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Abstract:  

The objective of this work is to build a quantitative relationship between the fiber break as source of 
Acoustic Emission (AE) and the detected signal by unravelling the effect of each stage of the AE 
acquisition chain. For this purpose, an AE modelling is carried out using the Finite Element Method and 
then the simulation is compared to experimental results of Single Fiber Fragmentation Test (SFFT). The 
SFFT is used in order to produce preferential fiber break. Two different types of transducer are used in 
order to gather information on a wider frequency bandwidth. The analysis of detected signals shows an 
important dependence on propagation distance on the frequency content of signals. For the modeling 
part, the entire geometry of the specimen is modelled. The sensor is taken into account by its transfer 
function. The FE model is used to study the effects of different parameters on the signal such as the 
propagation medium, propagation distance and effect of sensors. 

1. Introduction 
The Acoustic Emission (AE) technique is widely used to detect failures in composite material. 
The different types of failures such as fiber breakage, interface debonding, matrix cracking and 
delamination are identified thanks to their AE signature. This signature is expressed by signal 
parameters called descriptors: amplitude, energy, peak frequency, frequency centroid, etc.  
Single-parameter analysis or pattern recognition techniques are usually used to classify 
signals belonging to the same type of failure [1]. In the most of studies that treat failures in 
polymer matrix composites, higher frequency and higher amplitude are assigned to fiber 
breaks as mode of failure and lower frequency and amplitude are assigned to matrix cracking 
[2- 3]. 
Despite the effectiveness to these analysis methods, they are still considered as qualitative 
methods. Besides, in many cases, the results analysis cannot be generalized to other studies 
of composite failure. Actually, in addition of type of failures, the AE signals depend on other 
parameters like type of sensor, geometry of the sample and the distance between source and 
sensor [4-7]. All these parameters affect the signal recorded by AE system [8-10]. 
In the AE analysis, it is important to discern the role of the AE source from the effect of the 
transformations due to the propagation medium and the recording system. Based on 
experimental tests only, it is not easy to understand the contribution of the different parameters. 
However, modeling of AE using numerical methods allows us to go further and build a 
quantitative relationship between the EA source and the detected signal by unravelling the 
effect of each stage of the acquisition chain, namely the detection system and the propagation 
medium [6,11]. 
The modeling of fiber breaks as AE source in polymer matrix composite material is the main 
objective of this work. It presents two parts: experimental and numerical. In the experimental 
part, a Single Fiber Fragmentation Test (SFFT) is carried out on carbon fiber embedded in the 
epoxy, in order to produce preferential fiber break. Two types of resonant sensors are used. 
Concerning modeling parts, the entire geometry of the specimen is modelled using Finite 
Elements Method (FEM) by means of Abaqus software and a dynamic calculation is 
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performed. The fiber breaks are created in different positions on the specimen. Three type of 
sensors are considered (point-contact and resonant sensors) in order to understand and to 
quantify the sensor effects on the signal waveform. 
 

2. Description of work 

2.1 Experimental Setup 
The specimen is made of a single long carbon fiber T700 embedded in epoxy/amine matrix: 
1,4 - Butanedioldiglycidyl ether (DGEBD) / 4,4 ′- Methylenebis(2-methylcyclohexylamine) 
(3DCM). The dimensions of the specimen are shown in Figure 1. 
Concerning the AE system, two types of piezoelectric transducers are used as shown in the 
same figure, the nano30 and the picoHF from Mistras Group. The distance between each 
couple of sensors is 40 mm. All recorded signals are filtered in the bandwidth [20 - 1200] kHz. 

 

Figure 1. Dimension of specimen and sensors placement. 

The SFFT is a tensile test applied on single fiber composite in axial direction, in order to create 
fiber breakage. Usually the debonding occurs at the same time of the fiber breaks, but in our 
case, because of a high interfacial strength, debonding does not occur. The SFFT is carried 
out using the tensile test machine (type: MTS, capacity 5 kN), at room temperature and with a 
deformation rate of 0.5 mm/min. The analysis of the experimental results is based on the 
calculation of descriptors as defined in [1, 12]. In our work, the main descriptors analyzed are 
amplitude, energy, frequency centroid (FC) and peak frequency (PF). Moreover, the time 
frequency graphs are obtained according to smoothed pseudo Vigner-Ville distribution. 

2.2 Numerical Setup 
The single fiber fragmentation is modeled using FEM by means of Abaqus® software (6.14-5) 
with dynamic calculation. We modeled the entire geometry of the specimen: the boundary 
conditions are shown in Figure 2. The geometry is meshed using tetrahedral elements (C3D4) 
mainly, the element size varies between 0.01 mm and 0.2 mm and the calculation step time is 
0.1 µs. 
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Figure 2. Scheme of the numerical specimen with the boundary conditions. 

The main properties of the material are shown in Table 1. The viscoelasticity of the matrix is 
taken into account by the Rayleigh parameters ( α = 50 and β = 10-6). The fiber breakage is 
modelled by instantaneously separating nodes forming fracture faces and creating wave. The 
numerical signals are collected on the specimen surface, at sensor positions. 
 

Table 1 mechanical properties of materials.  

 Young Modulus (GPa) Poisson Ratio Density (kg/m3) 

Carbon fiber 187 0.22 1800 
DGEBD-3DCM 1.41 0.38 1034 

 
Three types of sensor are considered in the modeling part: one point-contact sensor and two 
resonant sensors. The first one is considered as perfect sensor, which accurately preserves 
the detected signal, namely the out-of-plane velocity calculated on the node corresponding to 
the sensor position. The resonant sensors are taken into account by their transfer function 
shown in Figure 3, which was experimentally determined in our laboratory by the reciprocity 
method [13-15]. The out-of-plane velocity corresponding to the sensor surface contact is 
calculated then convolved with the sensor transfer function. The calculated signals then are 
filtered on the bandwidth [20 – 1000] kHz. 

 
 

(a) (b) 

Figure 3. Transfer function of (a) nano30 and (b) picoHF, determined by reciprocity method. 
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3. Results and discussion 

3.1 Experimental results 

3.1.1 Localization of AE Sources 
After waveform acquisition during SFFT, the signals source position is determined. A good 
agreement is found between the number of localized sources detected by AE and fiber 
breakage observed by means of transmission optical microscope (Figure 4). 

 

Figure 4. Fiber breaks as observed by optical microscopy. 

Therefore, in our tests, all located sources are ascribed to fiber breaks. In Figure 5, the 
cumulative number of localized signals are presented for the types of sensors used in our tests. 
The sensors have localized exactly the same sources. So, both are suitable for this test. 
 

  

(a) (b) 

Figure 5. Cumulative localized signal during SFFT: (a) sources located by nano30; (b) by 

picoHF. 

3.1.2 Effect of propagation distance 
The calculation of descriptors shows a clear dependence on distance between the position of 
the source (fiber breaks) and the sensor. Table 2 shows a summary of some descriptors for 
two tests. The values presented show essentially three points: the tests are reproducible, the 
type of sensors and the position of the AE sources affect substantially the descriptors. 
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Table 2 Descriptors calculated for two SFFT (AF02 and AF03) 

Descriptors nano30 picoHF 

 
Near to 
Sensor 

Far from 
Sensor 

Near to 
Sensor 

Far from 
Sensor 

 AF02 AF03 AF02 AF03 AF02 AF03 AF02 AF03 

Energy (attoJ) 2332 320 260 15.8 107 55.1 8.4 5.2 
Amplitude (dB) 66.4 64 53.7 48.6 60.8 57.2 43.7 41.2 

Frequency Centroid (kHz) 253 259 162 168 455 536 157 189 
Peak Frequency (kHz) 251 260 70 53 351 256 50 40 

 
Figure 6 and Figure 7 show the evolution of temporal and frequency descriptors with the 
distance source/sensor. Each point on the graphs corresponds to a detected signal. The 
amplitude, calculated in dB, varies linearly with distance and it loses 25 dB between the nearest 
and the furthest fiber break. The energy decreases drastically with distance. The frequency 
centroid decreases linearly for 25 mm of propagation distance: from 300 kHz to 150 kHz with 
nano30 sensor and from 600 to 200 with picoHF sensor. The peak frequency takes two main 
values; the higher is equivalent to the resonant frequency of the sensor. 
 
 

  
(a) (b) (c) (d) 

Figure 6. Temporal descriptors vs. source/sensor distance for signals detected by nano30 

sensors: (a) energy in attoJ, (b) amplitude in dB, (c) frequency centroid in kHz and (d) peak 

frequency in kHz. 

 

  
(a) (b) (c) (d) 

Figure 7. Temporal descriptors vs. source/sensor distance for signals detected by picoHF 

sensors: (a) energy in attoJ, (b) amplitude in dB, (c) frequency centroid in kHz and (d) peak 

frequency in kHz. 

Figure 8 shows the time-frequency maps calculated with smoothed pseudo Vigner-Ville 
distribution for signals ascribed to fiber breaks for five positions (Figure 10-b). For fiber breaks 
near to the sensors, the content of high frequency disappears progressively when the sources 
are located farther away. 
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Figure 8. Time-frequency results for five source positions for signals recorded on sensor 

denoted C1 

The frequency content of signals varies significantly with propagation distance. Some signals 
have only low frequency content. Due to this dependence, these results cannot allow to define 
an acoustic signature of fiber breakage based on frequency content. 

3.1.3 Effect of Sensor Type: Comparison signals of PicoHF and Nano30 
The nano30 is very sensitive around 300 kHz and does not detect high frequency as from 500 
kHz. However, the picoHF is very responsive around 600 kHz and detects high frequencies. 
In Figure 9, we compare two signals in the temporal and frequency domain, stemmed from the 
same source and detected by nano30 and picoHF sensors. These two sensors are equidistant 
from the source. Having a coefficient of correlation of 25% in the frequency domain, it is clear 
that those different sensors do not detect the same information; especially beyond 200 kHz. 
Therefore, they give certainly complementary information about the source. 
 

  

(a) (b) 

Figure 9. Temporal signals (a) and frequency spectra (b) for two types of sensors. 

3.2 Simulation results 
In this part, five fiber breaks are modeled at five different positions (denoted Pi) shown in the 
Figure 10. Each break is simulated for 150 µs, which is sufficient to attenuate the signal. Three 
different cases corresponding to three different types of sensor are considered: a perfect point-
contact sensor and 2two cylindrical resonant sensors. 
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(a) (b) 

 Figure 10. Position of fiber breaks and sensors: (a) punctual sensor; (b) cylindrical sensor 

3.2.1 Perfect point-contact sensor 

In the model, the signal detected by perfect point-contact sensor, is the out of plane velocity of 
the node at sensor position (Figure 10-a). The advantage of studying this kind of sensor is that 
the signal is not altered by the sensitivity of the sensor or its aperture effect of the surface 
contact [16]. 

Figure 11 shows the time-frequency transforms, their corresponding signals and spectra for 
the five fiber breaks (P1 to P5). The frequency content of the signals is dominated by high 
frequency but it decreases farther away from the source.  
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(a) (b) (c) 

Figure 11. Results of punctual sensor for five different fiber breaks: (a) Time-frequency 

graphs; (b) temporal signals; (c) signals in frequency domain 

 
In order to better understand the evolution of AE signals with distance, the descriptors are 
calculated. For one fiber break, signals are calculated at nodes on the red line of Figure 12. It 
is equivalent to different sensor positons, therefore, different distance source / sensor. The 
descriptor curves are shown in Figure 13. As a first observation, there is a similarity between 
the decrease of experimental curves (Figure 6-Figure 7) and the numerical curves, especially 
for energy, amplitude and frequency centroid. The main difference is the range of frequency 
content; for point-contact sensor, the frequency content is significantly higher (> 500 kHz) 
comparing to signals detected by resonant sensors (<600 kHz). 

 

 

Figure 12. One fiber break and all punctual sensor positions 

 

   
(a) (b) (c) 

Figure 13. Model: descriptors vs. source/sensor distance for signals detected by perfect 

point-contact sensors: (a) energy in attoJ, (b) amplitude in dB, (c) frequency centroid in kHz 

and  

The following part is devoted to study signals detected by resonant sensors to better 
understand how sensors affect signals. 
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3.2.2 Cylindrical resonant sensors 

The sensors are taken into account by their sensitivity function (Figure 3) by this equation:  

 � � = � � �� � × �  (1) 

Where �  is the velocity calculated with considering sensor,  � � �� �  is the mean of 

out of plane velocity on the surface and �  is the sensitivity function. The average of 
surface velocity  � � �� �  is firstly calculated and compared to the velocity determined at 

the center of the surface. The results are presented in dB in Figure 14 for two different sensor 
radii ( � 30 = .6 �� and �� �� = .  ��) and for two positons of fiber breaks, the nearest 

(P1) and the farthest (P5) from the sensor. This figure shows that the surface average on 
surface, without considering of sensor sensitivity, causes to loose information especially 
concerning the high frequency. For the fiber break at P1, the point contact sensor shows that 
the peak frequency is around 900 kHz but for the surface contact sensor the peak frequency 
is much lower (380 kHz). 

(a) (b) 

Figure 14. Velocities spectra for fiber break waves for 3 simulated cases: punctual velocity, 

velocity average on circular surface with 2 different radii ( � 30 = .6 and �� �� = . ):  

(a) fiber break position P1, (b)  fiber break position P5 

 
Comparison Numerical and Experimental Results 
 
In  this part, we calculated signals with sensor effects according to Equation (1) for the two 
types of sensors (nano30 and picoHF). Than the simulated an experimental signals are 
compared. This comparison is carried out for signals of five fiber breaks at different positions, 
collected at sensor C1 position (Figure 10-b). The spectra are shown in Figure 15-a for nano30 
sensor and Figure 15-b for picoHF. 
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(a)  (b) 

Figure 15. Comparison experimental / simulations results for 5 fiber breaks : (a) results with 

nano30 sensor; (b) results with picoHF sensor 

 
A good agreement is observed between the simulation and the experiment results despite of 
neglecting some parameters in the calculation such as the coupling. 
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The descriptors corresponding to signals with nano30 sensor are calculated for 22 mm of 
propagation distance. The results are presented in Figure 16. Similarities are observed 
between numerical results and experimental results (Figure 6). The energy decreases 
exponentially, the amplitude loses 23 dB, the frequency centroid is higher but the rate of 
decrease is close to the experimental results and the peak frequency is close too. This later is 
equivalent to the frequency resonance of nano30 sensor. 
 

(a) (b) (c) (d) 

Figure 16. Model: descriptors vs. source/sensor distance for signals simulated with nano30 

sensors: (a) energy in attoJ, (b) amplitude in dB, (c) frequency centroid in kHz and (d) peak 

frequency in kHz. 

4. Conclusion 

The objective of this work is to build a quantitative relationship between the fiber break as 
source of Acoustic Emission and the detected signal by unravelling the effect of the different 
stages of the AE acquisition chain. Concerning experimental results, the calculation of classical 
descriptors does not give steady characteristics of this mode of failure. They are very 
dependent on the propagation distance. Their dependence is mainly due to the damping 
characteristic of material. The two type of sensors used in the tests detect the waves of the 
same sources. However, they do not give the same information. Both sensors detect low 
frequency (until 200 kHz) but for higher frequency, each sensor detects according to its 
sensitivity. 

The advantage of simulating perfect point-contact sensor is to get signals not altered by the 
sensor effects. Therefore, the frequency content proves that the fiber breaks release waves 
with very high frequency content in single fiber composite specimen. Contrary to signals 
recorded by cylindrical sensor, the frequency reached with this type of sensor, for remotes 
sources, is still considered as high frequency. 

The simulation results taking into account cylindrical resonant sensors show a good agreement 
with experimental results, highlighting the effect of propagation distance and the way that the 
sensor alters the detected signal. 
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