
QUANTIFICATION OF FAILURE MECHANISMS IN MODE-I 
LOADING OF FIBER REINFORCED PLASTICS UTILIZING 
ACOUSTIC EMISSION ANALYSIS 
 
M. G. R. SAUSE1, T. MÜLLER2, A. HOROSCHENKOFF2  and S. HORN1 

 
1University of Augsburg, Institute for Physics, Experimental Physics II, D-86135 
Augsburg 
2University of Applied Sciences, Department of Mechanical, Automotive and 
Aeronautical Engineering, D-80335 Munich 
 

Abstract  

Acoustic emission signals originating from interlaminar crack 

propagation in fiber reinforced composites were recorded during 

double cantilever beam testing. The acoustic emission signals 

detected during testing were analyzed by feature based pattern 

recognition techniques. In previous studies it was demonstrated that 

the presented approach for detection of distinct types of acoustic 

emission signals is suitable. The subsequent correlation of distinct 

acoustic emission signal types to microscopic failure mechanisms is 

based on two procedures. Firstly, the frequency of occurrence of the 

distinct signal types is correlated to different specimens’ fracture 

surface microstructure. Secondly, a comparison is made between 

experimental signals and signals resulting from finite element 

simulations based on a validated model for simulation of acoustic 

emission signals of typical failure mechanisms in fiber reinforced 

plastics. A distinction is made between fiber breakage, matrix 

cracking and interface failure. It is demonstrated, that the feature 

values extracted from simulated signals coincide well with those of 

experimental signals. As a result the applicability of the acoustic 

emission signal classification method for analysis of failure in carbon 

fiber and glass fiber reinforced plastics under mode-I loading 

conditions has been demonstrated. The quantification of matrix 

cracking, interfacial failure and fiber breakage was evaluated by 

interpretation of the obtained distributions of acoustic emission 

signals types in terms of fracture mechanics. The accumulated 

acoustic emission signal amplitudes show strong correlation to the 
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mechanical properties of the specimens. Moreover, the changes in 

contribution to the different failure types explain the observed 

variation in failure behavior of the individual specimens quantitatively. 

 

Keywords: D: Acoustic Emission, A: Polymer-matrix composites, B: 
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1. Introduction 

Fiber reinforced plastics are materials of great interest for modern light-weight 

engineering since they show extraordinary strength to weight and stiffness to 

weight ratios. In practice the full potential of carbon fiber reinforced plastics 

(CFRP) and glass fiber reinforced plastics (GFRP) is rarely used, since reliable 

failure models for interlaminar failure are still not available [1, 2, 3, 4, 5]. An 

improved understanding of interlaminar material failure in fiber reinforced 

materials will contribute to optimize the mechanical performance of the 

composite or to reduce its overall weight due to clearly predictable load limits 

and damage behaviour. 

In CFRP and GFRP several microscopic types of failure exist, which result in 

complex macroscopic failure. Depending on the application and the type of 

loading the significance of the various failure mechanisms for the composites 

integrity and stability can change. In order to understand the respective 

contribution of these failure mechanisms to the failure of the composite it is thus 

necessary to record their evolution as a function of loading. The microscopic 

failure mechanisms of interest are fiber breakage, matrix cracking and all sorts 

of interfacial failure occurring between fiber and matrix (i.e. fiber-matrix 

debonding, fiber pull-out). Since each of these microscopic failure mechanisms 

is accompanied by a rapid microscopic displacement of the crack surface, an 

excitation of an ultrasonic elastic wave occurs inside the material. This 



phenomenon is known as acoustic emission. The detection of the signals at the 

surface of the solid and their analysis is thus a powerful tool to investigate 

composite failure. For the current approach the double cantilever beam (DCB) 

test was chosen to investigate interlaminar failure of fiber reinforced composites 

under mode-I loading condition. 

In general, the acoustic emission signals recorded during failure of composite 

materials originate from more than one failure type. In the past various authors 

used acoustic emission analysis to detect the onset and position of failure 

occurring in fiber reinforced materials [6, 7, 8, 9, 10, 30, 31, 32, 33, 34]. 

Knowing the correlation between the detected acoustic emission signals and a 

particular failure mechanism, the interpretation of acoustic emission signals is a 

valuable tool to investigate the integrity of composite structures. 

Based on fracture mechanics considerations the driving mechanism of acoustic 

emission excitation is the movement of the crack surface [11, 12]. Typical failure 

mechanisms occurring in DCB testing like matrix cracking, fiber breakage and 

interfacial failure are illustrated in figure 1. During macroscopic crack 

propagation under mode-I loading the interlaminar splicing typically causes 

severe fibre bridging as illustrated in figure 1. The considered microscopic 

failure mechanisms exhibit different directions of the crack surface 

displacements. Dependent of the crack surface movement and the elastic 

properties of the involved materials (e.g. fiber and resin) this causes formation 

of characteristic source radiation patterns. This was recently demonstrated 

utilizing a new acoustic emission source model, which takes into account the 

inhomogeneity of the elastic properties close to the source [13].  

In the case of flat (plate-like) specimens these different source radiation 

patterns cause excitation and formation of distinct Lamb-wave modes [13, 14, 



15, 16]. For small specimen geometries and specimen thickness < 5 mm the 

ratio between zero-order symmetric (S0) and zero-order antisymmetric (A0) 

Lamb-wave modes can be used to identify the underlying source mechanism. 

For such thin specimen types, the S0 mode excited by acoustic emission 

sources propagates dominantly at higher frequencies than the A0 mode. This 

characteristic ratio is also observed in the frequency spectra of the acoustic 

emission signals. This effect has been reported by various authors, who 

distinguish between fiber breakage and matrix cracking based on significant 

contributions at high frequencies (fiber breakage) or low frequencies (matrix 

cracking) of the acoustic emission signals [7, 9, 10, 17, 18, 33, 34]. However, 

there is a significant shift of the weight of frequency contributions as a function 

of the distance between the acoustic emission source and the sensor position. 

Under real experimental conditions the frequency content of the acoustic 

emission signals depends on velocity dispersion and frequency dependent 

attenuation. Due to these effects, the acoustic emission signals of different 

failure types often cannot be separated using fixed frequency parameters. To 

overcome this problem, parameter based pattern recognition techniques can be 

applied to form more complex decision criteria to detect and separate clusters 

of acoustic emission signals [8, 10, 17, 18, 19, 20, 30, 31]. 

To this end we recently proposed a new pattern recognition approach to identify 

the natural clusters of acoustic emission signals [21]. This method is based on a 

generalization of the approach introduced by A. Anastassopoulos et al. and 

utilizes a voting scheme after S. Günter et al. [22, 23]. The application of the 

proposed cluster validation technique ensures that the most significant clusters 

of acoustic emission signals are detected with a minimum of initial assumptions 

on the cluster structure. It is not part of the pattern recognition approach to 



correlate these natural clusters of acoustic emission signals to particular failure 

types. Such assignment can be achieved by subsequent comparison of the 

localized source positions to microscopic observations. An alternative approach 

is the comparison of the experimental acoustic emission signals to respective 

signals obtained from finite element simulations. A detailed description of the 

simulation method using the software environment Comsol is beyond the scope 

of this article, but can be found in [13, 14, 15, 16].  

Within [13, 15] the modeling of microscopic failure mechanisms like fiber 

breakage, matrix cracking and interfacial failure is introduced and the excitation 

of respective Lamb wave modes is discussed. The simulation approach 

presented does not aim at modeling of crack propagation, but the activity and 

microstructure of the acoustic emission source. In [14, 16] the consequences of 

different specimen geometries, ply layups and the acoustic emission sensor is 

introduced. In summary it was demonstrated, that fiber breakage, matrix 

cracking and interfacial failure result in characteristic ratios of A0 and S0 Lamb 

wave modes, based on the source orientation and the elastic properties close to 

the source. Further, the position of the source and the distance to the sensor 

can cause characteristic shifts in the ratios of A0 and S0 Lamb wave modes and 

thus results in broad ranges of frequency parameters correlated with a 

particular failure mechanism. 

In the following we present the experimental setup and give a short introduction 

to the pattern recognition approach applied to experimental data. Then we 

present the experimental results and discuss the acoustic emission source 

identification procedure.  

 

2. Experimental Setup 



The CFRP specimens investigated were made of the HexPly NCIM 

913/35%/132/T800 prepreg system (T800/913). This prepreg system consists of 

an unidirectional arrangement of continuous Torayca T800 intermediate 

modulus carbon fibers and the HexPly 913 epoxy resin. The GFRP specimens 

were made of the HexPly NVE 913/28%/192/EC9756 prepreg system, 

consisting of E-Glass fibers and the HexPly 913 epoxy resin (E-Glass/913). All 

specimens were manufactured under vacuum conditions using the curing cycle 

recommended by the material supplier (120 °C, 1.5 h, 7 bar). Plates of 

dimensions 320 mm × 320 mm × 3 mm (length × width × height) with 

unidirectional [012]sym stacking sequence were manufactured. At the medial 

plane of the specimens a 20 mm Polytetrafluoroethylene stripe with 50 µm 

thickness was inserted to provide an initiation site for delamination. The test 

specimens have dimensions of (240±2) mm × (24±0.5) mm × (3.0±0.2) (length 

× width × height). Five CFRP and five GFRP specimens were tested using a 

Zwick type 1464 spindle-driven machine with a 500 N load cell in the 

experimental setup as shown in figure 2. The displacement rate was set to 

10 mm/min with continuous crack growth to yield a continuous activity of 

acoustic emission signals. The crack propagation length was followed visually 

and was adjusted to be of equal length for CFRP and GFRP specimens, 

respectively. In order to avoid any influence on delamination propagation by the 

compressive force of the clamp system the delamination length was chosen as 

70 mm for CFRP and 50 mm for GFRP specimens. Subsequently, the mode-I 

interlaminar fracture toughness (GIc) was calculated using the area method 

following DIN 65563 (method B) applied to the recorded load-displacement 

curves. 

 



The acoustic emission signals were recorded using a Physical Acoustic PCI-2 

system with 2/4/6 preamplifiers and type WD AE-sensors in linear geometry. 

The signals were detected with a threshold based triggering using 80/300/1000 

as (Peak-Definition-Time/Hit-Definition-Time/Hit-Lockout-Time) at 35 dB 

threshold and 40 dB preamplification and were recorded with an acquisition rate 

of 10 MS/s. To suppress detection of friction noise between the loading hinge 

and the specimen and electromagnetic noise a band-pass filter was used 

ranging from 20 kHz to 1 MHz. The acoustic coupling was provided by medium 

viscosity silicone grease, while the sensors were attached using suitable clamp 

systems to ensure reproducible mounting pressure. The sensor coupling was 

then validated by pulsing sensor 1 and measurement of signal amplitudes at 

sensor 2 and the supplementary sensor 3. The sound velocity required to 

calculate the source position (velocity of S0-Lamb wave mode) is determined 

from the difference in arrival time between sensor 2 and 3 and their metric 

distance. After signal acquisition, the acoustic emission source position was 

determined based on a hyperbolic localization technique using the sensor 

arrangement shown in figure 2. Only the signals with valid source positions (i.e. 

localized within the specimen) of sensor 1 and 2 were used for further analysis. 

In order to separate multiple hits within one recorded signal, a postprocessing 

step with 10/100/1000 (Peak-Definition-Time/Hit-Definition-Time/Hit-Lockout-

Time) was used. Subsequently the Fast Fourier Transformation )(
~

fU  of the 

signals was calculated and the features listed in table 1 were extracted from the 

AE-signals and were used for the pattern recognition method described in 

section 3. To visualize the time-frequency content of the signals, continuous 

wavelet transformation using the Gabor-Wavelet included in the software 

package AWARE++ was used [29].  



 

3. Pattern recognition methodology 

Since the complete pattern recognition method is comprehensively described in 

[21] only a short review will be given in the following. The task of the pattern 

recognition approach is the identification of natural clusters of signals. These 

clusters of signals are than correlated to physical phenomena like particular 

failure mechanisms by additional investigations using microscopy or 

comparison to results of finite element simulations.  

Technically the approach uses an evaluation of all partitions achieved by subset 

formation of suitable preselected features. This is done in an exhaustive search 

procedure, which investigates all subset feature combinations of table 1. For 

each feature combination, all partitions for 2, 3, …, 10 clusters are evaluated to 

detect the associated number of natural clusters. This evaluation is performed 

following the cluster validity index method introduced by A. Anastassopoulos et 

al. [22]. The voting scheme of S. Günter et al. was applied [23]. Finally, the 

results of all subset feature combinations are again evaluated to yield the global 

optimal partition and the associated feature combination. The obtained clusters 

of acoustic emission signals were found to be highly correlated to the 

occurrence of particular acoustic emission source types [13, 14, 16]. 

It is worth noting, that in general no unique AE-signal feature combination is 

expected, which is suitable to distinguish between the particular failure 

mechanisms under all experimental conditions. Instead the feature combination 

is inevitably linked to the chosen geometry of the specimen (in particular the 

thickness) and the stacking sequence of the plies. This is a direct consequence 

of the dependency of Lamb-wave propagation on the elastic properties and the 

thickness of the plate structure. Further, the dispersive propagation of Lamb-



waves causes loss of distinguishability with increasing source-sensor distance. 

This translates in broader ranges of the individual failure mechanisms feature 

values and thus causes increasing overlap of cluster structures. For the current 

source-sensor distances below 100 mm, the classification error based on the 

overlap of clusters was estimated in [21] to be in the range of 4 % to 5 %. Thus 

further increase of the mean source-sensor distance would require enhanced 

pattern recognition techniques or selection of different features to distinguish 

between particular failure mechanisms within this accuracy. 

 

4. Results and Discussion 

4.1. Microscopic observations and mechanical properties 

As expected from the loading condition most of the failure in the specimens is 

observed in the medial plane of the specimen. Microscopically, failure consists 

of matrix cracking, interfacial failure and fiber breakage due to bending forces of 

the beams. Scanning electron microscopy images of representative fracture 

surfaces of CFRP specimens are shown in figure 3a-d.  

The measured interlaminar fracture toughness values of CFRP and GFRP 

specimens are summarized in table 2. The GFRP specimens show higher GIc 

values than the CFRP specimens, with lesser scattering. 

The fracture surfaces of the specimen were investigated by scanning electron 

microscopy. The morphology of the fracture surface can be subdivided into 

different regions. Firstly, there are rough-structured regions (figures 3a) with a 

high amount of interlaminar splicing and numerous fiber breakages. Secondly, 

there are smooth regions, showing almost no interlaminar splicing (figures 3b). 

Details of the fracture surface (matrix cracking, interface failure, fiber breakage) 

are shown in figures 3c and 3d. Specimens with high GIc values are dominated 



by areas with rough microstructure (figures 3a), while specimens with low GIc 

values are dominated by smooth regions (figures 3b).  

 

4.2. Comparison between pattern recognition and finite element 

simulation results 

The pattern recognition approach described in section 3 detects an optimal 

separation of the acoustic emission signals into three clusters for the feature 

combination Peak Frequency, Weighted Peak Frequency, Partial Power 1, 

Partial Power 2 and Partial Power 4 as defined in table 1. In the following the 

detected clusters are correlated with their respective source mechanisms. This 

was achieved by comparison to results of finite element simulations.  

In figure 4 continuous wavelet transformation results of representative signals of 

each cluster are shown. Using the hyperbolic localization technique the x-

coordinate of the source position was determined. The calculated x-positions 

and the symmetric position within the medial plane (y,z) = (0,0) mm of the 

specimens were used as source position for the finite element simulations of 

signals resulting from matrix cracking, interfacial failure and fiber breakage (see 

figure 5). As discussed in [13, 15, 21] the different failure mechanisms result in 

different intensities of symmetric and antisymmetric Lamb-wave modes, which 

contribute to the frequency range above 400 kHz at the beginning of the signal 

(S0-mode) and below 400 kHz after 0.02 ms (A0-mode). Based on these 

intensity contributions, a first assignment can be made. Signals of cluster 0 (fig. 

4a) agree well with simulated signals of matrix cracking (fig. 4d), signals of  

cluster 1 (fig. 4b) show similar intensities as simulated signals of interfacial 

failure (fig. 4e) and signals of cluster 2 (fig. 4c) agree in their high S0-mode 

intensity with simulated signals of fiber breakage (fig. 4f). 



During loading of the specimen the crack propagates along the x-direction, 

which causes changes of the source-sensor distance (see figure 5). Since 

attenuation and dispersion cause changes of the intensity of the different Lamb-

wave modes during signal propagation, the effect of different source-sensor 

distances has to be taken into account.  

Consequently, to compare experimental signals and simulated signals on a 

quantitative basis, signals originating from matrix cracking, interfacial failure and 

fiber breakage were simulated at different source-sensor distances. Reflecting 

experimental conditions, the position of the sensor was kept constant, while the 

(x0,y0)-position of the AE-source was varied at constant z0-position. The same 

features as given in table 1 were extracted from the simulated AE-signals. A 

comparison of the cluster distributions of experimental signals and simulated 

signals is shown in figure 6 in a scatterplot of Partial Power 4 over Weighted 

Peak-Frequency. Clearly, the value ranges of cluster 0 and the simulated 

signals of matrix cracking coincide well. The value ranges of simulated signals 

of interfacial failure and fiber breakage agree with those of cluster 1 and cluster 

2, respectively. 

 

4.3. Quantification of acoustic emission signals 

After assignment of distinct signal types (clusters) to respective failure 

mechanisms we compare AE-signal energies to energetic quantities derived 

from fracture mechanics approaches. As predicted by the generalized theory of 

acoustic emission [24, 25] and also demonstrated within finite element 

simulations [16], the amplitude AEU  of an acoustic emission signal detected at 

distance r  is proportional to the vibrating crack volume V : 



r

V
cU LUAE


= )( 2          (1) 

The proportionality constant U  is a linear function of the cracking materials 

squared longitudinal sound velocity 2

Lc  and the orientation of the crack surface 

movement (not taken into account in equation (1)).  

For the case of stable mode-I crack growth a relation similar to equation (1) can 

be obtained for the energy of an acoustic emission signal AEW  using the fracture 

toughness 
IcG and the crack surface area A  (see [16, 26]): 

AGcW IcLWAE = )( 2          (2) 

Note that equation (2) uses a different proportionality constant 
W . 

As a consequence of equations (1) and (2) the acoustic emission energy 

release in fiber reinforced composites is expected to be proportional to the 

mechanical energy release. Each failure mechanism shows a characteristic 

proportionality constant. Consequently, the acoustic emission energy AEW  of 

each failure type should be compared to the respective fracture energies of the 

associated failure type, as done in [26]. However, in the current setup it is 

difficult to measure contributions of the different failure mechanisms to the total 

fracture energy independently. 

In figure 7 the accumulated signal amplitudes of the identified failure 

mechanisms are compared to the respective total fracture energy as derived 

from the load-displacement curves of each experiment. Based on fracture 

mechanics considerations, continuous crack growth would result in stable 

contributions of the different failure mechanisms during macroscopic crack 

propagation. Thus a linear correlation between the total fracture energy and the 

accumulated signal amplitudes for each failure mechanisms is expected. As 



shown in figure 7 this correlation is fulfilled for interfacial failure and fiber 

breakage. However, larger deviations from linear behaviour are observed for 

matrix cracking. The scatter can be attributed to additional matrix cracks, which 

might occur ahead and past the macroscopic crack tip. These cracks are 

expected to show only little correlation to the total fracture energy as measured 

in the current setup.  

The three failure types show different proportionality constants, which are 

attributed to the difference in the average oscillating crack volume V  and the 

different crack surface displacements. However, the variation in the 

proportionality constants is mainly due to the different frequency of occurrence 

of the different failure mechanisms. In particular, fiber breakage occurs rarely, 

resulting in smaller accumulated signal amplitudes than observed for matrix 

cracking and interface failure. To further investigate the correlation between 

acoustic emission signal parameters and fracture mechanics quantities, other 

possibilities to quantify and visualize the occurrence of certain failure types are 

demonstrated in figure 8a-c.  

Usually in DCB testing the fracture mechanics quantity of interest is the fracture 

toughness value, which was chosen as the x-axis in the following. Since the 

absolute number of acoustic emission signals is affected by the absolute length 

of crack propagation and the signal acquisition settings, absolute values are 

often error-prone. Here we introduce normalized quantities to interpret the 

occurrence of particular failure mechanisms. We define the relative number of 

signals jrelN ,  and the relative amplitude of signals jrelU , , defined for the j-th of 

totJ  failure mechanisms with jN  signals as: 

tot
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Thus jrelN ,  and jrelU ,  express the contribution of a particular failure type relative 

to all recorded signals totN  with accumulated signal amplitudes 
= =

to t jJ
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addition, the average signal amplitude 
jU  of the j-th failure mechanism is 

defined as: 
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In figures 8a-c results of all experiments on CFRP and GFRP are plotted. The 

two specimen types are easily distinguished by their fracture toughness values 

which are < 600 J/m² for CFRP specimens and > 600 J/m² for GFRP 

specimens. For CFRP specimens the contributions of interface failure increase 

from 45 % to 85 %, while the contributions of matrix cracking decrease with 

increasing GIc values, respectively. The contribution of fiber breakage signals is 

independent of fracture toughness and below 5 %. In contrast, no significant 

tendency is observed for GFRP specimens. This is most likely owed to the fact, 

that a correlation between fracture mechanics properties and acoustic emission 

signals is better reflected by energetic signal features and not just the number 

of acoustic emission signals. 

Such an energetic feature is the relative amplitude of signals shown in figure 8b. 

Indeed, it reveals a clear correlation to the fracture toughness value. For both 

material types specimens with increased fracture toughness values show an 

increase of the contribution of interfacial failure and a respective decrease of 

matrix cracking. Still the contribution of fiber breakage is nearly constant.  

The results presented in figure 8a and 8b are consistent with the microscopic 

observations shown in figure 3. Here, specimens with high fracture toughness 



values showed large areas of interlaminar splicing, which can be caused by 

changes in the local interfacial bonding strength or variations in the microscopic 

loading conditions. In contrast, specimens with low fracture toughness values 

show large regions of smooth crack surface areas. In terms of acoustic 

emission source types this can be understood as matrix cracking with lesser 

occurrence of interfacial failure than for rough fracture surfaces. Fiber breakage 

in turn was rarely observed in the microscopic investigations, which is 

consistent with the low number of signals associated with this failure 

mechanism.  

It is worth pointing out, that extrapolation of the data points of figure 8b to small 

fracture toughness values intersects at 50 % relative amplitude contributions 

within the margin of error, for both CFRP and GFRP specimens. An equal 

contribution of both failure types would correspond to energetic equality of crack 

growth within the matrix material and along the interface. The correlation of the 

GIc value determined from the abscissa of the intersection to the fracture 

toughness of neat resin shall be addressed in further investigations. 

The average signal amplitude was quantified and plotted in dependence of the 

fracture toughness value in figure 8c. Within the margin of error matrix cracking 

and interfacial failure show constant average signal amplitudes. This is 

indicative of continuous crack growth conditions, as expected for this type of 

experiment. It is worth noting, that the absolute number of signals originating 

from fiber breakage scatters drastically (between 58 and 413) depending on the 

specimen. The error in the average signal amplitude is higher, due to the fact, 

that the absolute number of signals is one to two orders of magnitude less than 

for matrix cracking and interfacial failure.  



Based on equation (2) the signal energy of fiber breakage can be estimated 

based on the fiber cross-sections and the respective mode-I fracture toughness. 

The cross-section was found by microscopic investigations to be of (33.6 ± 1.4) 

µm² for glass fibers and (21.2 ± 0.2) µm²  for carbon fibers. Literature values for 

the fracture toughness are 0.9 MPam1/2 for E-Glass [27] and 1.0 MPam1/2 for 

T800 carbon fibers [28]. Taking into account the different longitudinal sound 

velocities Lc  the expected acoustic emission signal energy would be 

proportional to (0.0126 ± 0.0031) Nm³/s² for glass fibers and (0.0131 ± 0.0005) 

Nm³/s² for carbon fibers. Thus single fiber breakage of E-glass fibers and T800 

carbon fibers cause nearly the same acoustic emission signal amplitude. This is 

consistent with the observation, that the average signal amplitude of fiber 

breakage signals is similar for carbon fibers and glass fibers, which is shown in 

figure 8c. However, the absolute voltage shown in figure 8c depends on the 

mean source-sensor distance, the crack surface movement direction and the 

signal acquisition equipment. Since the same setup was used for all 

experiments, we do not expect these parameters to have significant influence 

on the results.  

 

5. Conclusion 

In the present investigation it was demonstrated how acoustic emission 

measurements can be used to assess the occurrence of microscopic failure 

mechanisms in fiber reinforced plastics. It was demonstrated how the 

quantification of those AE-signals can be used to interpret the variation of 

mechanical properties typically observed during mechanical testing of 

composites in DCB loading conditions. The distinction of different AE-signal 

types is based on pattern recognition techniques as described in [21]. The 



correlation to particular source mechanisms is achieved by comparison to 

results of finite element simulation as introduced in [13, 14, 15, 16] and was 

also confirmed by respective microscopic investigations.  

In summary, the presented method is able to distinguish between the 

occurrence of matrix cracking, interfacial failure and fiber breakage in double 

cantilever beam testing and can be used to quantify these failure mechanisms, 

respectively. Also the current configuration could be understood as proof of 

principle to adopt the proposed method to investigate different loading 

conditions, specimen geometries, stacking sequences and materials. 
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Figure 1: Scheme of various failure mechanisms in fiber reinforced plastics 
under mode-I loading conditions in DCB testing. 
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Figure 2: Loading configuration for double cantilever beam testing including 
positions of AE-sensors. 
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Figure 3: Scanning electron microscopy images of fracture surface in CFRP-
specimens within test region (top view). Image of rough regions (a), smooth 
regions (b) and details of fracture surface (c,d). 
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Figure 4: Wavelet spectra of single representative AE-signal of each cluster (a-
c) and wavelet spectra of simulated AE-signal of matrix cracking (d), interfacial 
failure (e) and fiber breakage (f).  
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Figure 5: FEM geometry (half-volume) for simulation of acoustic emission 
signals in DCB-specimens.  
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Figure 6: Comparison of experimental signal clusters from pattern recognition 
approach (specimen CFRP_001) with signal clusters of simulated signals of 
matrix cracking, interfacial failure and fiber breakage at different source-sensor 
distances. 
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Figure 7: Comparison of accumulated AE-signal amplitudes of different failure 
mechanisms with total fracture energy for all CFRP and GFRP specimens. 
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Figure 8: Quantification of relative number of signals (a), relative amplitude of 
signals (b) and average amplitude per signal (c) in dependence of fracture 
toughness value for all CFRP and GFRP DCB-specimens. 
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Partial Power 1: f1 = 0 kHz; f2 = 150 kHz 
Partial Power 2: f1 = 150 kHz; f2 = 300 kHz 
Partial Power 3: f1 = 300 kHz; f2 = 450 kHz 
Partial Power 4: f1 = 450 kHz; f2 = 600 kHz 
Partial Power 5: f1 = 600 kHz; f2 = 900 kHz 
Partial Power 6: f1 = 900 kHz; f2 = 1200 kHz 

Table 1: Acoustic emission signal features used for pattern recognition. 
 
 

Specimen GIc-value [J/m²] 

CFRP_001 284±4 
CFRP_002 292±4 
CFRP_003 421±6 
CFRP_004 527±5 
CFRP_005 408±3 
CFRP average 386±101 

GFRP_001 799±7 
GFRP_002 827±8 
GFRP_003 842±9 
GFRP_004 702±7 
GFRP_005 773±8 
GFRP average 789±55 

Table 2: Fracture toughness values of T800/913 specimens and E-Glass/913 
specimens. 
 


