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Abstract. The utilization of acoustic emission monitoring across different sectors with 

various applications is evident especially in the field of composites. In this work, three carbon 

fiber reinforced polymer composite tube types, intended for paddle production, are subjected 

to mechanical bending test up to their ultimate limit. With the use of acoustic emission 

monitoring and subsequent postprocessing of the data by unsupervised pattern recognition 

approach, it was possible to characterize the damage evolution for given composite tube type.  

Introduction 

Over the past decades, carbon fiber reinforced polymer (CFRP) composites have shown a 

constant increase in a variety of applications such as car or aircraft components, sports and 

medical equipment [1] and recently also in additive manufacturing [2-4]. Their main benefit 

lies primarily in relatively large strength/weight ratio or the ability to customize the material 

properties for dedicated purposes by changing the stacking sequence and related fiber 

orientation. One of the specific sectors, where the CFRP composites are widely applied, is 

canoeing with related manufacturing of the paddles. This sport equipment is during its 

lifecycle exposed to cycling bending, which can, besides the material aging process, to a 

certain extend affect the paddle stiffness. The basic study of the mechanical response of given 

structure, in our case the CFRP composite tube forming the paddle, can be realized using 

universal testing machine with dedicated equipment. To gain more detailed insight into 

damage monitoring process on micro-scale, we have to incorporate any additional method 

such as acoustic emission (AE) testing [5]. AE monitoring during mechanical loading of 

given structure is an effective tool for studying the evolution of damage processes in the 

material [6]. Generally, the method is even capable of detecting the onset of plastic 

deformation [7], which has the character of white noise with low energy [8]. The advantages 

of the AE method are apparent in the case of analysis of more complex materials such as 

composites. The main objective of the presented study is to experimentally simulate the 

operation of the three types of CFRP paddle tubes to its ultimate limit state including 

monitoring the damage evolution process using AE method. The measured AE data are 

subsequently analyzed with use of unsupervised pattern recognition approach. Based on the 

reported signal properties of different failure modes in composites from various studies, the 

authors we were able to classify the measured AE signals accordingly. 
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Test sample characterization 

The experiments were carried out on three types of CFRP tubes with different number of 

layers, their orientation and woven fiber density of used material (see Figure 1), where each 

type of CFRP tube has been represented by three test samples. Samples labeled as „A“ were 

manufactured using four layers of unidirectional carbon woven fabric with density 200 g/m2 

and one layer of aramid/carbon woven fabric [0o-90o] with density 175 g/m2 and average wall 

thickness of 1,45 mm. The production of samples labeled as „B“ included the use of two 

layers of unidirectional carbon woven fabric with density 300 g/m2 and one layer of carbon 

woven fabric [0o-90o] with density 280 g/m2 with average wall thickness of 0,9 mm, while 

samples labeled as „C“ were manufactured using solely four layers of unidirectional carbon 

woven fabric with density 300 g/m2 with average wall thickness of 1,42 mm. 

 

 
Fig. 1: CFRP composite tubes under test 

Experimental procedure 

Three point bending test procedure has been selected in order to simulate as much as possible 

the real nature of the loading process during the use of the paddle. The realization of the 

experiments was carried out on universal testing machine Testometric M500-50CT with 

dedicated weldment, which enables with its moving parts to modify its geometry for a wide 

variety of such experiments. The distance between the supports was equal to 1040 

millimeters, while the force has been acting 440 millimeters from AE sensor #1 (see Fig. 2).  

 

                     

Fig. 2: In-Situ photograph of the test rig including specimen equipped with AE sensors (left); 

schematic representation of the three point bending test (right) 

 

The tested tube with attached AE sensors was placed in a plastic pipe to prevent damage to 

the AE sensors and other equipment due to sudden integrity violation. The supports were 

covered by thin felt to allow free movement of the tube during its bending. The test has been 

deformation-controlled with the the upper anvil speed equal to 10 mm/min. 

440 mm 600 mm 

AE sensor #1 AE sensor #2 

A  B C 
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Acoustic emission monitoring  

The acoustic emission activity was monitored using Vallen AMSY-6 AE system with two 

utilized measuring channels (ASIP-2A dual channel signal processor card), equipped with 

AEP5H 34 dB preamplifiers and broad-band Vallen VS-900 AE sensors, which have been 

attached onto the tube with use of oil-based plasticine. The sampling frequency of the AE data 

was set to 10 MHz while the transient data (wave transients) were sampled with 20 MHz and 

frequency range between 50 and 1100 kHz. Since the AE sources, which will occur in the 

close vicinity of the force acting point, will be located at a relatively greater distance and, at 

the same time, the composite exhibits higher rate of signal attenuation, it was necessary to set 

a lower value of threshold, in our case equal to 32 dB. The measured data were then filtered 

using the linear localization condition, for which has been known the approximate AE source 

location, i.e. force acting point at the distance of 440 mm from AE sensor #1 (see Fig. 2).  

The filtered data were followingly analyzed with Vallen VisualClass software package, 

which uses the pattern recognition method [9] to associate similar waveform types into 

separate groups. Due to the nature of the task, an unsupervised learning approach [10] was 

chosen. The procedure starts with loading the selected database into Vallen VisualClass 

software, where in the beginning, the user has to specify the number of time windows 

including their span and the starting point in the time domain related to the origin defined by 

detection threshold (see Figure 3 - left).  

 

  
Fig. 3: Setting up the Hamming windowed time segments with corresponding results in 

frequency domain (left); Transformed features projection – results for four selected clusters 

(right) 

 

The current analysis incorporates following settings: Number of time segments: 5; Size of 

single time segment in terms of points: 1024; Rel. trigger offset: -128 points; min/max 

frequency limit: 50/700 kHz. The software then performs the assembly of multidimensional 

feature vector, which size depends on the chosen number of time segments including their 

size. After the calculation process will be obtained the basic feature space, which is then 

linearly transformed for maximizing inter-class distance and minimizing the intra-class 

extension, at the same time (see Figure 3 - right). The results are then transferred into 

VisualAE software for further postprocessing. Four clusters were chosen for subsequent 

analysis, since the additional increase of the number of clusters did not lead to better 

differentiation of individual transients. One sample from each series has been subjected to the 

attenuation measurement of the AE signal in order to properly display the real AE signal 

amplitude in subsequent data analysis. The results of the attenuation measurement are shown 

in table 1. 
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Table 1: Attenuation measurement 

Sample series Near field attenuation [dB/m] Far field attenuation [dB/m] 

A 90 33,3 

B 66,6 33,2 

C 222,2 36,2 

Results and discussion 

Figure 4 shows relation between force and displacement of the anvil for individual A/B/C 

production run samples. The highest stiffness is being reached by C series samples, followed 

by A and B series samples. All three manufacturing modifications show within their group 

very similar trend in terms of the force-displacement course except A series sample A2, which 

exhibits marginally lower stiffness.  

 

 
Fig. 4: Force as the function of displacement for individual A/B/C production run samples 

 

The above conclusion however is not valid for the maximum force across individual series, 

where can be registered differences from 10 to 28 percent related to the maximal achieved 

force in each production run. The reason for the results variation can be found in the 

production itself. A somewhat similar trend can be registered in case of number of located AE 

events across the 0÷Fmax range for individual samples (see Figure 5), where a relatively large 

variation is registered.  

 

 
Fig. 5: Located event as the function of force for individual A/B/C production run samples 
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Following figure display the energy-force relation for individual samples from A/B/C 

series. The maximum value of released AE energy is for all samples between 108 and 109 aJ. 

The difference, however, lies in the character how the energy is being released during the 

loading process. A and B series specimen exhibit almost gradual AE energy release, with the 

difference in the final loading stage. While A series specimen tend to gradually continue with 

the cumulation of the AE events and gradual release of the AE energy, B series samples tend 

to suddenly lose integrity without any warning phase. A completely different behavior can be 

found in case of C series samples, which have considerably larger energy per event ratio with 

a lack of any warning phase before the integrity lose. 

 

 
Fig. 6: Energy as the function of force for individual A/B/C production run samples 

 

The issue of identification of failure mechanisms in composites is relatively complicated, 

as evidenced by a number of publications, which surprisingly do not give a clear answer in the 

area of amplitude and frequency spectra [11-15]. The performed unsupervised pattern 

recognition analysis revealed four groups of signals with characteristic properties. The signals 

in the first class are characterized by high amplitude in most cases exceeding 95 dBAE with 

energy value usually above 1.106 aJ and frequencies in the span from 50 kHz to 150 kHz (see 

Fig. 7), whereas the class also contains signals with frequency content above 300 kHz. The 

second class is characterized by amplitudes usually below 80 dBAE with AE energy in the 

order of thousands to tens of thousands of aJ and the frequency in the 50÷450 kHz range (see 

Fig. 8). The third class is represented by signals with amplitude in the 70÷90 dBAE range with 

AE energy in the order of ten thousand aJ and the frequency in the 50÷300 kHz range (see 

Fig. 9). The fourth class is characterized by signals in the 90÷110 dBAE amplitude range, AE 

energy in 1.105÷1.106 aJ and with frequency in the 50÷200 kHz range (see Fig. 10). 

   

 
Fig. 7: Class 1 signal example  
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Fig. 8: Class 2 signal example  

 

 
Fig. 9: Class 3 signal example  

 

 
Fig. 10: Class 4 signal example  

 

Figures 11-13 show the cluster classification of localized AE events as the function of time 

and distance corrected amplitude for individual A/B/C production run samples. Almost in all 

cases starts the damage with located events assigned to cluster 2, i.e. characterized by lower 

amplitudes and 50÷150 kHz frequency range, which can be most likely assigned to the matrix 

cracking, followed by signals with high frequency content, usually above 300 kHz, coming 

from fiber breakage. A similar categorization can be found in case of AE signals belonging to 

class 3, whose are characterized by higher amplitudes and AE energies, but slightly lower 

frequency ranges.     

 

 
Fig. 11: A series sample results  
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Classes 1 and 4 on the other hand share the highest energy as well as amplitude values, 

while having a lower frequency range, however even in this case can be found a small group 

of signals with a frequency content reaching up to 450 kHz. The reason for occurrence of both 

low and high frequency signals in the mentioned classes lies in the overlapping of individual 

clusters between each other (see Fig. 3). Based on the given parameters and, at the same time, 

using available literature can we conclude, that classes 1 and 4 most likely represent the 

interface decohesion and in some cases also the fiber breakage (signals with higher frequency 

content). Figure 14 additionally shows the typical frequency spectrum for fiber breakage in 

case of C1 sample. Generally speaking, figures 11-13 show different character of the damage 

evolution process particularly in the percentage of the presence of class 1 and class 4 signals, 

which should represent the interface decohesion and higher volume fiber breakage events due 

to different number of  unidirectional woven fabric layers with different density at the same 

time. Especially in case of C series samples can be the fiber breakage clearly identified by 

high frequency class 1 signals over 110 dBAE, which start to occur near the ultimate limit of 

the loading force.  

 

  
Fig. 12: B series sample results  

 

 
Fig. 13: C series sample results  

 

 
Fig. 14: Fiber breakage at 0,98*Fmax force value with amplitude exceeding 120 dBAE, Class 1 

(C1 sample)  
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On the other hand, A series samples, especially sample A1, report a relatively large number of 

high frequency class 2 signals, which also belong to fiber breakage. However, as mentioned 

above, such signals will begin do occur after their low frequency counterparts, whose report 

the matrix cracking process. In conclusion we can say that the fiber breakage failure 

mechanism occurs in a wide spectrum of amplitudes, while the matrix cracking process 

occupies amplitudes up to 60÷70 dBAE. AE events with higher amplitude and AE energy 

mainly belong to interface decohesion and/or higher volume of fiber breakages.  

Conclusion 

AE monitoring technique together with an unsupervised pattern recognition technique has 

been used to analyze the damage evolution of the three types of CFRP composite samples in 

order to identify the different damage mechanisms of considered materials during three point 

bending test. The analysis resulted in cluster classification, which to a certain extend 

represented matrix cracking, fiber breakage or interface decohesion. Due to a partial overlap 

of individual clusters between each other can be the mentioned phenomena registered in 

multiple clusters, which is particularly evident in the case of fiber breakage or matrix 

cracking. In spite of the work done, there are a number of questions, which have to be 

answered in a future research activities, such as more specific properties of the AE signal 

belonging to the fiber breakage or interface decohesion.   
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