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ABSTRACT  

Acoustic emission (AE) caused by the growth of fatigue crack were well studied by researchers. Conventional 
approaches predominantly are based on statistical analysis. In this study we focus on identifying geometric features of 
the crack from the AE signals using physics based approach. One of the main challenges of this approach is to develop a 
physics of materials based understanding of the generation and propagation of acoustic emissions due to the growth of a 
fatigue crack. As the geometry changes due to the crack growth, so does the local vibration modes around the crack. Our 
aim is to understand these changing local vibration modes and find possible relation between the AE signal features and 
the geometric features of the crack. Finite element (FE) analysis was used to model AE events due to fatigue crack 
growth. This was done using dipole excitation at the crack tips. Harmonic analysis was also performed on these FE 
models to understand the local vibration modes. Experimental study was carried out to verify these results. Piezoelectric 
wafer active sensors (PWAS) were used to excite cracked specimen and the local vibration modes were captured using 
laser Doppler vibrometry. The preliminary results show that the AE signals do carry the information related to the crack 
geometry. 
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1. INTRODUCTION  
Acoustic emission (AE) has been used for structural defects detection for many years 1–3. The generation and 
propagation of the acoustic emission wave has been studied in the past 4. Many algorithms and models were developed 
to help the AE signals data processing 5–7. Efforts were made to retrieve the structural feature related information from 
the AE waveforms 8,9. In analysis of AE wave signals, one of the difficulties is AE signals are often contaminated by 
other wave-like vibration signals caused by non-damage sources. The contaminating non-damage signals are coming 
from various sources and are difficult to model and quantify. In many methods, only the first few wave peaks are 
examined to extract simple parameters such as the AE wave amplitude, duration, average frequency, and time of arrival, 
etc. In fact, because the complex nature of the AE wave generation, propagation, interaction with the structural features, 
it is difficult to analyze the AE waveforms. Often times one can only rely on some AE signal parameters to filter out 
these non-damage related AE events, and identify the damage related AE events. 

In our research, we focus on developing a signal processing methodology for the AE wave signals that is based on (a) 
understanding of the multimodal guided wave characteristics of the received AE signals that have traveled through the 
dispersive structural medium; and (b) on a physics of materials modeling of the AE signals related to crack propagation 
vs. the AE signals that are of a non-crack nature. As a result, we will develop algorithms to perform AE signal ID under 
confounding external disturbances and differentiate between crack and non-crack related components of the signal. On 
the one hand, we will use advanced signal processing techniques to achieve signal de-noising and signal feature 
extraction, compression, and classification. On the other hand, we will attempt to correlate the signal features with a 
physics-of-materials understanding of elastic wave generation in cracks in non-crack events. 

 
 
 
 
*baoj@cec.sc.edu; phone 1 803 777-0619; fax 1 803 777-0106; www.me.sc.edu/research/lamss 



In this paper, we start with the finite element (FE) simulation of AE waveform generation and propagation due to the 
growth of a typical fatigue crack. Harmonic analysis was applied to predict the interaction between the crack and AE 
waves at different harmonic frequencies. Frequency analysis and time-frequency analysis were then applied to the 
simulated waveforms to extract parameters related to the crack geometric features. Experiments were conducted on an 
aluminum plate with manufactured crack. Piezoelectric wafer active sensors (PWAS) were used to excite the cracked 
coupons and the local vibration modes were captured using laser Doppler vibrometry. We try to correlate the AE 
waveform features with the fatigue crack geometric features. Two aspects of the AE waveform interaction with fatigue 
crack were studied with this experiment: the wave propagation and the crack local vibration mode. The preliminary 
results suggest that it is possible to extract fatigue crack geometric related information from the AE waves. 

2. FINITE ELEMENT SIMULATION OF AE SOURCE AND WAVE PROPAGATION 
2.1 Dipole Approach of AE Source Simulation 

Acoustic emissions can happen due to various reasons; it can happen due to crack growth, it can also happen due to 
rubbing of the crack surfaces. Both of these events are very short lived and result in acoustic emissions with wide 
frequency band. One of the challenges of modelling acoustic emissions using FEM is to represent these events with an 
equivalent transient excitation signal. Hamstad et al. 4 have studied various modeling techniques for the acoustic 
emission source. Their study successfully demonstrated that the AE source can be accurately modeled as a force dipole 
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the minimum wavelength defined as /m sc fλ = with sc being the shear wave speed and f being the maximum 
frequency. cs is the cell size in the FEM model, s is the source size, and D is the distance between the source and the 
sensing location. 

 
Figure 1: FEM model (a) with non reflecting boundary  around a crack; (b) AE source as force dipole 

 

Figure 1(a) shows a schematic diagram of the FEM model for our experimental setup to create acoustic emission from a 
crack tip. We created nonreflecting boundaries (NRB) around the crack location such that the boundary reflections are 
minimized if not eliminated. The NRBs were created by using damping elements on the surface of the plate model 10. 
The sizes of the elements, cs , used varied from 0.9 mm to 0.25 mm and 20mmD = . The AE source was modeled as a 
pair of dipoles at the crack tips with 0.2mms = Figure 1(b). The dipoles were chosen to be in-plane direction because 
during the fatigue test the specimen went under in-plane deformation for the entire duration. The material properties of 
the plate was chosen to be of aluminum 2024T3 with 73.1GPaE = , ν = 0.33 , 3kg/mρ = 2780  with 3140m/ssc = . 
This gave a maximum frequency range of up to 840 kHz to be simulated accurately with / 100D s = . The AE source 
dipoles were chosen as half cycle cosine step function with 15 µs rise time Figure 2. 
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Figure 2: (a) Amplitude of the force dipoles in (a) time domain, (b) frequency domain 

2.2 Transient Analysis Result of Wave Propagation in the Coupon 

We recorded the out of plane displacement at 20 mm from the center of the hole along the transverse direction of the 
cracks. Figure 3 shows the out of plane displacement profile; this shows almost no boundary reflections from the edge of 
the plate allowing us to see the AE signal clearly. This also shows that the NRBs were effective in absorbing almost all 
the boundary reflections. 

 

Figure 3: Finite element simulation of AE signal received at 20 mm from the hole with 2 mm long cracks on either side of a 
1 mm hole 

To further understand the frequency content of the AE signal and effects of the presence of the crack on the AE signal, 
we performed a harmonic analysis of the same FEM model. We applied harmonic in plane dipoles at the tip of the crack 
to understand the in-plane crack resonance modes. We recorded the crack opening displacement at the mouth of the 
crack. Figure 4(a) shows the crack opening displacement as a function the frequency of excitation. From this figure we 
can clearly see the crack opening resonances at regular frequency intervals. Also, from Figure 4(b) we can see the 
similar resonance phenomenon from the AE recorded at 20 mm. This shows that the AE signal is modified by the 
presence of the crack. We can clearly identify the crack resonances from the AE signal. This gives us an indication that 
the length of the crack may also me estimated from the recorded AE signal as the length of the crack is directly related to 
the resonance frequencies of the crack. 
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Figure 4: Finite element simulation of (a) Crack opening modes of vibration of 5 mm long butterfly cracks from harmonic 
analysis; (b) AE signal received from the tip of 5 mm long butterfly cracks at 20 mm from the hole in transient analysis 

3. EXPERIMENTAL VERIFICATION OF CRACK LOCAL VIBRATION MODES 
Finite element simulation results suggest that fatigue crack resonate during acoustic emission events, and the resonance 
frequencies are presented in AE waveforms. An experiment was designed to verify this result. The specimen is a 1.2 m x 
1.2 m, 1 mm thick 2024-T3 aluminum plate. The large size of the specimen is to avoid the boundary reflections. A 
through the thickness, 16 mm long slit was made to simulate a fatigue crack. A pair of 7 mm diameter circular 
piezoelectric active wafer sensors (PWAS) was mounted on the opposite surfaces of the plate at the tip of the slit as 
excitation source. Laser Doppler vibrometer (LDV) was used to measure the out-of-plane vibration velocity of the plate 
surface around the crack area. The experimental setup is shown in Figure 5(a).  

 

 
Figure 5 Experimental setup for capturing crack vibration: (a) schematic drawing of a large aluminum plate specimen with 
16 mm long, through thickness slit, PWAS transducers are mounted on both side of the specimen at the tip of the slit; and 
(b) a laser Doppler vibrometer head mounted on a 2-axis gantry system to perform single point velocity measurement and 
area scan on the specimen. 

A Hanning windowed one count tone burst signal was used to excite the PWAS transducers. By using a one count tone 
burst, a wide frequency range was covered between DC and 500 kHz. The center frequency of the tone burst is around 
300 kHz, where the PWAS transducer has the optimized excitation performance due to the tuning effect 11. By using a 
pair of PWAS transducers, it was possible to choose either symmetric or anti-symmetric wave mode to be generated 11. 
In this experiment, symmetric excitation was applied to the two PWAS to create the S0 Lamb wave, similar to the in-
plane excitation used in the FEM simulations. The excitation signal and the frequency spectrum are shown in Figure 6 
(a) and (b) respectively. 
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Figure 6 Excitation signal applied to the PWAS transducers (a) Hanning windowed one count tone burst excitation signal, 
and (b) the frequency spectrum of the excitation signal 

The out-of-plane velocity of a single point at 20 mm distance from the crack center was measured by LDV to compare 
with the FEM simulation results. The Figure 7(a) shows the velocity measurement by LDV, and Figure 7(b) shows the 
frequency spectrum of the velocity by taking Fourier transform of the time domain signal. Several peaks are clearly 
identified in the frequency spectrum. The frequencies of the peaks are labeled in the figure. Evidently, these peaks 
represent the frequencies that the out-of-plane velocity reaches maximum, and the local vibration arrives at an anti-node. 

In addition to the single point velocity measurement, we also performed area scan to capture the crack local vibration 
modes. As shown in Figure 5(b), a 2-axis gantry system was used to move the laser head to scan a rectangular area 
around the crack. When the scan is finished, the LDV measurement data were assembled by the scanning point 
coordinates, and the wave propagation in the area can be visualized. Furthermore, FFT of the time domain was 
calculated to retrieve the frequency domain response to the excitation. The magnitude of the FFT results was then 
assembled by the scanning point coordinates. The results visualize the crack local vibration pattern at FFT frequency 
points. Local resonance modes can be identified by the presence of standing wave along the crack. Figure 7 shows a 
series of reconstructed frequency response of the crack local area. The frequencies are the resonant frequencies identified 
in Figure 6(b). In the plots, darker color represents higher FFT magnitude. The PWAS location is marked on the plots. 

 
Figure 7 LDV measurement of the out-of-plane velocity at 20 mm distance from a 16 mm manufactured crack. The crack 
was excited by PWAS with a Hanning windowed one count sine tone burst signal: (a) time domain measurement of the 
velocity, and (b) the FFT frequency spectrum of the velocity measurement. The resonance frequencies are labeled in the 
frequency spectrum. 
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4. FEM AND EXPERIMENTAL RESULT ANALYSIS 
Several observations can be made from the experimental results. Firstly, the shape of the vibration pattern changes with 
the frequency. At 135 kHz, the vibration pattern is composed by relatively straight lines radiating from the crack. The 
198 kHz vibration pattern started showing some curved lines around the PWAS, and the vibration at the free tip (no 
PWAS) seems to be stronger. At higher frequency, the 254 kHz case shows more circular vibration pattern vibration 
around the PWAS. At the highest frequency, 353 kHz, the vibration around the free tip forms a circular pattern as if 
there is another vibration source located at this tip. Secondly, the vibration pattern seems like the interference pattern of 
two circular crested wave emitting from two point sources. The alternative lighter and darker pattern suggests that the 
surface vibration pattern is not only affected by the excitation frequency, but also affected by the location relative to the 
signal sources. 

 
Figure 8 Plate vibration pattern around a 16 mm slit, excited by PWAS using Hanning windowed one-count sine tone burst. 

The observations can be explained by the propagating wave and standing wave in the crack area. PWAS excited elastic 
wave propagates along the crack, and bounce back by the other tip of the crack. Hence, both the PWAS mounted crack 
tip, and the free tip work like point source emitting circular crested waves. This also explains the interference patterns 
around the crack. When the crack goes into resonance, the wave reside on the crack becoming standing wave, and the 
number of nodes along the crack edge increases with the resonance frequency. At lower frequencies, such at 135 kHz, 
four nodes presents along the crack; at 198 kHz, six nodes were observed; and at even higher frequencies, more modes 
start appearing and make the vibration pattern more complex. 

Comparing the experimental data with the FEM simulation results, we can see that the both results were able to capture 
several resonance modes of the crack and higher harmonics. Because excitation signal in the FEM simulation is close to 
a step function, while tone burst was used in experiment, the amplitude of the frequency response curve from the two 
results are not comparable. Nonetheless, the resonance frequencies are in close range. 
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An important observation from both the FEM simulation and the experimental data is that the presence of crack 
introduces local vibration resonance. The frequency of the resonance modes changes with the crack length. The 
resonance modes affect the crack local area, as demonstrated in the simulation and experiment, the resonance modes can 
be detected in the 20 mm distance from a 16 mm crack. It is also possible to use a signal point measurement to extract 
the crack resonance frequencies, and maybe able to identify the crack length from the resonance frequencies. 

 

5. CONCLUSION AND FUTURE WORK 
In this research, we studied the interaction of acoustic emission and fatigue cracks. Finite element transient analysis was 
used to model the AE wave generation, propagation, and its interaction with fatigue crack. Experiments were performed 
to verify the result. AE wave frequency contents were found to relate to the fatigue crack resonant modes. It was 
identified that crack can be excited and resonant during AE events. Our preliminary results show that the AE signals 
carry the information related to the crack geometry. 

In the future work, we will use a combination of analytical, numerical, and experimental methods to identify the fatigue 
crack geometric features from AE waveforms. We will combine physics-of-material based predictive simulation with 
experimental validation and verification in order to develop a method of generating synthetic AE wave signals that 
contain known crack and non-crack components 

To better extract the fatigue crack features from the AE signal, we will perform fatigue test on metallic coupons, and 
monitor the AE events during the fatigue crack growth. Using the results from the FEM simulation and experimental 
results, we understand that the waves from the two crack tips will interact with each other, and create interference 
patterns around the crack. Hence good locations need to be determined for the sensors to pick up the AE signals. Using 
appropriate FE model, acoustic emission signal generation, propagation, and interaction with the crack can be predicted, 
and guide the experimental setup design and post experimental data analysis process to extract fatigue crack geometric 
features from the experimental AE signals. 
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