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ABSTRACT 

A holistic technique for sensing damage initiation as well as damage progression in 

composite plates is presented combining linear and nonlinear ultrasonic techniques. For this 

investigation multiple sets of composite plate specimens made of two different composite 

materials were fabricated to check if the proposed technique works for different types of 

specimens. The specimens were damaged by impact loading and then inspected by 

propagating Lamb waves through them. Different failure mechanisms, such as fiber breaks, 

matrix cracking, debonding and delamination cause composite damage. Two groups of 

composite specimens that were fabricated and damaged were glass fiber reinforced polymer 

composite and basalt fiber reinforced polymer composite.  A chirp signal excited by PZT 

(Lead-Zirconate-Titanate) transducer was propagated through undamaged and damaged 

specimens to investigate the effects of varying degree of damage on the recorded signals. 

Both linear and nonlinear ultrasonic parameters were extracted from the recorded signals, 

and analyzed.  The change in the linear ultrasonic (LU) parameters such as the wave speed 

and attenuation with damage progression were recorded. A new nonlinear ultrasonic (NLU) 

parameter, the Sideband Peak Count or SPC-index is also introduced and calculated from the 

recorded signals.  It is observed that the NLU parameter can monitor the early stage of 

damage progression better than the LU parameters while some LU parameter is more 

effective than the NLU parameter for monitoring the advanced stage of damage.  Therefore, 

a combination of LU and NLU analyses is ideal for the holistic monitoring of the composite 

panels from the crack nucleation stage to the structural failure stage.   

 

1. INTRODUCTION 

Cracks at different scales (dislocation, micro-cracks and macro-cracks) are observed 

in engineering structures.  How can the engineers monitor the crack nucleation as 



 

well as the crack propagation at various scales? They tackle this multi-scale structural 

damage monitoring problem in one of the following two ways. 

1) Detect cracks whose dimensions are close to the critical crack length: 

Structures fail only when crack lengths exceed critical crack lengths that 

depend on the applied stress field, dimensions of the structural component 

and fracture toughness (or critical stress intensity factor) of the material. 

Hence, to prevent structural failure one needs to detect only those cracks that 

are close to the critical crack length and can ignore the smaller cracks.  

2) Detect micro-cracks well before they coalesce and form macro-cracks: If 

the remaining life of a structure is very short after detectable macro-cracks 

are formed, then the growth of micro-cracks should be monitored before 

formation of any macro-crack. For such structures trying to detect and image 

macro-cracks are useless. 

Linear ultrasonic techniques, such as (1) identifying the direction and strength of the 

ultrasonic waves scattered by a crack, (2) change in velocity and attenuation of the 

ultrasonic waves due to the presence of cracks are good for detecting macro-cracks 

but generally not very effective for detecting micro-cracks.  On the other hand 

nonlinear ultrasonic techniques such as (1) higher harmonic technique, (2) frequency 

modulation technique, (3) nonlinear impact resonance acoustic spectroscopy or 

NIRAS are good for monitoring micro-cracks and crack nucleation but not very 

effective for detecting and monitoring macro-cracks.  Therefore, a combination of 

linear and nonlinear ultrasonic techniques appears to be the most effective way of 

monitoring a structure from the crack nucleation stage to macro-crack formation, 

propagation and ultimately failure of the structure. However, combining linear and 

nonlinear ultrasonic techniques are not always an easy task, as discussed below. 

Higher Harmonic Technique: Higher harmonic technique has been used to measure 

acoustic nonlinearity in steel and polymeric materials [1-3], other metals [4, 5], rocks 

[6], and concrete [7, 8]. Second and third harmonics have been found to be sensitive 

to fatigue induced damage in different materials [9-12]. One can try to combine this 

nonlinear technique with linear ultrasonic technique by measuring the strength or 

amplitude (A1) of the fundamental frequency (f1) and amplitude (A2) of the higher 

harmonic frequency (f2). The nonlinear parameter β (defined as 𝛽 =
𝐴2

𝐴1
2) and the linear 

parameter A1 can be monitored with damage progression.  In principle the variation 

of the β-factor should show the variation of the nonlinearity in the structure, which is 

sensitive to small defects while the variation of the amplitude A1 should be sensitive 

to large defects.   

 

However, no one has tried this approach because the practical limitation of the higher 

harmonic technique is that it works relatively well for simple structures where the P-

wave can propagate through the bulk of the material unobstructed from the 

transmitter to the receiver. For many other structures, even as simple as plates, pipes 

and rods the higher harmonic technique is difficult to apply since in these wave 



 

guides the wave does not propagate as a bulk wave but as guided waves, such as 

Lamb waves in a plate. If no Lamb wave mode exists at higher harmonic frequencies 

then no higher harmonic mode can propagate.  Therefore, depending on the exciting 

frequency and the plate dimensions the higher harmonic technique may or may not 

work for wave guides.  Also, one major measurement difficulty for this method is in 

isolating the sources of nonlinearity. As a consequence it is quite difficult to 

guarantee the reliability and repeatability of the measured results [13, 14]. 

 

Nonlinear Wave Modulation Spectroscopy (NWMS) or Frequency Modulation 

Technique: [15-20] In the frequency modulation technique the structure is excited by 

waves of two different frequencies – one high amplitude, low frequency wave called 

pumping wave and one low amplitude high frequency wave called probing wave. 

Compared to the higher harmonic generation technique this modulation technique 

offers some advantages [15]. First, higher harmonic generation requires a 

homogeneous travelling path to take advantage of the cumulative effect which is 

difficult to fulfill in presence of reflecting boundaries and other structural 

heterogeneities. Second, in higher harmonic technique high voltages are needed 

which frequently add some nonlinear background signal, which may affect the 

sensitivity of the technique.  Although NWMS is more versatile than the higher 

harmonic technique, it still encounters similar difficulties as higher harmonic 

technique for monitoring plate, rod and pipe.  This is because waves propagate 

through these structures as guided waves and therefore, it is possible to have 

propagating modes not existing at the modulated frequencies. Thus although this 

technique works very well for characterizing bulk materials when the specimen 

becomes a waveguide the application becomes more restricted. 
 

NIRAS Technique: [21-22] Nonlinear Impact Resonance Acoustic Spectroscopy or 

NIRAS technique monitors the resonance frequency shift and attenuation variations 

with increasing amplitude of excitation. The resonance frequencies of the specimens 

are often much lower than ultrasonic frequencies. This is because when a specimen 

is struck by an impact hammer then the specimen’s vibration is dominated by 

relatively low frequency resonance modes.  Although this technique can be used for 

monitoring the nucleation and progression of distributed micro-cracks it is not very 

effective for monitoring the progression of macro-cracks because the nonlinear 

parameter (rate of change of the resonance frequency with the vibration amplitude) 

and the linear parameters (resonance frequency and amplitude of vibration) are 

relatively insensitive to the presence and size of macro-cracks. 

 

Therefore, engineers’ current challenge is to develop a holistic health monitoring 

technique combining linear and nonlinear ultrasonic techniques to monitor a structure 

from the nucleation of the cracks to the failure of the structure.  This is addressed in 

this paper combining the nonlinear ultrasonic technique (SPC) and the linear 

ultrasonic technique (time of flight). 

 

 



 

2. THEORETICAL FOUNDATION OF SPC  

The simple derivation presented in this section is taken from Kundu [23]. It shows 

how frequency modulation and higher harmonics are generated in nonlinear 

materials. Let waves of two different frequencies propagate through a nonlinear 

material – a high amplitude low frequency wave (called pumping wave) and a low 

amplitude high frequency wave (called probing wave). The harmonic displacements 

generated by the probing wave of frequency f1 and the pumping wave of frequency 

f2 can be expressed as, 

𝑢1(𝐱, t) = 𝐴1(𝐱)sin(𝜔1𝑡)    (1) 

𝑢2(𝐱, t) = 𝐴2(𝐱)sin(𝜔2𝑡)    (2) 

Then the total displacement field is, 

𝑢(𝐱, t) = 𝑢1(𝐱, t) + 𝑢2(𝐱, t) = 𝐴1(𝐱)sin(𝜔1𝑡) +𝐴2(𝐱)sin(𝜔2𝑡)  (3) 

The strain field generated in the material for this one dimensional wave propagation 

is then given by, 

ε(𝐱, t) =
∂𝑢(𝐱,t)

∂x
= 𝐴1

′(𝐱)sin(𝜔1𝑡) +𝐴2
′(𝐱)sin(𝜔2𝑡))  

= 𝑎1(𝐱)sin(𝜔1𝑡) +𝑎2(𝐱)sin(𝜔2𝑡))       (4) 

where 𝑎𝑖(𝐱) = 𝐴𝑖
′(𝐱) denotes the first derivative of 𝐴𝑖(𝐱), i = 1 and 2.  

For classical nonlinear quadratic stress-strain relation the total stress field 

corresponding to the strain field of equation (4) is given by, 

𝜎(𝐱, t) = 𝐸0ε(𝐱, t) − 𝐸1ε
2(𝐱, t)

= 𝐸0[𝑎1(𝐱) sin(𝜔1𝑡) + 𝑎2(𝐱) sin(𝜔2𝑡)]

− 𝐸1[𝑎1
2(𝐱)sin2(𝜔1𝑡) + 𝑎2

2(𝐱)sin2(𝜔1𝑡)

+ 2𝑎1(𝐱)𝑎2 (𝐱)sin(𝜔1𝑡) sin(𝜔2𝑡)] 

= 𝐸0[𝑎1 sin(𝜔1𝑡) + 𝑎2 sin(𝜔2𝑡)]

− 𝐸1 [
𝑎1
2

2
{1 − cos(2𝜔1𝑡)} +

𝑎2
2

2
{1 − cos(2𝜔2𝑡)}

+ 𝑎1𝑎2(cos{(𝜔1 −𝜔2)𝑡} − cos{(𝜔1 + 𝜔2)𝑡})] 

(5) 

In equation (5) one can clearly see that the linear term which is multiplied by E0 

contains waves of angular frequencies  and   only while the nonlinear term 

which is multiplied by E1 produces waves of frequencies 2  (two higher 

harmonic waves) and 𝜔1 ± 𝜔2 (modulated waves). Small peaks at frequencies 𝜔1 ±

𝜔2 are called modulated wave peaks, or sideband peaks or simply sidebands.   



 

If cubic terms are also kept in the stress-strain relation then from similar derivations 

one can show that in addition to the waves of frequency 2   and  𝜔1 ± 𝜔2, 

more waves of frequency 3, , 𝜔1 ± 2𝜔2 and 2𝜔1 ± 𝜔2 are also generated.  

Therefore, more higher-harmonic peaks and sidebands are generated for a material 

having cubic stress-strain relation in comparison to a material having quadratic stress-

strain relation. 

The above simple derivation shows that the material nonlinearity distorts propagating 

elastic waves creating higher harmonics and modulated waves. Therefore, materials 

with higher degrees of nonlinearity should produce greater number of sideband 

peaks, which is the summation of higher harmonic peaks and frequency modulated 

peaks. Instead of two frequencies (pumping wave and probing wave) waves of 

multiple frequencies, such as different Lamb wave modes propagating in a nonlinear 

plate, can interact with one another and produce sidebands.  The sideband peak count 

or SPC technique simply counts the number peaks of different strengths that are 

generated in addition to the excitation frequency peaks because elastic waves of 

multiple frequencies interact with one another in a nonlinear material [24-26]. Thus 

the SPC technique is relatively easy to use for both guided wave and multi-frequency 

bulk wave propagation cases. In this paper the SPC technique is combined with the 

linear ultrasonic technique to develop a hybrid linear-nonlinear ultrasonic inspection 

technique for holistic monitoring of composite plates subjected to impact induced 

damage - from crack nucleation to macro-crack formation and propagation. In their 

earlier works, Kundu et al. [24-26] successfully applied SPC technique for 

monitoring aging of glass fiber reinforced cement and detecting fatigue cracks in 

metal plates. In this paper the SPC technique is extended to monitor impact induced 

damage in composite plates. It is applied in conjunction with linear ultrasonic 

techniques for the first time for holistic monitoring of materials and structures. The 

concept of SPC index or SPC-I is also used for the first time in this paper.  It gives a 

single number instead of a curve to quantify the degree of nonlinearity of a material.   

3. EXPERIMENTAL INVESTIGATION 

To investigate if the developed hybrid technique works for different types of 

composites two types of composite specimens were fabricated. The first kind is glass 

fiber reinforced thermoplastic resin composite and the second type is basalt fiber 

reinforced thermoplastic resin composite.  The details of the materials used for 

fabricating the specimens are given below. 

3.1 Materials used for specimen fabrication: 

The investigated laminates include: 

• A polypropylene resin supplied by Songhan Plastic Technology Co. Ltd 

under the trade name Topilene PP J640 (MFI@230 °C, 2.16 kg: 10 g/10 min). 



 

This resin was also used pre-modified by the inclusion of 2% by weight of 

Polybond 3000 (PP-g-MA, MFI@190 °C, 2.16 kg: 405 g/10 min; 1.2 wt% 

maleic anhydride) from Chemtura (Philadelphia) 

• A Nylon 6 provided by Lanxess as Durethan B30S (MFI@260 °C, 5 kg: 102 

g/10 min); 

• A plain weave type woven glass fibre fabric from excel (France) with a 

specific mass of 204 g/m2. This fabric is slightly functionalised by amino 

silane groups; 

• A woven basalt fibre fabric purchased from Incotelogy GmbH also with a 

plain weave architecture and with a specific mass of 210 g/m2.  

 

3.2 Specimen fabrication details: 

The modification of the polypropylene (PP) with the coupling agent PP-g-Ma to 

obtain the matrix identified as PPC was carried out with the aid of a co-rotating twin-

screw extruder of the Collin Teachline ZK25T (Ebersberg - Germany). In this regard, 

a thermal profile along the screw equal to 180 °C -190 °C -205 °C -195 °C -185 °C 

from the hopper to the die and a screw speed of 80 rpm were set.  

Plastic films, on the other hand, were prepared with a Collin Teach-Line E 20-T 

single-head extruder and a Collin CR 72T calender (Ebersberg - Germany). In this 

case, the thermal profile used was 180 °C -190 °C -200 °C -190 °C -185 °C from the 

hopper to the die for PP and PPC filming and 240 °C -250 °C -260 °C -255 °C -255 

°C from the hopper to the die for PA6 filming. 

The laminates were obtained by stacking plastic films having a thickness of 35-40 

microns and layers of the reinforcing fabric, arranged in an alternating manner and 

in amounts such as to guarantee predefined values of thickness of the laminate and 

theoretical content in volume of reinforcing fibers. 

Stacked layers were then subjected to a hot-compression step using a Collin GmbH 

(Edersberg, Germany) model P400E lab-press. 

By operating in this way, plates with a thickness of 3 to 4 mm were produced and 

made up of 24 plies, symmetrically arranged with respect to the middle plane of the 

laminate, applying pre-optimized pressure cycles. Specifically, regardless of the 

nature of the reinforcing fabric, polypropylene matrix (PP or PPC) panels were 



 

manufactured at 210 °C by applying the following protocol: 2 min at 0.1 MPa, 2 min 

at 0.5 MPa, 2 min at 1 MPa, 2 min at 1.5 MPa, 2 min at 2 MPa, 2 min at 2.5 MPa and 

2 min at 3 MPa. Then a cooling was applied up to 30 °C maintaining the pressure at 

3 MPa. 

For PA6-based panels, on the other hand, the laminates were obtained at 255 °C, 

using the following pressure cycle: 2 min at 0.5 MPa, 2 min at 1 MPa, 2 min at 1.5 

MPa, 1 min at 2 MPa, 2 min at 2.5 MPa, 2 min at 3 MPa, 2 min at 3.5 MPa and 1 min 

at 4 MPa; followed by cooling to room temperature while maintaining the maximum 

applied pressure of 4 MPa. 

3.3 Impact tests: 

After specimen preparation, impact tests were carried out by a falling dart machine 

Ceast/Instron Fractovis equipped with an instrumented cylindrical impactor (mass: 

3.640 kg) having a hemispherical nose, 19.8 mm in diameter. The impact energy was 

controlled by varying the drop height of the impactor. 

3.4 Final products: 

The final two sets of thermoplastic composite plate specimens that were investigated 

in this study were reinforced by glass and basalt fibers, as mentioned above. Each 

plate had 18 plies of reinforcing material which was 50% of the specimens’ weight. 

Each of these two sets had 4 samples giving a total of 8 samples. The 4 samples in a 

set are impacted with varying degrees of impact energy that are summarized in 

Table.1. The composite plates had a length of 20 cm, width of 10 cm and thickness 

of 3 mm.  

Table 1. Summary of Composite Plate Specimens 

Sample Number of Samples Impact Energy 

Glass fiber reinforced resin 4 0J, 10J, 20J, 30J 

Basalt fiber reinforced resin 4 0J,10J, 20J, 30J 

 

The composite plates were impacted at the center with varying degree of impact 

energy. The glass fiber and basalt fiber reinforced plate specimens are shown in 

Figure 1. In both sets the left most sample has not been impacted and therefore it is 



 

in pristine condition; the impact energy gradually increases from 0 J to 30 J from left 

to right with a 10 J increment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Photos of glass fiber reinforced (top images) and basalt fiber reinforced (bottom images) 

polymer composite plate specimens with varying levels of impact energy – varying from 0 J (no 

impact or pristine specimen) to 30 J (specimen with maximum damage) with 10 J increment. 

3.5 Ultrasonic Inspection 

The experimental setup for ultrasonic testing is shown in Figure 2. A schematic 

diagram and a photograph of the experimental setup are shown. A computer 

controlled arbitrary function generator produces an electric pulse that is converted to 

an ultrasonic pulse by the transducer, to produce the excitation pulse. The ultrasonic 

pulse then propagates through the composite plate specimen. At the receiving end, 

the ultrasonic pulse is detected and then converted back to an electric signal by a 

second transducer that acts as the sensor for detecting the propagating wave [27, 28]. 

The PZT transducers that were used for this experiment had a diameter of 1.4 cm and 

a thickness of 0.022 cm. The transducers were attached to the composite plate 

specimens for exciting and receiving the ultrasonic signal. Guided wave modes were 

thus generated and propagated through the plate specimens.  

As explained earlier, the data acquisition was done in transmission mode. A wide-

band chirp signal was excited with frequency ranging from 25 kHz to 350 kHz. In 

Figure 3 a transient response is shown for a basalt fiber specimen after it was struck 

by 20 J impact energy. Similar responses for all specimens were recorded and 

0J                       10J                    20J                      30 J 



 

processed. Transient signals were normalized for better comparisons. Due to the 

presence of cross-talks in the initial part of the recorded signal as seen in Figure.3, 

all signals recorded before 35 µs were ignored to eliminate the effects of cross-talks.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Photograph (top) and schematic diagram (bottom) of the experimental setup                                     

 

 

 

 

 

 

 

 

 

Figure 3. Transient Response of a basalt fiber reinforced specimen struck with 20J impact energy 



 

4. EXPERIMENTAL RESULTS AND DISCUSSION 

4.1 Linear Analysis 

4.1.1 Fast Fourier Transform 

Fast Fourier transform (FFT) is the simplest signal processing technique that shows 

the frequency components of a transient signal. In Figures 4 through 7, FFT of eight 

transient responses for glass fiber and basalt fiber reinforced composite specimens 

are presented. Changes in spectral intensity for damaged specimens are compared by 

normalizing all data with respect to the peak values of the spectral plots of the pristine 

specimens. FFTs in Figures 4 and 6 are plotted for comparing results generated by 

undamaged specimens with those for the slightly damaged (10 J impact energy) 

specimens. In Figures 5 and 7 the responses of all three damaged specimens for each 

set are plotted together for better comparison, and the changes in the magnitude of 

the frequency response are investigated. The magnitude of the peaks around the 

frequency range 130±10 kHz decrease with increasing impact energy. There is a 

drastic decrease of 46%, in the magnitude of the peak when 0 J (pristine specimen) 

and 10 J (slightly damaged specimen) are compared, as shown in Figure 4. The 

magnitude continues to decrease by additional 18% and 37% as the impact energy 

increases, as shown in Figure 5. The same trend is observed in the basalt fiber 

specimens as shown in Figures 6 and 7. These FFT plots are then used to perform the 

nonlinear ultrasonic analysis, the sideband peak count (SPC) that will be discussed 

later. As seen in the FFT plots the130±10 kHz frequency range seems to be the most 

sensitive frequency range for monitoring the induced damage. Although the peak 

near 95±10 kHz is stronger its variation with degree of damage is less consistent. 

Ghosh and Kundu [29] explained in detail why various Lamb modes have different 

sensitivities to different kinds of material defects.  

 

       Figure 4. FFTs of pristine (0 J impact energy) and slightly damaged (10 J impact energy) glass 

fiber reinforced composite plate specimens.   

 



 

           

 

Figure 5. FFTs of three damaged glass fiber reinforced composite specimens having different degrees 

of damage (caused by 10 J, 20 J and 30 J impact energy).   

 

Figure 6. FFTs of pristine (0 J impact energy) and slightly damaged (10 J impact energy) basalt fiber 

reinforced composite plate specimens.   

                

 

Figure 7. FFTs of three damaged basalt fiber reinforced composite specimens having different degrees 

of damage (caused by 10 J, 20 J and 30 J impact energy).    



 

These figures show that in addition to the amplitude change, frequencies 

corresponding to different peaks also change slightly. From this observation it can be 

concluded that the variations of the plate material properties induced by damage 

change the dispersion characteristics of the propagating Lamb mode causing slight 

change in frequency of the propagating modes.   

               

4.1.2 S-Transform Analysis  

The S-Transform [30] is a combination of Short Time Fourier Transform and 

Continuous Wavelet Transform. The S-Transform of a signal can be seen as a 

modified Short Time Fourier Transform with a Gaussian window of varying width 

and height as a function of frequency. It can also be interpreted as a modified wavelet 

transform (WT) with the phase correction in the mother wavelet. This modified 

wavelet ignores the wavelet's admissibility criterion of having the zero mean and, 

hence, cannot be considered as a Continuous Wavelet Transform. 

Different peaks of the S-Transform plots shown in Figures 8 and 9 for glass 

fiber and basalt fiber composites, respectively represent the wave packets that are 

present in the transient signals. These peaks are monitored and changes in the time 

of flight (TOF), frequency, and magnitude of the peaks are shown in Tables 2 and 3. 

In all plots magnitudes are normalized with respect to the values obtained for the 

pristine plate specimens. S-transform plots are shown for specimens subjected to 0 J 

and 10 J impact energies only. However, the values obtained for all specimens are 

summarized in Tables 2 and 3. 

 

Figure 8. S-Transforms of pristine (0 J impact energy, left figure) and slightly damaged (10 J impact 

energy, right figure) glass fiber reinforced composite plate specimens.  



 

 

 

Figure 9. S-Transforms of pristine (0 J impact energy, left figure) and slightly damaged (10 J impact 

energy, right figure) basalt fiber reinforced composite plate specimens. 

Tables 2 and 3 list information obtained from the peaks in the frequency range 

130±10 kHz in the S-transform plots. By examining the peaks at a specific frequency, 

any shift in the time of that peak can be attributed to the effect of the impact induced 

damage. 

Table 2. Peak values from S-Transforms for Glass Fiber reinforced specimens 

Sample Frequency (MHz) Time (Millisecond) Magnitude 

0J 0.132 0.044623 1 

10J 0.140 0.04187 0.72844 

20J 0.126 0.05316 0.46231 

30J 0.130 0.064224 0.28093 

 

Table 3. Peak values from S-Transform plots for Basalt Fiber reinforced specimens 

Sample Frequency (MHz) Time (Millisecond) Magnitude 

0J 0.134 0.045279 0.7794 

10J 0.132 0.027612 0.62292 

20J 0.136 0.032128 0.74099 

30J 0.166 0.036376 0.47901 

  



 

 

Figure 10. Time-of-flight plots of glass and basalt fiber reinforced plate specimens 

4.1.3 Time of Flight  

The change in the time of flight (TOF) is then investigated. From the S-Transform 

plots, the variations of the TOF for damaged specimens relative to a reference 

specimen are plotted in Figure 10. For this figure the reference specimen taken for 

the TOF calculation is the specimen impacted with 10 J energy instead of the pristine 

specimen.  This is because a consistent variation in TOF was observed when 

specimens with different degrees of damage were compared rather than comparing 

the TOF of the undamaged specimen with those of the damaged specimens. The plots 

show the variations of TOF as the impact energy changes, for all damaged specimens. 

By examining the plots, it can be seen that TOF increases with the increase of the 

impact energy.  One may logically assume that increasing damage causes monotonic 

variation in the material properties resulting monotonic variation in the TOF.  The 

initial drop in the TOF from pristine to slightly damaged cases is probably due to 

some delamination caused by impact. The delamination changes the geometry of the 

propagating waveguide and hence can generate new Lamb modes with higher wave 

speed. A careful modeling, currently underway, will be able to produce definite 

explanations to this observation.   

4.2 Non-Linear Analysis 

4.2.1 Sideband Peak Count  

The non-linear analysis of the samples is performed using sideband peak 

count (SPC) [24-26]. The SPC technique counts the number of peaks in the FFT plots 

for given threshold values. The peaks counted in the SPC technique can be generated 

due to frequency modulations between propagating wave modes of different 

frequency, higher harmonics or higher order resonances. Thus even for an ideal linear 

pristine material the SPC count is not expected to be zero. It should also be noted that 

pristine composite plates are not perfectly linear material either. Thus even for a 

damage-free composite plate specimen some non-zero SPC values are expected. 

Then as the material damage is introduced in a pristine specimen the SPC values are 

expected to increase further due to increasing nonlinearity arising from the introduced 

damage.  



 

 

Figure 11. SPC for glass fiber reinforced specimens using 80% of the peak value as the upper limit 

for threshold. 

 

 

Figure 12. SPC for basalt fiber reinforced specimens using 80% of the peak value as the upper limit 

for threshold.  

 The SPC values are plotted for maximum threshold value of 80% of the peak 

value. It shows a clear distinction between the damaged and undamaged specimens 

as shown in the left plot of Figures 11 and 12. A higher SPC implies the specimen is 

more non-linear. The left plots show the SPC values for 0 J and 10 J specimens which 

can be classified as undamaged and slightly damaged specimens. There is a clear 

distinction between damaged and undamaged specimens - the damaged specimens 

show higher SPC values. The right plots show the SPC of the damaged specimens. 

However, the trends in the right plots are not as clear as the distinctions between the 

slightly damaged and undamaged specimens, plotted on the left.   

4.3 Combining Linear and Non-Linear Analyses for Holistic Structural Health 

Monitoring:  

The observations based on linear and nonlinear analyses described above can be 

combined to investigate the possibility of having a holistic structural health 



 

monitoring technique to monitor both early stages and advanced stages of material 

degradation.   

The LU parameters (the time-of-flight and the attenuation) and the NLU parameter 

(the SPC value) were obtained from the recorded signals. The TOF and the amplitude 

of a propagating wave mode can be given by a single number; while the SPC, as 

discussed above, is a plot that shows its variation as the threshold varies from a lower 

limit to an upper limit (0.08 to 0.8 in Figures 11 and 12). The SPC Index (or SPC-I) 

is defined by taking the average of the number of peaks counted for different 

threshold values. SPC-I is thus a single number that denotes the degree of material 

nonlinearity.      

Variations of LU and NLU parameters thus calculated are shown in Figures 13 

through 15.  Note that the LU parameter (TOF) plotted in Figure 13 varies 

monotonically with the progression of damage from 10 J to 30 J of impact energy but 

not from 0 J to 30 J while the NLU parameter (SPC-I) varies monotonically in Figure 

15 from the pristine state of the material (0 J) up to 20 J of impact energy but not 

beyond 20 J. Clearly this linear ultrasonic parameter TOF can be used to monitor the 

progression of damage but not nucleation of the damage. On the other hand the 

nonlinear ultrasonic parameter SPC is sensitive to the nucleation and early 

progression of damage but is not useful for monitoring the later stage of damage 

progression. 

However, the other LU parameter, the amplitude of the propagating wave mode 

(which is related to the wave attenuation) plotted in Figure 14, does not show similar 

variations for damage progression in the two types of composite specimens 

considered here. In Figure 14 the plotted magnitude corresponds to the amplitude of 

the dominant peak in the S-transform plots. So change in attenuation with degree of 

damage may not be always a reliable parameter for monitoring progression of 

damage for all types of specimens. 

Figure 14 shows monotonic variations of propagating wave strengths for glass fiber 

reinforced composite plates but not so for basalt fiber reinforced composite plates 

indicating different failure mechanisms for these two types of specimens. It is not 

surprising since glass fibers are more brittle than basalt fibers. 

Plots in Figure 15 show that for both types of composite specimens the degree of 

nonlinearity increases with impact energy up to 20 J.  However, as the impact energy 

is increased further to 30 J the degree of nonlinearity is reduced for basalt fiber 

composite specimens while it remained almost same for the glass fiber specimens. 

Hafezi and Kundu [31] showed through peri-ultrasound modeling that as crack sizes 

increase the degree of nonlinearity in the material decreases, as observed for the 

basalt fiber reinforced composite plates.  Glass fiber reinforced specimens do not 

show a decrease but for these specimens the degree of increase in the material 

nonlinearity is reduced for 20 to 30 J jump compared to earlier jumps (0 to 10 J and 

10 J to 20 J). Probably fragmented brittle glass fibers trapped in the newly formed 



 

cracks cause rubbing between glass fibers and crack surfaces as the waves propagate 

through the damaged zones, causing higher level of nonlinearity in these specimens 

compared to basalt fiber specimens for 30 J impact.      

From this investigation the following three conclusions can be drawn for both types 

of composite specimens. 

1) In the early stage of damage progression when the impact energy varies from 

0 J to 10 J the NLU parameter SPC-I is more reliable for damage 

initiation/progression monitoring than linear parameters. 

2) In the intermediate stage of damage progression when the impact energy 

varies from 10 J to 20 J both the NLU parameter SPC-I and the LU parameter 

TOF are sensitive to the damage progression. 

3) In the advanced stage of damage progression when the impact energy varies 

from 20 J to 30 J the LU parameter TOF is more reliable for damage 

progression monitoring than the NLU parameter SPC-I.  

Therefore, a holistic SHM technique that is capable of monitoring the full spectrum 

of damage progression from crack initiation to failure must consider both LU and 

NLU parameters (TOF and SPC-I). Ideally, both these parameters should be obtained 

from a single measurement as done in this investigation.  

   

Figure 13: Variations of the time of flight of ultrasonic waves in basalt fiber (left figure) and glass 

fiber (right figure) reinforced polymer composites as the impact energy increases.  Note that the 

variation is monotonic from 10 J to 30 J but not so before 10 J.  

 

 

Figure 14: Variation of the magnitude of the strongest peak in basalt fiber (left figure) and glass fiber 

(right figure) reinforced polymer composites as the impact energy increases.  Note that the variation 

is monotonic in the right figure but not in the left figure.  



 

 

Figure 15: The variation of the NLU parameter the SPC index in basalt fiber reinforced polymer 

composites (left figure) and glass fiber reinforced polymer composites (right figure) as the impact 

energy increases.  Note that the variation is monotonic from 0 J to 20 J but not so after 20 J. 

  

5. CONCLUSIONS 

To conclude it is observed that the linear ultrasonic parameter TOF (time of 

flight) is reliable for monitoring the damage progression while the non-linear 

ultrasonic parameter SPC Index is sensitive to damage initiation and propagation at 

its early stage. Thus a combination of nonlinear and linear ultrasonic techniques 

should be used to develop a holistic structural health monitoring technique, to 

monitor damage in a structure from its initiation stage (dislocation and micro-crack 

formation) to the advanced stage (macro-crack propagation) of damage progression.  

Among the two popular linear ultrasonic parameters, time of flight and attenuation, 

the time of flight showed more consistent variations with damage progression in this 

study. If the size of already existing internal defects in a structure are expected to be 

much smaller than the wavelengths of the ultrasonic waves being used to monitor it 

then nonlinear ultrasonic technique should be used otherwise linear ultrasonic 

technique should be able to do the job.  
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