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5.4 Conclusions

Among the non-destructive testing technique relying on the frequency-mixing
phenomena, the Nonlinear Vibro-Acoustic Modulation relies upon the simultaneous
application of two excitation signals with distinct frequencies and amplitudes that
propagate within the medium and interact with each other. The presence of cracks,
flaws, or discontinuities along the wave propagation path triggers the emergence of
several nonlinear mechanisms, i.e., frequency mixing, higher and sub-harmonics. In
particular, the nonlinear VAM exploits the occurrence of additional spectral
components to characterize the nonlinear signature of the inspected sample and, thus,
provides information on the presence of the damage, its localization, and its extent.
With the advantage of not requiring complex setups, the Nonlinear Vibro-Acoustic
Modulation was shown to efficiently detect the presence of small cracks in both metal
and non-metallic structures. However, to make it a viable and effective non-
destructive testing technique in real applications, the nonlinear VAM efficacy has to
be improved by further investigating the method critical issues, e.g., the selection of
both the frequency and amplitude of the pump and probe excitation waves, the
characteristic of the testing setup, the actuators, and sensors. As a contribution to
addressing this matter, this chapter aimed to present the results obtained by applying
the Nonlinear Vibro-Acoustic Modulation to detect the presence of impact-induced
damage in laminated composite beams. Subjected to a couple of low-velocity
transverse impact loads, the three inspected samples underwent increasing damage
severity. Although barely detectable at a visual inspection, the impact-induced
damage, which mainly consisted of a combination of delaminations and matrix
cracking, was found to cause the onset of a clear pattern of modulation sidebands

around the spectral line corresponding to the probe frequency.

The need to address whether the type of the employed actuators and sensors
affect the VAM efficacy led to consider different actuation-sensing scenarios, showing
the overall method ability to provide clear indications on both the damage
occurrence. In this perspective, the quality of the information the method retrieved
did not significantly vary with the employed sensing apparatus, which consisted of
accelerometers (sample B1), piezoceramic transducer (sample B2), or a combination

of the two (sample B3). Moreover, the VAM performance (i.e., efficacy and
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sensitivity) appeared to depend on the sensor positioning relative to the excitation
sources and the impact area, suggesting the influence of the path through which the
excitation waves propagate. Analogously, the VAM capability to detect the damage
did not rely upon the adopted actuation scenarios, which alternatively combined the
piezoceramic disk that provided the probe excitation with an electrodynamic shaker
(samples B1 and B3) or a stack actuator (sample B2) for exciting the pump
excitation. Nonetheless, although the amplitude of the emerged modulation sidebands
generally increased with both the severity of damage and the amplitude of the pump
wave, the selection of both the probe and pump frequencies was found to affect the
method's performance. In this context, conducting an experimental campaign in
which several pump-probe frequencies combinations were considered allowed noticing
that the choice of the probe frequency may significantly impact the sensitivity of the
Nonlinear Vibro-Acoustic Modulation, even though picking it among the inspected
structure resonance frequencies did not necessarily improve the damage detection
efficacy. In the same way, the results highlighted that some of the considered pump
frequencies were more effective in retrieving the presence of the induced-impact
damage and ranking its severity. Hence, the lack of robustness and, thus, the lack of
an algorithm to select the frequency values (i.e., both pump and probe frequency
excitation) with the highest sensitivity for the Nonlinear Vibro-Acoustic Modulation
reduces the analysis effectiveness and, at once, prevents the method from being

widely employed in practical non-destructive testing applications.

In addition, since the amplitude of the modulation sidebands predominantly
increased with the pump excitation level, the indications provided were generally
more unique at the highest pump excitation level. In fact, when the selected low-
frequency vibration modes (i.e., pump excitation) were excited at the highest
excitation level, the Nonlinear Vibro-Acoustic Modulation was generally able to
detect the internal damage and, at once, correctly rank its severity. The loss of
sensitivity observed at lower pump excitation amplitudes may be attributed to the
difficulty in monitoring low-level signals falling close or below the background noise
floor and the necessity to attain enough energy to activate the nonlinear mechanisms
involved in the emergence of the modulation sidebands. Moreover, it is also worth
noticing that due to the small extent of the projected delaminated area and the

comparable features of the impact-induced damage, in some of the considered testing
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scenarios, the average amplitude of the first pair of modulation sidebands recorded
at the severest level of damage was lower than the value measured at the other

damage states.

In conclusion, the Nonlinear Vibro-Acoustic Modulation was shown to be
effective in identifying the occurrence of barely visible impact damage in fiber-
reinforced composite materials. Nonetheless, due to some critical issues related to the
choice of excitation frequencies, the selection of the excitation amplitudes range, the
type, and the positioning of the employed sensors, which make necessary further

investigations, caution must be paid in interpreting the experimental data.
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Despite the high specific strength and resistance to fatigue and corrosion,
composite materials exhibit an equally high susceptibility to impact damage that
may question their use in critical load-bearing structures. Hence, their safe
employment in structural mechanics became subordinated to the ability to detect
the occurrence of internal damage and monitor its progression, leading to the
development of many non-destructive testing (NDT) techniques. However, since
several proposed approaches are still laboratory demonstrations rather than reliable
tools for practical engineering applications, a growing effort has recently been
devoted to assessing the potential of classical and non-classical nonlinear acoustic
phenomena for damage detection. In this perspective, this thesis aimed to investigate
the applicability and the performance of two nonlinear acoustics approaches, namely
the Scaling Subtraction Method (SSM) and the Nonlinear Vibro-Acoustic
Modulation (VAM), and demonstrate their effectiveness in both damage detection

and characterization.

After the brief introduction to the damage process occurring in composite
laminated structures provided in Chapter 1, Chapter 2 gives an insight into
Structural Health Monitoring (SHM), i.e., the emerging interdisciplinary field aimed
to design tools and strategies to provide real-time diagnosis/prognosis on the
component status, with a particular focus on the methods commonly applied to
inspect composite materials. Among these approaches, those based on nonlinear
acoustic/vibration phenomena have gained increasing attention being more sensitive
to early-stage defects than their linear counterparts. Thus, Chapter 3 provides a
description of the nonlinear acoustic phenomena arising in solids, i.e., contact
acoustic nonlinearity, higher harmonic generation, resonance frequency shift, and
frequency mixing. In this perspective, the lack of a deep understanding of the physics

underlying these nonlinear phenomena has emerged as one of the main reasons behind
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the difficulties in implementing reliable engineering tools for damage detection and
characterization. Thus, aiming at further exploring the capability of the considered
nonlinear acoustic approaches (i.e., SSM and VAM) to detect the onset of impact
damage in composite materials, the remaining chapters illustrate the experimental
campaign conducted to address some of the related critical issues that mainly concern

the selection of the testing parameters.

Chapter 4 goes into an in-depth outline of the principle underlying the
Scaling Subtraction Method, which provides information on the material
integrity and its ability to withstand critical loads by accounting for the global
nonlinear content of the inspected sample response. Although the Scaling Subtraction
Method was shown to be effective in detecting the onset of internal damage in a wide
range of different materials, two main drawbacks were pointed out: (1) the need for
preliminary modal analysis and (2) the sensitivity to the interrogating frequency. In
this thesis, a novel SSM-based methodology relying on driving the monitored
structure with a broadband impulsive excitation has been proposed to overcome these
limitations. The feasibility and the effectiveness of the proposed pulse-based SSM
approach have been verified by alternatively exciting the inspected laminated
composite beam through a pure harmonic excitation tuned at different natural
frequencies of the system and an impulsive excitation. The obtained results allow

drawing the following insights:

o The Scaling Subtraction Method managed to detect the onset of impact

damage in laminated composite beams.

o The sensitivity of the Scaling Subtraction Method depends on the

interrogating frequency

o The quality of the indications that the SSM provides does not significantly

vary relative to the sensor positioning.

o The pulse-based SSM approach turned out to be a rather promising option
for identifying the nonlinearities associated with the onset of impact-

induced damage in composite materials.
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o A global indicator, which considers the nonlinear contributions associated
with all the considered testing frequencies, appears to improve both the

effectiveness and the robustness of the SSM pulse-based approach.

Chapter 5 first provides the theoretical background of the Nonlinear Vibro-
A coustic Modulation. Then, an in-depth review of its applications, especially those
dealing with composite materials, pointed out the VAM's ability to detect the
presence of small cracks in both metal and non-metallic structures. However, some
critical issues must still be faced, such as the selection of both the frequency and
amplitude of the pump and probe excitation waves, the characteristic of the testing
setup, the actuators, and sensors. Therefore, making the Nonlinear Vibro-Acoustic
Modulation a reliable and effective tool for practical engineering applications requires
further investigations. As a contribution to address this matter, Chapter 5 illustrates
the results obtained by applying the Nonlinear Vibro-Acoustic Modulation to detect
the emergence of impact damage in three laminated composite beams. Although
barely detectable at a visual inspection, the damage produced on the inspected
samples by means of multiple low-velocity transverse impact loads induced the
occurrence of a clear pattern of modulation sidebands around the probe frequency
peak. According to the considered actuation/sensing scenarios and the outlined
procedures, the beams were driven at several pump/probe frequency combinations

in both pristine and damaged conditions, allowing to draw a few considerations:

. The results confirmed the effectiveness of the Nonlinear Vibro-Acoustic
Modulation in detecting the occurrence of impact damage in laminated

composites samples.

o The emergence of modulation sidebands was triggered by the applied
impact loads, which caused the onset of delaminations and matrix cracks.
The amplitude of these additional spectral components generally increased
with the damage severity and the pump excitation level. Nonetheless,
exceptions to this trend suggested the proper selection of both the probe

and pump frequencies to be essential for reliable damage detection.
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o The choice of the probe frequency appeared to affect the sensitivity of the
Nonlinear Vibro-Acoustic Modulation, although picking its value among
the sample natural frequencies did not necessarily enhance the damage

detection efficacy.

o The quality of the indications provided was tendentially higher at the
highest pump excitation amplitude, where the method managed to detect
the occurrence of damage and, at once, correctly rank the damage severity.
Conversely, low pump excitation levels generally resulted in a decay of
the VAM performance owing to the difficulty in monitoring low-level
signals or attaining the minimum amount of energy required to activate

the nonlinear wave interaction mechanisms.

o The VAM capability to provide information on the material degradation
slightly varied with the employed sensors and appeared to be affected by
the sensor positioning relative to the excitation sources and the damaged

area.

o The examined actuation scenarios, which alternatively combined the
piezoceramic disk that provided the probe excitation with an
electrodynamic shaker or a stack actuator for exciting the pump
excitation, did not significantly affect the ability of the VAM approach to
detect the damage.

In the end, both the Scaling Subtraction Method and the Nonlinear Vibro-
Acoustic Modulation were able to reveal the occurrence of barely visible impact
damage in fiber-reinforced composite materials. However, because the
implementation of reliable tools for practical non-destructive testing applications
requires a good comprehension of the mechanisms underlying the nonlinear acoustic
phenomena, further investigations are still needed to gain a deep understanding of
the effects of factors as the sample geometry, the stacking sequence, the operating
and environmental conditions may have on the performance of the considered

nondestructive testing methodologies. Moreover, since similar nonlinear effects may
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arise from different mechanisms or inherent nonlinearities (e.g., overloads, boundary
conditions, connections between transducers and monitored surfaces, and
instrumentation), an extensive research effort is needed to distinguish between
damage-related and non-damage-related nonlinear effects to improve the efficiency
of the damage detection process and, at once, develop a robust algorithm to select
the testing parameters (e.g., the interrogating frequency) with the highest sensitivity

to damage detection.

171



Reference

C. Hood, Dealing with disaster in Japan: responses to the flight JL123
crash, London: Rotledge, 2013.

NTBS, "Aircraft accident report — Aloha Airlines, Flight 243, Boeing
737-200, N73711, near Maui, Hawaii, April 28, 1988.," Technical Report,
National Transportation Safety Board Bureau of Accident Investigation, 1988.

W. L. Guan and K. Yong, "Ballistic trajectory analysis for the CI611
accident investigation. Technical Report," Aviation Safety Council, 2003.

P. O. Moore, Nondestructive testing handbook,” Vol. 10, in Overview,
3rd ed., American Society for Nondestructive Testing, (2012)., Columbus, OH,
2012.

C. Hellier, Handbook of Nondestructive Evaluation, 2nd ed.,, New
York: McGraw Hill Professional, 2012.

W. J. Staszewski, C. Boller and G. R. Tomlinson, Health monitoring of
aerospace structures, Chichester: Wiley, 2004.

V. Giurgiutiu, Structural Health Monitoring with piezoelectric wafer
active sensors (2nd edition), New York: Elsevier Accademic Press, 2008.

Boller C., F. K. Chang and Y. Fujino, Encyclopedia of Structural
Health Monitoring, Chichester: Wiley, 2008.

D. Betterghor, S. Grihon and J. Morher, "Bilevel optimization of large
composite structures based on lamination parameters and post-optimal
sensitivities. Part 1: Theoretical aspects.," ISAE-SUPAERQO, Tuolose, 2018.

172



Reference

[10]

[12]

[14]

[15]

[16]

[19]

[20]

T. Kundu, Nonlinear Ultrasonic and Vibro-Acoustical Techniques for
Nondestructive  Evaluation, Cham  (Switzerland):  Springer = Nature
Sweitzerland, 2019.

M. Daniel, "Failure mechanisms in fiber-reinforced composites.," in
Proceedings of the ARPA/AFML Review of Progress in Quantitative NDE,
September 1976—-June 1977, 1978.

C. C. Chamis, "Micromechanics strength Theories," in Fracture and
fatigue. Vol 5, New York, Broutman L. J. and Krock R. H., Academic Press,
1974.

B. W. Rosen and N. F. Dow, "Mechanics of failure of fibrous
composites," Fracture of Nonmetals and Composites, pp. 611 - 674, 1972.

P. K. Mallick, Fiber-reinforced composites (Third Eeition), CRC Press
(Taylor and Francis Group), 2008.

B. W. Rosen, "Mechanics of composite strengthening," in Composite
materials, Metals Park, OH, American Society of Metals, 1965, pp. 37 - 75.

R. M. Jones, Mechanics of composite materials (Second edition), Taylor
and francis, 1999.

R. Talreja, "Damage analysis for structural integrity and durability of
composite materials," Fatigue & Fracture of FEngineering Materials &
Structures, vol. 29, pp. 481 - 506, 2006.

E. k. Gamstedt and B. A. Sjogren, "Micromechanisms in tension-
compression fatigue of composite laminates containing transverse plies,"
Composites Scince and Technology, vol. 59, no. 2, pp. 167 - 178, 1999.

M. Talreja, "Multiscale modeling," in Comprehensive Composite
Materials II, Volume 2, Elsevier, 2018, pp. 148 - 166.

P. A. Carraro and M. Quaresimin, "A damage based model for crack
initiation in unidirectional composites under multiaxial cyclic loading,"
Composites science and Technology, vol. 99, pp. 154 - 163, 2014.

173



Reference

[21]

[22]

[23]

[24]

[25]

[26]

[29]

A. Matzenmiller, J. Lubliner and R. L. Taylor, "A constitutive model
for anisotropic damage in fiber-composites A. Matzenmiller 1, J. Lubliner, R.L.
Taylor Department of Civil Engineering, University of California at Berkeley,
Berkeley, CA 94720, USA Received 19 March 1992, accepted 29 June 1994
Abstra," Mechanics of Materials, vol. 20, pp. 125 - 152, 1995.

R. Talreja, "PMC failure mechanisms," in Comprehensive Composite
Materials II, Volume 2, Elsevier, 2018, pp. 107 - 117.

A. L. Highsmith and K. L. Reifsnider, "Stiffness-reduction mechanisms
in composite laminates," in Procedia ASTM - Conference on Damage in
Compoiste Laminates, 1980.

D. E. Bowles, "Effect of microcracks on the thermal expansion of

composite laminates," Journal of Composite Materials, vol. 18, no. 2, pp. 173 -
187, 1984.

J. E. Lundgen and P. Gudmundson, "Moisture absorption in glass-

fibre/epoxy laminates with transverse matrix cracks," Composite Science and
Technology, vol. 59, no. 13, pp. 1983- 1991, 1999.

V. Birman and L. W. Byrd, "Effect of matrix cracks on damping in

unidirectional and cross-ply ceramic matrix composites.," ournal of Composite

Materials, vol. 36, no. 15, pp. 1859 - 1877, 2002.

V. Birman and L. W. Byrd, "Natural frequencies of cross-ply laminated
panels with matrix cracks.," ATAA Journal, vol. 39, no. 1, 2001.

J. A. Nairn and S. Hu, "The initiation and growth of delaminations
inducedby matrix microcracks in laminated composites," International Journal
of Fracture, vol. 57, pp. 1 - 24, 1992.

J. Zhang, J. Fan and K. P. Herrmann, "Delaminations induced by
constrained transverse crackingin = symmetric composite laminates,"
International Journal of Solids and Structures, vol. 36, pp. 813 - 846, 1999.

174



Reference

[30]

[32]

[33]

[34]

[35]

[37]

[38]

M. R. Wisnom, "The role of delamination in failure of fibre-reinforced
composites," Philosoplhical transactions of the Royal Society A - Mathematical,
physical and engineering science, vol. 370, p. 1850 — 1870, 2012.

C. R. Farrar, S. W. Doebling and D. A. Nix, "Vibration-based structural
damage identification," Philosophical Transactions of the Royal Society A:
Mathematical, Physical and Engineering Sciences, vol. 359, no. 1778, pp. 131
- 149, 2001.

C. R. Farrar and K. Worden , "An introduction to Structural Health
Monitoring," Philosophical Transactions of the Royal Society A: Mathematical,
Physical and Engineering Sciences,, vol. 365, no. 1851, pp. 303 - 315, 2007.

T. Stsepinski, T. Uhl and J. W. Staszewski, Structural Damage
Detection: from Theory to Engineering Applications, Wiley, West Sussex,
2013., Chichester: Wiley, 2013.

S. W. Doebling, C. R. Farrar, M. B. Prime and D. W. Shevitz, "Damage
identification and health monitoring of structural and mechanical systems from
changes in their vibration characteristics: a literature review.," Technical
report, Los Alamos National Laboratory, NM, USA, 1996.

C. P. Fritzen and P. Kraemer, "Self-diagnosis of smart structures based
on dynamical properties.," Mechanical Systems and Signal Processing, vol. 23,
no. 6, p. 1830-1845, 2009.

K. Worden, C. R. Farrar, G. Manson and G. Park, "The fundamental
axioms of Structural Health mMonitoring," Proceedings of the Royal Society

A: Mathematical, Physical and Engineering Sciences, vol. 463, no. 2082, p.
1639-1664, 2007.

H. Sohn, "Effects of environmental and operational variability on
Structural Health Monitoring," Philosophical Transaction of the Royal Society
of London A, vol. 365, pp. 539 - 560, 2006.

S. B. Kim and H. Sohn, "Instantaneous reference-free crack detection
based on polarization characteristics of piezoelectric materials," Smart
Materials and Structures, vol. 16, pp. 2357 - 2387, 2007.

175



Reference

[39]

[40]

[41]

[42]

[48]

E. S. Sazonov, P. Klinkhachom, U. B. Halabe and H. V. S. Gangarao,
"Non-baseline detection of small damages from changes in strain energy mode
shapes," Nondestructive Testing and Evaluation, vol. 18, no. 3-4, pp. 91 - 107,
2002.

S. Park, C. Lee and H. Sohn , "Reference-free crack detection using
transfer impedances," Journal of Sound and Vibration, vol. 329, no. 12, p. 2337
— 2348, 2010.

R. S. Gostautas, G. Ramirez, J. Peterman and D. Meggers, "Acoustic
Emission monitoring and analysis of glass fiber-reinforced composites bridge
decks," Journal of Bridge Engineering, vol. 10, no. 6, pp. 713 - 721, 2005.

M. Huang, L. Jiang, P. K. Liaw , C. R. Brooks, R. Seeley and D. L.
Klarstrom, "Using acoustic emission in fatigue and fracture materials research,"
Journal of the Minerals, Metals and Material Society, vol. 50, no. 11, 1998.

J. Kaiser, Untersuchungen uber das auftreten Gerauschhen beim
Zugversuuch, Munich : PhD Thesis, Technische Hochschule, 1950.

H. L. Dunegan, D. O. Harris and C. A. Tatro , "Fracture analysis by
use of acoustic emission," Engineering Fracture Mechanics, vol. 1, pp. 105 -
122, 1968.

H. L. Dunegan and D. Harris, "Acoustic Emission - A new
nondestructive testing tool," Ultrasonic, vol. 7, no. 3, pp. 160 - 166, 1969.

D. Hagemaier, H. J. McFaul and D. Moon, "Nondestructive testing of
graphite fiber composite structures," Materials Fvaluation, vol. 28, no. 9, pp.
194 - 204, 1971.

H. Y. Chou, A. P. Mouritz, M. K. Bannister and A. R. Bunsell,
"Acoustic Emission analysis of composite pressure vessels under constant and
cyclic pressure.," Composites: Part A, vol. 70, pp. 111 - 120, 2015.

M. Saeedifar M., M. Fotouhi, M. A. Najafabadi , H. H. Toudeshky and
G. Minak, "Prediction of quasi-static delamiantion onset and growrg in

176



Reference

[49]

[51]

[54]

[55]

laminated composites by Acoustic Emission," Composite Part B, vol. 85, pp.
113 - 122, 2016.

T. H. Loutas , V. Kostopoulos , C. Ramirez-Jimenez and M. Pharaohc,
"Damage evolution in center-holed Glass/Polyester composite under quasi-
static loading using time/frequency analysis of Acoustic Emission monitored
waveforms," Compostes Science and Technology, vol. 66, no. 10, pp. 1366 -
1375, 2006.

M. Saeedifar , M. A. Najafabadi , K. Mohammadi , M. Fotouhi, H. H.
Toudeshky and R. Mohammaadi, "Acoustic Emission-based methodology to
evaluate delamination crack growth under quasi-static and fatigue loading
conditions," Journal of Nondestructive Fvaluation, vol. 37, no. 1, 2018.

S. Benmedakhene ; M. Kenane and M. L. Benzeggagh, "Initiation and
growth of delamination on Glass/Epoxy composites subjected to static and
dynamic Loading by Acoustic Emission monitoring," Composite Science and
Technology, vol. 59, no. 2, pp. 201 - 208, 1999.

M. Saeedifar M and D. Zarouchas, "Damage characterization of
laminated composites using Acoustic Emission: A review," Composites Part B:
Engineering, vol. 195, no. 108039, 2020.

0. Ceysson, M. Salvia and L. Vincent, "Damage mechanisms
characterisation of carbon fibre/epoxy composite laminates by both electrical
resistance measurements and Acoustic Emission Analysis," Scripta Mater, vol.
34, pp. 1273 - 1280, 1996.

P. F. Liu , J. K. Chua , Y. L. Liu and J. Y. Zheng , "A study on the
failure mechanisms of carbon/epoxy composite laminates using Acoustic
Emission," Material and Design, vol. 37, pp. 228 - 235, 2012.

M. G. R. Sause , T. Miiller, A. Horoschenkoff and S. Horn,
"Quantification of failure mechanisms in mode-I loading of fiber reinforced
plastic utilizing Acoustic Emission analysis," Composite Science and
Technology, vol. 72, pp. 167 - 174, 2012.

A. J. Brunner, "Identification of damage mechanisms in fiber-reinforced
polimer-matrix composite with Acoustic Emission and the challenge of

177



Reference

[57]

[60]

[62]

[63]

assessing structural integrity and service-life," Construction and Building
Materials , vol. 173 , pp. 629 - 637, 2018.

M. Bourchak, I. R. Farrow, I. P. Bond , C. Rowland and F. Menana ,
"Acoustic Emission energy as a fatigue damage parameter for CFRP
composites," International Journal of Fatigue, vol. 29, no. 3, pp. 457 - 470,
2007.

A. Marec , J. H. Thomas , El Guerjouma and R., "Damage
characterization of polymer-based composite materials: Multivariable analysis
and wavelet transform for clustering acoustic emission data," Mechanical
Systems and Signal Processing, vol. 22, no. 6, pp. 1441 - 1464, 2008.

C. Liang, F. P. Sun and C. A. Rogers, "Coupled Electro — Mechanical
analysis of adaptive material systems — Determination of the actuator power
consumption and system energy transfer," Journal of Intelligent Material

Systems and Structures, vol. 8, no. 4, pp. 335 - 343, 1994.

S. W. Zhou , C. Liang and C. A. Roger, "An Impedance — based system
modeling approach for induced strain actuator — driven structures," Journal of
Vibration and Acoustics, vol. 118, no. 3, pp. 323 - 331, 1996.

V. Giurgiutiu and A. N. Zangrai, "Embedded self-sensing piezoelectric
active sensors for on-line structural identification (transaction of ASME),"
Journal of Vibration and Acoustics, vol. 124, pp. 116 - 125, 2002.

F. P. Sun, Z. Chaudry, C. A. Rogers, M. Majmundar and C. Liang,
"Automated real-time structure health monitoring via signature pattern
recognition," Proceedings of SPIE — The International Society for Optical

Engineering Smart Structures and Materials: Smart Sensing, Processing, and
Instrumentation, vol. 2443, pp. 236 - 243, 1995.

Z. Chaudhry, T. Joseph, F. P. Sun and C. A. Rogers, "Local-area health
monitoring of aircraft via piezoelectric actuator/sensor patches," Proceedings,
SPIE North American Conference on Smart Structures and Materials, San
Diego, CA, 26 Feb—3 March, Vol 2443, pp. 268 - 276, 1995.

V. G. M. Annamdas and C. K. Soh, "Embedded piezoeletric ceramic
transducers in sandwiched beams," Smart Materials and Structures, vol. 12,
pp. 538 - 549, 2006.

178



Reference

[65]

[67]

[73]

C. Bois, P. Herzog and C. Hochard, "Monitoring delamination in a
laminated composite beam using in-situ measurements and parametric
identification," Journal of Sound and Vibration, vol. 299, pp. 786 - 805, 2007.

W. Yan, J. B. Cai and W. Q. Chen, "Monitoring interfacial defects in

a composite beam using impedance signatures," Journal of Sound and

Vibration, vol. 326, pp. 340 - 352, 2009.

G. Park, H. Sohn and C. R. Farrar, "Overview of piezoelectric
impedance-based health monitoring and path forward," The Shock and
Vibration Digest, vol. 35, no. 6, 2003.

W. S. Na and J. Baek, "A review of the piezoelectric electromechanical
impedance based structural health monitoring technique for engineering
structures,”" Sensors, vol. 18, pp. 63 - 77, 2018.

H. Sohn , C. R. Farrar, F. M. Hemez and J. Czarnecki, "A Review of
Structural Health Monitoring Literature: 1996-2001. Report no LA-13976-MS."
Los Alamos National Laboratory, 2004.

E. P. Carden and P. Fanning, "Vibration based condition monitoring:
a review," Structural Health Monitoring, vol. 3, no. 4, pp. 355 - 377, 2004.

D. Montalvdao, N. M. M. Maia and A. M. R. Ribeiro, "A review on
vibration-based structural health monitoring with special emphasis on
composite materials," The Shock and Vibration Digest, vol. 38, no. 4, pp. 295 -
324, 2006.

W. Fan and P. Qiao, "Vibration-based Damage Identification Methods:
A Review and Comparative Study," Structural Health Monitoring, vol. 10, no.
1, pp. 83 - 111, 2011

J. S. Sakellariou, S. D. Fassois and S. Sakaris, "Vibration-based damage
localization and estimation via the stochastic functional model based method
(FMBM) — An overview," Structural Health Monitoring, vol. 17, no. 6, pp. 1335
- 1348, 2018.

179



Reference

[74]

[76]

[81]

[82]

[83]

R. D. Adams, P. Cawley, C. J. Pye and P. J. Stone, "A vibration
technique for non-destructively assessing the integrity of structures," Journal
of Mechanical Engineering Science, vol. 20, pp. 93 - 100, 1978.

P. Cawley and R. D. Adams, "The locations of defects in structures
from measurements of natural frequencies," Journal of Strain Analysis, vol. 14,
no. 2, pp. 49 - 57, 1979.

J. J. Tracy and G. C. Pardoen, "Effect of delamination on the natural
frequencies of composite laminates," Journal of Composite Materials, vol. 23,
pp. 1200 - 1215, 1989.

D. R. Sanders, Y. L. Kim and N. Stubbs, "Nondestructive evaluation
of damage in composite structures using modal parameters," Fxperimental
Mechanics, vol. 32, no. 3, pp. 240 - 251, 1992.

7. Zhang, K. Shankar, E. V. Morozov and M. Tahtali, "Vibration-based
delamination detection in composite beams through frequency changes,"
Journal of Vibration and Control, vol. 22, no. 2, pp. 496 - 512, 2014.

J. Pana, Z. Zhang , J. Wua, K. R. Ramakrishnan and H. K. Singh, "A
novel method of vibration modes selection for improving accuracy of T
frequency-based damage detection.i," Composites Part B, vol. 159, pp. 437 -
446, 2019.

W. M. West, "Mllustration of the Use of Modal Assurance Criterion to
detect structural changes in an orbiter test specimen," Procedia Air Force
Conference on Aircraft Structural Integrity, pp. 1 - 6, 1984.

A. K. Pandey, M. Biswas and M. M. Samman, "Damage detection from
changes in curvature mode shapes," Journal of Sound and Vibration, vol. 145,
pp. 321 - 332, 1991.

0. S. Salawu and C. Williams, "Damage location using vibration mode
shapes," International Modal Analysis Conference, pp. 933 - 939, 1994.

C. H. J. Fox, "The location of defects in structures: A comparison on
the use of natural frequency and mode shape data," in Proceedings of the 10th

180



Reference

International Modal Analysis Conference (IMAC X), San Diego, California,
USA, pp. 522-528, 1992.

[84] M. M. Abdel Wahab and G. De Roeck , "Damage detection in bridges

using modal curvatures: Application to a real damage scenario," Journal of
Sound and Vibration, vol. 226, pp. 217 - 235, 1999.

[85]

Y. K. Ho and D. J. Ewins, "On the structural damage identification
with mode shapes," .

Proceedings of the FEuropean Conference on System

Identification and Structural Health Monitoring, Madrid, Spain., p. 677 — 686,
2000.

[86] S. Hanagud, Luo H. and W. Lestari, "Detection of an edge notch defect
by using a single mode-based methods," In: 438rd Structures, structural
dynamics and materials conference, Denver, CO, 22-25 April 2002. Reston,

VA: American Institute of Aeronautics and Astronautics (AIAA), vol. 2, pp.
989 - 998, 2002.

C. S. Hamey, W. Lestari and P. Qiao, "Experimental damage
identification of carbon/epoxy composite beams using curvature mode shapes,"
Struct Health Monitoring, vol. 3, no. 4, pp. 333 - 353, 2004.

W. Lestari and P. Qiao, "Damage detection of fiber-reinforced polymer

honeycomb sandwich beams," Composite Structures, vol. 67, pp. 365 - 373,
2005.

[89] P. Qiao, K. Lu, W. Lestari and J. L. Wang, "Curvature mode shape-

based damage detection in composite laminated plates," Composite Structures,
vol. 80, pp. 409 - 428, 2007.

[90] W. Lestari, P. Qiao and S. Hanagud, "Curvature mode shape-based
damage assessment of carbon/epoxy composite beams," Journal of Intelligent
Materials Systems and Structures, vol. 18, pp. 189 - 208, 2007.

[91]

M. He, T. Yang and Y. Du, "Nondestructive identification of composite

beams damage based on the curvature mode difference," Composite Structures,
vol. 176, pp. 178 - 186, 2017.

181



Reference

[92]

[94]

[95]

[96]

[100]

L. Yam, Y. Yan and J. J., "Vibration-based damage detection for
composite structures wusing wavelet transform and neural network
identification," Composite Structures, vol. 60, no. 4, pp. 403 - 412, 2003.

M. S. Cao and P. Qiao, "Integrated wavelet transform and its
application to vibration mode shapes for the damage detection of beam-type
structures," Smart Materials and Structures, vol. 12, no. 055014, 2008.

W. Xu, M. S. Cao, W. Ostachowicz, M. Radzienski and N. Xia, "T'wo-
dimensional curvature mode shape method based on wavelets and Teager
energy for damage detection in plates," Journal of Sound and Vibrations, vol.
347, pp. 266 - 278, 2015.

R. Janeliukstis, S. Rucevskis, M. Wesolowski and A. Chate,
"Experimental structural damage localization in beam structure using spatial
continuous wavelet transform and mode shape curvature methods,"
Measument, vol. 102, pp. 253 - 270, 2017.

L. Rayleigh, "On waves propagated along the plane surface of an elastic
solid," Proceedings of the London Mathematical Society , vol. 17, no. 1, pp. 4 -
11, 1885.

H. Lamb, "On waves in elastic plate," Proceedings of the Royal Society
of London A, vol. 95, pp. 114 - 128, 1917.

L. Ambrozinski, T. Stepinski and T. Uhl, "Efficient tool for designing
2D phased arrays in Lamb waves imaging of isotropic structures," Journal of
Intelligent Material Systems and Structures , vol. 26, no. 17, pp. 2283 - 2294,
2014.

M. Engholm and T. Stepinski, "Adaptative beamforming for array
imaging of plate structures using Lamb waves," IFEE Transactions on
Ultrasonics, Ferroelectrics, and Frequency Control, vol. 57, no. 12, pp. 2712 -
2724, 2010.

M. Engholm and T. Stepinski, "Direction of arrival estimation of Lamb
waves using circular arrays," Structural Health Monitoring, vol. 10, no. 5, pp.
467 - 480, 2010.

182



Reference

[101] T. Wandowski, P. H. Malinowski and W. M. Ostachowicz, "Circular
sensing networks for guided waves based structural health monitoring,"
Mechanical Systems and Signal Processing, Vols. 66 - 67, pp. 248 - 267, 2016.

[102] P. Malinowski, T. Wandowski, I. Trendafilova and W. M. Ostachowicz,
"A phased-array-based method for damage detection and localization in thin
plates," Strucutral Health Monitoring, vol. 8, no. 1, pp. 5 - 15, 2008.

[103] Z. Su, L. Ye and Y. Lu, "Guided Lamb waves for identification of
damage in composite structures: A review," Journal of Sound and Vibration,
vol. 295, no. 3-5, pp. 753 - 780, 2006.

[104] R. Chona, C. Suh and G. A. Rabroker, "characterizing defects in multi-

layer materials using guided ultrasonic waves," Optics and Lasers in

Engineering, vol. 40, no. 4, pp. 371 - 378, 2003.

[105] H. Sohn, D. Dutta, J. Y. Yang, M. DeSimio, Olson S. and E. Swenson,
"Automated detection of delamination and disbond from wavefield images

obtained using a scanning laser vibrometer," Smart Materials and Structures,
vol. 20, no. 4, p. 045017, 2011.

[106] W. H. Leong, W. J. Staszewski, B. C. Lee and F. Scarpa, "Structural
health monitoring using scanning laser vibrometry. Part III: Lamb waves for
fatigue crack detection," Smart Materials and Structures , vol. 14, no. 6, pp.
1387 - 1395, 2005.

[107] K. Dziedziech, L. Pieczonka, P. Kijanka and W. J. Staszewski,
"Enhanced nonlinear crack-wave interactions for structural damage detection
based on guided ultrasonic waves," Structural Control and Health Monitoring,
vol. 23, no. 8, pp. 1108 - 1120, 2016.

[108] R. D. Mindlin, "Mathematical theory of Vibrations of elastic plates,"
IEEE 11th Annual Symposium on Frequency Control - Asbury Park, NJ, USA
, 1957.

[109] D. E. Chimenti, "Guided waves in plates and their use in materials

characterization," ASME, Applied Mechanics Reviews, vol. 50, no. 5, pp. 247 -
284, 1997.

183



Reference

[110] I. A. Viktorov , Rayleigh and Lamb Waves - Physical theory and
applications, Springer US, 1967.

[111] D. C. Worlton, "Experimental confirmation of Lamb waves at
megacycle frequencies," Journal of Applied Physics, vol. 32, pp. 967 - 971, 1961.

[112] D. N. Alleyne and P. Cawley, "The interaction of Lamb waves with
defects," IEEE Transaction of Ultrasonic, Ferroelectris and Frequency Control,
vol. 39, no. 3, 1993.

[113] P. Cawley and D. Alleyne, "The use of Lamb Waves for the long range
inspection of large structures," Ultrasonics, vol. 34, pp. 287 - 290, 1996.

[114] D. A. Saravanos, V. Birman and D. A. Hopkins, "Detection of
delaminations in composite beams using piezoelectric sensors," Proceedings of
the 31st AIAA/ASME/ASCE/AHS/ASC/ Structures, Structural Dynamics
and Materials Conference, pp. 181 - 191, 1994.

[115] M. D. Seale, B. T. Smith and W. H. Prosser, "Lamb wave assessment
of fatigue and thermal damage in composites," Journal of the Acoustical Society
of America, vol. 103, no. 5, pp. 2416 - 2424, 1997.

[116] N. Toyama, J. Noda and T. Okabe, "Quantitative damage detection in
cross-ply laminates using Lamb wave method," Composite Science and
Technology, vol. 63, no. 10, pp. 1473 - 1479, 2003.

[117] S. S. Kessler, S. M. Spearing and M. J. Atalla, "In-situ damage detection
of composites structures using lamb waves methods," Proceedings of the 1st
European Workshop on Structural Health Monitoring, Ecole Noemale
Supérieure, Cachan, Paris, France, pp. 374 - 381, 2002.

[118] Z. Su, L. Ye and X. Bu, "Evaluation of delamination in laminated
composites based on Lamb waves methods: FEM simulation and experimental
verification," In Proceedings of the 1st Furopean Workshop on Structural
Health Monitoring, Fcole Noemale Supérieure, Cachan, Paris, France, pp. 328
- 335, 2002.

184



Reference

[119] H. Sohn, G. Park, J. R. Wait, N. P. Limback and C. R. Farrar,
"Wavelet-based signal processing for detecting delamination in composite
plates," Smart Materials and Structures, vol. 13, pp. 153 - 160, 2004.

[120] A. D. Mitsheal, M. Diogo, D. Opukuro and H. George, "A review of
Structural Health Monitoring techniques as applied to composite structures,"
Structural Durability € Health Monitoring, vol. 11, no. 2, pp. 91 - 147, 2017.

[121] Y. Okabe, K. Fujibayashi, M. Shimazaki, H. Soejima and T. Ogisu,
"Delamination detection in composite laminates using dispersion change based
on mode conversion of Lamb waves," Smart Materials and Structures, vol. 19,
no. 115013, 2010.

[122] C. Ramadas, K. Balasubramaniam, M. Joshi and C. V. Krishnamurthy,
"Interaction of guided Lamb waves with an asymmetrically located
delamination in a laminated composite plate," Smart Materials and Structures,
vol. 19, no. 065009, 2010.

[123] W. Li, Y. Cho and J. D. Achenbach, "Detection of thermal fatigue in
composites by second harmonic Lamb waves," Smart Materials and Structures,
vol. 21, no. 085019, 2012.

[124] B. Yang, F. Xuan, S. Chen, S. Zhou, Y. Gao and B. Xiao, "Damage
localization and identification in WGF /epoxy composite laminates by using
Lamb waves: Experiment and simulation," Composite Structures, vol. 165, pp.
138 - 147, 2017.

[125] L. Pieczonka, L. Ambrozinski, J. W. Staszewski, D. Barnoncel and P.
Péres, "Damage detection in composite panels based on mode-converted Lamb

waves sensed using laser scanning vibrometer," Optics and Laser in
Engineering, vol. 99, pp. 80 - 87, 2017.

[126] L. Zeng, L. Huang and J. Lin, "Damage imaging of composite structures
using multipath scattering Lamb waves," Composite Structures, vol. 216, pp.
331 - 339, 2019.

[127] J. D. Achenbach, Wave propagation in elastic solids, North-Holland
Publishing COmpany, 1973.

185



Reference

[128] I. Y. Solodov, N. Krohn and G. Busse, "CAN: an example of
nonclassical acoustic nonlinearity in solids," Ultrasonics, vol. 40, no. 1-8, pp.
621 - 625, 2002.

[129] C. Pecorari and I. Y. Solodov, "Nonclassical nonlinear dynamics of solid
surfaces in partial contact for NDE applications," Springer, pp. 309 - 326 ,
2006.

[130] J. H. Cantrell and W. Yost, "Nonlinear ultrasonic characterization of

fatigue microstructures," Interantion Journal of Fatigue, vol. 23, no. 1, pp. 487
- 490, 2001.

[131] J. Frouin, S. Sathish, T. E. Matikas and J. K. Na, "Ultrasonic linear
and nonlinear behavior of fatigued Ti—6Al-4V." Journal of Materials Research,
vol. 14, no. 4, pp. 1295 - 1298, 1999.

[132] J. K. Na, J. H. Cantrell and W. T. Yost, "Linear and nonlinear
ultrasonic properties of fatigued 410Cb stainless steel," in Thompson DO,

Chimenti DE, editors. Review of progress in quantitative nondestructive
evaluation, vol. 14, vol. 14, New York: Plenum, 1996, pp. 1347 - 1353.

[133] D. C. Hurley, D. Balzer, P. T. Purtscher and K. W. Hollman,
"Nonlinear ultrasonic paramter in quenched martensitic steels," Journal of
Applied Physics, vol. 83, pp. 4584 - 4588, 1998.

[134] P. B. Nagy, "fatigue damage assessment by nonlinear ultrasonic
material characterization," Ultrasonics, vol. 36, pp. 375 - 381, 1998.

[135] I. Solodov, K. Pfleiderer and G. G. Busse, "Nonlinear acoustic approach
to material characterisation of polymers and composites in tensile tests,"
Ultrasonics, vol. 42, no. 1-9, pp. 1011 - 1015, 2004.

[136] N. Rauter and R. Lammering, "Impact damage detection in composite
strucutres considering nonlinear Lamb wave propagation," Mechanics of
Advanced Materials and Structures, vol. 22, no. 1 - 2, pp. 1647 - 1654, 2015.

[137] R. Guyer and P. A. Johnson, "Nonlinear mesoscopic elasticity: evidence
for a new class of materials," Physics Today, vol. 52, no. 4, pp. 30 - 36, 1999.

186



Reference

[138] L. K. Zarembo, V. A. Krasil'nikox and I. E. Shkol'mik, "Nonlinear
acoustics in a problem of diagnosing the strength of solids," Problemy
Prochnosti, vol. 21, no. 11, pp. 86 - 92, 1989.

[139] M. Meo, U. Polimeno and G. Zumpano, "Detecting damage in
composite material using nonlinear elastic wave spectroscopy methods,"
Applied Composite Materials, vol. 15, no. 3, pp. 115 - 126, 2008.

[140] S. K. Chakrapani and D. J. Barnard, "Determination of acoustic
nonlinearity parameter () using nonlinear resonance ultrasound spectroscopy:

Theory and experiment," The Journal of the Acoustical Society of America,
vol. 141, no. 919, 2017.

[141] K. Van Den Abeele and K. Van De Velde, "Correlation between
dynamic nonlinearity and static mechanical properties of corroded E-glass
reinforced polyester composites," AIP Conference Proceedings, vol. 509, no. 1,
pp. 1359 - 1365, 2000.

[142] K. Van Den Abeele, P. Y. Le Bas, B. Van Damme and T. Katkowski,
"Quantification of material nonlinearity in relation to microdamage density
using nonlinear reverberation spectroscopy: Experimental and theoretical

study," The Journal of the Acoustical society of America, vol. 126, no. 3, pp.
963 - 972, 2009.

[143] Q. Wie, Z. Liyong, J. zhu, L. Zhuo, W. Hao and W. Xie,
"Characterization of impact fatigue damage in CFRP composites using
nonlinear acoustic resonance method," Composite Structures, vol. 253, no.
112804, 2020.

[144] U. Ingard and D. C. Pridmore-Brown, "Scattering of sound by sound,"
The Journal of the Acoustical Society of America, vol. 28, no. 3, pp. 367 - 369,
1956.

[145] L. A. Ostrovsky, S. N. Gurbatov and J. N. Didenkulov, "Nonlinear

acoustic in Nizhni Novgorod (A review)," Acoustical Pysics, vol. 51, no. 2, pp.
114 - 127, 2005.

[146] K. E. A. Van Den Abeele, P. A. Johnson and A. Sutin, "Nonlinear
elastic Wave Spectroscopy (NEWS) techniques to discern material damage.

187



Reference

Part I: Nonlinear Wave Modulation Spectroscopy," Research in Nondestructive
FEvaluation, vol. 12, no. 1, pp. 17 - 30, 2000.

[147] H. Sohn, H. J. Lim, M. P. DeSimio, K. Brown and M. Derriso, "Fatigue
crack detection using guided waves nonlinear modulation," SPIE Proceedings,
vol. 8695, 2013.

[148] V. Y. Zaitsev, A. M. Sutin, I. Y. Belyaeva and V. E. Nazarov,
"Nonlinear interaction of acoustical waves due to cracks and its possible usage
for cracks detection," Journal of Vibration and Control, vol. 1, no. 3, pp. 335 -
344, 1995.

[149] A. M. Sutin and D. M. Donskoy, "Vibro-Acoustic Modulation
nondestructive evaluation technique," SPIE Proceedings - The International
Society for Optical Engineering, vol. 3397, pp. 226 - 237, 1998.

[150] A. S. Koroktov, M. M. Slavinskii and A. M. Sutin, "Variations of
acoustic nonlinear parameters with the concentration of the defects in steel,"
Acoustical Physics, vol. 40, no. 1, pp. 71 - 74, 1994.

[151] A. M. Sutin and V. E. Nazarov, "Nonliear Acoustic Methods of crack
diagnostic," Radiophysics and Quantum Electronics, vol. 39, no. 3-4, pp. 109 -
120, 1995.

[152] V. Zaitsev and P. Sas, "Nonlinear response of a weakly damaged metal
sample: A dissipative modulation mechanism of vibro-acoustic interaction,"
Journal of Vibration and Control, vol. 6, pp. 803 - 822, 2000.

[153] N. A. Chrysochoidis, T. T. Assimakopoulou and D. Saravanos,
"Nonlinear wave structural health monitoring method using an active nonlinear
piezoceramic sensor for matrix cracking detection in composites," Journal of
Intelligent Material Systems and Structures, vol. 26, no. 15, pp. 2108 - 2120,
2015.

[154] F. Aymerich and J. W. Staszewski, "Impact damage detection in
composite laminates using nonlinear acoustics," Composites Part A: Applied
Science and Manufacturing, vol. 41, no. 9, pp. 1084 - 1092, 2010.

[155] N. A. Chrysochoidis, A. K. Toulitsis and D. A. Saravanos, "Impact
damage detection in composites using an active nonlinear acousto-ultrasonic

188



Reference

piezoceramic sensor," Proceedings of SPIE - The International Society for
Optical Engineering, vol. 7981, 2011.

[156] M. Meo and G. Zumpano, "Nonlinear elastic wave spectroscopy
identification of impact damage on a sandwich plate," Composite Structures,
vol. 71, no. 3, pp. 469 - 474, 2005.

[157] A. Klepka, W. J. Staszewski, D. Di Maio and F. Scarpa, "Impact
damage detection in composite chiral sandwich panels using nonlinear vibro-
acoustic modulations.," Smart Materials and Structures, vol. 22, no. 8, p.
084011, 2013.

[158] V. Y. Zaitsev, V. Gusev and B. Castagnede, "Observation of the
"Luxemburg-Gorky effect" for elastic waves," Ultrasonics, vol. 40, no. 1-8, pp.
627 - 631, 2002.

[159] B. D. H. Tellegen, "Interacrion between radiowaves?," Nature, vol. 131,
no. 840, 1933.
[160] V. Y. Zaitsev, V. E. Nazarov, V. Tournat, V. E. Gusev and B.

Castagnede, '"Luxemburg-Gorky effect in a granular medium: Probing
perturbations of the material state via cross-modulation of elastic waves," EPL
(Europhysics Letters), vol. 70, no. 5, pp. 607 - 613, 2005.

[161] L. Fillinger, V. Y. Zaitsev, V. E. Gusev and B. Castagnede, "Nonlinear
relaxational absorption/ transparency for acoustic waves due to thermoelastic
effect," Acta acustica united with acustica, vol. 92, no. 1, pp. 24 - 34, 2006.

[162] D. Donskoy, A. Zagrai, A. Chudnovsky, E. Golovin and V. Agarwala,
"Nonlinear Vibro-Acoustic Modulation technique for 1Life prediction of aging
aircraft components," in Structural Health Monitoring 2006: Proceedings of the
Third European Workshop, 2006, pp. 251 - 258.

[163] C. J. Lissenden, Y. Liu, G. W. Choi and X. Yao, "Effect of localized
microstructure evolution on higher harmonic generation of guided waves.,"
Journal of Nondestructive Evaluation, vol. 33, pp. 178 - 186, 2014.

189



Reference

[164] A. A. Shaha and Y. Ribakov, "Non-linear ultrasonic evaluation of
damaged concrete based on higher order harmonic generation," Material and
Design, vol. 30, pp. 4095 - 4102, 2009.

[165] P. B. Dao, A. Klepka, L. Pieczonka, F. Aymerich and W. J. Staszewski,
"Tmpact damage detection in smart composites using nonlinear acoustics -
cointegration analysis for removal of undesired load effect," Smart Materials
and Structures, vol. 26, no. 035012, 2017.

[166] L. Pieczonka, L. Zietek, A. Klepka, W. J. Staszewski and F. Aymerich,
"Damage imaging in composites using nonlinear vibro-acoustic wave
modulations.," Structural Control and Helath Monitoring, vol. 25, no. 2063,
2018.

[167] M. Scalerandi, A. S. Gliozzi, C. L. E. Bruno, D. Masera and D. Bocca,
"A scaling method to enhance detection of a nonlinear elastic response," Applied
Physics Letters, vol. 92, p. 101912, 2008.

[168] C. L. E. Bruno, A. S. Gliozzi, M. Scalerandi and P. Antonaci, "Analysis
of elastic nonlinearity using the scaling subtraction method," Physical Review
B, vol. 79, no. 6, p. 064108, 2009.

[169] P. Antonaci, C. L. E. Bruno, P. G. Bocca, M. Scalerandi and A. S.
Gliozzi, "Nonlinear ultrasonic evaluation of load effect on discontinuities in
concrete," Cement and Concrete research, vol. 40, no. 2, pp. 340 - 346, 2010.

[170] P. Antonaci, C. L. E. Bruno, A. S. Gliozzi and M. Scalerandi,
"Monitoring evolution of compressive damage in concrete with linear and
nonlinear ultrasonic methods," Cement and Concrete Research, vol. 40, no. 7,
pp. 1106 - 1113, 2010.

[171] M. Scalerandi, M. Griffa, P. Antonaci, M. Wyrzykowski and P. Lura,
"Nonlinear elastic response of thermally damaged consolidated granular media,"
Journal of Applied Physics, vol. 113, no. 154902, 2013.

[172] M. C. Porcu, L. Pieczonka, A. Frau, W. J. Staszewski and F. Aymerich,
"Assessing the Scaling Subtraction Method for Impact damage detection in
composite plates," Journal of Nondestructive Fvaluation, vol. 36, no. 33, 2017.

190



Reference

[173] G. Loi, M. C. Porcu and F. Aymerich, "Impact damage detection in
composite beams by analysis of non-linearity under pulse excitation," Journal
of Composite Science, vol. 5, no. 2, p. 39, 2021.

[174] M. A. Ouarabi, P. Antonaci, F. Boubenider, A. Gliozzi and M.
Scalerandi, "Ultrasonic monitoring of the interaction between cement matrix
and alkaline silicate solution in self-healing systems," Materials, vol. 10, no. 46,
2017.

[175] A. Frau, L. Pieczonka, M. C. Porcu, J. W. Staszewski and F. Aymerich,
"Analysis of elastic nonlinearity for impact damage detection in composite
laminates," Journal of Physics: Conference Series, vol. 628, no. 012103, 2015.

[176] N. C. Yoder and D. E. Adams, "Vibro-Acoustic modulation utilizing a
swept probing signal for robust crack detection," Structural Health Monitoring,
vol. 9, no. 2, pp. 257 - 267, 2010.

[177] H. Sohn, H. J. Lim, M. P. DeSimio, K. Brown and M. Derriso,
"Nonlinear ultrasonic wave modulation for online fatigue crack detection,"
Journal of Sound and Vibration, vol. 333, pp. 1473 - 1484, 2013.

[178] K. Klepka, W. J. Staszewski, K. Dziedziech and F. Aymerich, "Non-
linear Vibro-Acoustic Wave Modulation - Analysis of different types of low-
frequency excitation," Key Engineering Materials, Vols. 569 - 570, pp. 924 -
931, 2013.

[179] L. Pieczonka, A. Klepka, M. Adamczyk, W. J. Staszewski, F. Aymerich
and T. Uhl, "Optimal selection of parameters for impact damage detection in
composites based on nonlinear vibro-acoustic modulation," in FCCM16 - 16th
European conference on Composite Materials, Seville, Spain, June 2014.

[180] A. J. Hillis, S. A. Neild, B. W. Drinkwater and P. D. Wilcox, "Global
crack detection using bispectral analysis," Proceedings of the Royal Society A:
Mathematichal, Physical and Engineering Sciences, vol. 462, no. 2069, pp. 1515
- 1530, 2006.

[181] A. M. Sutin and P. A. Johson, "Nonlinear elastic wave NDE II.
Nonlinear Wave Modulation Spectroscopy and nonlinear time reversed
acoustics," AIP Conference Proceedings, vol. 760, pp. 385 - 392, 2005.

191



Reference

[182] T. J. Ulrich, A. M. Sutin, R. A. Guyer and P. A. Johnson, "Time
reversal and non-linear elastic wave spectroscopy (TR NEWS) techniques,"
International Journal of Non-Linear Mechanics, vol. 43, no. 4, pp. 209 - 216,
2008.

[183] K. Dziedziech, L. Pieczonka, M. Adamczyk, A. Klepka and J. W.
Staszewski, "Efficient swept sine chirp excitation in the non-linear vibro-
acoustic wave modulation technique used for damage detection," Structural
Health Monitoring, vol. 17, no. 3, pp. 565 - 576, 2017.

[184] P. B. Dao, A. Klepka, L. Pieczonka, F. Aymerich and J. W. Staszewski,
"Tmpact damage detection in smart composites using nonlinear acoustics—
cointegration analysis for removal of undesired load effect," Smart Materials
and Structures, vol. 26, no. 035012, 2017.

[185] M. Morbidini, P. Duffour and P. Cawley, "Vibro-Acoustic Modulation
NDE technique. Part 2: experimental study," AIP Conference Proceedings,
vol. 760, no. 616, 2005.

[186] P. Duffour, M. Morbidini and P. Cawley, "A study of the vibro-acoustic
modulation technique for the detection of cracks in metals," The Journal of the
Acoustical Society of America, vol. 119, no. 1463, 2006.

[187] A. Klepka, J. W. Staszewski, R. B. Jenal, M. Szwedo, J. Iwaniec and
T. Uhl, "Nonlinear acoustics for fatigue crack detection — experimental
investigations of vibro-acoustic wave modulations," Structural helath
Monitoring, vol. 11, no. 2, pp. 197 - 211, 2012.

[188] J. Jiao, L. Zheng, G. Song, C. he and B. Wu, "Vibro-acoustic
modulation technique for micro-crack detection in pipeline," Proc. SPIE 8321,
Seventh International Symposium on Precision Engineering Measurements and
Instrumentation, vol. 83213X, 2011.

[189] A. Zagrai, D. Donskoy, A. Chudnovsky and E. Golovin, "Micro- and
macroscale damage detection using the nonlinear acoustic vibro-modulation
technique," Research in Nondestructive Evaluation, vol. 19, no. 2, pp. 104 -
128, 2008.

192



[190] F. Aymerich and J. W. Staszewski, "Experimental study of impact-
damage detection in composite laminates using a Cross-Modulation Vibro-
Acoustic technique," Strctural Health Monitoring, vol. 9, no. 6, pp. 541 - 553,
2010.

[191] A. Klepka, L. Pieczonka, W. J. Staszewski and F. Aymerich, "Impact
damage detection in laminated composites by non-linearvibro-acoustic wave
modulations," Composites: Part B, vol. 65, pp. 99 - 108, 2014.

193



