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Abstract 

 

This paper aims to understand the effect of fatigue crack growth on the propagation 

characteristic of multi-frequency anti-symmetric (Ao) guided wave modes in a C-

Channel type structure. A novel approach has been developed that analyses guided 

wave signals excited at different frequencies, in order to provide a method for damage 

identification along an actuator-sensor path in a pitch-catch scenario. A Damage 

Response Factor (DRF) that accounts for wave amplitude ratio, energy ratio, and cross 

correlation coefficient between the current and the baseline signal has been investigated. 

In addition to the commonly used threshold value, the DRF approach uses the upper and 

lower bounds of the average DRF value along with the separation of the DRF based on 

excitation frequency. A combination of all of these criteria, provide an accurate means 

to identify damage rather than the classical sole-threshold method. Both the 

experimental measurements and the FEM analysis provide excellent results on the 

application of the DRF as a means for detecting damage in a C-Channel type structure.  

 

1.  Introduction 
 

Structural Health Monitoring (SHM) relies on the ability of sensors and algorithms to 

locate and detect structural damage. Despite the advancements in the development of 

sophisticated sensors, SHM systems have not yet achieved widespread acceptance by 

aircraft operators. Thus, Non-Destructive Inspections (NDI) conducted at a specified 

number of flight hours remain the method of choice until SHM is able to meet the same 

level of damage detectability as set by the current NDI methods. These challenges 

include the ability of SHM manufacturers to provide robust damage detection 

algorithms to minimize / eliminate false calls and to ensure proper operation of these 

sensors over their useful lifespan. Furthermore, certification authorities may require the 

SHM system manufacturers to deliver the same level of Probability of Detection (PoD) 

that is demanded for the current NDI techniques. Currently no standardized methods 

exist for developing a PoD curve for a specific SHM sensor setup and any method 

would likely require a large experimental program with multiple reference samples with 

and without damages, in a representative environment translating into a very costly 
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effort. One way to eventually reduce this cost is to implement a robust Model Assisted 

PoD (MAPoD) methodology, in which one uses high fidelity digital models to reduce 

the number of expensive experimental evaluations. This work lays the groundwork for 

this initiative by examining whether one can numerically simulate the behaviour of 

guided Lamb waves on a representative aircraft structure with a fatigue crack. 

 

Guided Lamb waves can be used to infer the size of a structural flaw (damage) as a 

function of the change in the acoustic signal with respect to its baseline (pre-damage) 

signal; thereby, creating an opportunity for the development of PoD curves. Lamb 

waves are ultrasonic guided waves that propagate between two parallel free surfaces. 

These waves co-exist in two modes - symmetric (Sn) and anti-symmetric (An), each of 

which propagate independently.  The subscript “n” (n = 0,1,2,...) denotes the number of 

inflexion points found in the wave deformation field across the thickness of the plate. 

For a finite plate thickness, there exist an infinite number of such symmetric and anti-

symmetric modes, differing from one another by their phase and group velocities as 

well as by the distribution of the displacement and stress fields through the plate 

thickness (1). The use of Lamb waves for damage detection has been widely explored 

and demonstrated (2). It is well known that diffraction, scattering, and mode conversion 

of Lamb wave occur due to the presence of damage (3). Damage in materials/structures 

can therefore be detected by analyzing the change in amplitude, energy, frequency, 

velocity, and phase shift of the Lamb wave signals between the damaged and 

undamaged (baseline) structure.  

 

The primary objective of this paper is to showcase a novel damage detection method 

based on the Damage Response Factor (DRF) and multi-frequency Lamb wave 

excitation.  In this paper changes in the correlation coefficient, amplitude ratio and 

energy ratio of the wave signal are analyzed to detect a growing fatigue crack in a C-

Channel type structure. The damage detection methodology is based on the spread in the 

frequency response of the guided Lamb waves excited at different frequencies as a 

function of damage size. The DRF approach was experimentally verified using a C-

Channel manufactured from aluminium alloy 7075-T651 and was subsequently 

validated using a Finite Element Model (FEM) of the C-Channel developed in 

ABAQUS CAE™. 

 

2.  Experimental Setup 

This study aims at combining the effect of a growing fatigue crack and the multi-

frequency propagation characteristics of the Ao Lamb wave mode in a C-Channel 

structure made from aluminium alloy 7075-T651, as shown in Figure 1. The C-Channel 

was subjected to a constant amplitude fatigue loading, with a maximum load of 11,120 

N (2,500 lbf) at an R-ratio equal to 0.1. The load was applied by a servo-hydraulic MTS 

load frame, as shown in Figure 2 (a). The C-Channel was connected to the MTS load 
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frame via a swivel connector fastened to the top and bottom of the C-Channel to allow 

rotation in this asymmetrical structure, as shown in Figure 2 (b).  

 

 

Figure 1: Schematic of the C-Channel. 

 

 
Figure 2: Fatigue crack growth test setup. 

 

For exciting and acquiring the guided Lamb waves, commercially available 

piezoelectric Lead Zirconate Titanate (PZT) surface mount single sensors from Acellent 

Inc. were permanently bonded onto the C-Channel using M-Bond 200 adhesive from 

Micro Measurements. Four PZT sensors were used in total, two on the flange (PZT-1 

and PZT-2) and two on the web (PZT-3 and PZT-4) of the C-Channel, with the exact 

locations shown in Figure 3. The PZTs were connected to the ScanGenie hardware from 

Acellent Inc. (4), which was controlled by custom software developed in Matlab™. The 

custom software was used to excite and gather data from the PZT sensors. Acoustic 

signal data was gathered at the end of each block at 12 MS/s for a total time of 333 
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microseconds (4000 data points) by exciting the installed PZTs at 100 kHz and 200 kHz 

using a five-cycle Hanning-windowed sine-burst.  

 

 

Figure 3: Location of PZT sensors within the C-Channel structure. 

In order to perform the guided Lamb wave analysis, data was gathered at the end of 

each test block up to a total of 55,000 cycles. Five data sets of acoustic signals were 

acquired for each run and were averaged for analysis. The averaged data at the end of 

each test block was compared against the baseline data acquired at the beginning of the 

test (0 cycles). Only the Ao Lamb wave mode was used for this study, where the 

analytical Lamb wave dispersion velocity was used to find the arrival time and to isolate 

the corresponding Ao wave packet using Morlet Wavelet transforms. The Ao wave was 

selected because it could be clearly identified in the acquired wave packet data, as 

compared to the So wave.  

 

2.1 Crack length measurement 

 

The 0.4 mm saw-cut crack starter-notch at the edge of the 3.2 mm diameter hole was 

monitored visually with the aid of an AVT Dolphin F145b digital video camera. At the 

end of each block, the C-Channel was tensile loaded statically to 100% of the maximum 

load of 2500 lbf [11120 N] to acquire images at a consistent load level.  
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Figure 4: Fatigue crack images and growth curve. 

As shown in Figure 4 (a), a 0.5 mm crack emanating from the starter-notch was first 

visible in the acquired images at 35,000 cycles. An exponential trend line was fitted 

onto the experimental crack growth data in Excel, as shown in Figure 4 (b), to extract 

the crack length at different cycle count. It is to be noted that the exponential trend line 

does not represent the exact crack growth behaviour; however, it was used to interpolate 

the crack growth data at different cycles for use in comparing experimental results 

against the FEA results.   

 

2.  Finite Element Analysis (FEA) Model of the C-Channel 

 

A Finite Element Analysis (FEA) model of the C-Channel was previously developed by 

the authors in ABAQUS CAE™ version 6.16, which is published in reference (5). The 

model consisted of three distinct components: (i) the aluminium C-Channel section; (ii) 

four piezoelectric actuator/sensor discs connected to the C-Channel with a tie constraint; 

and (iii) two rigid swivel connectors tied onto the C-Channel with a prescribed 

boundary condition that allowed for the C-Channel to rotate during the load application, 

as shown in Figure 5. 

 
Figure 5: Finite Element Analysis (FEA) model of the C-Channel. 
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The FEA model consisted of a total of 847,247 elements. The solution data file was 

saved at a time step of 1×10
-7

 seconds and a mesh element size of less than 1 mm was 

used. In order to mimic the experimental results and reduce the number of assumptions, 

the actuation signal captured by the digital oscilloscope was used as the input signal in 

the FEA. For more information on the FEA model, please refer to previously published 

work by the authors (5).  The guided Lamb wave propagation model presented in this 

study is based on a pitch-catch configuration where the PZT actuator, as depicted in 

Figure 5 transmitted a Hanning-window at a central frequency of 100 kHz and 200 kHz. 

The generated guided wave signal was then captured at PZT Sensors 2, 3 and 4, also 

depicted in Figure 5.  

 

A Windows 7 computer with two Intel Xeon CPU 2650V3 (a total of 20 physical CPUs) 

running at 2.30 GHz with 128 Gigabytes of RAM was used in this study. Despite the 

high computational resource, many of the simulations took over 14 days to converge for 

a total time window of 350 microseconds. Therefore, to minimize the overall simulation 

run time, PZT 1 was used as an actuator and PZT 2, 3 and 4 were used as sensors for 

100 kHz and 200 kHz excitation frequencies. Only the waves propagating between 

Actuator 1 (Act 1) to Sensor 2 (Sen 2), and Act 1 to Sen 4 are compared with the 

experimental results in this study. The acquired FEA signals were filtered using a zero-

phase shift (filtfilt) Butterworth band-pass filter with a pass band between 1 kHz and the 

excitation frequency + 200 kHz in Matlab™.  

 

A simplified model of the crack was generated by extending the saw-cut in the FEA 

with a width of 0.25 mm and an initial length of 0.4 mm. The saw-cut was increased in 

length to 2.5 mm in steps of (0.5 mm, 1 mm, 1.5 mm, and 2.1 mm) to mimic a total of 

2.1 mm growth from the initial saw-cut, as shown in Figure 6. 

 

 
Figure 6: Simplified crack model in FEA. 

 

3.  Analysis and Results 

 

A novel Damage Response Factor (DRF) is proposed in this work. The DRF is based on 

observations of how guided Lamb waves excited at multiple frequencies respond to the 

presence of a damage in their propagating path. Theoretically, the waves excited with 

smaller wavelengths (associated with higher frequency excitation) should be more 
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reactive to the presence of damage as compared to the waves with longer wavelengths 

(associated with lower frequency excitation).  

 

The DRF uses a combination of three parameters – Correlation Coefficient (CC), 

Energy Ratio (ER) and Amplitude Ratio (AR). The correlation coefficient (measured 

between 0 and ±1) provided information regarding how closely correlated the waves 

acquired at different cycles were to the baseline (linear dependence). The Correlation 

Coefficient (CC) was calculated using the Matlab™ function (corrcoef), which is given 

by reference (6) as:  

 

 

( )
0

0

0

1

( ) ( )1
,

1

i o

i

m
i x x

i

n x x

x n x n
CC x x

m

µ µ

σ σ=

⎛ ⎞⎛ ⎞− −
= ⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟− ⎝ ⎠⎝ ⎠

∑  (1) 

where, m = number of samples, µ = mean, σ = standard deviation, xi(n) and xo(n) are 

the current and baseline signals respectively. 

 

The Energy Ratio (ER) provides information regarding the loss of wave energy due to 

spreading around the crack and was calculated using: 
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where, m = number of samples, xi(n) and xo(n) are the current and baseline signals 

respectively. 

 

The Amplitude Ratio (AR), which is calculated as the absolute maximum amplitude of 

the current wave divided by the absolute maximum amplitude of the baseline wave, 

provided information regarding wave attenuation and scattering due to the presence of a 

growing crack. 

 

Instead of using Cross-correlation (CC), Energy Ratio (ER), and Amplitude Ratio (AR) 

separately, the method combines them in a form of Damage Response Factor (DRF), 

which is given as: 

 2 2 2

3

CC ER AR
DRF

+ +
=  (3) 

 

The newly developed algorithm uses DRF calculated at different frequencies along with 

a threshold value and frequency spread of the response for detecting damage as 

described in Figure 7.   
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Figure 7: Damage detecting algorithm using the DRF. 

DRF responses of the waves propagating between Actuator (Act) 1 to Sensor (Sen) 2 

are plotted in Figure 8.  

  

 

Figure 8: Experimental multi-frequency DRF analysis for Act 1 and Sen 2, plotted with respect to: 

(a) crack length, where smooth lines are used to connect the data points and (b) cycle count, where 

markers are removed for clarity.  

 

Referring to Figure 8, the first step is to calculate the individual DRF for each excitation 

frequency using Eqn. (3), in this case for 100 kHz and 200 kHz. Then, an average of all 

the DRFs are taken, shown as a solid black line. For selecting the threshold, the average 

DRF value at 35,000 cycles, where a 0.5 mm crack was confirmed, was chosen. The 

threshold was found to be 0.87 for Act 1 and Sen 2. The upper and lower bounds are 

chosen at 35,000 cycles as the difference between the average DRF and the lowest and 

the highest frequency DRFs. The idea is to have the upper and lower bounds within the 
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lower and higher frequency DRF values. Therefore, at 35,000 cycles, the upper and 

lower bounds were found to be the average of the DRF±0.025, such as the lowest 

frequency DRF > upper bound and the highest frequency DRF < lower bounds. Using 

this technique, damage is said to be present if the average DRF is less than the threshold 

value of 0.87 and the upper and lower bounds (average DRF±0.025) are within the 

lowest and highest frequency spread in this experiment.  

 

Results for the wave paths between Act 1 and Sen 4 are shown in Figure 9. 

 

 

Figure 9: Experimental multi-frequency DRF analysis for Act 1 and Sen 4, plotted with respect to: 

(a) crack length, where smooth lines are used to connect the data points and (b) cycle count, where 

markers are removed for clarity.  Note the DRF value above 1.1 is truncated to maintain the same 

range between all wave propagation paths.   

 

From Figure 9, it can be observed that the average DRFs for wave propagating between 

Act 1 and Sen 4 were above the threshold value of 0.87; thus, showing no signs of 

damage within their paths.  

 

The FEA results for the wave propagating from Act 1 to Sen 2 and Act 1 to Sen 4 are 

shown in Figure 10.  
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Figure 10: FEA multi-frequency DRF analysis. 

As shown in Figure 10 (a), for the wave propagating between Act 1 to Sen 2, which is in 

direct path of the growing crack, the FEA follows the trends as was found by the 

experimental results provided in Figure 8. In both the experimental and the FEA results, 

the DRF of the waves excited at 100 kHz and 200 kHz are close together up to a certain 

crack length and start to diverge when the crack length is large enough to affect their 

propagation characteristics. Using the DRF algorithm, damage can be said to be present 

in the FEA at an approximate crack length of 1.8 mm as compared to 0.5 mm by the 

experimental results. However, the DRF spread was demonstrated in FEA for a crack 

length of between 1 mm to 1.5 mm. As for the wave travelling between Act 1 and Sen 

4, as shown in Figure 10 (b), the average DRF value was above the threshold value set 

by the experimental results; thus, showing no signs of damage in its direct path.   

 

It is to be noted that the FEA model used in this work is the simplest representation of a 

crack and does not account for residual stress formed during the crack propagation in 

addition to wave attenuation at different frequency. The authors’ previous work 

provided in reference (5) have demonstrated that the residual stress has an effect on the 

propagation characteristics of guided waves. Despite the simplistic crack model, the 

FEA results display that the waves excited at a higher frequency corresponding to 

smaller wavelength are in fact more reactive to the presence of the damage in their path, 

as compared to the waves generated at a lower frequency corresponding to a longer 

wavelength.  

 

4.  Conclusions 

 

A method to detect damage along an actuator and sensor path was presented based on 

the Damage Response Factor (DRF) approach, which combines the changes in the 

Cross Correlation (CC), Energy Ratio (ER) and Amplitude Ratio (AR) between the 

current signal and the baseline signal. In addition to the commonly used threshold value, 

the algorithm uses the upper and lower bounds on the average DRF value along with the 
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separation of the DRF based on excitation frequency. The algorithm presented here is 

based on observing the trends of Lamb waves excited at multiple frequencies to witness 

how the waves with smaller wavelengths (corresponding to a higher frequency 

excitation) behave as compared to the waves with longer wavelengths (associated with a 

lower frequency excitation). By combining these criteria, a method for damage 

detection along an actuator and sensor path has been developed. The damage detection 

methodology presented in this paper is based on the spread in the frequency response of 

the guided Lamb waves excited at different frequencies as a function of damage size, 

which was shown both experimentally and the FEA results; however, at a larger crack 

length for the FEA as compared to the experimental result. It is to be noted that a 

simplified crack model was used in this study as an extension of the saw-cut. Further 

enhancement to the crack model is required to accurately model the wave propagation 

characteristic.   
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