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Abstract

The electro-mechanical impedance technique has been extensively studied in recent decades as a non-destructive
method for detecting structural damage in structural health monitoring applications using low-cost piezoelectric transdu-
cers. Although many studies have reported the effectiveness of this detection method, numerous practical problems,
such as the effects of noise and vibration, need to be addressed to enable this method’s effective use in real applications.
Therefore, this article presents an experimental analysis of noise and vibration effects on structural damage detection in
impedance-based structural health monitoring systems. The experiments were performed on an aluminum bar using
two piezoelectric diaphragms, where one diaphragm was used to measure the electrical impedance signatures and the
other diaphragm was used as an actuator to generate noise and controlled vibration. The effects of noise and vibration
on impedance signatures were evaluated by computing the coherence function and basic damage indices. The results
indicate that vibration and noise significantly affect the threshold of the lowest detectable damage, which can be compen-
sated by increasing the excitation signal of the piezoelectric transducer.
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Introduction properties of the transducer attached to it. Therefore, it
is possible to monitor and analyze the integrity of the
structure by measuring and analyzing the electrical
impedance of the transducer, tasks that are simple to
perform. The detection and quantification of damage
are usually performed by comparing two electrical
impedance signatures of each transducer, one of which
is obtained when the structure is in a condition consid-
ered healthy and pre-stored as a reference, also called a
baseline.

Although the EMI technique has been intensively
studied in recent decades, many practical problems
have limited its use in real applications. One of the most
critical problems is the variations in the impedance sig-
natures caused by changes in the operational and

Structural health monitoring (SHM) is a relevant field
of research for the development of systems capable of
monitoring and detecting structural damage in various
types of engineering structures, thereby allowing effi-
cient preventive maintenance and increasing the safety
of the users of such structures.'> Areas of application
include civil infrastructure, such as bridges, and large
means of transport such as ships and aircraft.’

Several methods for damage identification,* includ-
ing data acquisition (DAQ), signal processing tools,
and feature extraction, have been proposed. Damage
detection should be based on a non-destructive testing
(NDT) method, such as acoustic emission,” Lamb
waves,® and fiber optic sensors,’ to be minimally inva-
sive to the monitored structure. Among several meth-
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environmental conditions. As is well known, the correct
diagnosis of the monitored structure under changing
environments,'> such as temperature variations, >
vibration disturbances,'* and noise,"? is critical in SHM
applications, therein requiring advanced signal process-
ing techniques'® for proper feature extraction.

Environmental changes are especially critical in
impedance-based damage detection, which typically
uses pre-stored data (baseline) as a reference to com-
pute damage indices. Variations in the impedance sig-
natures cause divergence from the pre-stored baseline,
leading to a false-positive diagnosis of the monitored
structure. To overcome this disadvantage, many
researchers have proposed new signal processing tools'’
for improved feature extraction and alternative meth-
ods that avoid the use of a pre-stored baseline, such as
baseline-free'® and instantaneous baseline'® methods,
although these methods typically require a set of trans-
ducers and cannot be applied under general monitoring
conditions. Although the free-baseline concept is com-
monly used in the EMI method and in other meth-
ods,?® this statement is not entirely true, as is well
known in one of the fundamental SHM axioms,?' mak-
ing the investigation of the effects of environmental
changes on damage detection an important field of
research.

Therefore, in this article, we present an experimental
investigation of the vibration and noise effects on the
detection of structural damage in impedance-based
SHM applications. Tests were performed on an alumi-
num bar on which two piezoelectric transducers were
installed, one of the transducers being used to obtain
the electrical impedance signatures and the other trans-
ducer being used for the generation of controlled vibra-
tions and pseudorandom noise.

Different levels of vibration and noise were gener-
ated to evaluate the detection of damage under high
and low signal-to-noise ratios (SNRs). The analysis of
the SNR is fundamental in the EMI method because
the piezoelectric transducers are typically capacitive,
and consequently, their reactance and response vol-
tage vary with the frequency, thus also varying the
SNR. Commercial impedance analyzers utilize auto-
balanced bridges and other techniques to achieve
impedance matching and keep the excitation and
response signal constant. However, some low-cost
alternative measurement systems, which are the focus
of this study, do not keep the amplitude of the
response signal of the transducer constant over wide
frequency ranges, making the analysis of the vibration
and noise effects relevant to the correct diagnosis of
the monitored structure.

The principle of damage detection based on the EMI
method is presented in the next section.

EMI method
Principle

The basic configuration of the EMI method consists of
attaching a piezoelectric transducer to the surface of the
structure to be monitored, as shown in Figure 1.

The transducer is connected to a DAQ device or
measurement system that simultaneously excites the
transducer and the structure while providing the electri-
cal impedance signature (Zg(w)) of the transducer in an
appropriate frequency range. Therefore, in the EMI
method, the transducer operates simultaneously as sen-
sor (direct piezoelectric effect) and actuator (reverse
piezoelectric effect), and thus, a relationship is estab-
lished between the mechanical impedance (Zs(w)) of
the monitored structure and the electrical impedance
(Zg(w)) of the transducer. Therefore, it is possible to
monitor the health of the structure by measuring and
analyzing the electrical impedance of the transducer.

The basic constitutive relations'' of the direct and
reverse piezoelectric effects for a piezoelectric material
are given by equations (1) and (2), respectively

Di=dyTy + ¢} Ey (1)
S[j = Sg-lek[ + dk,'jEk (2)

where D; and Ej are the electrical displacement and the
electric field components, respectively; 7 and S; are
the mechanical stress and strain components, respec-
tively; di, diy, €, and sgk, are the piezoelectric, dielec-
tric, and elastic compliance constants of the
piezoelectric material, in which the superscripts 7" and
FE indicate constant stress and constant electric field,
respectively, and the subscripts i, j, k, and / take on the
values of 1, 2, and 3, representing the axes of the natu-
ral coordinate system of the piezoelectric material.

As indicated in equations (1) and (2), the electrical
and mechanical properties characterizing piezoelectric
materials are non-isotropic, and therefore, many two-
dimensional and three-dimensional models have been
proposed to relate the electrical impedance of the trans-
ducer and the mechanical properties of the structure.*
However, the transducers typically used in the EMI
method are small and thin PZT (lead zirconate titanate)
ceramics, which make the deformations along the thick-
ness minimal. In addition, if the monitored structure is
small, as in the case of aluminum bars normally used in
laboratories, a one-dimensional model as proposed by
Liang et al.**> may be satisfactory at sufficiently low fre-
quency. A simplified version of this model is given by

1 & Zs(w) :
Zp(@) " jwC (1 B st el Zs(w) +Zp(w)) (3)
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Figure 1. Basic configuration of the EMI method.

where Zz(w) is the electrical impedance of the transdu-
cer at angular frequency w, which should vary within
an appropriate range provided by the measuring sys-
tem; Zp(w) is the mechanical impedance of the transdu-
cer; Zs(w) is the mechanical impedance of the
monitored structure; C is the static capacitance of the
transducer; ds;, s§;, and &l; are the properties of the
piezoelectric material as defined above but considering
a one-dimensional assumption; and j is the unit imagin-
ary number.

According to equation (3), any variation in the
mechanical impedance of the structure (Zs(w)) due to
damage causes a corresponding variation in the electri-
cal impedance of the transducer (Zg(w)). Therefore,
structural damage can be detected by measuring and
analyzing the electrical impedance signatures of the
transducer. This analysis is usually performed by com-
paring two impedance signatures using damage indices,
as shown in the next section.

Damage indices

As mentioned above, structural damage detection is
typically performed by comparing two impedance sig-
natures, where one signature is obtained when the struc-
ture is in a state considered healthy and pre-stored as a
baseline. This quantitative comparison is performed
using damage indices. Two basic damage indices are
widely used in the literature: the root-mean-square
deviation (RMSD) and the correlation coefficient
deviation metric (CCDM).

The RMSD index is based on the Euclidean norm,
which can be calculated in multiple ways. In this study,
the RMSD index was calculated as’

ZE.2 (@) — Zg. 1 ()]
[ZE. 1 (a))]2

RMSD = Z

w=wy

“4)

where Zg | (w) is the baseline signature, Zg ;(w) is the
impedance signature after possible damage, and RMSD

is the index calculated in the frequency range with ini-
tial frequency w; and final frequency wp. The impe-
dance signatures are complex, and the index can be
calculated using the real part, imaginary part, or mag-
nitude of the impedance signatures.

The CCDM index is based on the correlation coeffi-
cient and is given by’

CCDM =1 — C¢ (5)

where — 1<Cc<1 is the correlation coefficient com-
puted as

cov[Zg, 1 (), Zg, > (w)]
g0

Ce= (6)
in which “cov” is the covariance of the two impedance
signatures, as previously defined, calculated in an
appropriate frequency range (w; — wr), and o and o
are the corresponding standard deviations of each sig-
nature. Similar to the RMSD index, the CCDM index
can be calculated using the real part, imaginary part, or
magnitude of the impedance signatures.

Since the damage detection is based on the compari-
son between two impedance signatures, the measure-
ment system must have good accuracy to provide good
repetition between the impedance signatures. The mea-
surement systems applied in the EMI technique are dis-
cussed in the next section.

Measurement system

Traditionally, the measurement of impedance signa-
tures has been performed predominantly by commer-
cial impedance analyzers such as HP 4194A and HP
4294A. Although these instruments are being gradually
replaced by alternative measurement systems, they have
been used in recent studies***> on the EMI method due
to these systems’ high accuracy.

Despite the high accuracy and precision of conven-
tional impedance analyzers, these instruments are
expensive, have many features that are not required for
the EMI method, and are not suitable for field applica-
tions. Therefore, many researchers have proposed alter-
native low-cost measurement systems, such as those
based on the commercial chip AD35933,%® and other
more versatile solutions.>” > In this study, we used an
alternative measurement system®® based on a DAQ
device and a personal computer (PC) for the signal pro-
cessing. The system has been modified to generate
vibration and controlled noise while measuring the
impedance signatures. The system is shown in Figure 2.

According to Figure 2, the impedance measurement
is based on the voltage divider constituted by the series
resistor (Rs) and the piezoelectric transducer with elec-
trical impedance Zz(w). The excitation signal (x(7)) is
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generated by the analog output (AQOy) from the digital- o

to-analog converter (DAC), and the transducer Q w0 A% (pacl !

response signal (y(¢)) is sampled by the analog input Buffer A0y ol Bus N e Zp(@)
(Aly) from the analog-to-digital converter (ADC). The ! Interface

signals x[n] and y[n] are the excitation and response sig-
nals, respectively, in discrete time. To ensure good
reproducibility of the impedance measurements, the
response signal (y(7)) from the transducer should be
sampled synchronously with the generation of the exci-
tation signal (x(7)).

Considering that the impedance of the analog input
is sufficiently high to be disregarded, it can be demon-
strated that the electrical impedance of the transducer
(Zg(w)) is given by?®

H(w)

Zg(w) = Rg 1_7[_1(60)

(7)
where H(w) is the frequency response function (FRF),
taking the excitation signal (x[n]) as input and the
response signal (y[n]) as output.

This system based on the voltage divider is easy to
implement, and similar solutions have been used in sev-
eral studies.””*” However, this system has the disadvan-
tage of being unable to keep the amplitude of the
response signal (y(¢)) from the transducer constant; the
amplitude of the response signal decreases with an
increase in the frequency. Although, from a strictly
electrical point of view, the impedance given by equa-
tion (7) does not depend on the signal amplitude, low-
voltage signals can reduce the sensitivity to structural
damage, especially in large structures. In addition, a
low-voltage signal reduces the SNR, which can be criti-
cal in noisy environments.

In this study, the impedance signatures were
obtained under high and low SNR, generating con-
trolled noise and vibration, as detailed in the next
section.

External vibration and noise

To evaluate the effects of external vibration and noise
on the detection of structural damage, a piezoelectric
transducer operating as an actuator was excited using
an analog output (AO;) of the DAQ, as shown in
Figure 2. Since commercial devices typically have an
output current drive on the order of a few milliamps,
an operational amplifier used as a buffer may be neces-
sary for proper excitation of the actuator, as indicated.
The signals w(f) and w[n] are the vibration and noise
signals generated in continuous and discrete time,
respectively.

The term vibration is used to describe the motion of
a body with respect to a reference point, which can be
of various types involving tiny air particles or
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Figure 2. System used for impedance measurement and
generation of vibration and noise.

structures.” In practice, the word vibration is typically
used to describe motions in structures, such as machin-
ery, bridges, and aircraft, which are of interest for
SHM applications.

An important type of vibration is produced by rotat-
ing devices. Rotational speeds are usually in the range
of 60-120,000 r/min, which correspond to mechanical
vibrations in the frequency range of 1 Hz-2 kHz.*° To
evaluate the effects of such vibrations on impedance-
based damage detection, the piezoelectric actuator was
excited by a linear chirp signal in a similar frequency
range. The chirp signal is given by

wln] =4 sin <§7—:—n (sz;VfI n +fl>>

where f; and f, are the initial and final frequency,
respectively, n is the sample, N is the number of sam-
ples, Fs is the sample rate, and A is the amplitude of
the signal.

The frequencies of the chirp signal were defined as
f1 = 1 Hzand /> = 2 kHz to generate vibrations simi-
lar to rotating devices. In addition, the other para-
meters were defined as Fg = 2 MS/s, N = 1 M, and
an amplitude 4 ranging from 0.5V (1 Vpp) to 25V
(50 Vpp) to obtain different vibration intensities. As an
example, a chirp signal with amplitude of 1 V and the
corresponding power spectral density (PSD) are shown
in Figure 3.

As seen in Figure 3, the spectrum of the chirp signal
contains frequencies in the range from approximately
1 Hz to 2 kHz, similar to the vibrations caused by
rotating devices, thereby allowing one to analyze the
effects of vibrations of this type on the detection of
structural damage.

Unlike the vibrations described above, noise is gen-
erally a random signal and does not have well-defined
frequency components, occurring in any range of the
spectrum. Random noise can be generated by various
types of sources such as ventilation systems, jets,
blowers, combustion chambers, automobile ignition,

(3)
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Figure 4. (a) White noise signal and (b) the corresponding PSD.

fluorescent lights, lighting, and solar radiation.
Random noise can also be generated by piezoelectric
transducers, conductors, and measuring systems due to
thermal motion and other causes.

A well-known type of noise is white noise, which
presents a uniform frequency spectrum over a wide
range. In this study, a pseudorandom white noise was
generated in the range of 0-500 kHz and with ampli-
tude ranging from 0.5 V (1 Vpp) to 25V (50 Vpp) to
analyze the influence of noise of different intensities on
the detection of damage. White noise with amplitude of
1 V and the corresponding PSD are shown in Figure 4.

According to Figure 4, the white noise used in this
study has an approximately uniform spectrum in the
frequency range from 0 to 500 kHz, which is the same

range in which the impedance signatures were obtained,
allowing one to analyze the noise effects on the detec-
tion of damage. Notably, the uniform spectrum shown
in Figure 4 is not typically obtained by exciting the
structure. The effective excitation of the host structure
depends considerably on the electro-mechanical cou-
pling of the piezoelectric transducer, the characteristics
of the host structure, distance from the transducer, and
the propagation of the waves in the structure that have
frequency-dependent attenuation. Therefore, the noise
generation may be less efficient at some frequency
bands, particularly for large structures. However, as
described in the next section, a small aluminum bar
was used in the experimental tests which enables satis-
factory excitation across the spectrum.
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Figure 5. Aluminum bar with the two transducers installed; in detail, the inducing of damage by adding a small metal ball.

The effects of vibration and noise on the impedance
signatures can be quantitatively evaluated by comput-
ing the coherence function between the excitation signal
(x[n]) and the response signal (y[n]) from the transducer,
as shown in Figure 2. The coherence function was cal-
culated as

1S (@) |

Col@)= g ()8, @)

©)

where C,,(w) is the magnitude-squared coherence,
S (w) and S,,(w) are the PSD estimates of the excita-
tion and the response signal, respectively, and S, (w) is
the crossed PSD.

In an ideal condition, the excitation and response
signals are fully coherent, and therefore, C,,(w)=1
across the frequency range. In contrast, if the signals
are contaminated by noise or vibration, the coherence
tends to decrease in the frequency bands where noise
and vibration occur.

The next section presents the experimental setup
used to evaluate the vibration and noise effects.

Experimental setup

To evaluate the effects of external vibration and noise
on the damage detection based on the EMI method,
experiments were performed on an aluminum bar with
dimensions of 110 mm X 76 mm X 3 mm and mass of
approximately 664 g. The transducers used in this study
are piezoelectric diaphragms,®' which have characteris-
tics and behavior similar to conventional PZT ceramics.
The piezoelectric diaphragms consist of a circular brass
plate with dimensions of 20 mm X 0.20 mm, on which
a circular piezoelectric ceramic with dimensions of
14 mm X 0.22 mm is mounted.

Two transducers were used according to the config-
uration shown in Figure 2: one transducer was used for
impedance measurements, and the other transducer
was used as an actuator for the generation of noise and
vibration.

Figure 5 shows the specimen with the two transdu-
cers installed and the dimensions and distances used in
the experiments. In addition, the details show the struc-
tural damage induced in the structure by adding the
metal mass.

The transducers were fixed to the structure using
cyanoacrylate glue, and the specimen was supported on
the workbench by rubber blocks. The measurement of
electrical impedance signatures and the generation of
vibration and noise were performed using the NI USB-
6366 DAQ device with a sampling rate of 2 MS/s. The
impedance signatures were obtained in the frequency
range of 0-500 kHz with a step of 2 Hz. Notably,
although the used rate of 2 MS/s satisfies the Nyquist
sampling theorem, the accuracy and precision of the
impedance measurement decrease for frequencies
higher than 200 kHz for the DAQ device used in this
work. However, the variations in impedance signatures
caused by the measurement system are very low and
therefore negligible compared with the external vibra-
tion and noise considered in this study.

The excitation signal (x[n]) of the impedance measure-
ment system is a linear chirp signal, which was initially
set to a 1-V amplitude; later, higher levels were tested to
compensate the noise effects. The transducer was con-
nected to the DAQ device as shown in Figure 2 using a
series resistor (Rg) of 2.2 kQ, which is suitable for the
current drive and voltage range limits of the DAQ device
and allows different SNR levels to be obtained.

Controlled vibration and pseudorandom noise with
amplitude ranging from 0.5V (1 Vpp) to 25V
(50 Vpp) were generated following the procedure
described above. Because the analog output of the
DAQ device has low current drive and limited voltage
range, an LM675 operational amplifier was used to
achieve proper excitation of the piezoelectric actuator
for noise and vibration generation.

The effects of vibration and noise were analyzed by
computing the coherence function between the excita-
tion and response signals and by analyzing the impe-
dance signatures qualitatively and quantitatively by
computing the RMSD and CCDM indices for the
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Figure 6. Coherence function obtained under (a) external vibration generated by a chirp signal and (b) white noise of different levels.

specimen under healthy and damaged conditions.
Structural damage was induced in the specimen by
attaching a small steel ball approximately 1 mm in dia-
meter and with a mass of 15 mg, which is approxi-
mately 0.002% of the mass of the host structure, at a
distance of 100 mm from the center of the transducer
using cyanoacrylate glue, as detailed in Figure 5.
Adding mass alters the mechanical impedance of the
structure, which may be related to structural damage.
This procedure has the advantage of not causing per-
manent damage to the specimen.

All measurements were performed at a temperature
controlled by an air conditioner to mitigate the effects
of temperature on the impedance signatures and by tak-
ing an average of five measurements under all condi-
tions of vibration and noise. The experimental results
are presented and discussed in the next section.

Results and discussion

Coherence function

As stated above, the coherence function is an important
tool for indicating whether a signal is contaminated by
external disturbances such as noise or vibration. In the
measurement system shown in Figure 2, the coherence
between the excitation (x[n]) and response (y[n]) signals
under an ideal condition is expected to be of value 1
over the entire frequency range, indicating the linearity
of the system and the absence of external disturbances.
Figure 6(a) shows the coherence function calculated
using equation (9) obtained under the effects of external
vibrations generated by the chirp signal given by equa-
tion (8) and shown in Figure 3 with different intensities.
As indicated in Figure 6(a), the vibration was gener-
ated by a chirp signal ranging from 0 V (no external

vibration) to 50 Vpp, with steps of 1 Vpp. For the con-
dition of no external vibration (0 V), there is only the
noise floor inherently caused by the measurement sys-
tem and other uncontrolled sources. Under this condi-
tion, the coherence is very close to 1 throughout the
frequency range, indicating the linearity of the system
and the high correlation between the excitation and
response signals.

In contrast, as the vibration generated by the chirp
signal increases, the coherence function decreases in the
range of approximately 1 Hz—2 kHz, which is the same
frequency range of the vibration. As shown in Figure
6(a), a vibration generated by a chirp signal of only
1 Vpp is sufficient to abruptly reduce the coherence,
particularly at low frequencies and up to approximately
500 Hz. For higher frequencies, the coherence changes
more gradually with the intensity of the vibration, regis-
tering at approximately 0 at some frequencies for a
vibration intensity of 50 Vpp, thus indicating a weak
correlation between the excitation and response signals.
Under this condition, the measurement of the electrical
impedance of the transducer may be inconsistent, and
consequently, the detection of structural damage may
be infeasible. For frequencies above 3 kHz, significant
changes are not observed in the coherence functions,
and the results are not shown in the figure.

The results obtained for the white noise of different
intensities generated as shown in Figure 4 are shown in
Figure 6(b). As observed in Figure 6(b), the coherence
function decreases over the entire frequency range of
0-500 kHz as the intensity of the white noise increases.
In contrast to vibrations that normally occur in well-
defined frequency bands, random noise can occur in
any range of the spectrum and may hinder the selection
of appropriate frequency bands for the calculation of
damage indices in noisy environments.
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Figure 7. Comparison between the excitation and response
signals.

As discussed above, it is important to note that the
amplitude of the response signal (y(¢)) from the trans-
ducer is not constant; rather, it decreases with an
increase in the frequency due to the voltage divider
consisting of the series resistor and the transducer, as
shown in Figure 2. The comparison between the excita-
tion signal with amplitude of 1 V and the correspond-
ing response signal is shown in Figure 7.

As seen in Figure 7, the response signal decreases
from a maximum value of approximately 2 Vpp to a
minimum  value of approximately 0.04 Vpp.
Consequently, the SNR is also not constant, ranging
from approximately 6 dB for low frequencies and
external noise of 1 Vpp to approximately —62 dB for a
frequency of 500 kHz and external noise of 50 Vpp.
Under ideal conditions where there is only a noise floor
of approximately 2 mVpp, the SNR is approximately
60 dB at low frequencies and 26 dB at high frequencies.
However, according to the experimental results, the
low level of the response signal at high frequencies has
no significant impact on the coherence functions; as
seen in Figure 6(b), the coherence is higher at high fre-
quencies of approximately 500 kHz than at low fre-
quencies of approximately 200 and 50 kHz.

The effects of vibration and noise on the impedance
signatures and damage indices are discussed in the next
section.

Impedance signatures and damage indices

Although the low-frequency vibration generated by the
chirp signal does not cause observable changes in the
coherence function at higher frequencies as discussed in
the previous section, a different result is observed in the
electrical impedance signatures. As an example,
Figure 8 shows the comparison of two impedance sig-
natures (real part) corresponding to a resonance peak

130
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— Healthy with vibration
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95 : : : : :
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Figure 8. Effects of low-frequency vibrations on the impedance
signatures at higher frequencies.

at approximately 30.78 kHz obtained for the healthy
structure under the conditions of no external distur-
bance and with vibration generated by the chirp signal
of 50 Vpp.

As observed in Figure 8, changes due to vibration
are observed in the impedance signature at approxi-
mately 30 kHz, although the vibration generated by
the chirp signal is of low frequency, from 1 Hz to
2 kHz. Consequently, the damage indices will also be
changed, which may make it difficult to detect incipi-
ent damages.

In this study, we used the RMSD and CCDM
indices because they are widely reported in the litera-
ture to compare directly two impedance signatures,
based on the Euclidean norm and correlation coeffi-
cient, respectively, when one of them is considered the
baseline, thus allowing a quantitative evaluation of the
variations in impedance signatures due to external
vibrations and noise, such as the variations shown in
Figure 8. As mentioned in section “Introduction,”
although advanced techniques for feature extraction
that do not use a baseline signature have been pro-
posed, the use of a reference is inevitable because of the
fundamental SHM axioms.?' Therefore, quantitatively
analyzing variations in the impedance signatures caused
by external disturbances using basic indices, although
there are other more advanced feature extraction tools,
is relevant for future studies and for developing new
signal processing techniques and damage indices.

To analyze the effects of the vibration on the damage
indices across the entire frequency range, the RMSD
and CCDM indices were calculated using equations (4)
and (5), respectively, in sub-bands of 10 kHz. The
vibration was generated by the chirp signal with a fre-
quency range of 1 Hz-2 kHz and an intensity ranging
from 1 to 50 Vpp.



662

Structural Health Monitoring 17(3)

[_JHealthy under ideal conditions
[ Healthy with vibration

10°

,q{vu,"'wi'qw.‘ b
L

RMSD (log)

il

A
e LV 4\}\“\» \\\\\.&“&&‘\\ A
W/ \\\\\\\\\\\

A\

300
400
Frequency (kHz) 500

[_JHealthy under ideal conditions
[ Healthy with vibration

40 50

o 30 op)
1
tion (chirP) evel ¢
al

300 400

500
FreqUency (kHZ)

1
Vibr
(b)

Figure 9. Effects of the low-frequency vibration on the RMSD index calculated using (a) the real part and (b) the imaginary part of

the impedance.
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Figure 10. Effects of the low-frequency vibrations on the CCDM index calculated using (a) the real part and (b) the imaginary part

of the impedance.

Figure 9 shows the results obtained for the RMSD
index computed using the real and imaginary parts of
the electrical impedance.

All RMSD indices were obtained for the healthy
structure (i.e. without the addition of mass). The indices
obtained under ideal conditions were computed using
two impedance signatures measured without distur-
bance generation. The indices obtained with vibrations
were computed using one of the signatures measured
under ideal conditions and the corresponding impe-
dance signature measured for each level of vibration.
This procedure was also used to obtain the results
shown in Figures 10, 12, and 13.

Because the structure is healthy, low damage indices
are expected, given that under ideal conditions there are
only slight variations in the impedance signatures
caused by the noise floor, imprecisions in the measure-
ment system, and other uncontrolled sources. However,

as observed in Figure 9, the vibration increases the
RMSD indices even for the healthy structure, which
may make it difficult to define a threshold for the detec-
tion of incipient damage. For the indices calculated
using the real part of the impedance, the variation is
greater than 3000% at low frequencies and under
intense vibration (50 Vpp). Although the vibration is of
low frequency, variations of greater than 150% in the
indices are also observed at high frequencies. Variations
are also observed throughout the frequency range in the
indices calculated using the imaginary part of the impe-
dance, but the variations are more significant at high
frequencies.

The variations in the CCDM indices due to the low-
frequency vibrations are shown in Figure 10.

A different behavior is observed in the CCDM
indices. Variations are observed only at low frequencies
up to approximately 20 kHz. For higher frequencies,
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the indices obtained under vibration and without any
vibration take on approximately the same values.

A similar analysis was performed considering the
white noise generated over the entire frequency spec-
trum of 0-500 kHz, as previously described. The effects
of noise on impedance signatures are observed across
the frequency range, even for low-intensity noise. As an
example, Figure 11 shows the variations in the impe-
dance signatures in the range of 80-85 kHz caused by
white noise with an amplitude of 1 V.

A quantitative analysis of the noise effects is obtained
by calculating the damage indices. The RMSD indices
calculated in sub-bands of 10 kHz using the real part
and the imaginary part of the impedance and for differ-
ent noise intensities are shown in Figure 12.

The noise effects were similar for the real part and
the imaginary part of the impedance, as evidenced by

the RMSD indices shown in Figure 12. The variations
in the indices caused by the noise are significant across
the analyzed frequency range since the white noise acts
on the whole spectrum. The variations in the indices
are approximately 600% even for noise of only 1 Vpp.
For noise of 50 Vpp, the variations in the indices
exceed 25,000%. Notably, however, in most practical
applications, the noise at high frequencies is typically
less intense than that considered in this study; thus, less
significant variations in the indices are expected.
However, the analysis of high-intensity noise effects at
high frequencies may be important for some specific
applications where the monitored structure operates
under very noisy environment. Another important
observation is that the variation in the SNR caused by
the measurement system does not significantly affect
the results.

The results obtained for the CCDM indices under
the influence of the white noise are shown in Figure 13.

According to Figure 13, the white noise also causes
significant variations in the CCDM indices over the
entire frequency range. For strong noise above 25 Vpp,
the indices are close to 1, indicating that the correlation
coefficient between the impedance signatures is close to
0, as shown in equations (5) and (6). In addition, the
indices increase with an increase in the frequency, most
likely due to the variation in the SNR, which is lower
at high frequencies.

Variations in indices caused by external vibration
and noise make it difficult to set a threshold for dam-
age detection, as discussed in the next section.

Damage detection

To analyze the feasibility of detecting incipient damage
under the effects of vibration and noise, a small amount
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Figure 12. Effects of the white noise on the RMSD index calculated using (a) the real part and (b) the imaginary part of the

impedance.
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condition.

of damage was induced in the specimen following the
procedure shown in Figure 5. The small steel ball causes
a mass loading of only approximately 0.002% in the
specimen, which represents a small amount of struc-
tural damage.

Figure 14 shows the RMSD and CCDM indices
obtained for ideal conditions (no disturbance), under
the effects of low-frequency vibration (1 Hz-2 kHz)
generated by a chirp signal of 50 Vpp, and for the dam-
aged condition. The indices were calculated in sub-
bands of 1 kHz.

The indices were computed by considering an impe-
dance signature obtained without generating a vibra-
tion as the baseline. Two such impedance signatures
were used to compute the indices obtained under ideal
conditions, as shown in Figure 14.

Although the vibration is of low frequency up to
2 kHz, significant variations are observed in both indices
at higher frequencies. The variations in the indices caused
by the vibration are higher than the variations caused by
the induced damage up to a frequency of approximately
20 kHz, which makes it unfeasible to define a threshold
to detect incipient damage. Variations in the indices are
also observed at frequencies up to 50 kHz. Although the
variations caused by the vibration at higher frequencies
are lower than the variations caused by the damage
induced in this study, the detection of less expressive
damage may be infeasible.

A similar analysis was performed concerning the
effects of the white noise. The results obtained for a
noise of 0.2 Vpp are shown in Figure 15. The indices
were computed using an impedance signature measured
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without vibration generation as the baseline,
described above.

As noted in Figure 15, a noise of low intensity causes
significant variations in the RMSD and CCDM indices
over the entire frequency range. The variations in the
indices caused by noise are higher than the variations
caused by structural damage. Therefore, the detection
of damage is not feasible under this condition, and it is
not possible to define a safe threshold for the proper

detection of incipient damage.

as

Compensation for noise effects

Based on the results presented in the previous sections,
external vibration and noise are critical in SHM appli-
cations based on the EMI method. Therefore, the com-
pensation for their effects is crucial to the correct
diagnosis of the monitored structure. A well-known
method reported in the literature® for minimizing the
effects of vibration and noise involves increasing the
excitation signal of the transducer, which is the x(¢) sig-
nal indicated in Figure 2.

To analyze the effectiveness of this method, the dam-
age indices were calculated for an excitation signal with
amplitude ranging from 0.5 to 10 V with a step of 0.5 V
and under the effects of white noise, which has shown
to be more critical across the entire frequency band. As
an example, the RMSD and CCDM indices obtained
for the healthy structure under ideal conditions (no
noise) and under the influence of noise of 0.2 Vpp are
shown in Figure 16. An impedance signature obtained
under ideal conditions (i.e. no disturbance) was consid-
ered the baseline.
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o
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Figure 16. (a) RMSD and (b) CCDM indices obtained for
excitation signals of different levels.

The indices in Figure 16 were calculated for the fre-
quency band of 25-50 kHz. According to the results,
the excitation signal has significant influence on the
damage indices in noisy environments. Both indices
decrease significantly as the level of the excitation sig-
nal increases, converging to the values obtained under
ideal conditions. The RMSD index decreased from
71.96 to 4.18 as the excitation signal increased from 0.5
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to 10 V. For the CCDM index, the variation was more
pronounced, decreasing from 0.001489 to 0.000012 for
the same variation in voltage. Therefore, the results
indicate that increasing the excitation signal level is an
effective method for compensating the effects of exter-
nal disturbances.

Conclusion

In this article, we present an experimental analysis of
the effects of external vibration and noise on SHM
applications based on the EMI method, which repre-
sent a critical problem in the diagnosis of the monitored
structure. Tests were performed on an aluminum bar
under different levels of vibration and noise to obtain
different SNR levels. The experimental results indicate
that even a low noise causes significant variations in the
impedance signatures and, consequently, in the damage
indices, making it difficult to define an appropriate
threshold to detect incipient damage. Another impor-
tant result is that external vibration of low frequency
related to rotating devices, which in this study was gen-
erated by a chirp signal, can cause variations in the
impedance signatures at higher frequencies. As noted in
the last section, the effects of external disturbance can
be compensated by increasing the excitation signal level
of the piezoelectric transducer, provided that the varia-
tions in the damage indices are minimized to the same
level as the ideal condition. Therefore, the experimental
analysis presented in this study can motivate the devel-
opment of more advanced signal processing techniques
and more effective indices for damage detection under
conditions of external vibration and noise, which typi-
cally occur in real-world applications.
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