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Figure	5.63	–	Sum	of	the	amplitudes	of	the	first	three	pair	of	modulation	sidebands	
measured	 at	 sensor	 location	 S3	 at	 a	 probe	 frequency	 of	 16390	 Hz	 and	 pump	
frequencies	of	145	Hz	(a),	316	Hz	(b),	510	Hz	(c),	and	760	Hz	(d).	
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Figure	5.64	–	Sum	of	the	amplitudes	of	the	first	three	pair	of	modulation	sidebands	
measured	 at	 sensor	 location	 S4	 at	 a	 probe	 frequency	 of	 16390	 Hz	 and	 pump	
frequencies	of	145	Hz	(a),	316	Hz	(b),	510	Hz	(c),	and	760	Hz	(d). 
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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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6 	

Conclusions	
 

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: 

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

damage in laminated composite beams. 

• The sensitivity of the Scaling Subtraction Method depends on the 

interrogating frequency 

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

vary relative to the sensor positioning. 

• 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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• 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-

Acoustic 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. 

• 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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• 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.  

• 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. 

• 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. 

• 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.  
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