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Abstract. We present an overview of research developments related to the nonlinear vibroacoustic modulation
technique used for structural damage detection. The method of interest is based on nonlinear interactions of
a low-frequency pumping wave and a high-frequency probing wave. These two waves are introduced to moni-
tored structures simultaneously. Then the presence of damage is exhibited by additional frequency components
that result from nonlinear damage-wave interactions. A vast amount of research has been performed in this area
over the last two decades. We aim to present the state-of-the-art of these developments. The major focus is
on monitoring approaches, modeling aspects, actuation/sensing, signal processing, and application examples.
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1 Introduction

Structural integrity is of major concern in virtually every
engineering application. Assuring the desired performance
and safe operation of engineering structures is not a trivial
task. This problem is equally important for new structures
as well as for existing aging infrastructure. Maintenance
of structures is a critical aspect when it comes to safety con-
siderations. Effective maintenance not only improves safety
and the perception of safety, but also minimizes the cost
of ownership and mitigates unnecessary repairs. It is well-
known that nondestructive testing (NDT) is the field of engi-
neering that addresses this important problem, assuring the
desired level of safety.!> There are numerous experimental
techniques that can be used to reveal structural damage
including the classical NDT methods such as: visual inspec-
tion, liquid penetrant testing, leak testing, infrared and
thermal testing, x-ray radiography, electromagnetic testing,
magnetic testing, ultrasonic testing, and shearography.'™
Current NDT techniques used for damage detection are
still labor-intensive, time-consuming, and often expensive,
despite numerous efforts related to automation. Moreover,
NDT inspections are performed only at predefined time inter-
vals. Such inspections are often not sufficient to capture
the evolution of damage in monitored structures. In addition,
the application of advanced materials and manufacturing
processes raises the complexity of inspection and requires
an ever increasing accuracy of detection. Structural health
monitoring (SHM)—based on sensors that are integrated
with structures and used to continuously assess structural
health®®—is an answer to this important problem. The
most commonly used SHM techniques are based on guided
ultrasonic waves propagating in plate-like structures, beams,
and pipes.””'? These techniques are particularly attractive due
to their ability to inspect large structural areas with a rela-
tively small number of transducers. Scattering, attenuation,
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and mode conversion are the signal features commonly
used for damage detection. These methods work well on
the assumption that damage present in the material exhibits
significant impedance contrasts that alter the linear features
of propagating ultrasonic waves of any type. Wave speed
alterations due to corrosion or wave attenuation due to
open cracks are good examples of features revealed when
the classical guided wave techniques are used. However,
these features are often ambiguous and it is not clear whether
the observed wave alterations result from the presence of
damage or from structural features (e.g., varying thicknesses,
bolts or rivets) or operational/environmental conditions.
Therefore, the majority of the techniques require baseline
measurements that represent undamaged conditions for
reference. It is also important to note that fatigue cracks
and highly branched stress corrosion cracks often produce
similar wave responses that cannot be distinguished when
linear ultrasonic techniques are applied. Therefore, other
approaches that can reveal damage are sought. Methods
based on nonlinear vibration/acoustic phenomena are of spe-
cial interest, gaining an increasing attention in the scientific
community.”¥~'¢ This is mainly due to the fact that the non-
linear damage detection methods are usually more sensitive
to detect small damage severities than their linear counter-
parts,”*?° thus can nicely complement the existing linear
techniques.

This paper aims at summarizing the theory and practice of
the nonlinear vibroacoustic wave modulation (VAM) tech-
nique applied for structural damage detection. The intention
is not only to provide an overview of various research activ-
ities but also to underline strengths and limitations of the
method when applied to specific damage detection problems.

The paper is structured in the following way. Section 2
provides the theoretical background of nonlinear acoustics,
focusing on the nonlinear VAM technique. Section 3 dis-
cusses selected aspects of modeling and numerical simula-
tions that can be used to support nonlinear acoustic
damage detection. Section 4 discusses the commonly used
methods of excitation and sensing in experimental testing.
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Section 5 describes signal processing techniques that are
used to reveal damage from nonlinear responses. Section 6
demonstrates selected application examples of the method.
Finally, the paper is concluded in Sec. 7.

2 Methods
2.1 Background

Historically, the “classical” nonlinear acoustics was formed
as a weak nonlinearity branch of the theory of gas dynamics
and the theory of elasticity. These theories deal with homo-
geneous materials, where the nonlinearity of propagating
waves—observed at macroscopic scale—arises from inho-
mogeneity and physical interactions at both microscale
and mesoscale.'>!'>!® The nonlinear stress—strain relation
leads to the distortion of the propagating waveform and
the generation of higher harmonics in signal response spec-
tra. In the case of wave propagation in homogenous, weakly
dispersive media—when strains are typically of the order of
107 to 10~°—measurable nonlinear responses develop
only due to the accumulation of nonlinearity along the pro-
pagation distance. Many media and engineering materials
have, however, a complex structure that includes grains,
pores, cracks, and similar microscale and macroscale fea-
tures that greatly enhance the observed nonlinear responses.
The presence of such material discontinuities—microcracks
in solids or bubbles in water—Ieads to the so-called “non-
classical” nonlinear phenomena that can be observed in
response signals and spectra. The term “nonclassical” is
used in the literature to distinguish the new techniques used
for material damage characterization from the ‘“classical”
nonlinear acoustics techniques described above. The term
“nonclassical” is often put in parentheses to acknowledge
the fact that the underlying physics and nonlinear mecha-
nisms that are involved have also been described in a differ-
ent context and are not unique to this field of research.

Manifestations of the “nonclassical” nonlinearities that
have been described in scientific literature include the gen-
eration of higher harmonics whose amplitudes do not decay
as fast as in the classical case, higher harmonics of unusually
high orders with a specific sinc modulation of their spectral
amplitudes, generation of subharmonics, frequency mixing,
instabilities or chaotic dynamics.!*!>!® Nonlinear mecha-
nisms responsible for the observed signal features include:
the nonequilibrium dynamics due to the presence of soft
inclusions in the hard matrix of a material,'> hysteretic
behavior of certain materials including rocks and some
metals,"® the Luxembourg-Gorky effect leading to modula-
tion transfer,”!"*> dissipative mechanisms,>~*® the memory
effect,”*?” and the contact acoustic nonlinearity.”® All these
described mechanisms result in considerable response signal
nonlinearities that can be observed and used for damage
detection.

2.2 Nonlinear Vibroacoustic Wave Modulations

There are different experimental arrangements that can be
used to analyze the nonclassical nonlinearities. Many of them
fall under a broad category of “pump-probe” techniques that
have been long used in nonlinear acoustics.”*~! The idea is
to apply two dynamic fields—an intensive high-amplitude
field to perturb the material elasticity (pump wave) and a
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Fig. 1 The principle of the vibroacoustic wave modulation technique
(VAM).

weak field to measure the induced elastic changes (probe
wave). The nonlinear VAM technique that is the subject of
this paper also falls into this category.

Typically, one uses a weak high-frequency (HF) ultra-
sonic wave as the probe and an intensive low-frequency
(LF) modal/vibration excitation as the pump wave. The
two waves are introduced to the structure simultaneously,
as illustrated in Fig. 1. In an idealized case, when the sample
is perfectly linear, the response signal spectrum exhibits only
the major frequency components, i.e., the HF probe and LF
pump. However, when the sample is nonlinear (e.g., due to
the presence of damage), the spectrum of the response signal
reveals additional frequency components such as higher
harmonics and modulation sidebands around the HF probe
component. Figure 2 presents real experimental responses
obtained in VAM experiments for an undamaged sample
[(a) and (c)] and for a damaged sample [(b) and (d)].

Other experimental scenarios are also possible including
modal hammer excitation to provide the LF pump or fre-
quency sweep excitation for the HF probe. This will be dis-
cussed in more detail in Secs. 4 and 5. Response signals
acquired from VAM experiments have to be processed in
order to extract damage features. Various signal processing
workflows and damage indicators have been used in the
literature. These developments will be discussed in detail in
Sec. 5.

In the literature, the VAM technique is also referred to
as the combination-frequency method,'® nonlinear acoustic
modulation method®® or more widely as nonlinear wave
modulation spectroscopy.®

3 Modeling

There are many underlying physical mechanisms that lead to
the observed signal modulations, as mentioned already in
Sec. 2, and in many cases no clear understanding of these
mechanisms is known. In addition, similar nonlinear effects
that are observed may be essentially caused by different
nonlinear physical mechanisms. It is, therefore, very difficult
to formulate and analyze models describing the VAM, as
observed in experimental measurements. There are, however,
many literature sources that deal with the aspects of non-
linearities involved in the VAM, both theoretically and
numerically,'#!318:34-36

Theoretical considerations related to nonlinear mecha-
nisms involved in the VAM are discussed in Refs. 14, 15,
18 and more recently in Ref. 35. Specifically, Ref. 14 pro-
vides an excellent overview of the theoretical aspects of
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Fig. 2 (a) and (b) Examples of ultrasonic response power spectra zoomed around the high-frequency
wave, and (c) and (d) the corresponding time domain signals for nonlinear acoustics test: (a) and
(c) undamaged structure and (b) and (d) damaged structure.

the nonclassical nonlinearities as well as computational stud-
ies for hysteretic nonlinearities. A comprehensive review of
modeling approaches used for nonlinear crack—wave inter-
actions has been provided in Ref. 34. Various models of
classical and nonclassical crack-induced elastic, thermoelas-
tic, and dissipative nonlinearities were discussed including:
classical nonlinear elasticity, bilinear stiffness, breathing
cracks and clapping contacts, hysteresis, Hertzian contact,
rough-surfaces contact (plastic and elastic), nonlinear dissi-
pation, thermoelasticity, and the Luxemburg-Gorky (L-G)
effect.

Arguably, the most commonly accepted explanation for
the observed signal modulations in the VAM—that is used
in numerical simulations—is the one arising from inter-
actions between a discontinuity (e.g., crack or delamination)
that is perturbed by the pumping wave and the traveling
probing wave, as shown schematically in Fig. 3.

Both, i.e., local and nonlocal problem, formulations
for continuum mechanics are applied to simulate crack—
wave interactions and wave modulations, as reported in
Refs. 14, 37-39.

Applications of the local interaction simulation approach
(LISA) and the elastodynamic finite integration technique
simulations in connection with the Preisach—-Mayergoyz for-
malism are discussed in Ref. 14. Similar studies, making
use of the LISA, are described in Ref. 38. The authors
have introduced a two-step procedure for the investigation
of wave modulation. First, an FE model of a rectangular
plate with a centrally localized crack has been subjected
to modal analysis to determine resonance frequencies and
normal modes, which exhibit fundamental crack’s defor-
mations. Then the resonance vibrations observed for the
crack’s opening—closing mode have allowed one for indirect
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introduction of the contact phenomenon into the LISA model
via a periodic change of the material properties in the area of
the crack. Finally, modulations regarding additional HF exci-
tation have been observed in the model undergoing the LF
crack’s opening and closing.

An overview of nonlocal modeling approaches is pro-
vided in Ref. 39. The described analyses modeled with peri-
dynamics refer to the following phenomena: reflection of
Lamb waves at a crack face, higher order harmonics gener-
ations, clapping phenomenon, and wave generation during
crack growth, known as acoustic emission in experimental

Low-frequency vibration close close  open close

W=
-

High-frequency acoustic wave ! HE H b [ !

open

Output signal

Fig. 3 Interaction between a discontinuity and traveling waves caus-
ing response signal modulation.
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works. The authors in Ref. 37 presented a simulation study
of the generation of frequency mixing components in a
cracked aluminum plate with the use of peridynamics.
The results show that the phenomena of wave interaction
and modulation can be effectively simulated with the appli-
cation of peridynamics. In the realm of nonlocal modeling, it
should be also highlighted that the concept of long-range
interactions, preferably governed by an integral-based for-
mula, offers a more convenient technique for the introduction
of any geometric discontinuities, e.g., notches. Moreover, a
mesh of particles or nodes with a far distance reaction neigh-
borhood seems a better choice for the modeling of a sponta-
neous crack’s growths rather than any classical and explicitly
structured meshes of patterns for local forces only.**!

4 Sensors and Actuators

Excitation signals in VAM experiments can be provided by
different means. The choice of specific actuators will be
determined by measurement configurations. The most popu-
lar configurations are the vibromodulation (VM) and impact-
modulation (IM) scenarios.*>***** Both scenarios differ in
the way in which the LF pump excitation is applied. VMs
employ monoharmonic excitation of the monitored struc-
tures (as shown in Fig. 1), whereas IMs use impact excitation
of the natural modes of vibration of the monitored structure.
It is important to note that even in VM methods—where the
LF pump can be arbitrarily selected—the LF pump is com-
monly chosen to correspond to one of the vibration modes
in order to amplify the vibration responses. In both cases,
the HF pump is applied as a single-frequency harmonic exci-
tation. Another possibility is to utilize the L-G effect result-
ing in modulation transfer from an amplitude-modulated
pump wave to a weaker single-frequency harmonic probe
wave.?!?>% In this case, the LF pump is amplitude modu-
lated with frequency 2 that should be significantly smaller
than both the carrier LF and HF frequencies. The ratio
between the LF pump and HF probe may be quite arbitrary.
Recently, the fourth scenario has been applied. A linear fre-
quency sweep has been used for the HF probe excitation in
this scenario, as reported in Refs. 46—49. The justification for
that scenario is an observation that the level of modulation
sidebands depends on the frequency response function (FRF)
of the sample. Thus, when the FRF is known, both—i.e.,
pump and probe—excitation signals could be selected to
provide clear results. However, the problem is that the
FRF changes when environmental or boundary conditions
change. For this reason, in real engineering applications it
is more robust to use broad-frequency excitation. The aspects
of optimal frequency selection for both the LF pump and
HF probe in VAM is currently an active area of research
and one should expect to see new developments in this
area in the near future.

Various actuators and sensors can be used for VAM
experiments. Actuators that are frequently used for LF vibra-
tion/modal excitation include electrodynamic shakers,>>0-53
magnetostrictive shakers,’® instrumented modal hammers
with replaceable tips (soft, medium, hard) that can modify
excitation frequency bands,* lead zirconate titanate (PZT)
transducers,**>° piezoceramic stack actuators,*®>% cleaning
ultrasonic converters,’® lasers,’>® and loudspeakers.’>¢!
PZT transducers are most frequently used for the HF exci-
tation.?>#692:3657 Other possibilities include ultrasonic water-
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coupled transducers,>* air-coupled transducers,’> Smart

Layer® transducers,”® microfiber composite (MFC) trans-
ducers,®? and lasers.>>00-6364

There exist multiple possibilities for response signal
sensing. Predominantly, standard PZT transducers are
used*#24347:5051 followed by Smart Layer® transducers®®
and MFC transducers.®” Sensing and exciting PZT transduc-
ers can also be integrated into VAM sensors.®>*® Contact
sensors have the advantage that they can be integrated or
embedded into monitored structures to provide a means
for continuous monitoring. Noncontact measurements are
often performed with laser Doppler vibrometers (LDVs)
or scanning laser Doppler vibrometers (SLDVs),?>46-52:33:57
These lasers have the advantage of being very flexible in
the choice of measurement locations and allow for spatial
mapping of signal modulations which can be used for dam-
age localization. LDVs and SLDVs are especially useful for
laboratory experiments. Alternatively, air-coupled transduc-
ers®® can also be used for noncontact measurements.

5 Signal Processing

In the VAM technique, measured response signals are most
commonly analyzed in the frequency domain. This is a
natural consequence of the damage detection principle that
assumes the appearance of sideband frequency components
in the response spectra under the presence of damage.
Depending on the experimental configuration (i.e., the type
of excitation signals), different signal processing schemes
and damage indicators have been proposed.

In the case of a monoharmonic continuous LF pump and
HF probe (as shown in Fig. 1), the modulation intensity coef-
ficient is one of the most commonly used damage indicators.
This coefficient is calculated as the ratio between the sum of
amplitudes Ay and Akgp of the i’th pair of modulation
sidebands and the Ayp amplitude of the HF component, i.e.,

R— 21 (ALsp + ARsp) .
Anr

D

Frequently, only the first pair or the first few pairs of side-
bands are considered in computation of the R parameter.
Previous studies”>” demonstrate that this parameter is
a good indicator of damage presence in structures.

In other cases—where modal hammer impact is used for
the LF pump excitation and tests are performed for multiple
ultrasonic frequencies**>*—the average damage indicator is
used in the form

1A, +A
Ry = 20log o | — ’”'”*) 2
M 210 (q ; 2 A 2
where A,, is the amplitude of the ultrasonic excitation at the
frequency step m, A,,_, and A,,, are the first left and right
modulation sidebands for the HF probe at the step m and n’th
vibration mode, and ¢ is the total number of HF excitation
steps. The idea is that repeating the test and averaging the
modulation intensity measure for multiple HF steps and dif-
ferent normal modes provide a more robust assessment of
the damage state. This is due to the fact that the results are
less affected by sample geometry, transducer positions, and
the location of damage.
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More recently, the authors of Ref. 46 proposed to use a
frequency sweep signal for the HF probe excitation. Signal
processing in this case starts with the acquired time domain
response signal. Modulation in the time domain is extracted
using the Hilbert transform-based amplitude demodulation
and then the extracted envelope is transformed into the
time—frequency domain using the short-time Fourier trans-
form. Damage can be detected through the presence of sig-
nificant energy at the harmonics of the pumping signal.
Alternatively, the average amount of modulation can be
determined through the Fourier transform of the extracted
envelope. In addition, it has been shown that the presence of
damage could be detected both through an increase in the
amount of normalized modulation and without the use of his-
torical data by utilizing generalized extreme value statistics.

The authors in Refs. 47 and 67 proposed an experimental
setup with monoharmonic pump excitation and linear chirp
probe excitation combined with the first spectral sideband
(FSS) extraction technique. The idea is to measure the
responses of the probing and pumping signals prior to the
actual VAM measurement. Two separate response signals
are obtained by independently applying the probing and
pumping signals. Subsequently, those signals are subtracted
in the time domain from the measured VAM response leav-
ing only the spectral sideband components. The procedure
has been called linear response subtraction (LRS). In addi-
tion, signal demodulation (SD) is performed to isolate only
the FSS component. The complete signal processing path is,
therefore, termed LRS-SD. Damage is identified by compar-
ing the amplitudes of the FSS components extracted from
the intact and damage cases. The technique can be extended
to the case of multiple-pump frequencies. In this case, the
LRS-SD procedure has to be performed multiple times for
different pump frequencies and the result is presented in
the form of a three dimensional FSS map representing
probe frequency versus pump frequency versus first side-
band amplitude.

A different signal processing scheme for the case of a
fixed pump frequency and linear chirp probe was presented
in Refs. 48, 49, and 68. The procedure is based on a wavelet
transform of the acquired time domain signal to obtain
the time-frequency (time—wavelet scale) representation.
Subsequently, the sideband components are demodulated
for each frequency by calculating the Fourier transform of
the signal envelope. The end result is a frequency-amplitude
representation of the demodulated sideband components.
Damage is identified by comparing the sum of the demodu-
lated sideband amplitudes with reference data for an
undamaged specimen. Similar to the LRS-SD method, this
technique can be applied in the case of multiple-pump
frequencies. In the presented case, the authors of Ref. 48
have used a set of pump frequencies which corresponded
to the modal frequencies of the sample.

Recently, VAM signals were analyzed in the time domain
for detecting cracks in metallic structures® and delamina-
tions in composites.70 In both cases, the instantaneous ampli-
tude and phase were analyzed. The study in Ref. 69 revealed
that the intensity of amplitude modulation correlates far
better with crack lengths than the intensity of frequency
modulations. A similar result was obtained in Ref. 70 show-
ing that increased amplitude modulation effects are measured
at the damaged area, whereas there is no direct relation
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between the location of the damage and the frequency modu-
lation. The authors in Ref. 71 successfully used bispectral
analysis to detect cracks in steel beams using the VAM.
In addition, it has been shown that the bispectrum can be
used to quantify the extent of cracking. VAM has been
also used in connection with time reversal processing in
order to locate sources of nonlinearity.”>”* Most recently,
VAM data has been analyzed using the cointegration tech-
nique adopted from the field of econometrics.”

In addition, recent research efforts have also been on
extending the capabilities of VAM to localize and estimate
the extent of damage. Research in this area includes the
use of noncontact ultrasonic transducers to localize simu-
lated and impact damage in a thin-polystyrene plate’* or
fatigue cracks in aluminum components.”” In both cases,
the localization of damage is obtained by scanning a certain
area of the test specimen and mapping the intensity of modu-
lation derived from the amplitudes of the sideband compo-
nents. Similar approaches have been also presented using
hybrid contact-noncontact systems to localize damage.”®”’
Reference 76 demonstrates the technique using a combina-
tion of contact and noncontact ultrasonic transducers to
detect delamination in a carbon fiber reinforced laminate.
Reference 77 describes an experimental setup based on
a photoacoustic excitation of an HF probe. The test sample
is excited with vibration signals generated using a fixed
piezoelectric transducer and a moving intensity-modulated
laser source. Signals for the mixed frequency components
are captured by a moving accelerometer. A similar con-
tact-noncontact imaging technique using fixed piezoceramic
transducers for excitation and a scanning laser vibrometer for
signal acquisition has been described in Ref. 78.

6 Application Examples

The VAM technique has been successfully applied to many
types of materials, geometries, and damage types. Literature
sources regarding this topic are very abundant and it is very
hard, if not impossible, to provide a complete overview of all
papers that have been published on this topic. This task is
even more complicated when acknowledging the fact that
papers are published in different scientific communities—
including acoustics, NDT/E, SHM, materials science, geo-
physics, composite science, concrete science—and across
many research journals. A selected number of papers that
cover a wide variety of applications are presented in this sec-
tion. It is clear that this list is not complete. Nevertheless,
the papers that have been selected give a very good insight
into the types of materials, structures, and damage types that
have been analyzed with the VAM. Within this assumption,
one can analyze various applications that will be classified
according to the material types and damage types that have
been investigated.

6.1 Metals

The first applications of the VAM for structural damage
detection were related to cracks in metals. These applications
include fatigue crack detection in steel,*#¢-30:357980 fatioye
cracks in aluminum,?#44756586781 welding cracks in
steel pipes,”** copper rods,**** cast automotive compo-
nents,***728285 foreed nickel alloy components,® diffusion
bonded steel,”> aluminum and steel pipes,**® aircraft

fuselage panels,®® and railway-wheel disks."’
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Fig. 4 Composite sandwich panel investigated with VAM—(a) top view and (b) detail of the sandwich

structure (modified from Ref. 57).

6.2 Composites

More recently, the technique has been applied to detect
barely visible impact damage in laminated compo-
sites®19261:6566 composite sandwich panels with a Nomex
honeycomb core®** and polyurethane foam core,”’ chiral
panels,”‘89 cracks in wind turbine blades,®* and composite
airframe components.®?

6.3 Other Materials

Other applications include crack detection in concrete,
glass,”"7>?? sandstone rock,'®® Plexiglass,®® Perspex®’ or
slate tiles.” In addition, Refs. 19 and 72 mention successful
applications of the VAM to stress-corrosion cracks in steel
pipes, bonding quality assessment in titanium and thermo-
plastic plates used for airspace applications, cracks in aircraft
steel fuse pins, cracks in combustion engine parts, damage in
asphalt, cracks in polycarbonate used for aircraft fuselage,
cracks in titanium alloys used in aircraft engines, titanium
rotor blades, and damage in bearings caps and rings of
different forms from sintered metal.

82,9091

6.4 Selected Application Case

This section presents an example of damage detection appli-
cation in composite sandwich panels. A detailed study on
this subject is presented in Ref. 57. The test specimens
used in this study were light composite sandwich panels.

The overall dimensions of the panels were 400 X 120 X
13.2 mm. The face sheets were made of Seal Texipreg
HS300/ET223 prepreg system, with the [0/905 /0] ply stack-
ing sequence. The total thickness of the face sheet laminate
was 1.6 mm. The core material was a closed-cell polyvinyl
chloride foam DIAB Divinycell HP60. The thickness of the
foam core was equal to 10 mm. A picture of the panel is
shown in Fig. 4.

One of the panels was impacted in the center with the
energy of 9.8 J to develop a barely visible impact damage
(BVID) with an area of approximately 640 mm?. The VAM
tests were performed on the damaged panel and a reference
healthy panel using the same experimental setup. The LF
pump and the HF probe were applied by a PI Ceramic
PL055.30 piezoelectric stack and PI Ceramic 15 X 1 mm
piezoelectric disc, respectively. Both the LF and HF trans-
ducers were driven by an Agilent 33522A arbitrary signal
generator through an EC Systems PAQG amplifier. The
response signal was acquired using a Polytec PSV400
SLDV. The LF pump frequency was equal to the first bend-
ing mode of the panel (~700 Hz) and the HF probe was
arbitrarily selected at 40 kHz. LF excitation was in the
range from 10 to 70 V., with an increment of 10 V..

Results of the experiments are presented in Fig. 5. The
measured response spectrum of the undamaged panel in
Fig. 5(a) shows no modulation sidebands around the
HF probe component, whereas the spectrum in Fig. 5(b)

Modulation intensity R
(a) ®) © 107
1.8 .
-60 -60 I
80 80 1.6 I V4
g g - /
= =
= -100 2 -100} = 14 I /
=] 2 N
B -120 g -120¢ “| 7
g <
-140 -140 1 7
I /
-160 -160 0.8] _ /
3.8 4 4.2 ) 3.8 4 42 y it L —
Frequency (Hz)  x10 Frequency (Hz)  x10 20 40 60
LF voltage (Vpp)

Fig. 5 Results of the VAM test on composite sandwich panels: (a) response spectrum of the undamaged
panel, (b) response spectrum of the damaged panel, (c) modulation intensity coefficient for different
LF drive levels: solid line represents undamaged panel and dashed line represents damaged panel

(modified from Ref. 57).
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measured for the damaged specimen clearly shows the
modulation sidebands. Finally, Fig. 5(c) presents the modu-
lation intensity coefficient versus driving pump voltage, cal-
culated according to Eq. (1), for both the damaged (dashed
line) and undamaged (solid line) panels. The results show
that the damaged and undamaged conditions can be clearly
distinguished. It is important to note that in industrial appli-
cations, the experimental setup for the VAM test could be
simplified by replacing the SLDV with a piezoceramic trans-
ducer, or an integrated VAM transducer as mentioned in
Sec. 4, to obtain an efficient health monitoring system. The
purpose for discussing this example is to show that the appli-
cation of VAM is fairly straightforward as there is no need
for highly specialized or custom test equipment or signal
processing techniques.

Despite the many successful applications mentioned
above, the VAM technique has certain drawbacks. One of
the most important is the influence of intrinsic nonlinearities
(e.g., related to boundary conditions) on the observed signal
modulations. This problem has been mentioned in many
studies and analyzed in detail in Refs. 45 and 94. Results
presented in those studies confirm that the observed non-
linear effects depend on boundary conditions to the point
where resonance shifts, higher harmonics, and modulation
sidebands may be observed even in undamaged samples.
Another problem, particularly relevant for SHM applications
with integrated or embedded transducers is related to trans-
ducer faults. This is very important as a transducer fault may
result in false-positive indications (i.e., damage is detected
when none is present) or false-negative (i.e., damage is not
detected when it is present) with both scenarios having
potentially dramatic consequences. This problem has been
extensively discussed in the SHM community.”>%

7 Summary and Final Conclusions

The paper presented the state-of-the-art overview of the non-
linear VAM technique applied for damage detection. Due to
the increased interest in the application of nonlinear tech-
niques for damage detection, which has been observed
over the last twenty years, literature sources regarding this
topic are very abundant. It is, therefore, very difficult to
provide a complete review of all papers that have been pub-
lished on this topic. Nevertheless, the papers that have been
selected provide a good overview of the theory and applica-
tions of the VAM.

The VAM technique belongs to the group of nonlinear
acoustics approaches and provides the level 1 SHM capabil-
ity, i.e., damage detection. That is, it can detect the presence
of damage in the structure and can be used for continuous
monitoring. In addition, the hardware setup necessary to
implement the technique is fairly simple and, in principle,
requires only three transducers—one for LF pump excita-
tion, one for HF probe excitation, and one for signal
acquisition. The three transducers can be permanently
mounted on the structure or integrated in the form of a single
VAM sensor. Much progress has been made over the last
20 years regarding transducer development, signal process-
ing techniques, and the theoretical aspects of the VAM.
However, the technique still faces certain challenges. One of
the most important is the influence of the intrinsic nonlinear-
ities on the observed nonlinear responses. This problem has
been discussed in the literature, but more research work is

Optical Engineering

011005-7

necessary to account for it before practical engineering
applications become possible.

Currently, research work is underway to extend the capa-
bilities of the VAM and test it in industrial applications.
One of the extensions is to provide damage localization
and size estimation based on the VAM responses. Other
active research topics include signal processing techniques,
numerical modeling and new excitation types.

The potential of nonlinear damage detection techniques,
including VAM, is very large. The maturity of the technology
and current research efforts in this area give hope for prac-
tical engineering applications in structural damage detection
and monitoring in the near future.
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