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Abstract  
Acoustic Emission (AE) can be used to discriminate the different types of damage occurring in a constrained 

metal material. And cluster analysis can separate a set of data into several classes that reflect the internal 

structure of the data. AE waveform contains a wealth of information about AE source, and the traditional 

parameters can no longer meet the higher demands of AE source identification. In this paper, we worked hard to 

extract new parameters from three aspects: vector of frequency band energy extracted by wavelet transformation 

characterizes the frequency distribution of the waveform, waveform margin factor characterizes shape feature of 

AE waveform and the amplitude characterizes intensity of AE waveform. We worked on specimens of 

hydrogenation reactor material 2.25Cr-1Mo, subjected to tensile loading, awaiting damage modes in the material. 

K-mean clustering based on new parameters was used to analysis the AE signals during the total procedure, and 

signals of plastic deformation at yield stage and crack signals at destructed stage were finally identified. 

 

Keywords: acoustic emission, k-mean clustering, waveform characters, wavelet transformation, Margin factor 

 

1.  Introduction 
 

Acoustic emission (AE) technology is a new dynamic non-destructive testing technology and 

is widely used in quality validation of pressure vessel manufacturing, in-service inspection 

and on-line monitoring with its remarkable characteristics of dynamic characteristics, integrity, 

timeliness, efficiency and economy, etc. Hydrogenation reactor is the key equipment in 

modern petroleum refining industry but is a dangerous and explosive hydrogen pressure 

equipment, therefore, to understand and grasp the AE characteristics of damage process of 

hydrogenation reactor material 2.25Cr-1Mo is of importance to analysis the safety and 

integrity of such structural equipment. 

Cluster analysis, an important tool for investigating and interpreting data, can separate a set of 

data into several classes that reflect the internal structure of the data. Cluster analysis 

technology applied on AE signal processing that can identify different damage mode, but the 

effect of clustering highly dependents on whether the selected characteristic parameters can 

reflect the damage characteristics. In actual application, the signal amplitude alone is 

measured in real time by the data acquisition system. All the other descriptors (counts, 

duration, rise time and energy etc.) were calculated from the waveforms at the post-processing 

step because they are very dependent on the amplitude threshold used to detect the arrival 

time and the end of an AE signal. The parameters provided by the data acquisition system 

used a fixed threshold whatever the signal features, thus they can not accurately reflect the 

characteristics of the waveform, and limits the application of cluster analysis in AE source 

identification.  

To solve the problem mentioned above, this paper attempts to extract new parameters from 

three aspects that can reflect the characteristics of waveform frequency distribution, shape and 

intensity, and selected energy spectrum coefficients, waveform margin factor and amplitude 

respectively. Then we worked on specimens of hydrogenation reactor material 2.25Cr-1Mo, 

subjected to tensile loading, awaiting damage modes in the material. At last k-mean clustering 
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based on new parameters was used to analysis the AE signals collected during the total 

procedure, and more attention was paid to the signals of plastic deformation at yield stage and 

crack signals at destructed stage. 

 

2.  Experimental procedure 
 

Experimental system is shown in Figure 1. The tension control system uses SANS series 

stretching machine. The test specimens were constituted of hydrogenation reactor material 

2.25Cr-1Mo, and were made into two types of samples: without crack one (S-A) and with 

2mm transverse crack one (S-B). The dimensions are shown in Figure 2. 

 
A two channels acoustic emission testing instrument from PAC (American Physical Acoustic 

Corporation) was used to record AE data. AE measurements are achieved by the means of 

two resonant WD sensors with a frequency band 100kHz~1MHz, coupled on the faces of the 

specimens with silicon grease. The calibration of each test uses a pencil lead break procedure 

in order to generate repeatable AE signals. The specimens were loaded in tension at a constant 

rate of 1kN/min up to broken, and force - displacement curve is shown in Figure 3. 

 

 
 

2.  Experimental procedure 
 

In this part, cluster analysis of AE signals will be performed to discrimination of the different 

damage mechanisms occurring in the specimens (material yield, micro-crack propagation and 

fracture). A typical pattern clustering involves the following steps: a. representation of the 

pattern vectors (feature selection/extraction procedure); b. clustering; c. cluster validity 

analysis; d. labeling the clusters (identifying the AE sources). 

 

3.1 AE feature selection 
 

Figure 1. Experimental system Figure 2. Size of the specimen 
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(a) S-A 

Figure 3. Force vs displacement curve of S-A and S-B 
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As mentioned in introduce section, energy spectrum coefficients, waveform margin factor and 

amplitude were selected to describe the characteristic of AE waveform. 

 

3.1.1 Wavelet transform and the energy spectrum coefficients 

 

( )f n  is the analyzed AE waveform, signal is decomposed by wavelet at J levels, and J+1 

frequency bands are obtained, and the expression of which is expressed as: 

( ) ( ) ( )J jf n A f n D f n         1 , 2 , . . . ,j J                （1） 

Where ( )jD f n  is the reconstructed signal of high frequency component after wavelet 

transformed at the j times, and ( )JA f n  is the reconstructed signal of low frequency 

component after wavelet transformed at the J times. 

The radio of the reconstructed waveform energy of each frequency band  j
E  to the original 

waveform energy E  was defined as energy spectrum coefficients[4]  '

1 2[ / , / ,...,T E E E E  

/ ]
J

E E , which represents the distribution of signal’s energy at different frequency bands. 
Different information a signal contains will lead to different distribution of signal’s energy at 
different frequency bands, as to AE signals, the different information for the different AE 

sources. So energy spectrum coefficients can be used to identify different AE sources. 

 

3.1.2 Margin factor 

 

Margin factor L[5] was selected as a representation of the waveform shape. The expression of 

margin factor as follow: 
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Where 
nx  is the voltage of the time history, N is the number of recorded waveform length, T 

is the duration time of a waveform. Margin factor L reflects the acoustic emission 

characteristics of the waveform shape from a quantitative point of view. The steeper the 

waveform to be, the greater the value of margin factor is. 

 

3.1.3 Feature selection using hierarchical clustering 

 

Redundant attribute in the data set will lead to low precision and low interpreting ability of 

cluster, thus the correlation matrix of the 8 features (margin factor L, vector of wavelet energy 

spectrum and amplitude) was calculated and subjected to a group average hierarchical 

clustering. This clustering aims at merging the correlated features into group of two features. 

The result can be plot in a dendrogram (Figure 4). Setting the threshold value of correlation 

coefficient to be 0.5, then margin factor L, amplitude and energy spectrum coefficients of d5, 

d3 were reserved. 

 

3.2 K-means algorithm 

 

K-means algorithm was presented by Mac Queen, it aims at minimizing the sum of squared 

distances between all the vectors of a cluster and its centre. This method assumes that the 

number k of clusters is specified in advance. But the main problem is that this algorithm can 

reach either a local or global convergence depending on the initialization. To avoid this 

difficulty, a random uniform initialization was chosen rather than a simple random one. This 



 

 

leads to a more reproducible result. Moreover the clustering was run 10 times and only the 

best result was saved. 

 
 

3.3 Cluster validity 

 

The optimal number of clusters k was empirically determined by using the Davies and 

Bouldin criterion, which does not depend on k. The Davies and Bouldin coefficient DB is 

defined as 
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where 
i

d and 
j

d  are the average within-class distances of clusters i and j respectively, and 

ij
D  denotes the distance between the two clusters i and j. The best clustering result 

corresponds to a minimum value of DB. So several clustering were performed with k varying 

from 2 to 10, and the optimal number k was chosen so as to minimize DB. As the Fig.5 shows, 

the optimal number k is 3 and 4 for S-A and S-B respectively. 

 

3.4 Results of clustering and discussion 

 

Table 1 summarizes the mean characteristics of the obtained clusters of AE signals. The C1, 

C2, C3 clusters of S-A are also present in the S-B and have the same mean characteristics. 

Table 1. Mean characteristics of the clusters 

 

 
Cluster Amplitude d5 d3 

Margin 

factor 
Energy Counts Duration 

S-A C1 46 0.0885 0.4540 5 13 50 1822 

 C2 50 0.4065 0.5399 8 14 68 1270 

 C3 80 0.2253 0.6931 7 1062 1136 14276 

S-B C1 45 0.1334 0.4330 5 12 52 2304 

 C2 49 0.5316 0.4376 8 15 77 1453 

 C3 73 0.2404 0.6233 8 715 951 15918 

 C4 47 0.6379 0.1996 9 7 53 914 

 

3.4.1 Results and discussion of specimen without crack S-A 

 

Clustering results of S-A was presented in 3D histogram of hit versus displacement, as shown 

in Figure 6. C1 appears during the whole procedure, and with the lowest mean characteristics 

(table 1). L=5 and energy spectrum coefficients of d5 and d3 are very low, so it is a continued 
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Figure 5. Davies and Bouldin criterion 



 

 

and low-frequency waveform. The waveform and spectrum of C1 has been shown in figure 8 

(a), such type waveform with frequencies ranging from 10 kHz to 50 kHz and has a peak 

frequency at 20 kHz. As a conclusion, the C1 should be noise signals caused by mechanical 

vibration during tensile process. 

 
C2 appears in great majority at yield stage, but little at hardening stage and has amplitude 

mainly in the range 40-70dB. The waveform and spectrum of C2 has been shown in figure 8 

(b), such type waveform with frequencies ranging from 50 kHz to 200 kHz and has two peak 

frequencies at 60 kHz and 150 kHz respectively. As a conclusion, the C2 should be AE 

signals of plastic deformation at yield stage. 

C3 has a significant activity at the destructed stage, and the signals have the highest level in 

energy, amplitude, counts and duration (table 1). So it is associated with crack signals at 

destructed stage. The waveform and spectrum of C1 has been shown in figure 8 (c), such type 

waveform with frequencies ranging from 50 to 200 kHz has a peak frequency at 120 kHz. 

 
 

3.4.2 Results and discussion of specimen with 2mm crack S-B 

 

While applying load to the ductile material with macroscopic crack, yield strength will be 

reached near the crack area due to stress concentration [6]. As the loads continue, holes will 

Figure 6. 3D histogram of hit vs 

displacement of specimen A 
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Figure 7. 3D histogram of hit vs 
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Figure 8. Waveform and its spectrum of Cluster A, B, C and D 



 

 

appear in plastic region and lead to macroscopic crack propagation. Therefore, yield appears 

in elastic stage accompany with microscopic crack propagation. 

As mentioned above, The C1, C2, C3 clusters of S-B have the same mean characteristics with 

noise signals, yield signals and fracture signals, what is more, C1 and C3 has the similar 

distribution of hits versus displacement. Thus, C1 is noise signal and C3 is fracture signal. C2 

mainly distribute in yield stage and partly in plastic and harding stages, it is match with the 

distribution of material yield with macroscopic crack. So C2 is yield signal. C4 has low 

amplitude and energy but with high margin factor and energy spectrum coefficients of d5, 

such signal is high frequency burst waveform, and has a similar distribution with C2, so C4 is 

micro-crack propagation signal. 

Based on the above analysis, k-mean clustering based on new parameters was used to analysis 

the AE signals during the total procedure, noise signal was eliminated and signals of plastic 

deformation at yield stage and crack signals at destructed stage were finally identified.  

 

4.  Conclusions 
 

According to the features of AE signal, in this paper, the parameters provided by the data 

acquisition were rejected and we extract new parameters from three aspects that can reflect 

the characteristics of waveform frequency distribution, shape and intensity, and selected 

vector of wavelet energy spectrum, waveform margin factor and waveform amplitude 

respectively. Then k-mean clustering based on new parameters was applied to analysis the AE 

signals collected during tensile tests on specimens of hydrogenation reactor material 

2.25Cr-1Mo, and the conclusions are obtained as follows: 

1. New parameters contain more information of AE waveform and can accurately reflect the 

characteristics of the waveform. 

2. AE signals of micro-crack propagation, plastic deformation at yield stage and fracture 

signals at destructed stage can be classified and noise signals were eliminated by k-mean 

clustering based on new parameters. While amplitudes of plastic deformation AE signals 

mainly distribute in the range of 40dB-70dB, and with frequencies ranging from 50 to 200 

kHz has two peak frequencies at 60 kHz and 150 kHz respectively. Cracking AE signals have 

the highest level in energy, amplitude, counts and duration, and with frequencies ranging from 

50 kHz to 200 kHz, the peak frequency is 120 kHz. 
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