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Abstract

Engineering has developed new approaches over the last 50 years in all its areas. Among the different
areas, the design areas became more agile and computer-based, logistics developed new modes and
interactions more Just in Time, while materials engineering revolutionized the options of possibilities in
all sectors. However, the maintenance area gains special attention due to its objective to present limiting
working conditions. While the production areas allow infinite productivity development, creating new
processes and techniques, the maintenance area has a limit of improvement focused on the utopian zero
defects. Thus, several techniques have been developed in recent decades, mainly with the advancement
of computational power and integration. Techniques for assessing structural integrity have also
developed, enabling the implementation of more precise techniques in the qualitative capacity of
identifying a failure, as well as quantifying its severity and location. This chapter discusses the Structural
Integrity Monitoring Method based on Electromechanical Impedance. This is one of the most explored
techniques in recent decades by several research groups in Brazil and worldwide, having applications
in aeronautics, space, oil and gas, bioengineering, civil construction, among others. In the next sections,
some historical aspects of the technique are presented, as well as basic concepts and variables that
influence this monitoring. Finally, a case study of the investigation of a failure simulated by machining
an aluminum structure monitored in a climatic chamber is presented. As it is a chapter in which it is
more concerned with the fundamentals and aspects that influence the use of the methodology, the
conclusions of this case study do not cover any type of statistical modeling or based on machine learning
as usually seen in scientific articles in the method. In this case, the effects of temperature on the
impedance signature are focused, as well as the calculation of some damage metrics.

1. Introduction of the Impedance-based SHM

The SHM method described in this section is based on the electromechanical impedance
(EMI), an ultrasonic technique that has been considered one of the most attractive
nondestructive methods (NDE) for evaluating different types of structures.

The Impedance-based SHM technique (ISHM) was first proposed by Liang et al.
(1994) and, subsequently, the method was extended by Chaudhry et al. (1995, 1996), Sun et
al. (1995), Park et al. (1999, 2000, 2001, 2003), Moura and Steffen (2004), Peairs et al.
(2004), Moura and Steffen (2006) and Palomino and Steffen (2009). This is an experimental
technique and it is based on the piezoelectric effect, which couples the mechanical and the
electrical domains.
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In most applications of the ISHM, a piezoelectric transducer (PZT) is employed to
interact with the monitored structure. The transducer must be bonded or embedded to the
target structure and an electrical excitation will return information about the so-called “state
of health” of the structure. Several types of pre/post-processing of the collected data can be
employed to better evaluate the target structure. The next section describes the EMI
technique in detail.

1.1. Physical principle of the EMI technique.

The EMI technique is considered to be a non-destructive method for evaluating different
types of structures (NDE), as stated by Park G., et a/ [2003]. The only modification required
is to bond the PZT to the target structure or to embed it (in the case a new structure is in the
process of fabrication. In any case, since the transducer is very small and thin (thickness less
than 1mm and less than 20mm in diameter for a disc patch), there are no major problems in
incorporating these transducers into the target structure. Figure 1 presents a set of ceramic
PZT, made of lead-zirconate-titanate (PZT) and produced by MPI Ultrasonics, and Figure 2
illustrates an aircraft aluminum window panel instrumented with six PZT patches.

Figure 2: Aircraft aluminum window panel instrumented with six PZT patches (source:
Maruo et al, 2015)

Independent of the shape, or even the material which the transducer is made of, the
piezoelectric effect is what enables the electronic instrumentation of the target structure. This
effect correlates the mechanical deformation of the transducer with a voltage at its terminals.
It is possible to deform the transducer and obtain a differential voltage (direct effect) or to
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apply voltage and obtain mechanical deformation (converse effect). Figure 3 illustrates the
direct and converse piezoelectric effects.
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Figure 3: Direct and inverse piezoelectric effects. Source: Lakshmi et al, 2018.

In most cases, the PZT is fabricated to be sensitive to mechanical deformations
applied to only one arbitrary direction, which can be perpendicular to the plane of bonding
(or embedding) of the target structure. If the thickness of the bonding layer is considered to
be not relevant, a simplified one degree of freedom (DOF) model may represent the
bonded/embedded transducer. Figure 4 illustrates this 1 DOF model. The model reduces the
complexity of the structure to a system represented by its mass, stiffness, and dampening.
Any structural modification, like damage, will change at least one of those properties.

Coupled electromechanical impedance: Z = Re(Z) + jIm(Z)
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Figure 4: Mechatronic 1 DOF model of the coupled electromechanical transducer
(source Maruo et al (2015)).

A sinusoidal voltage, with an arbitrary high-frequency band (tens to hundreds of
kHz) and low amplitude (1V to 10V), is applied to the transducer. An equivalent strain will
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be applied to the coupled structure and the total circulating electrical current will be related
to the transducer’s electrical impedance and, also, the so-called mechanical impedance of
the structure.

The mechanical impedance can be defined as a measure of how much a structure
resists motion when subjected to a harmonic force. This property is also highly tied to other
mechanical properties like mass, stiffness, and damping. In this case, the harmonic force is
provided by the piezoelectric transducer (converse effect). So, the deformation of the bonded
transducer will be directly affected by the mechanical impedance of the structure. The
conclusion is that de equivalent impedance of the PZT will also be directly affected by the
mechanical impedance. Liang et al (1994) modeled the so-called electromechanical
impedance (EMI) of the coupled transducer as a function of frequency, as presented in
equation (01).

Z, ()= "i((z)) - jw’hala {EL (1-j&)~ ﬁ% o, Yo (1+ m)] (01)

Where:

Zr(w) represents the electrical admittance (inverse of electrical impedance); o is the
excitation frequency;

Y2 s the complex Young’s modulus of the PZT at zero electric field;

dz, 1s the piezoelectric strain constant in the arbitrary x-direction at zero stress;
g;:3iS the dielectric constant at zero stress; and a is a geometric constant of the PZT;
is the dielectric loss tangent of the piezoelectric patch;

Zy(W) represents the mechanical impedance of the monitored structure and any
structural changes will represent new values for Zs(w) and, consequently, for Zg(m).

Usually, the frequency of the sinusoidal voltage applied to the PZT is between 20kHz
and 1MHz, where the upper limit is defined by the impedance analyzer and the electrical
characteristics of the PZT employed.

Measuring the impedance over a frequency band will return a waveform (impedance
versus frequency) that can be used to identify the mechanical state of the target structure at
the moment of that measuring. The next section will describe the way to evaluate those
frequency-dependent waveforms to characterize de “state of health” of the target structure.

1.2. Impedance signatures and Damage indexes.

If external effects like temperature variations and static or dynamic loads, on the monitored
structure, were not taken into account, an Impedance Signature (IS) is a bi-dimensional
waveform that describes the structure’s EMI over an arbitrary and limited frequency band.
Instruments like the impedance analyzer HP4194A are employed to obtain de IS from any
kind of PZT patch. The HP4194A can obtain an IS with 400 frequency points and with an
upper frequency bound of 1GHz.

The definition of the lower and the upper bounds of the frequency band depends on
the complexity of the structure and the characteristics of the damage that is subject to
identification. This statement may appear very nebulous and imprecise but authors like
Chaudhry et al (1995, 1996), Palomino et al. (2011), Finzi Neto et al. (2010), Liang et al.
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(1994), Moura et al. (2004) Park et al. (1999, 2000, 2001, 2003), Sun et al. (1995) and many
other confirm it. In reality, for large and complex structures, the frequency band may be
defined through experimental testing. But there are a few indicators on how to proceed.
Small damages, like cracks, can be better identified at higher frequencies (hundreds of kHz),
and higher the frequency shorter the range of sensing of the PZT, Rabelo, et al. (2017).

As an example, consider the experiment proposed by Bitencourt and Steffen Jr.
(2009) with the aluminum beam illustrated in Figure 5. There are two ceramic PZT patches,
PZT; and PZT>, bonded to that beam and a rivet inserted on the right side. The removal of
the rivet was used to simulate damage on the beam. Besides the damage, this example also
illustrates the attempt to “repair” the beam with the insertion of another rivet at the same
position. Each PZT patch had there IS measured over arbitrary and different frequency
bands. The experimental procedure is described as follows:

(1) — Measure the IS, of each PZT, with no change on the instrumented structure
[BASELINE];

(2) — Remove de rivet and measure the IS of each PZT again [STATE1];

(3) — Insert a new rivet in the same position that it was removed.

(4) — Measure the IS of each PZT for the last time. [STATE 2].
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Figure 5: Aluminum beam (a) with ceramic PZT patches and a rivet used to simulate
damage by its removal. The dimensions are presented at (b). Source: Bitencourt and
Steffen Jr. (2009).

The collected IS for this experiment are presented in Figure 6. But, before trying to
interpret the IS for the 3 states together, it is important to understand the IS by itself. The
characteristics of the quality of an IS are presented as follows:

I.  From Equation 01, it is well known that the EMI is a complex quantity (real part plus
imaginary part). The imaginary part includes the reactive capacitance of the PZT and
it is very influenced by temperature changes. So, to mitigate this effect, the IS are
limited to only the real part of Zk.

“Good” IS are the ones that present high and steep transitions in their values over
their frequency range. This can be understood as a “reasonable” number of peaks and
vales on the IS.
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II.  The defined frequency band should be related to the kind of damage/changes that are
expected to happen on the target structure. Determining the frequency range, for a
complex structure requires a set of experiments to better understand the EMI
structure’s behavior over the frequency. Nevertheless, studies are using mathematical
models to help define the frequency range, Bhalla S., Soh (2004).
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Figure 6: IS for PZT1 (a) and PZT2 (b) considering the three states [ BASELINE,
STATE 1, AND STATE 2]. Source: Bitencourt and Steffen Jr. (2009).

Taking into account those characteristics of quality, the following preliminary
analysis can be done:

e All collected IS from Figure 6 are in accordance with (I) and (II). A “good” IS and
only the real part of Zg is considered,

o The differences in each of the three states, for PZT, can be clearly visualized. For
PZT>,, this difference is more difficult to see.

e Even though a new rivet is inserted to replace that on it was removed, neither PZT
presented an IS (for STATE 3) that was visually identical to their respective
BASELINE. It must be understood that even a so-called “identical repair” is
employed on the target structure the correspondent IS will never be the same as
before de damage [Chaudhry et a/ (1995, 1996), Finzi Neto et al. (2010), Liang et al.
(1994), Moura et al. (2004) Park et al. (1999, 2000, 2001, 2003), Sun et al. (1995)];

From the preliminary analysis, it became clear that only the visual inspection of the
collected IS, in each state, is not enough to quantify the structural modifications (damage)
on the aluminum beam.

A better way to analyze the IS is to mathematically quantify the difference between
each state into a single number. A damage index is a mathematical way to quantify the
difference between two IS obtained from the same bonded PZT. Palomino and Steffen Jr
(2009) have evaluated several damage indexes for simulated damage on an aircraft
aluminum panel. From those, the most commonly used ones are described as follows.

For every damage index described here, consider these definitions:
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- Re(Zu) is the array of impedance (resistance) points measured under ‘“healthy

conditions” (baseline);

- Re( Zz,i) is the array of the real part impedance points measured in any other mechanical
state than the baseline;

- Re(7,) mean value of the real part impedance points measured under “healthy
conditions” (baseline);

- Re(Z7,) mean value of the real part impedance points measured in any other mechanical
state than the baseline;

- S for a set of £ IS collected at the baseline state, this is an array of standard deviation
values, calculated with the & values, at each of the » array indexes;

- nis the number of impedance points.

RMSD - Root Mean Square Deviation.

RMSD = Zn: <(Re(le-) _nRe(Zzi))2> (02)

i=1

This is the most common damage index in the scientific literature. The RMSD
number will always be positive and its magnitude shall not be influenced by the number of
impedance points in the IS.

RMSD1 — Root Mean Square Deviation (alternative 1).

This is the first variant of the RMSD. Grisso (2005) has presented the RMSD1 as an
alternative that is less sensitive to the amplitude of the impedance’s amplitude. This variant,
equation (03), presented good results on quantifying damages associated with variation in
quantity and location of the impedance peaks and valleys in the IS for each state.

RMSD] — Zn: ((Re(21 = Re(Zzl-))2> (03)

2
Re(lel.)

i=1

RMSD?2 — Root Mean Square Deviation (alternative 2).

The damage index presented in equation (04) has been used in a few studies
comparing the sensibility of damage detection, Tseng et a/ (2002) and Giurgiutiu et al
(2005). It presents a slightly different mathematical definition from the RMSDI.

ritspz = |Zrea(Re(z,,) = Re(2,))’ (04)
Z:?=1Re(z1,i)2

RMSD3 - Root Mean Square Deviation (alternative 3).

Park et al provided another alternative for the original RMSD. In equation (05), the
sum is outside the root mean square sign, unlike the definitions previously given. The authors

In Jorge, Ariosto B., et al. (Eds.) Model-Based and Signal-Based Inverse Methods, Vol. 1, UnB 450



Finzi Neto, Roberto M., Moura Jr, Jose R.V. (2022) Impedance-based SHM pp. 443-471

claim that this version of the RMSD is more robust and less sensitive to impedance peaks
variations.

RMSD3 = i (Re(Zli) _ Re(ZZi))Z (05)
i=1 Re(Zl,i)2

RMSD4 — Root Mean Square Deviation (alternative 4).

This alternative includes the mean values of each IS analyzed. The authors claim that
equation (06) is less sensitive to external effects, like temperature variations, that result in
different kinds of variations in the IS.

— Z": (((Re(ZLi) — Re(Zy)) — (Re(Zz:) — Re(Z2))) ) (06)

L n
i=1

RMSD5 — Root Mean Square Deviation (alternative 5).

External effects, like temperature variations, are always present in industrial
applications and must be mitigated with specific techniques that will be later described in
this chapter. Meanwhile, the RMSDS tries to mitigate this problem with a set of & IS collected
at each state of interest (baseline, statel, ...). Those differences, due to the external effects,
will be mitigated in the damage index value.

Re(Z,;) — 1!2e(22i)>2

[
" ( ]
RMSDS = |3 28

n

07)

i=1

CCD - Correlation Coefficient Deviation.

A more statistical approach is presented by the CCD damage index described by
Giurgiutiu (2014). It measures the linear relationship between two IS from different states
and it is defined in equation (08).

cep -1 2izi(Re(z,;) — Re(Z))) (Re(2,;) — Re(Z,)) o)

Z?zl(Re(lel-) - Re(z_l))2 Z?=1(R€(Zzli) - Re(z_z))2

The main advantage of this damage index is that its values are always normalized,
which could be helpful to verify the progression of the damage in some types of structures.

There are many others damage indexes (MAPD, ASD, M, etc.) but they are less
present in the literature than those aforementioned in equations (02) to (08), Palomino
(2009).

Returning to the evaluation of the IS presented in Figure 06, the RMSD damage index
was used to quantify the difference between a baseline IS and the IS for STATE 1 and
STATE 2, for each PZT. The following bar graphs illustrate the results.
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BASELINE  STATE 1 STATE 2 BASELINE  STATE 1 STATE 2

Figure 7: RMSD damage indexes for PZT1 (a) and PZT2 (b), considering the three
states [ BASELINE, STATE 1, AND STATE 2]. Source: Bitencourt and Steffen Jr.
(2009).

What is most interesting, from the results illustrated in Figure 7, is that the RMSD
values from PZT?2 are lower than the ones from PZT1. Since PZT2 is nearer the location of
the removed bolt (STATE 1), one would expect that those RMSD values should be higher
for this PZT. Nevertheless, the difference in the band frequency applied to each PZT can
help to explain these results. Another set of factors that can describe these results are the
thickness of glue bonding each PZT and differences in PZT polarization due to the
fabrication process.

In laboratory experiments, it is most common to use specialized equipment, like the
expensive and bulky impedance analyzer HP4194A. This instrument can analyze only one
connected PZT at a time but provides a rich set of information about the PZT’s impedance.
Industrial applications it is required a less costly solution that is capable of using many PZT
transducers at the same time. The next section describes how the PZT s impedance can be
measured to build low-cost circuits capable of operating dozens of PZTs.

1.3. Modeling the electrical portion of the EMI.

Only the electrical portion of the EMI can be directly measured using conventional or more
specialized instrumentation systems. It expresses a complex valued function dependent on
the excitation frequency. For each corresponding frequency, the electrical part of the EMI
can be represented in terms of the real and imaginary parts, or magnitude and phase in its
polar form. Defining the sinusoidal excitation v(w, t), with angular frequency w = 2nf,
Figure 08(a) describes a PZT impedance as a simple resistor-capacitor circuit. In Figure
08(b) the waveforms of voltage and current are illustrated.

R /
AN ."-., - 1. -_\\\ v(m,t}
TN — fod) 71/
N v E—— 0 lT"- / a
\__//
(a) (b)

Figure 8: EMI equivalent circuit under sinusoidal excitation (a) and the waveforms of
v(w, t) and i(w, t). Source: Maruo et al (2015).
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Knowing that the more specialized impedance analyzers continually optimize the
voltage amplitude applied to a DUT (Device Under Test) and amplitude of the resulting
current is dependent on the EMI, equations (09) and (10) mathematically describe those
waveforms.

v(w,t) =V(w) sin(wt) (09)
i(w,t) = I(w) sin(wt + 0) (10)

Applying the well-known Ohm’s Law, the Zp),;(w) can be calculated measuring
i(w,t) and 9. Equations (11), (12) and (13) calculate the EMI and its complex/polar
decomposition.

_ oot _ Fuwn) _ V) _ i - (11)
ZEMI((J)) = o) = T(i(w,t)) = o) = R((l)) lXC((I)) = |ZEMI((1))|40

Re(Zpy(w), 0) = Zgy(w) cos(8) = R(w) (12)
Im(Zgy;(w),0) = Zgy(w) sin(@) = X (w) (13)

For ISHM applications, it has already been stated that the resistive part of the EMI,
equation (12), is more stable when temperature variations are taken into account.
Nevertheless, there are cases where the reactive part of the EMI, equation (13), brings
information about the PZT bonding, Grisso and Inman (2009).

1.4. The EMI measurement problem.

If you can use the impedance analyzer HP4194A your only problem is the space required to
accommodate that bulky machine. Nevertheless, for industrial application, a less costly,
smaller, and the lighter solution must be employed.

Through the years, the literature has presented different types of instrumentation
systems capable of measuring and digitalizing the electrical impedance of a bonded PZT
transducer, Finzi Neto ef a/ (2011) and Baptista et a/ (2009). But, in all of them, the problem
remains on measuring i(w, t) and 9.

Measuring i(w, t) 1s really simple and uses a well-known analog electronic circuit
based on an operational amplifier. The electronic circuit illustrated in Figure 9 is a low-cost
and simple solution. Using a precise and low value shunt resistor (Rshunt = 100Q2), i(w, t) can
be calculated from Vr(w, t) after being acquired by a data acquisition card (DAQ).

-V
:r“‘mJ High-speed voltage follower
Olft/’ C T+

Figure 9: Electronic circuit used to measure i(w, t). Source Maruo ef al (2015).
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From figure 9, V(w,t) is any sinusoidal voltage source that can vary its frequency
over an arbitrary frequency band. In most cases, the same DAq used to acquire V7(w,?) can
generate V(w,t), Baptista (2009).

After acquiring V(w,t) and Vr(w,?), it is required to transpose both of them to the
frequency domain. A Fast Fourier Transform (FFT) can be easily applied to V(w,?) and
Vr(w,t), allowing for the use of equations (11) and (12) to calculate R(w).

Even though a DAq associated with one or more analogic circuits is less costly than
the HP4194A, the ISHM will always be limited to the data acquisition rate of that card. There
is some controversy about the use of the Nyquist Theorem as the time-domain requisite to
process a time-domain signal in the frequency domain, Finzi Neto (2010) and Baptista
(2009). The problem that arises is related to how accurate is 0, from equations (11) and (12),
calculated near the upper limit of the Nyquist’s frequency signal. Experimental results
presented and discussed on the works of Finzi Neto et al (2010), Maruo et al (2015), Martins
et al (2013) and Tsuruta et al (2017) shows and or discuss the deterioration of R(w) near the
upper limit of the signal’s data acquisition frequency. Of course, there are plausible
arguments that the so-called deterioration of R(w) is neglectable, Baptista (2011).

There are other architectures of electronic circuits where DAQ’s acquisition
frequency and FFTs are no longer a limiting factor for ISHM applications. Maruo et al
(2015) propose an architecture based on the digital signal controller (DSC) and specialized
circuits for analog frequency processing. Beyond that, their architecture can monitor a large
number of PZTs using analog multiplexed electronics. Figure 10 illustrates the proposed
hardware.
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g il
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[ i | He/ UsB \\I N E‘ .:I> }E 2 VAV gg‘,’
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Figure 10: Architecture of a multiplexed sensor array for ISHM applications. Source:
Maruo et al (2015).
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No DAq is employed to acquire Vr(w,t) and or to generate V(w,?). The sinusoidal signal is
generated by an integrated circuit, the AD9850, which is digitally programmed by the DSC.
To avoid the use of temporal signals, the authors employed the dedicated integrated circuit
ADS536, from Analog Devices, to generate voltages proportional to the Root Mean Square
(RMS) value of each sinusoidal waveform. To be able to calculate R(w), the author proposes
to analogically calculate the mean power drained by the PZT using the proposed topology
in Figure 11. The dedicated integrated circuit, AD633, multiply Vr(w,t) and i(wt) to
produce an analog waveform representing the apparent power, S(w,?) consumed by the PZT.
A Second-Order Low Pass Filter (SOLPF) is used to separate the mean power P(w).

u(t) SOLPE . g
, e . S( f) A P ol H ‘\.II ,-" ‘*..II ﬂ
(X S\ T
b e | QN e

i(1) i(t) Lo P-’i’-‘” (w); J \\ f \ [ 2

RMS — Ry, (w)= J o AN A o
i _re_\_ls(m)_i =39 4 : Tl
5 .

Py, : pawer consumed by the electromechanical impedance;

- L . v litude of fi A F litude of fo W8]
R, resistive part of the electromechanical impedance; A: amplitude. amplitude of waveform vfw,t); f: ampliitude of waveform 1 {wt)

P, mean value of s{w,t] = P [w).

Figure 11: Topology to obtain the mean power P(w) (a). Equivalent waveforms (b).
Source: Maruo et al (2015).

Finally, the authors state that R () is easily calculated from equation (14).
P, (14)

0 =
Irms(w)?

Since P(w) and Izys(w) ideally have little to no alternating component, the authors
states that an acquisition frequency as low as 1000 samples per second may be used to rapidly
acquire PZT responses. The only operational limitation is related to the frequency band
response of the integrated circuits AD633, AD536 and AD9850.

There are lots of other so-called low-cost topologies for the IEM measurement
problem. It is up to the reader to choose the one that best suits the intended industrial
application.

After collecting the IS for each state (baseline, state 1, ...) it is important to pre-
process each IS to identify and separate the influences of external effects, like temperature
variations and static loading, from the real information in each IS. The next section will
describe how these effects modify the IS and a few ways to mitigate this problem.

1.5. Influence of external effects on the IS.

When a new monitoring system is proposed it is necessary to evaluate the possibility of
external influences deteriorating the signals collected from the transducers. External
influences like temperature variations (TR), magnetic interference (MI), electromagnetic
interferences (EMI), radio frequency interferences (RFI), mechanical static loads (MSL),
mechanical dynamic loads (MDL), and an ionic environment (IEnv) may contaminate the
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electrical signal provided by the transducer or may alter the mechanical properties of the
monitored structure. In any case, there are several ways to mitigate every external effect that
is mentioned here.

Palomino ef al (2012) examined the influence of electromagnetic radiation,
temperature and pressure variations, and the ionic environment under laboratory conditions.
In this context, the major concern was to determine if the impedance responses are affected
by these influences. In addition, the sensitivity of the method concerning the shape of the
PZT patches was also evaluated. For this aim, two shapes of piezoelectric patches of the
same size, namely circular and squared, have been tested in the laboratory. They were
bonded to two different types of structures, namely a plate and a beam so that the impedance
response was measured both for pristine and damaged conditions. Similar results were
obtained for the two shapes of PZT patches tested. The results are summarized in Table 1,
in which it can be observed that temperature is a major environmental issue in the context of
ISHM.

Table 1 — Sensor shape and environmental influences. Source: Palomino ez al (2012).

SensorGeometry lonic Environment

Squared PZTPatch Circular PZTPatch Without shielded PZT With shielded PZT
patch patch

YES

Electromagnetic Temperature Pressure
Radiation

I

High  —g—
P | e
e =
[\___ === )
N Y N YES N

The temperature influence brings the most undesirable effect for industrial
applications: false positives of damage detection. Under temperature variations changes in
the stiffness and dampening, on the monitored structure, will be presented on the IS.
Therefore, 1S collected in different temperatures will be so different that any damage index
would indicate severe damage on the monitored structure.

Before devising ways to mitigate the temperature effect problem, it is important to
understand how the IS is altered due to those temperature variations. Consider the
experiment performed by Rabelo et al (2017b). The authors have bonded a PZT in the center
of an aluminum 2024-T3 plate measuring 305mmx305mmx2mm and used an environmental
controlled chamber, ESPEC EPL-4H, to control the temperature, Figure 12(a). The authors
varied the temperature inside the chamber from 0°C to 50°C, in steps of 10°C. At each
temperature step, an IS was collected. All the 1S, at each temperature step, are presented in
Figure 12(b).
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Figure 12: Temperature variation effects on impedance signatures: (a)
instrumented Aluminium plate of 305 mm x 305mm x 3mm and (b) impedance
signals shifted with temperature changes. Source: Rabelo (2017b)

The authors stated that the frequency band, 63kH to 66kHz, as defined by trial and error,
looked for the already mentioned characteristics of quality. By analyzing Figure 12(b), the
effects of temperature can be observed predominantly as horizontal shifts due to changes in
the resonance frequencies of the system. Vertical shifts can also be seen, as well as changes
in some peak amplitudes. The more temperatures get higher, the more shift horizontally to
the left and vertically down can be seen. Analogous thinking can be done when temperatures
get lower.

There are several ways to mitigate the temperature effect on the IS. Rabelo et al proposed
a method based on horizontal frequency shifts to mitigate the most predominant effect of
temperature variations. Figure 13 presents the compensated IS. Although the horizontal
shifts were compensated, differences in peak values are still visible. These differences will
limit the sensibility of the IEM method and the so-called statistical threshold of detection
is proposed by the authors.

In Jorge, Ariosto B., et al. (Eds.) Model-Based and Signal-Based Inverse Methods, Vol. 1, UnB 457



Finzi Neto, Roberto M., Moura Jr, Jose R.V. (2022) Impedance-based SHM pp. 443-471

B et = et dnaaca e
- Baseline (-30°C)

Real Impedance [Q2 ]

845 : :
Frequency [Hz] x10

Figure 13: Impedance Signatures, from Figure 12, after the temperature
compensation algorithm was applied. Source: Rabelo et al (2017b).

The fundaments behind the statistical process control allow for establishing limits in
a control chart so that a threshold can be established using the upper control limit. These
limits can be defined so that 95.45 or 99.73% of data from a normally distributed population
remains if these control limits are established as expressed in equation (15), where x is the
sample mean and s is the sample standard deviation.

X + 2s — for 95,45% of confidence (15)
X +3s — for 99,73% of confidence

From equation (15), it is the upper limit that must be considered to identify the so-
called threshold of damage detection with a certain level of confidence. The authors
continue to the argument that the sampled mean and sampled standard deviation are
inferences from the population parameters (i.e., unknown values). Therefore, a more robust
methodology should be proposed by using the upper limits of the confidence intervals for
the population mean and standard deviation according to equations. (16) and (17),
respectively.

- _ Sy, = S, oy — (16)
[f- "<y, <7+ 2L v=N-1

(17)
[ZSZ <oZ< 21;52 v:N—ll
xv;“/z xv;1—“/2
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where N is the sample size, ux and o’ are the population mean and variance, respectively, x
and s° are the sample mean and variance, respectively, t,..2 has a Student t distribution with

v degrees of freedom, « is the significance level and x°,.2 has a Chi-Square distribution.

Hence, the upper limit of the confidence intervals was used and the threshold for
each PZT transducer was determined according to equation (18).

PZTthreashold = Ux max + 3O-x max (18)

Where zix max 1s the upper limit for the population mean and ox max s the upper limit for the

population standard deviation, both obtained by choosing 5% of significance level a.

In practical terms, equation (18) will be applied to the damage indexes calculated for
each temperature compensated IS, at the central temperature. Those sets of calculated
damage indexes will have a mean value s max @ standard deviation of ox max. The threshold,
a starting damage index value at which damage has the confidence of 99,73%, will be
calculated with equation (18). Rabelo et al (2017b) present a set of experiments to prove the
efficiency of the temperature effect compensation method and the threshold calculation. A
more in-depth analysis may be found in their paper.

1.6. Final remarks

ISHM has been used in different industries over the years. The aircraft industry has
been the pioneer. In Brazil, EMBRAER and many federal Universities have been developing
new hardware and processing techniques for real-time and in-service applications.

The civil construction industries are following the same steps. Research works like
the one developed by Silva, R.N ef al (2020) are proving that ISHM is a low-cost alternative
for monitoring aging and in-service concrete-based structures.

Several new alternatives have emerged to deal with the temperature compensation
problem. Freitas et al (2021) propose a neuro-fuzzy model and Ferreira de Rezende et al
(2020) propose a deep learning approach with convolutional neural networks. In this last
approach, it is proposed that the temperature compensation in the pre-processing is not
carried out like the other approaches. Thus, the identification and classification model must
be able to understand different types of signatures as a baseline, as well as different
possibilities for the same damage signature.

Effects like dynamic loading are not a factor to disregard ISHM, anymore. Research
works like the ones developed by Rabelo et a/ (2017a and 2017b) and Cavalini, A. A. et al
(2014) proved that there are efficient ways to mitigate these influences for in-service
structure monitoring.

Finally, as an indication for future and innovative applications, Menegaz et a/ (2019)
studied the application of ISHM in the detection of mammary inclusions (tumors).
Furthermore, some mathematical-statistical approaches have emerged to complement the
damage location capability as described by Golgalves et al (2021) who use geostatistical
kriging techniques associated with the ISHM.
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There are lots of paths to follow with the research in ISHM. The industry will decide
which ones will become final products. But it is up to the researchers to present these many
alternatives.

1.7. Experimental Example

To illustrate the procedure of the Impedance-based SHM Methodology and its main
aspects, an experimental test was proposed as follows.

In this experiment, the specimens used were four aluminum beam structures
monitored inside a Platinous EPL-4H series climatic chamber for temperature and humidity
control, as shown in Figure 14. This chamber is installed in the Structural Mechanics
Laboratory (LMEst) of the School of Mechanical Engineering (FEMEC) at the Federal
University of Uberlandia (UFU).

In this experiment, aluminum beams measuring 500 mm in length, 38 mm in width,
and 3.2 mm in thickness were used. In each of them, a PZT patch measuring 1 mm thick and
20 mm in diameter was glued at 100 mm from the edge of the structure.

Figure 14: Platinous EPL-4H series climatic chamber used in this test.

First, after selecting the specimens, the PZT patches are bonded to each one. In this
case study, epoxy glues with temperature tolerance up to 60-70 °C were used. Right after the
patches were bonded to the structure, the measuring terminals were soldered. In this PZT
patch type, it was necessary to use copper tape on the lower surface to make a better
connection. This can be observed in Figure 15.
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Figure 15: Specimen and PZT patch.

In this test, aluminum beams 500 mm in length, 38 mm in width, and 3.2 mm in
thickness were used. In each of them, a PZT patch measuring 1 mm thick and 20 mm in
diameter was bonded at 100 mm from the edge of the structure. Also, ABS plastic printing
supports were designed to position the structures inside the chamber. Such structures have
rounded bases to reduce the interference of the chamber floor with the structures and made
it possible to adapt connectors to the samples. This type of connector embedded in the
support structures allowed for less interference and noise addition to the cables during
several removals of specimens from the chamber. Figure 16 illustrates one specimen, the
support structure with the connector at the right end as well the PZT patch and damage
position.

Figure 16: Specimen used in the test illustrating the PZT patch and damage position.

The simulated damage that was inserted into the structures was superficial and
caused by grinding in a defined region. This machined region was 30mm wide at 70mm from
the opposite end of the PZT patch. Thus, nine levels of damage were performed throughout
the experiment, considering two reference levels and seven levels of gradual thickness
removal. Throughout the experiment, only specimen 4 was kept without any changes for
monitoring and controlling the process. However, specimen 4 was removed from the
chamber together with the others at each machining process.

Figure 17 shows in better detail the connector attached to the structural support
printed in ABS. This type of connector facilitates the process of removing and reinserting
specimens for machining.
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Figure 17: Specimen and connector.

In Figure 18, the test specimens are presented in the bi-supported condition. The
support structures were designed to keep the specimens in this position because, during the
thickness removal process, especially the terminal stages, the loss of structural stiffness
could cause some kind of flexion at the two extreme support points.

- o

R > I3

Figure 18: All specimens used in the test.

Since the temperature has a significant impact on the impedance monitoring process,
this factor was controlled in this case study through the climate chamber. Figure 19 illustrates
the specimens positioned inside the chamber. It is important to note that the specimens must
be positioned inside the chamber in such a way that the effects of convection flows (blowing)
on some specimens are reduced, causing fluttering or measurement noise.

In Jorge, Ariosto B., et al. (Eds.) Model-Based and Signal-Based Inverse Methods, Vol. 1, UnB 462



Finzi Neto, Roberto M., Moura Jr, Jose R.V. (2022) Impedance-based SHM pp. 443-471

ot prderpfor e T
N 5 A e
9 0 ) T

Figure 19: Specimens inside the chamber.

All specimens were monitored in ascending cycles of 3 °C for a total of 11
temperature cycles. The impedance analyzer used for the acquisition and storage of
signatures was connected externally to the chamber.

The temperature range used was from 10 to 40 °C with levels of 3 °C. As this level
variation can be considered small for control and thermal stability purposes, a procedure was
adopted. After the acquisition of each cycle of impedance signatures, the chamber increased
its temperature by 3 °C and remained for 30 minutes to stabilize the internal temperature and
obtain the thermal balance between specimens and the environment.

For each configuration: specimen, temperature, and damage condition, 30 samples
of impedance signatures were taken for process repeatability. Thus, in 11 temperature cycles,
9 damage levels, 4 specimens, and 30 repetitions, 11880 impedance signatures were
acquired.

Considering that the process of reducing thicknesses by grinding is a manual task,
two response variables of each specimen were selected for damage monitoring. The first
response considered was the mass, considering the loss of mass about the previous state of
integrity. In this case, a scale with two decimal places of the gram of precision was used. In
addition, eight measurements were taken to obtain the average.

The second response variable was the thickness in the ground region, considering the
loss of thickness from the previous condition. In this second answer, a micrometer with a
resolution of 0.0lmm was used and the average of 10 random measurements of thickness in
the machined region was recorded. Figure 20 shows the ground region of one of the
specimens during the thickness loss process.

In Jorge, Ariosto B., et al. (Eds.) Model-Based and Signal-Based Inverse Methods, Vol. 1, UnB 463



Finzi Neto, Roberto M., Moura Jr, Jose R.V. (2022) Impedance-based SHM

Figure 20: Specimen and ground position.
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Next, Tables 1 and 2 are presented, which correspond, respectively, to the response
variables of the experiment, with the results of the measurements of mass and thickness for

each specimen.

Table 1: Results of beam mass losses (in 2).

Condition Specimen #1 Specimen #2 Specimen #3 Specimen #4
Baseline 191.36 192.42 192.86 195.89
Damage #1 191.2 192.27 192.69 -
Damage #2 191.16 192.02 192.58 -
Damage #3 190.95 191.82 192.39 -
Damage #4 190.41 191.48 192.02 195.87
Damage #5 189.96 190.54 191.33 -
Damage #6 189.16 189.42 189.78 -
Damage #7 187.44 188.57 188.37 195.83

Table 2: Results of beam thickness losses (in mm).

Condition Specimen #1 Specimen #2 Specimen #3 Specimen #4
Baseline 3.17 3.17 3.19 3.18
Damage #1 3.09 3.11 3.09 -
Damage #2 3.01 2.96 2.99 -
Damage #3 2.97 2.93 2.95 -
Damage #4 2.85 2.85 2.89 3.17
Damage #5 2.72 2.49 2.63 -
Damage #6 2.44 2.23 2.09 -
Damage #7 1.93 1.92 1.83 3.18

As can be seen in Table 2, the damage inserted in the three specimens did not exceed
50% of the thickness. Furthermore, the evolution between damage levels occurred more
severely in the last two stages. This variation has a specific purpose of evaluating greater
variations in damage models the greater the damage severities.
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Another observation can be seen by comparing Tables 1 and 2 in specimen column
#4. From this comparison, it can be said that based on the case study in question and on the
measuring devices used, the measurement of thickness loss can be a more rigorous
measurement criterion.

Considering the impedance-based structural integrity monitoring of the aluminum
beams, Figure 21 presents the impedance signatures for specimen #1. Since this case study
focuses on observing the basic principles of the technique, results are presented for this
specimen only, but similar results were obtained for specimens #2 and #3. It is believed that
repetitive presentation of other specimens would increase the volume of information
unnecessarily to present the technique.

Comparison among Baseline Signatures
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Figure 21: Specimen #1 and repetitive baseline signatures.

Figure 21 illustrates four impedance signatures from the experiment. There are
presented the first and last impedance signature measured (head and tail) from the first
temperature for the first and second group of baselines (Baseline #1 and #2). Explaining the
objective of two sets of baseline measurements, a first group was measured, completing 30
repetitions for each of the 11 temperature levels, corresponding to 330 series. Then, all of
the four beams were removed from the climate chamber, and it was transported along some
buildings in the university to increase potential noise factors in a new measurement. Then, a
few minutes later, the four structures were reinserted into the climate chamber and measured
another set of baseline with 330 signatures.

According to Figure 21, it is possible to verify the repeatability of the signatures even
with the potential insertion of small bending, small strains in the beams, and wired
connections variations. This is one of the characteristics that make the use of the method
applicable and reliable in real monitoring cases.

Figure 22, as described throughout the chapter, shows the temperature variation in
the impedance signature under the same undamaged condition. The 11 temperature levels
are not illustrated to facilitate an understanding of the phenomenon. However, the
intermediate values between the ranges illustrated in the graph, present similar behavior.

In Jorge, Ariosto B., et al. (Eds.) Model-Based and Signal-Based Inverse Methods, Vol. 1, UnB 465



Finzi Neto, Roberto M., Moura Jr, Jose R.V. (2022) Impedance-based SHM pp. 443-471

Comparison among Temperatures and same Baseline
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Figure 22: Specimen #1 and temperature changes for Baseline #1.

Since the frequency range in this experiment is wide, with 4000 sampling points, the
effect of temperature in this figure may not be clear. In Figure 23, only the second region
with the highest frequency peaks, around 54-60 kHz, is presented.

Comparison Among Temperatures - detail of a shorter frequency range
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Figure 23: Specimen #1 and temperature changes for Baseline #1- shorter frequency
range.

According to the detail in this frequency region, the displacement behavior in the
frequency of the impedance peaks is more evident due to the temperature effect. Since the
damage metrics work with the comparative calculation between the baseline signal and the
monitoring signature, false positives and negatives can occur if there is no such concern with
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temperature. This can get worse if the threshold on the damage metric is small and
measurements take place in very sudden temperature changes.

Figure 24 presents the final objective of monitoring the integrity of a structure, which
is to visualize the variations in the impedance curve that are generated due to the process of
loss of thickness located in the beam.

Comparison among Damage Levels - same Temperature
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Figure 24: Specimen #1 in the same temperature but different damage conditions.

Again, only a few damage conditions are presented to support understanding of the
phenomenon. However, it is possible to see from the image that the variations introduced by
the damage are subtle and in specific regions.

Then, for metric calculations, only the set of 30 signatures from Baseline #1 was
used. Figure 25 shows the RMSD damage metric for some individual subscriptions under
the listed conditions.
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Figure 25: Specimen #1 and some RMSD damage metrics.
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According to the figure, it is possible to see a non-null value for Baseline #1 because
the comparative calculation of each signature is performed with the median of the 30
signatures of Baseline #1. So, while Baseline #1's damage metric value represents the
deviation from the first measurement with its 30-repeat set, Baseline #2 presents the
deviation between a measurement from the second reference group and the median of the
first reference group.

Figure 26 presents the CCD damage metric. In it, it is possible to see better robustness
making the Baseline #1 value practically null. In cases where a greater influence of
temperature is perceived, this damage metric has been preferred over other damage metrics.
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Figure 26: Specimen #1 and some CCD damage metrics.

It is important to note that the threshold value in fault detection needs to be
considered around a safety margin. Likewise, the survey of a baseline signature must
consider several measurement cycles, not just one with several repetitions. This expands the
generalizability. Still, as seen, it is necessary to have baseline measurements at different
temperature levels so that it is possible to apply adjustment techniques and make the fault
identification more accurate. Several temperature compensation techniques have been
studied over the last decades and recently some techniques based on Deep Learning have
successfully managed to process data without temperature adjustment. However, even in
these cases, the collection of baselines at different temperature levels is of paramount
importance.
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