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Abstract  
This paper is a numerical extension to the previous work done by the author on crack depth study in 
homogenous plates using Lamb wave based features. Based on 2D numerical simulations, it has been shown 
that, for pure S0 mode excitation, the amplitude ratio of both converted A0 mode, to the scattered S0 mode, 
in both transmitted and reflected waves from a crack, varies linearly as the crack depth changes. The goal of 
this paper is to verify this phenomenon via three dimensional finite element simulations. It is seen that from 
the mode conversion based amplitude ratios, ARR and ART, obtained from 2D simulation of wave interaction 
with the crack, for crack depth evaluation, ARR decreases monotonically in 3D simulation too, except for 
dc=0.2th, and can be employed for crack depth evaluation in real crack detection  
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Introduction  
Ultrasonic guided waves are widely used for damage evaluation in plate like structures due their great capabilities and 
characteristics, some of which including large area inspection, high accuracy and potential for being used as online 
monitoring system. The fundamentals of ultrasonic guided waves can be found in several published books and literature 
like [1, 2]. A comprehensive literature survey has been done by Su and Ye, [3], who have summarized more than 300 
published paper on guided waves based damage detection until 2009.   
One of the most important steps of any damage detection procedure is damage characterization, which means 
determining location, size and severity. The depth of any surface crack is a very vital feature for remaining life 
predication of the structure, and need to be evaluated precisely. Crack depth evaluation based on Rayleigh waves has 
been presented in [4]. A more accurate study is done in [5] for notch parameter estimation based on scattered wave filed 
and mode conversion phenomenon.   
The goal of this paper is to look for a feature that need to be enough sensitive to the crack depth. A mode conversion 
based feature has been introduced in [6] based on two dimensional finite element simulations. It has been shown that the 
amplitude ratio of converted A0 mode to the excited S0 mode, changes linearly with respect to the crack depth, for both 
transmitted and reflected waves, as shown in Figure 1  
  

  
Figure 1. The amplitude ratio of the converted A0 mode to the excited S0 mode for both transmitted and reflected waves from a crack 

with varying depth while pure S0 mode excited, extracted from 2D simulation [6]   
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The work done in [6] is based on two dimensional plain strain model, which neglects the effect of the crack length. The 
current work is based on three dimensional simulations with the crack length equal to 15mm.   
  
Model definition  
The geometry of the model is shown in Figure 2. As it is seen, a pair of actuator and sensor is placed at the distance of 
200mm. The thickness of the plate is 5mm, and the crack length is 15mm, approximately twice the transducers diameter. 
The crack is located at the middle of the distance between transducers, and its depth, dc, gradually increases.  
  
  

  

Figure 2. Geometry of the model  
  
The material is aluminum, with the elastic constants of E=69GPa and =0.33.    
  
Dispersion study  
A 5-cycle, 200 KHz tone burst actuation signal has been employed for excitation. The phase and group velocity 
dispersion curves for aluminum plate with mentioned elastic properties are shown in Figure 3. Also wave structures for 
both fundamental modes are shown in Figure 4. As it is seen, the in plane displacement of S0 mode has the maximum 
normalized value between displacement components. A0 mode is less dispersive at selected frequency comparing to S0 
mode, obtained from group velocity dispersion curve. Also the in-plane displacement component of S0 mode is the 
largest displacement vector on the surface, and thus expected to be more sensitive to the vertical crack.  
   

  
Figure 3. Phase and group velocity dispersion curves   
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Figure 4. Wave structures of A0 and S0 modes for a 5mm thickness AL plate at F=200KHz  

  
  
Finite element simulation  
The model shown in Figure 2 has been simulated in ABAQUS. Explicit dynamic method has been employed as it leads 
to higher accuracy and better results. A snapshot of the propagated wave in a sample cracked plate, for the case dc=0.7th, 
is shown in Figure 5. Pure S0 mode has been excited by applying symmetric pressure loading to both sides of the actuator 
region, as the piezoelectric elements are not available in ABAQUS explicit. Six elements have been utilized in the 
thickness, C3D8R, for more accuracy of wave structure achievement.   
An equivalent variable introduced in [7] has been extracted from in plane and out pf plane displacements for sensor 
signal. This has been formerly discussed in [6].    

  

Figure 5. Snapshot of wave propagation in the cracked plate showing transmitted and reflected modes  

As it is seen in Figure 5, As the S0 mode interacts with the defect, as the defect is a partial thickness crack, mode 
conversion occurs. The reflected wave packet contains both A0 and S0 modes, as well as the transmitted wave, which the 
A0 mode is the result of the mode conversion phenomenon. The crack depth has been increased gradually and 3D 
simulations have been done for all crack depths. Results are discussed in the following section.  
  
Results and discussion  
As stated before, the equivalent variable introduced in [7] has been used as sensor signal. This variable is a linear 
combination of in plane and out of plane displacements obtained from the sensor region on the plate, as stated in 
equation1.  
 Var d u d u                                                                           (1)  
                                                                              
u1 and u2 are in plane and out of plane respectively and d31 and d33 are piezoelectric strain coefficients. Having extracted 
the equivalent variable, the signals have been normalized by dividing them into the S0 related peak at the sensor for 
healthy state.   
The amplitude of normalized signals for both transmitted and reflected waves are shown in Figure 6. As it is seen in 
Figure 6-a, for healthy state the reflected signal does not contain any peak relating to S0 or A0 mode. But as the crack 
appears, two clear peaks can be detected in reflected signal. The first peak is caused by the S0 mode reflected from the 
crack, as its group velocity is larger than the A0 mode, so its arrival time is shorter than the A0 mode peak arrival time.  
As the crack depth increases, the reflected S0 mode peak to peak amplitude increases too, which is shown in Figure 7-
a.   
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Figure 6. Amplitude of normalized reflected and transmitted signals for various depths of crack at pure S0 mode excitation The 

second peak in Figure 6-a is related to the A0 mode reflected from the crack which is the result of mode conversion.   

It should be noted again here that the excitation mode was a pure S0 mode. As the crack depth increases, the amplitude 
of the reflected A0 mode increases first and then decreases. This is shown in Figure 7-a, too.  
  
  

  
Figure 7. Normalized peak to peak amplitude of reflected and transmitted A0 and S0 modes for various depths of cracks at pure S0 

mode excitation  

Another wave packet which is shown is Figure 5, is the transmitted wave packet. The signal captured in sensor, noting 
Figure 2, represents the transmitted wave field. The mode conversion phenomenon also affects the transmitted wave 
field and two peaks can be found in the sensor signal, as shown in Figure 6-b. The first peak is the S0 mode related peak 
while the second one is the converted and transmitted A0 mode. The amplitude of the S0 mode peak decreases as the 
crack depth increases, except for dc=20% of thickness, and the amplitude of the transmitted A0 mode behaves the same 
as reflected A0 mode, as shown in Figure 7-b.  
The amplitude ratio, as introduced in [6], is defined as the ratio of the A0 mode related peak to the S0 mode related peak, 
in both transmitted and reflected wave’s signals, as stated in equations (2) and (3).   
  
 2 2 
            (2) ,        (3)  
 2 2 

The term P2PA stands for peak to peak amplitude, ARR is the amplitude ratio of the reflected signal and ART is the 
amplitude ratio of the transmitted signal.  
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Figure 8 shows variation of ARR and ART versus the crack depth, for pure S0 mode excitation, obtained from 3D wave 
field simulation. As it is seen, comparing to Figure 1, which is the work done in [6] for 2D plane strain simulation, ARR 
behaves more likely to the 2D model rather than ART.   
In 2D model, ART monotonically increases, as seen in Figure 1, while it increases and then decreases in 3D simulation, 
as seen in Figure 8. ART, decreases monotonically, except for dc=20% of the thickness, in both 2D and 3D models, as 
shown in Figure 1 and Figure 8.  
Comparing to 2D model, wave spreading occurs in 3D simulation which causes more realistic wave field prediction. It 
is expected that the transmitted wave field attenuates for circular crested wave, as wave front circumference is increasing 
as the wave propagates more and more. This leads to smaller amplitude if transmitted S0 mode at the sensor.    

  
Figure 8. The amplitude ratio of the A0 mode related peak to the S0 mode in reflected and transmitted waves, pure S0 mode 

excitation, 3D simulation  
  
The more interesting fact is that ARR is greater than unity in 3D model, comparing to 2D model, where it is less than 
unity. This means that the amplitude of reflected A0 mode is larger than the reflected S0 mode.  
  
  
Conclusions  
Three dimensional simulation of the fundamental symmetric Lamb modes, S0, interaction with a partial thickness crack 
has been performed in this paper. The goal was to compare mode conversion based features obtained from 2D and 3D 
simulations. It is seen that from the mode conversion based amplitude ratios, ARR and ART, introduced in [6] for crack 
depth evaluation, ARR decreases monotonically in 3D simulation too, except for dc=0.2th, and can be employed for 
crack depth evaluation in real crack detection.  
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