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Abstract:  

The identification of damaging events in fiber-reinforced plastics (FRP) based on their acoustic 
emissions (AE) has been a vivid field of research for more than 25 years. Damage classification has 
been carried out by correlating damage patterns with single or multiple features from the time and 
frequency domain of the corresponding AE. Features such as maximum amplitude, peak frequency and 
Weighted peak frequency were used as indicators to distinguish between the various damaging events 
in FRP. However, classification results among authors partly contradicted each other and transferability 
of results has therefore been questioned. Besides the differences in measurement equipment (e.g. 
sensor, amplifier) and specimen design (e.g. geometry, layup) the effect of source depth and source-to-
sensor distance on the resulting signal characteristics has been pointed out as another possible cause 
for the ambiguity in classification results. In this study, acoustic emissions are systematically produced 
in various depths and distances to the AE sensors during quasi-static tensile testing of bidirectional 
CFRP laminates with 0/90/0 and 90/0/90 layup in order to investigate the influence of source depth and 
source-to-sensor distance on the signal characteristics of fiber and matrix fracture. The results underline 
the impact of source depth and source-to-sensor distance on the resulting AE features and visualize the 
limitations of AE for damage classification in CFRP. 

1. Introduction 

Multiaxial carbon fiber reinforced plastics (CFRP) show gradual failure characteristics with high 
complexity due to their inherent heterogeneous structure and the various types of damaging 
mechanisms. Understanding this failure process is the key for exploiting the full potential of 
CFRP for structural lightweight applications. Acoustic emission (AE) analysis has been utilized 
to characterize damage progression through the detection and analysis of released acoustic 
emissions from crack initiation and development during mechanical testing. Source 
identification has been realized through the correlation of single or multiple features from the 
time and frequency domain of released acoustic emissions with the occurring damaging 
mechanisms [1-7]. In this context, unsupervised and supervised clustering methods such as 
k-means or self-organizing maps have been commonly utilized to find similarities in extracted 
features in a multidimensional feature space and thereby identify the acoustic signatures of 
damaging mechanisms [8,9]. However, the transferability of the findings has been questioned 
since ambiguous results for the acoustic signatures of damaging modes such as fiber and 
matrix fracture have been published [10]. Recent studies pointed out the importance of the 
source-to-sensor distance and source depth on the acoustic footprint of matrix cracks in thin-
walled CFRP [10-12]. They proved that matrix cracks can excite low- as well as high-frequent 
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acoustic emissions depending on the source depth. This contradicts the general believe that 
only fiber cracks will produce acoustic emissions with high frequency content. The cause lies 
in the excitation of the fundamental guided wave modes and their characteristics. Whereas a 
spontaneous in-plane deformation in the center plane of a plate results in a symmetric wave 
mode, an in-plane excitation outside the plane of symmetry will yield a dominant antisymmetric 
wave mode. Since both modes vary in attenuation, wavelength and group velocity, AE signal 
analysis with a constant time window will result in variations in frequency content and extracted 
parameters. Hamstad et. al simulated this change in modal content in an aluminum plate and 
thereby proved the importance of source depth on the resulting acoustic wave [13]. Maillet et. 
al pointed out that limitations have to be given regarding the source-to-sensor distance in order 
to allow for valid damage classification in CFRP [11]. The strong attenuation of the acoustic 
waves in CFRP has a major impact on the frequency content of the detected waves and 
thereby impedes source identification. 

This study focusses on the influence of source-to-sensor distance and source depth on the 
acoustic waves and damage classification. Specimens are designed to systematically produce 
fiber and matrix fracture during quasi-static tensile loading in various depths and distances to 
the sensors.  

2. Description of work 

Specimen 

Mechanical testing was performed on CFRP laminates with 0/90/0 and 90/0/90 layup that were 
manufactured with SGL Prepreg T700 12K 50C/EP322 according to the recommended cure 
cycle. The layup was chosen to systematically produce fiber break and transverse matrix 
cracking in different depths during tensile loading in 0° direction. Based on the design from 
[14] the specimens were cut on a CNC milling machine to the dimensions shown in figure 1. 
The tailored shape thereby promotes the occurrence of damaging events and respective 
acoustic emissions in the mid-section. The nominal thickness of the specimens was 0.73 ± 
0.03 mm with a fiber volume content of around 53%. Tapered (+45/-45)s GFRP laminates were 
used as end taps in order to avoid early failure in the gripping area.   

Experimental Setup 

Mechanical testing was performed on a universal testing machine with hydraulic clamps. The 
specimens were fixed with a clamping length of 215 mm and loaded in tension with a rate of 1 
mm/min. AE analysis was performed with Vallen AMSY-5 system and four AE Sensors. The 
inner VS900 sensors (1 & 2) were used for evaluation while the outer VS150 sensors (3 & 4) 
served as guards to filter noise from the gripping area. The AEP4 was set up as preamplifier 
for every channel with a gain of 34 dB. The sensors were coupled with silicon grease and fixed 
with spring clamps.  

For data acquisition, a sample rate of 10 MS/s (0.1 µs) with 4096 samples per set and 1024 
pre-trigger samples was selected. Hit definition was based on a fixed Threshold of 60dB and 
a duration discrimination and rearm time of 100 µs. Frequency evaluation was constrained 
through a bandpass filter from 25 to 850 kHz. 
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Figure 1: Specimen dimensions and experimental setup for the quasi-static tensile testing of CFRP 
coupons 

Data Evaluation 

Acoustic events were defined based on differences in time of arrival between triggering 
channels. For event localization, the threshold-based arrival time were adjusted through the 
Akaike Information criterion (AIC) picker [15]. The S0 mode was assumed to be the triggering 
mode of each event with an estimated velocity of 2500 and 5000 m/s in the 0° direction for the 
90/0/90 and 0/90/0 specimen respectively. Data evaluation was constrained to the area 
between the inner sensors. Acoustic emissions outside this area were filtered out by 
considering only those events that were localized in this area and triggered one of the inner 
sensors (1 & 2) first. Feature extraction was performed with the remaining events in the 
frequency domain based on the Fast Fourier Transform of the time signal in a fixed evaluation 
window that spanned 1536 samples, starting 512 samples before the trigger and ending 1024 
samples after. The features are based on Sause et. al [7] and are listed in table 1. In order to 
identify the damaging mechanisms, a cluster analysis was performed in the AE feature space 
by fitting a variable number of gaussian mixed models to the data set. The definition of the 
number of gaussians was based on the results of former work [7,8]. 
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AE Features Abbreviation Unit 

Partial Power 1, 0 to 200 kHz PP1 - 

Partial Power 2, 200 to 400 kHz PP2 - 

Partial Power 3, 400 to 600 kHz PP3 - 

Partial Power 4, 600 to 800 kHz PP4 - 

Partial Power 5, 800 to 1000 kHz PP5 - 

Frequency centroid fc kHz 

Peak frequency fp kHz 

Weighted peak frequency fwp kHz 

Table 1: Extracted Features from the frequency domain of AE signals (See Reference [7]) 

3. Results 

Influence of source depth 

Among the extracted AE features, the combination of Partial Power 1 with Weighted peak 
frequency was found to visualize patterns in the data sets the best way. The results of the 
cluster analysis for the data sets of both specimen types can be seen in figure 2. Only the 
features of the first hit of each event were selected for analysis. Three clusters could be 
identified for the 0/90/0 specimen, whereas four clusters were visible in the 90/0/90 data set. 
However, after investigating the time and frequency domain of signals from cluster 3, it was 
found that low frequency noise and electromagnetic interference were responsible for the 
formation of this additional cluster of 90/0/90. Cluster 3 was therefore not considered for further 
analysis. 

(a) 0/90/0 (b) 90/0/90 

Figure 2: Signal classification through AE Features Partial Power 1 (-) and Weighted peak frequency 
(kHz) of 1st Hit of events for specimen 0/90/0 (a) and 90/0/90 (b) with color coded classes 
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The partitions of both data sets resemble each other. The shapes as well as the positions of 
clusters 1, 2 and 4 are similar for specimen 0/90/0 and 90/0/90. However, the quantity of AE 
data from each cluster differs as can be seen in figure 3 on a logarithmic scale. Whereas 
specimen 90/0/90 shows a higher number of events in classes 1 and 2, there are more events 
of class 4 found for specimen 0/90/0.    

 

 

Figure 3: Cumulative number of events in the classes 1, 2 and 4 for the 90/0/90 and 0/90/0 specimen  

 
In the next step, the frequency spectra of all three classes were inspected furthermore. For 
comparability, a representative spectrum for each class was created by standardizing every 
single spectrum by its maximum value and averaging these spectra class wise. The results 
can be seen in figure 4 where the average spectra for each class (blue line) are visualized 
along with their standard deviation (black dotted line) for both specimens.         

Classes 1 and 2 of both specimens show a similar frequency distribution. However, specimen 
0/90/0 shows more magnitude in the frequency region above 800 kHz in both classes. This is 
highlighted furthermore in figure 5, where Partial Power 5 is displayed against Weighted peak 
frequency. In the frequency spectra of class 4 additional dissimilarities can be found between 
both specimens. Whereas some peaks can be found in both spectra, specimen 90/0/90 shows 
one pronounced peak between 550 and 600 kHz that is not as prominent in specimen 0/90/0. 
Furthermore, there is no hard drop in magnitude after the peak at around 700 kHz for the 
90/0/90 specimen. Instead, it seems like there are multiple peaks following the major peak at 
700 kHz where there is only one around 800 kHz for the 0/90/0 specimen. 
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(a) Class 1, 0/90/0 

 

(d) Class 1, 90/0/90 

 

(b) Class 2, 0/90/0 

 

(e) Class 2, 90/0/90 

 

(c) Class 4, 0/90/0 

 

(f) Class 4, 90/0/90 

 

Figure 4: Standardized and averaged Fourier transforms of acoustic emission signals (blue line) from 
classes 1, 2 and 4 from specimen 0/90/0 (a,b,c) and 90/0/90 (d,e,f) along with their standard deviation 
(black dotted line)  
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(a) 0/90/0 (b) 90/0/90 

Figure 5: Partial Power 5 (-) and Weighted peak frequency (kHz) of 1st Hit of events for specimen 
0/90/0 (a) and 90/0/90 (b) with color coded classes 

 

Quasi-static tensile testing – Influence of source-to-sensor distance 

The influence of source-to-sensor distance on the ability to identify clusters in AE features and 
distinguish between damaging mechanism can be seen in figure 6 where Partial Power 1 and 
Weighted peak frequency are displayed for the first and second Hit of an event that differ in 
100 mm propagation path at maximum. Except for cluster 1, the shape and position of the 
clusters varies. An increase in Partial Power 1 and a decrease in Weighted peak frequency 
can be observed for the AE events of cluster 2 and 4. As a result, separation between the 
clusters gets lost and events would have gotten misclassified if AE features from the 2nd Hit of 
each event were taken for cluster analysis. 

For a closer look on the development of AE features the change in Weighted peak frequency 
as a function of source-to-sensor distance is illustrated in figure 7. For both specimens a 
decrease in Weighted peak frequency can be observed for events from the classes 2 and 4 
with increasing source-to-sensor distance. These charts allow the estimation of a maximum 
source-to-sensor distance for proper cluster separation. In the case of the 90/0/90 specimen, 
this critical distance lies between 60 and 80 mm. For the 0/90/0 specimen, the critical distance 
is hard to estimate due to the lack of data points between 20 and 80 mm. In contrast to the 
events from other classes, events from class 1 don’t show a trend in the change of Weighted 
peak frequency in relation to source-to-sensor distance. 
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(a) 1st Hit of Event, 0/90/0 

 

(c) 1st Hit of Event, 90/0/90 

 

(b) 2nd Hit of Event, 0/90/0 

 

(d) 2nd Hit of Event, 90/0/90 

 

Figure 6: Signal classification through AE Features Partial Power 1 and Weighted peak frequency of 
1st and 2nd Hit of events for specimen 0/90/0 (left side) and 90/0/90 (right side) 

 

(a) 0/90/0 (b) 90/0/90 

Figure 7: Change in Weighted peak frequency as a function of source-to-sensor distance for specimen 
0/90/0 (left side) and 90/0/90 (right side). The colors represent the classes 
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4. Discussion 

Influence of source depth 

According to several authors the source depth influences modal as well as frequency content 
of the resulting acoustic emissions and should therefore affect the acoustic signature of fiber 
break and matrix cracking in the selected specimen layups [10-13]. Regarding class 1 and 2 a 
higher frequency content was observed for the events from 0/90/0 compared to 90/0/90. If we 
assign cluster 1 with matrix fracture as suggested by Sause et. al [7], the change in frequency 
content of cluster 1 could be attributed to the variation in source depth of transverse matrix 
cracking. The reason for an increase in frequency content could be found in the change of 
modal content. According to Hamstad et. al, an in-plane excitation outside of the axis of 
symmetry leads to the formation of a dominant antisymmetric wave mode whereas an in-plane 
excitation in the plane of symmetry results in a purely symmetric mode [13]. Since transverse 
matrix cracking represents an in-plane source for wave excitation, the resulting acoustic 
emission should carry a dominant antisymmetric mode in the 90/0/90 and a dominant 
symmetric mode in the 0/90/0 specimen. By looking at the continuous wavelet transforms of 
exemplary events from class 1 of both specimens, one can see the differences in modal 
content. 

(a) 0/90/0 

 

(b) 90/0/90 

 

Figure 8: Continuous wavelet transforms of exemplary signals of class 1 from specimen 0/90/0 (left 
side) and 90/0/90 (right side) 

A change in modal content doesn’t have to result in a change in frequency content. However, 
there are three reasons for it: 

1. Both modes show differences in dispersion behavior which affect the temporal duration 
of the wave package as a function of propagation path. When taking a constant time 
window for AE evaluation and feature extraction, the result will depend on the excited 
mode and the source-to-sensor distance, leading to differences in frequency content 
and related features.  

2. There are differences in the attenuation behavior of the symmetric and antisymmetric 
wave mode that will lead to variations in frequency content depending on the source-
to-sensor distance and the propagation direction in CFRP [16-18] 

3. Both modes show a different wavelength at a given frequency, which leads to variations 
in the sensors response due to the aperture effect [19]. Since the wavelength is in the 
order of the sensor diameter this can have a significant effect on the frequency content 
and the resulting features.  

S0 

A0 A0 
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In general, the combination of all three effects will determine the resulting changes in frequency 
content when modal content of the excited wave varies.  

In this study, transverse matrix cracking in the 0/90/0 specimen lead to a higher magnitude 
above 800 kHz compared to the 90/0/90 specimen. These changes in frequency content could 
result from the formation of a strong S0 mode that is excited through transverse matrix cracking 
in the center layer of the 0/90/0 specimen. Since the S0 mode shows a lower attenuation in 
CFRP compared to the A0 mode [16-18], the high frequency content in the acoustic signal is 
more likely to be sustained over the propagation path. Furthermore, the S0 mode shows a 
higher wavelength at a given frequency compared to the A0 mode which results in a higher 
critical frequency for signal attenuation due to the aperture effect of the piezoelectric sensor. 

Regarding the events of cluster 4, we also observed changes in the frequency content between 
both specimen. If we assign cluster 4 to fiber breaking, as suggested by Sause et. al [7], we 
can explain the changes in frequency content again with a change in modal content that results 
from the variation of source depth of fiber breaking. For the 90/0/90 specimen fiber breaking 
takes place predominantly in the middle layer (the plane of symmetry), promoting the formation 
of a symmetric wave mode whereas fiber breaking in the 0/90/0 specimen should excite a 
more prominent antisymmetric wave mode. Again, differences in the attenuation factors as 
well as in wavelengths of both modes are responsible for the observed changes in frequency 
content.  

Due to the aperture effect and the differences in wavelength of both modes, different peaks in 
the frequency spectra can form from a broadband signal that can be assigned to the S0 and 
A0 mode respectively. This was observed in figure 4 and can be validated by looking at 
exemplary signals in more detail. If the sensor dimensions and the wavelength of the modes 
are known, the characteristic peaks could be determined and serve as indicators for the S0 to 
A0 ratio that could again yield information about the source depth. 

Influence of source-to-sensor distance 

 
In figure 7, events from classes 2 and 4 showed a decreasing trend in Weighted peak 
frequency with increasing source-to-sensor distance. After around 60 to 80 mm of propagation 
path in the 90/0/90 specimen, acoustic events from the two classes could not be separated 
from events of class 1 anymore. This could result from the strong attenuation of lamb waves 
in CFRP compared to metallic structures [16-18].  

The Weighted peak frequency of events from each class is affected differently by the source-
to-sensor distance. The highest loss in Weighted peak frequency can be observed for events 
from class 4 for both specimen. This is due to the higher frequency content in acoustic signals 
of class 4 because attenuation increases with frequency. The events of class 1 seemed to be 
unaffected by the source-to-sensor distance. This behavior can be explained with the strong 
resonance of the AE sensors around 140 kHz. The low-frequency events of class 1 are mainly 
characterized by this resonance which represents a stable peak frequency over the source-to-
sensor distance. Hence, frequency centroid shows only slight changes as well so that the 
Weighted peak frequency of events from class 1 stays stable over the source-to-sensor 
distance.  
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To quantify the reduction in Weighted peak frequency as a function of source-to-sensor 
distance and thereby define limitations for source identification in CFRP, more specimens will 
be included in future analysis.  

5. Conclusion 

In this study, the influence of source depth and source-to-sensor distance on acoustic signal 
characteristics of damaging events in CFRP was studied. The specimens were designed to 
promote the generation of fiber breaking and transverse matrix cracking during quasi-static 
tensile loading in various depths and distances to the sensors. The authors could show that 
the source depth as well as the source-to-sensor distance have a significant impact on the 
frequency content of the acoustic signals. Regarding the influence of source depth, a variation 
of S0 to A0 ratio in relation to source depth was suggested to be the cause for the observed 
changes in frequency spectra. Both modes vary in group velocity, wavelength and attenuation 
behavior and therefore yield different frequency spectra. The role of the aperture effect was 
underlined in this context. In terms of source-to-sensor distance, the authors could show that 
propagation distances of 60 to 80 mm are sufficient for misclassification of AE signals in the 
CFRP specimens under investigation. In the future work, the limitations for damage 
identification will be investigated in more detail in order to increase the awareness of the 
influences of source depth and source-to-sensor distance in AE analysis.     
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