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Abstract 

Carbon-fibre-reinforced polymers (CFRP) are used in aircraft and high-end automobile 

vehicles to enable lightweight structures. Different failure mechanisms can be problematic 

like fibre breaking, polymer collapsing or fibre-matrix interface failure and delaminations. It 

is non-trivial and requires new procedures to detect these failures in particular in real 

structures. Several non-destructive testing methods (NDT) are candidates to reveal different 

defects, among are ultrasonics, infrared thermography, microwave, radiographic and vibration 

techniques. Acoustic emission techniques are unique among these NDT methods since they 

enable for a real time detection of failures. However, the complicated structure of CFRP 

prohibits the application of conventional parameter based and localization procedures and 

new algorithms and data processing techniques are required. 

Several three-point-bending experiments have been conducted to investigate capabilities of 

signal-based AET for the localization and characterization of acoustic emissions. Signals are 

evaluated in respect to their frequency dependent behaviour using Fourier transformation 

algorithms to study different failure mechanisms. Due to the presence of Lamb waves a first 

approach is done by a separate treatment of each mode. There is a difference in the frequency 

content of both modes. Ideally, each microscopic failure mechanism correlates with the 

frequency spectrum of the generated acoustic waves. Preliminary results will be presented. 
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1.  Introduction 
 

Raising the use of CFRP, the laboratory is forced to get some fast and authentic methods, to 

test whole CFRP components or to find different failure mechanisms. By the reason of the 

difference from metal and CFRP in nearly all physical material properties, some well 

established test methods for metal do not give the same performance for CFRP specimen. So 

the possibilities of some alternative test methods like acoustic emission are considered under 

these circumstances.  

The aim of actual investigations is to find out more about these possibilities of acoustic 

emission. At the moment there are two main focuses of this work. With the help of parameter-

based evaluations of acoustic waves the degree of destruction should be estimated. Another 

alternative is a signal-based evaluation relating the different microscopically mechanism of 

deterioration. For CFRP different failure mechanisms are known. Microscopically a fibre 

break, a fibre-matrix interface or a collapse of the matrix are the relevant failure mechanism 

which could be observed in microscopic scale. Therefore, frequencies of the signals are 

evaluated by using Fourier transformation with different time windows. First acoustic 

emission experiments and results will be shown.  

 

 

30th European Conference on Acoustic Emission Testing & 7th International Conference on Acoustic Emission 
University of Granada, 12-15 September 2012

www.ndt.net/EWGAE-ICAE2012/

M
or

e 
in

fo
 a

bo
ut

 th
is

 a
rti

cl
e:

ht
tp

s:
//w

w
w

.n
dt

.n
et

/?
id

=1
35

38



2.  Acoustic emission techniques 

 
The controlled load required for the acoustic emission experiments is produced by a testing 

machine for 3-point bending measurements. An applied load rises to a point where a structural 

damage of the test specimen can be observed. Microscopic failure leads to an abrupt 

relaxation of the elastic fraction of elongation. The outcome of this is a source of an acoustic 

wave. Acoustic emission signals and applied force related on the incidental damage are 

recorded. To what extent the damage happend should be evaluated with the help of parameter-

based evaluation. The degree of damage is an indicator for the amplitude of acoustic waves 

which are detected. It’s important to find significant parameters to evaluate the degree of 

damage and to propose the collapse of the test specimen.   

 

 

2.1 Experimental setup 

 
The experimental setup is shown in the figure 1. For acoustic emission it is important to get a 

defined load at test specimen. This load will be applied by a 3 point bending experiment 

(similar to DIN EN ISO 178:2011-04). The abutment is moving down distance controlled 

with a speed of 2mm/min. The force F needed to move down the abutment is measured and 

sent to a parametric input in the transient recorder (sampling rate of the parametric input: 

25 Hz). 

 

 

  
 

Figure 1: Setup for 3- point bending experiments; four sensors coupled; used 

coordinate system; gap-distance 50 mm 

 

 

For the acoustic emission experiments two pairs of sensors are used. The first sensor pair is a 

multi-resonant one (Vallen VS-150L), the other one a high fidelity broadband conical sensor 

(Glaser-conical) with point contacts.  

Due to surrounding conditions it has been essential to set electronic hardware-filters (a 

passband from 30 kHz to 960 kHz). The signals are recorded with a sample rate of 10 MHz.  

At the following a CFRP- (epoxy- resin with carbon fibre) multilayer is analysed.  

Each event (AE signal) is recorded as a dataset of 2048 points. These points are split in 500 

pre-trigger points (before first threshold crossing) and 1548 post-trigger points (after first 

threshold crossing). For a sample rate of 10 MHz the recorded signal length is 204.8 µs. 
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2.2 Parameter-based evaluation 

 
Electrical signals which exceed the voltage threshold are identified as AE signals. An AE 

signal starts when the first signal crosses the threshold and ends after a certain time the signal 

stays below the threshold (in this experiment at 51,2 µs). At the following the measured force 

F and the results of acoustic emission are compared. In this section only parameter-based 

evaluations are used.  

Results of one three point bending experiment are represented. At the left diagram in figure 2 

the applied force F is plotted together with all hits (of 1 channel broadband) with their 

maximum amplitude over time. About 30,000 hits are recorded. Due to the time-controlled 3-

point bending experiment the bending over the time scales linear. The maximum amplitude of 

single waves is rising over the bending through.  

 

 
 

Figure 2: Experimental results of the 3-point bending experiments; First hits are 

detected at a stress level σ=216 N/mm²; voltage reference level: 1 µV= 0 dB; 

 

 

In the right part of figure 2, the number of hits per 2 sec is shown. There is a significant 

increase of the hit rate at those points, where the force goes to a lower level and accordingly a 

macroscopic degradation of the test specimen happened. The determined hit rate is decreasing 

after the highest peak, caused by very strong signals which do not end for a long time. A new 

hit only can start when the old hit has ended. In order to evaluate the destruction of the test 

specimen, it’s necessary to get better parameters than the hit rate.  

 

It makes sense to replace the hit rate with the number of counts. The number of counts is 

independent from the end of the hits. The high number of measured counts deliver more 

stable results, because there is a higher number and therefore a higher statistically force of 

expression. The number of counts gives a good estimation of the degree of damage. 

Additionally the first derivation over time delivers information about different source 

mechanisms. A rising count-rate (counts per second) is an indication, that an additional 

mechanism of destruction produces acoustic emissions.  

 

 



 

On the right side in red (figure 3), the true energy E (given by manufacturer user manual [1])  
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is plotted against the force F. The energy corresponds to the electrical energy E generated by 

the piezoelectric sensors. For a flat frequency response function of a sensor the electrical 

energy E scales with the energy of the incoming acoustic wave. 

 

 
 

Figure 3: Experimental results of the 3-point bending experiments; counts and energy; 
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The “energy steps” and the points of force reduction happen at the same time. For this reason 

a relation between the macroscopic failures and the measured energy is reliable.  

The energy E is the most significant single parameter for macroscopic destruction of the test 

specimen. The energy is preferred to interpret the magnitude of the source events, because it 

is sensitive to the amplitude as well as the duration. Furthermore the energy used is 

independent of the threshold settings [2]. 

 

 

2.3 Signal-based evaluation 

 
In this section the signal-based evaluation is considered. In regard to visualize signal-based 

data and wave forms, it’s usual to apply mathematical transformations. There are many 

transformations being able to evaluate the whole signal or a part of it. Most frequently used is 

the Fourier transform to analyse the frequency spectrum. More sophisticated are the Wavelet- 

or Choi-Williams-transform analysing signals in the frequency-time domain, common 

reviewed [3]. The spectral frequency density of a signal should be an indicator for a certain 

failure mechanism [4].  

Using a Fourier transform on a non-periodic, non-synthetic signal a time window is needed. 

Each window is specified by an individual window function. Different window functions are 

used (rectangle window, Hanning window, Blackman-Harris window). Unfortunately, the 



window functions have a great influence to the calculated spectra. Each window has different 

advantages and disadvantages at the calculation of the frequency spectra. 

Other crucial parameters are the start and end time of the window. For non-periodic signals 

these time parameters have a great influence as well to the calculated frequency spectra. In 

order to be able to use more efficient computer algorithms (like the Fast Fourier 

Transformation, FFT) or to get a better frequency resolution, the measuring points in the time 

window are often added with a number of zeros (zero padding).  

 

 

 

Figure 4: Raw data of one signal; Fourier transform with Hanning window; whole 

signal, no zero padding (2048 points) 

 

 

Figure 4 shows a waveform for one signal detected in a 3-point bending experiment. The 

calculated frequency spectrum is plotted for a Hanning window over the whole signal. For the 

measured signal the low frequency-fraction (below 300 kHz) is dominant. There are almost 

no frequencies beyond 300 kHz detected. Unfortunately, these frequency spectra for different 

signals look similar, so a determination of different microscopic failure mechanisms due to 

different frequency contents is difficult. 

 

Due to the discontinuity of the acoustic impedance at the surfaces of the plate (to air), the 

wave is forced to propagate inside the plate. In thin plates (thickness d < wavelength λ) this 

boundary condition results in a set of dispersions curves. H. Lamb first published the solution 

for the propagation of acoustic wave within thin plates [5]. Each mode of an acoustic wave 

has different group velocities for different frequencies. Also the same frequency can have 

different group velocities (dependent of the mode, the wave consists). 

The theory predicts a set of symmetric (also called extensional mode) and asymmetric (also 

called flexural mode) modes with decreasing strength. The weight of each type of modes 

(symmetric or asymmetric) is dependent from the position of the crack along surface normal 

direction of the plate (z-direction) and the polarity of the source of the wave. For the 

symmetric as well as asymmetric modes, the first mode should be the strongest.  



In case of 3-point-bending test specimens a propagation of waves in the y direction is also 

restricted. Therefore, each single mode will be modified due to surface reflections (at x-z 

plane). In this way reflected waves are almost as fast as the direct wave from a crack to the 

sensor. Therefore, a separation from the direct signal to the reflected signal on both sides is 

difficult. In the following the assumption that these modifications do not have a great 

influence to the frequency content is made. 

With the existence of plate waves the problem to determine the correct time window can be 

treated in a less arbitrary way. The idea is the separation of the two modes and to evaluate the 

frequency spectrum for each individual mode, because for each mode different frequency 

contents are expected. Eaton [6] already investigates the ration of the amplitudes of each 

mode. 

 

 
Figure 5: Raw data of one signal; Fourier transform using a Hanning window of the 

marked areas (blue for the extensional mode, red for the flexural mode); zero padding 

to 2048 points 

 
 

For the signal shown in figure 4 the frequency spectrum of each individual mode is evaluated. 

In figure 5 both frequency spectra are plotted and their different frequency content especially 

in the high frequency regime is clearly visible. In the first extensional mode higher 

frequencies (over 300 kHz) are dominating. This high-frequency fraction is hard to see in 

figure 4. In figure 5 both spectra are standardised. The absolute values of the red spectrum are 

necessarily higher than the blue ones. Nevertheless the frequency content of the first mode is 

important too. Especially the first mode shows for different signals different frequency 

spectra. It can be assumed that the frequency spectra of the extensional mode can be a suitable 

indicator to assign different signals to different failure mechanisms. 

In experiments like the described 3-point bending experiment many signals are recorded, so 

an automatic evaluation is required. In a first step automatic onset detection algorithms were 

applied. 

 

 



2.4 Automatic onset detection 
 

There are many ways to pick automatically the onset of a wave. One of the best methods is 

still a visual approach by human eye. A verification of automatic onset algorithms using for 

example the Hinkley criterium or the AIC picker often compares automatic detection results 

with the visual detection. One of the most reliable auto-picking algorithms is the AIC-Picker 

(Akaike-Information-Criteria) [7]. 

 

 
Figure 6: Raw AE signal and AIC picking function 

 

 

The AIC algorithm calculates an individual function for a signal. In conformity with the AIC 

–picking algorithm, the acoustic wave starts when the AIC function (red curve in figure 6) has 

a global minimum. The AIC-Picker delivered a quite more reliable start time for first arrival 

of the wave as threshold crossing could ever do [8].  

 

 

3.  Conclusions and outlook 

 
Parametric results of acoustic emission signals agree with the macroscopic failure of the 

specimen. In order to verify this agreement, other non destructive testing methods like micro-

computer-tomography are necessary. Maybe acoustic emission can support the daily 

destruction tests like 3-point bending or tensile testing, in order to get more information about 

the test specimen. The idea is to predict the macroscopic failure before it happened by 

recording precursors.  

In order to separate different failure mechanisms signal-based evaluations have been done. In 

place of evaluating the frequency spectra of the whole recorded dataset, it could make sense 

to evaluate a certain time window. Due to formation of Lamb waves, mode specific time 

windows seem to be a good approach for the application of Fourier transform techniques.  

The basis for a full-automatic AE analysis is the implementation of automatic onset detectors 

(pickers). It is proven in current experiments that with the help of the AIC algorithm this 

procedure works reliably in the vast majority of cases. Another possibility would be to 

localize the sources of acoustic wave with the help of different onset time detection of 

different sensors. Due to anisotropic wave propagation in media like CFRP a planar 

localization is not trivial, but automatic onset detection is a first step. 
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