the EMI technique is based on the elec-
tromechanical interaction between the mechanical impedance
of the structure to be monitored and the electrical impedance
of the piezoelectric transducer fastened to the structure due
to the reverse and direct piezoelectric effect [21–24]. Figure 1
shows the basic experimental setup for the EMImethod, where
ZE(ω) is the electrical impedance provided by a measurement
system.

According to [24], the electrical impedance of the trans-
ducer can be determined as:

ZE(ω) =
1
jωC

(
1− d231

sE11ε
T
33

ZS(ω)
ZS(ω)+ ZP(ω)

)−1

(1)

where ZE(ω) is the electrical impedance of the transducer at
angular frequency ω, C is the static capacitance of the trans-
ducer, ZP (ω) is the mechanical impedance of the transducer,
ZS(ω) is the mechanical impedance of the monitored structure,
d31 is the piezoelectric constant, s11E is the compliance in the
constant electric field, ε33T is the dielectric constant at con-
stant mechanical stress, and j is the complex unit. According
to equation (1), any variation in the mechanical impedance ZP
of the structure, caused by some damage, such as cracks and
corrosion, implies a corresponding variation in the EMI ZE.

Therefore, structural damage can be detected by measuring
and analyzing the electrical impedance of the transducer. A
reference impedance signature is extracted when the structure
is in its healthy state and damage can be detected by the elec-
trical impedance variations. Due to SHM field is frequently
applied to environment that may have radiation such as pet-
roleum platform, aerospace, etc, it is important to assess EMI
technique under this condition. In this sense, the most used
damage indices to quantify damage in EMI are the CCDM and
RMSD. These indices indicate failure rates by comparing two
electrical impedance signatures: an impedance signature used
as a reference (baseline) of the intact structure, without dam-
age, and a second impedance signature obtained at monitoring
moment of the structure. An index change indicates discrep-
ancies of signatures and thus indicates damage. CCDM and
RMSD indices are given, respectively, by [21, 24]:

CCDM= 1−
∑ωF

k=ωI

[
ZE,H (k)− Z̄E,H

][
ZE,D (k)− Z̄E,D

]√∑ωF
k=ωI

[
ZE,H (k)− Z̄E,H

]2√∑ωF
k=ωI

[
ZE,D (k)− Z̄E,D

]2
(2)

and

RMSD=

ωF∑
k=ωI

√
[ZE,D (k)−ZE,H (k)]

2

Z2E,H (k)
(3)

where ZE,H (k) and ZE,D (k) are the electrical impedance
signatures for the structure under healthy and damaged condi-
tions, respectively, Z̄E,H (k) and Z̄E,D (k) are the averaged sig-
natures under healthy and damaged conditions, respectively,
and ωI and ωF indicate the initial frequency and the final fre-
quency, respectively, of the analyzed frequency band.
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Figure 1. Electromechanical impedance method.

Several other statistical damage indexes have also been pro-
posed in literature such as the mean absolute percentage devi-
ation (MAPD) [25], the time-frequency autoregressivemoving
average [26], resonant frequencies shift [26], cross-correlation
square difference [27]. The goal is to improve the sensibility
to perform damage localization, detect the failure severity, or
improve the capabilities for measurements under temperature
variation, noisy environments etc. For example, MAPD is an
index that relates the difference between a given measurement
and a baseline curve divided by the baseline. In this sense,
MAPD is a cumulative sum of the relative errors between two
sequences. Resonant frequencies shift workswith the principle
that the structural parameter changes cause not only variations
in the impedance amplitudes but also the resonance frequency
shifts in the impedance curves. Therefore, the frequency shift
measurement can be a promising failure detection tool.

It is important to note that the electrical impedance is com-
plex and damage indices can be calculated using the real part,
imaginary part, or magnitude of the impedance. In this study,
the real part was used to calculate both the CCDM and RMSD
indices, since the real part of the impedance has been reported
in the literature as being more sensitive to structural damage.
Furthermore, the real part is less sensitive to temperature vari-
ation than the imaginary part because the dielectric constant
εT33 shown in equation (1) is temperature sensitive and it only
affects the imaginary part [28].

2.2. Radiation effects

Ionizing radiation can remove electrons from the atom form-
ing ions. According to the frequency of ionizing radiation
it is classified into x-ray (1017 Hz–1019 Hz), gamma radi-
ation (1019 Hz–2021 Hz) and cosmic radiation (>1021 Hz).
The sources of this type of radiation are respectively x-ray
equipment, radioactive material used in nuclear power plants
(gamma radiation) and space (gamma radiation and cosmic
rays). The main effects of gamma radiation on piezoelectric
transducers are the appearance of internal defects, the change
of resonant frequencies and the capacitance of the piezoelec-
tric material [16, 29]. Based on this issue, this article aims to
assess the effects of the radiation on the performance of the
damage detection based on the EMI technique.

It is important to note that in addition to radiation, other
environmental effects such as noise and temperature also
cause variations in the impedance signatures. The effects of

temperature variation have been reported as one of the most
critical problems in the application of the EMI technique [30].
As is well known, temperature variation causes shifts in both
frequency and amplitude in the impedance signatures, which
can lead to an incorrect diagnosis of the monitored structure
[30, 31]. In this study, the experimental tests were carried out
under an approximately constant temperature controlled by air
conditioning so that the temperature effects can be minimized,
allowing to focus the analysis on the radiation effects. Further-
more, as already mentioned, the RMSD and CCDM indices
were calculated using the real part of the impedance, which is
less sensitive to temperature than the imaginary part [28].

3. Experimental setup

In order to evaluate the radiation effects on the EMI tech-
nique, experiments were carried out with an aluminum
plate (85 mm × 85 mm × 1 mm). The attached trans-
ducers were the 7BB-20-6 piezoelectric diaphragm, manufac-
tured by Murata Electronics North America, Inc. (Smyrna,
GA, USA), with a circular brass plate with dimensions
20 mm × 0.2 mm and a circular piezoelectric ceramic with
dimensions 14 mm × 0.22 mm. As the thickness of the trans-
ducer is very small compared to its diameter, the vibration is
predominantly in the radial mode. To simulate damage, two
neodymium’s magnets, one on the upper side and other on
the bottom side, was attached to the host structure. The mag-
nets change the mass of the structure and, consequently, its
mechanical impedance ZS(ω) indicated in equation (1), sim-
ulating structural damage. This procedure has the advantage
of not causing permanent damage to the structure. Further-
more, as the applied radiation is cumulative and the objective
is to assess how each level of radiation can interfere with the
detection of a given structural damage, the addition of magnets
allows simulating identical structural damage under different
levels of radiation. The impedance of the transducer wasmeas-
ured using a data acquisition device (NI USB-6211) with a
sample rate of 250 kHz. A LabVIEW application achieved the
impedance calculus according to the circuit presented in [21].
The transducer was excited using a chirp signal with amplitude
of 1 V in a frequency range from 0 to 65 kHz with a frequency
step of 2 Hz. Figure 2 shows the experimental setup.

Damage detection in the EMI method is based on a damage
index that compares the impedance signature of the healthy

3
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Figure 2. (a) Aluminum plate and neodymium’s magnet and (b) notebook with LabVIEW application and DAQ system (c) gamma cell.

Figure 3. Measurement experimental methodology.

structure (baseline) to the impedance signature of the damaged
structure. Thus, initially, the baseline signature was obtained
without irradiation and without damage. Afterwards, meas-
urements were carried out with irradiation from 0 kGy to
60 kGy in steps of 10 kGy. The irradiation was done using
a gamma cell whose small chamber limited the plate size.
Figure 3 summarizes the proposed methodology. The gamma
cell (figure 2(c)) permits to set the time of exposure that should
be calculated according to the radiation rate of the source, and
the total dose desired. According to the radiation rate of the
gamma cell, 12 h of irradiation was needed to obtain the total
dose of 10 kGy. Therefore, each step lasted 12 h of irradiation
to accumulate 10 kGy in each step of the experimental setup.
These values are compatible with application of SHM in dry
cast storage system, according to [17].

4. Results

4.1. Baseline and indexes without damage under radiation
effects

Figure 4 highlights the radiation effects on the real part of
the impedance from 2 kHz to 10 kHz. The impedance signa-
ture has changed with the dose of radiation since the peaks
decrease with the radiation dose. In this context, when the
baseline extraction and an undamaged impedance measure-
ment are contaminatedwith the radiation, these changes reflect
in CCDM and RMSD indices as shown in figures 5–11, which
assess both indices at seven different frequency ranges of
impedance: 2 kHz–10 kHz, 10 kHz–20 kHz, 20 kHz–30 kHz,
30 kHz–40 kHz, 40 kHz–50 kHz, 50 kHz–65 kHz, and 0 kHz–
65 kHz, respectively. All indices were calculated using the real
part of the impedance.

In general, the indices increase as a function of the radi-
ation. At frequency range from 0 kHz to 10 kHz the CCDM
varied from 0.04 to 0.115 (figure 5(a)) and the RMSD from 80
to 120 (figure 5(b)). Therefore, considering percentage change
(%I) of the indexes calculated by:

%I=
In − Ip
Ip

.100%, (4)

where In is the new index value and Ip is the past index value,
CCDM increased by 187.5% and RMSD by 50% correspond-
ingly to an increase in radiation from 10 kGy to 60 kGy.
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Figure 4. Impedance signature (real part) according to irradiation level.

Figure 5. CCDM and RMSD indices without damage at frequency range from 2 kHz to 10 kHz.

Concerning the next frequency range (10 kHz–20 kHz),
the CCDM has increased from 0.06 to 0.16 (figure 6(a))
and the RMSD from 90 to 145 (figure 6(b)), which means
that the increment of the irradiation dose becomes indexes
167% and 61% more sensitivity to the radiation, respect-
ively. At frequency range from 20 kHz to 30 kHz, the CCDM
increased 57.7% from 0.11 to 0.26 (figure 7(a)) and the RMSD
75% from 160 to 280 (figure 7(b)). In the frequency range
from 30 kHz to 40 kHz, the CCDM varied from 0.3 to 0.55
(figure 8(a)) and the RMSD from 200 to 260 (figure 8(b)).
In this sense, the CCDM has increased by 83% and RMSD
by 30%. Regarding the range from 40 kHz to 50 kHz, the
CCDM varied from 0.25 to 0.7 (figure 9(a)), which means an
increment of 64.2%, and the RMSD varied from about 70 to
120 (figure 9(b)), in other words, an increment of 71.4%. At
frequency range from 50 kHz to 65 kHz the CCDM varies
from 0.4 to 0.9 (figure 10(a)) and the RMSD varies from 80
to 130 (figure 10(b)). Therefore, CCDM increased by 125%
and RMSD by 62.5% correspondingly to an increase in radi-
ation from 10 kGy to the total irradiation of 60 kGy. For the

full impedance range (0 kHz–65 kHz), the CCDM varied from
0.04 to 0.1 (figure 11(a)) and the RMSD varied from about
290 to 400 (figure 11(b)). These increments were, respectively,
60% and 37.9%.

4.2. CCDM and RMS indices applied to failure analysis

Figures 12–18 show the results of CCDM and RMSD indices
obtained under radiation effects and for the structure with and
without damage for the previously studied frequency ranges.

In relation to all cases, despite the radiation dose, CCDM
and RMSD were effective to perform damage detection since
index values were higher than in the undamaged cases. Con-
sidering the CCDM and RMSD values of the undamaged con-
dition produced by the worst condition (60 kGy), it can be
noted in figure 12 (frequency range from 2 to 10 kHz) that
CCDM increased, on average, 6.5 times with the damage.
Concerning the RMSD this value was three times higher in
relation to the indexes produced by an undamaged inspec-
tion under the higher radiation effect. In this case, RMSD

5
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Figure 6. CCDM and RMSD indices without damage at frequency range from 10 kHz to 20 kHz.

Figure 7. CCDM and RMSD indices without damage at frequency range from 20 kHz to 30 kHz.

Figure 8. CCDM and RMSD indices without damage at frequency range from 30 kHz to 40 kHz.

was less sensitive to the damage in relation to CCDM. By
achieving the same analysis, these values were, respectively,
337.5% and 189% for CCDM and RMSD considering the
range from 10 kHz to 20 kHz (figure 13). For the fre-
quency range from 20 kHz to 30 kHz, CCDM increased by

536% against 78% for the RMSD (figure 14), and for range
from 30 kHz to 40 kHz these values were 50% and 54%
(figure 15).

Concerning the results presented in the frequency band
from 40 kHz to 50 kHz (figure 16), CCDM increased 53%
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Figure 9. CCDM and RMSD indices without damage at frequency range from 40 kHz to 50 kHz.

Figure 10. CCDM and RMSD indices without damage at frequency range from 50 kHz to 65 kHz.

Figure 11. CCDM and RMSD indices without damage at frequency range from 0 kHz to 65 kHz.

with damage against 300% for RMSD. In relation to the range

50 kHz–65 kHz (figure 17), these values were 42% and 191%
for the CCDM and RMSD, respectively. For the full imped-
ance band presented in figure 18, CCDM increased by 300%

and RMSD by 150%.

4.3. Discussion

It can be concluded that the radiation may alter the resonant
peaks of the impedance signals as observed in figure 4.
The impedance variations caused by the radiation effect in
the piezoelectric material and in the structure, change the

7
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Figure 12. CCDM and RMSD indices at frequency range from 2 kHz to 10 kHz.

Figure 13. CCDM and RMSD indices at frequency range from 10 kHz to 20 kHz.

Figure 14. CCDM and RMSD indices at frequency range from 20 kHz to 30 kHz.

impedance curves and, in the case of an undamaged struc-
ture, can produce a false diagnosis of damage, since the
EMI technique depends on the change of impedance curve
to detect damage. For all cases presented in figures 5–11, the
indexes reported this behavior since they growwith the dose of
radiation applied in the monitored component. However, the
CCDM index is more sensitive to impedance variations due
to the radiation effect since the growth rate was higher than
presented by the RMSD index. By considering the application

of the EMI technique under this type of environment like oil
and gas exploration, nuclear plants, etc. RMSD index can be
a promising alternative to perform damage detection since the
index is less sensitive to radiation.

It is also important to note that, according to figure 4, the
change in frequency content is influenced by the radiation
dose. For example, the radiation effect altered the impedance
curves from 2000 Hz to 4000 Hz and impose higher amplitude
variation in relation to the band 8000 Hz–10 000 Hz. Based
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Figure 15. CCDM and RMSD indices at frequency range from 30 kHz to 40 kHz.

Figure 16. CCDM and RMSD indices at frequency range from 40 kHz to 50 kHz.

Figure 17. CCDM and RMSD indices at frequency range from 50 kHz to 65 kHz.

on the previously presented results, it can be noted that the
RMSD value for the frequency band from 30 kHz to 40 kHz,
for undamaged impedance inspection, was less sensitive to the
radiation in relation to the other bands.

Concerning the damage analysis, it can be verified the index
values were higher than for the damage condition indicat-
ing that the EMI technique can work under radiation effect.

However, it can be noted that it is necessary to set thresholds
from the values of undamaged conditions to perform flaw
detection. Considering the RMSD index, which presented
lower sensibility for radiation, the highest difference for the
undamaged and damaged condition was performed by the
impedance extracted between 40 kHz and 50 kHz or the entire
spectrum. In both cases, the indexes increased by 300%.
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Figure 18. CCDM and RMSD indices at frequency range from 0 to 65 kHz.

5. Conclusions

This article has investigated the effects of radiation on the
detection of structural damage based on the EMI method. This
analysis is important since in real applications such as nuclear
power plants and aerospace structures, the radiation is present
and can impair the impedance signatures as this article shows.
In this context, CCDM and RMSD were extracted in order to
assess the behavior of the traditional damage indices concern-
ing damage detection. Based on the results, it can be concluded
that the RMSD is less sensitive to radiation and damage detec-
tion, since it presented lower values, as opposed CCDM index
which increased at higher rates in relation to RMSD. In addi-
tion, frequencies between 30 kHz and 50 kHz were less sensit-
ive to damage for both indices. For futureworks, other levels of
radiation can be studied. Besides, further analysis can discuss
how the EMI technique works when the size of the damage
increases under radiation effects or other types of noise can
impair the impedance measurements.
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M Sofuoğlu (Cham: Springer)

11

https://doi.org/10.1088/2631-8695/abb568
https://doi.org/10.1088/2631-8695/abb568
https://doi.org/10.1016/j.matpr.2020.12.794
https://doi.org/10.1016/j.matpr.2020.12.794
https://doi.org/10.1177/1045389X19862364
https://doi.org/10.1177/1045389X19862364
https://doi.org/10.1088/0964-1726/25/3/035024
https://doi.org/10.1088/0964-1726/25/3/035024
https://doi.org/10.1109/IEEESTD.1988.79638
https://doi.org/10.1109/TIM.2009.2018693
https://doi.org/10.1109/TIM.2009.2018693
https://doi.org/10.1016/j.ymssp.2017.05.042
https://doi.org/10.1016/j.ymssp.2017.05.042
https://doi.org/10.1177/1045389X16642534
https://doi.org/10.1177/1045389X16642534
https://doi.org/10.1016/j.sna.2015.11.031
https://doi.org/10.1016/j.sna.2015.11.031
https://www.intechopen.com/books/6799
https://www.intechopen.com/books/6799
https://doi.org/10.1088/1361-665X/aaeb7a
https://doi.org/10.1088/1361-665X/aaeb7a
https://doi.org/10.1016/j.measurement.2020.107953
https://doi.org/10.1016/j.measurement.2020.107953
https://doi.org/10.1177/05831024030356001
https://doi.org/10.1177/05831024030356001
https://doi.org/10.1109/TNS.2005.860708
https://doi.org/10.1109/TNS.2005.860708
https://doi.org/10.1177/1045389X16657423
https://doi.org/10.1177/1045389X16657423

	Experimental assessment of impedance-based structural health monitoring in radioactive environment
	1. Introduão
	2. EMI method and radiation effects
	2.1. EMI method
	2.2. Radiation effects

	3. Experimental setup
	4. Results
	4.1. Baseline and indexes without damage under radiation effects
	4.2. CCDM and RMS indices applied to failure analysis
	4.3. Discussion

	5. Conclusions
	References


