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ABSTRACT. Guided wave structural health monitoring (SHM) is being used to assess the 

integrity of plate-like structures for aerospace, civil and mechanical applications.  Prior research 

has investigated how guided wave propagation is affected by applied loads, which induce 

anisotropic changes in both dimensions and phase velocity.  In addition, it is well-known that 

applied tensile loads open fatigue cracks and thus enhance their detectability using ultrasonic 

methods.  Here we introduce a class of load-differential methods in which signals recorded from 

different loads at the same damage state are compared without using previously obtained damage-

free data.  Changes in delay-and-sum images are considered as a function of differential loads.  

Load-differential features are extracted from these images that capture the effects of loading as 

fatigue cracks are opened. Damage detection thresholds are adaptively set based upon the load-

differential behavior of the various features, which enables implementation of an automated 

fatigue crack detection process.  The efficacy of the proposed approach is examined using data 

from a fatigue test performed on an aluminum plate specimen that is instrumented with a sparse 

array of surface-mounted ultrasonic guided wave transducers.   

 
Key Words: Guided Waves, Sparse Array, Load-Differential Imaging, Fatigue Crack, Feature 

Selection 

PACS:  43.40.Qi, 43.60.Fg, 43.60.Lq, 43.60.Pt 

 

INTRODUCTION 
 

Many structural health monitoring (SHM) methods have focused on aging 

engineering structures.  In particular, ultrasonic guided waves are being proposed to 

assess the integrity of plate-like structures because of their ability to inspect large scale 

areas at low cost.  Recently, sparse transducer array configurations have been proposed in 

conjunction with imaging algorithms, which are based upon baseline subtraction for 

damage detection and localization [1-3].  It is well known that guided waves are sensitive 

to variable environmental and operational conditions [4-7].  Applied loads are one such 

operational condition and affect guided wave propagation by inducing anisotropic 

changes in both specimen dimensions and wave phase velocity.  However, applied tensile 

loads can open fatigue cracks and thus enhance the detectability of guided waves.  

Work presented here is based upon constructing a series of load-differential images 

using the delay-and-sum imaging algorithm.  Different features from these images are 

selected to adaptively determine a threshold for damage detection, which enables an 

automated process for detection of fatigue cracks.  The efficacy of the proposed approach 

is evaluated using experimental data from a fatigue test. 
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EXPERIMENTAL SETUP 

 

A fatigue experiment was performed to obtain data from a metallic specimen with 

growing cracks.  A 6061 aluminum plate of 305 mm × 610 mm × 3.18 mm was 

instrumented with an array of six piezoelectric transducers fabricated from 7 mm 

diameter, 300 kHz, radial mode PZT discs.  The transducers were bonded to the plate 

with epoxy and subsequently reinforced with a bubble-filled epoxy protection backing.  

The transducers were excited with a linear chirp excitation sweeping from 50 to 500 kHz 

with a duration of 0.2 ms.  Signals were generated using the NI PXIe-5122 waveform 

generator and received via the Panametrics 5072PR amplifier.  A custom multiplexer was 

used to switch the 15 unique transmit-receive pairs.  The signals were then digitized with 

the NI PXI-5412 14-bit digitizer at a sampling frequency of 20 MHz, and 20 waveforms 

were averaged for each acquisition. 

By utilizing a broadband chirp excitation, a high signal-to-noise ratio was achieved 

and multiple guided wave modes were generated in the plate.  Signals were filtered to 

yield the equivalent narrow-band tone burst response by applying filtering in the 

frequency domain [8].  A 5-cycle tone burst response at 100 kHz was selected because of 

the purity of A0 mode and its sensitivity to through-thickness cracks. 

The experiment was performed on an MTS servo-hydraulic test machine running in 

load control mode as shown in Figure 1.  After measuring baseline data from the pristine 

condition of the specimen, a 5.1 mm diameter through-thickness hole was drilled in the 

center of the specimen, and a small starter notch was introduced in one side of the hole as 

a site for initialization of crack growth.  The plate was fatigued using a sinusoidal 

tension-tension cycling load ranging from 16.5 to 165 MPa with a frequency of 3 Hz.  

The entire fatiguing progress is summarized in [9] and Table 1.  For each interval 

throughout fatiguing, ultrasonic data sets were recorded as a function of applied static 

tensile load from 0 to 115 MPa in steps of 11.5 MPa, for a total of 11 loading values per 

data set. 

 

 
 

FIGURE 1.  Aluminum specimen mounted on the MTS machine  
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 TABLE 1.  Summary of Fatiguing Schedule and Data Acquired 

 

 

 

IMAGING METHOD 

 

The delay-and-sum imaging algorithm is used here to visualize the effect that 

applied tensile loads can have on opening fatigue cracks.  Consider sets of signals 

recorded at two different static load levels from all transducer pairs under the same 

damage state.  For convenience, we refer to the set recorded at the lower load level as the 

reference signals and the set recorded at the higher load level as the current signals.  

Consider sensor pair ij where the ith transducer is the transmitter located at (xi,yi) , and jth 

transducer is the receiver located at  (xj,yj).  ).  If there is a scatterer at (x,y), the delay time 

that corresponds to the scattered signal path is: 

                            

2 2 2 2( ) ( ) ( ) ( )
i i j jij

xy

g

x x y y x x y y
t

c

− + − + − + −

=                            (1) 

where the cg is the group velocity estimated from the times of the first arrivals from all 

transducer pairs.  Let sij(t) correspond to the differenced signal between the current signal 

and the reference signal for sensor pair ij. The signal sxy(t) is the sum of the shifted 

signals scattered from the point (x,y) from all transducer pairs: 

                                                        

( ) ( ).ij

xy ij xy

i j

s t s t t= −∑∑                                            (2) 

The image value at the pixel (x,y) is calculated as: 

                                                               
2

1

2
( ) ,

t

xy xy

t

E s t dt= ∫                                                     (3) 

Data Set 
Fatigue 

Cycles 

Notes / Crack Lengths at Surface 

Left Right 

1 0 Baseline, no hole, no notch 

2 0 5.1 mm diameter hole drilled 

3 0 Starter notch cut (left, front of hole) 

4 5000 No visible cracks 

5 8000 1.65 mm ---- 

6 10000 3.56 mm ---- 

7 12500 5.36 mm ---- 

8 15500 7.65 mm ---- 

9 17000 9.91 mm ---- 

10 18500 13.41 mm 4.72 mm 

11 19500 16.81 mm 8.43 mm 

12 20000 19.46 mm 11.48 mm 

13 20400 22.71 mm 15.57 mm 

14 20600 25.20 mm 18.75 mm 
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where t1 and t2 are the start and end times of the selected time window respectively.  

Although the differenced signal in Eq. (3) can be either the raw (RF) signal, or the 

envelope-detected (rectified) signal, here we use only the envelope-detected signals. 

By subtracting two adjacent signals recorded at different loads (e.g., 40% - 30%), 

ten load-differential signals are obtained per data set for each transducer pair.  These 

signals can be used as the differenced signals in Eq. (2) to generate ten load-differential 

images per data set, which correspond to differential loads increasing from 0-10% to 

90-100%.  Figure 2 shows these images for data sets 4, 8 and 11, which correspond to no 

crack, one crack, and two cracks on each side of the hole.  The images clearly indicate 

that cracks open with loads, and that different cracks open at different load levels. 

 

FEATURE SELECTION 

 

Loading Effects at Maximum Load Level 

 

After generating the load-differential images, several features are examined for 

automated detection of cracks.  It is assumed that as the load increases above a certain 

level, all fatigue cracks are fully opened.  Under this assumption, the load-differential 

signals at maximum load level (100% -90%) reflect only the loading effects, not crack 

opening effects.  Figure 3(a) shows the load-differential signals at maximum load level 

for all of the 14 data sets from transducer pair 1-2 (i.e., transmitting on 1 and receiving on 

2), where the direct path does not go through the cracked area and thus the signals are 

less affected by the cracks.  Figure 3(b) shows the load-differential signals from 

transducer pair 2-5, where the direct path does go through the cracks and thus the signals 

are most affected by the cracks.  It is clear in both cases that the load-differential signals 

at maximum load level are nearly identical in both amplitude and shape for all data sets.  

Similarly the load-differential images generated at the maximum load level also 

assumed only the loading effects since cracks are fully opened.  Using images instead of 

pair-wise signals is advantageous because information from all transducer pairs is 

incorporated.  As shown in Figure 2, the images from the maximum load level have 

similar image patterns and energy levels.  Features of the last load-differential image are 

used as references for other images from the same data set (i.e., the same damage state) to 

detect fatigue crack(s). 

 

         
FIGURE 2.   Load-differential images generated from data sets 4, 8 and 11 (top to bottom).  The 

differential loads increase from 0-10% to 90-100% from left to right, and the color scale is 30 dB 

 10  20  30  40  50  60  70  80  90  100 

 10  20  30  40  50  60  70  80  90  100 

 10  20  30  40  50  60  70  80  90  100 
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(a) (b)        

 

FIGURE 3.  Load-differential signals at maximum load level (100% -90%) for all 14 datasets. (a) 

Transducer pair 1-2. (b) Transducer pair 2-5. 

 

Total Energy  

 

The first feature used in this study tracks the energy of the load-differential images 

as cracks are opened with load.  The total energy over the imaged plate area is calculated 

as: 

                                                                 

,
i

k

k

i

E e=∑
                                                      

(4) 

where k is the kth load-differential image of each data set (k = 1,…,K)  and K is the 

number of differential loading cases, in our case K=10.  The variable 
ike  is the energy of 

the ith pixel in the area of interest of the kth image. 

The total energy from each differential image is then normalized to that of the last 

load-differential image (i.e., at maximum load): 

                                                       
Norm 1010 log .

k
k

K

E
E

E

 
=  

 
                                                 (5) 

In order to extract a single value feature and increase the robustness of the 

algorithm, the mean of normalized total energy value of each data set is calculated as: 

                                                 

Norm

Norm .

k

k

E

E
K

=

∑
                                                     (6) 

This parameter is used to decide if cracking has occurred for the data set of interest. 

 

2-D Correlation Coefficient 

 

The next feature considered compares the pattern of each image to that of the final 

image acquired at maximum load.  The 2-D correlation coefficient is used to determine 

the similarity of the images [10].  In contrast to the energy feature, this method tracks the 

changes in the pattern of the load-differential images that are affected by crack opening 

effects.  As Figure 2 shows, the pattern differences are obvious between the set of images 
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that include crack opening effects and those that reflect only loading effects.  Because a 

change in pixel energy level of the image does not produce a pattern difference, the 

correlation coefficient between two signals is evaluated as a damage-sensitive feature.  

The 2-D correlation coefficient between two images is calculated as: 

                                  
2 2

( )( )

,
( ) ( )

i i

i i

k k K K

i
k

k k K K

i i

e e e e

r
e e e e

− −

=

− −

∑

∑ ∑
                                  (7) 

where the average values ke  and Ke  are defined as: 

                                               

1
ik k

i

e e
N

= ∑   and    
1

,
iK K

i

e e
N

= ∑                                     (8) 

respectively and N is the number of pixels in the image.  

 

RESULTS AND DISCUSSION 

 

Figure 4 is the plot of normalized total energy vs. differential loading for data sets 4, 

8 and 11.  It clearly shows that load-differential images with the crack opening effects 

have much higher energy values than those with only loading effects.  As suggested by 

Figure 2, if the total energy from the last-differential image of each data set is used as a 

threshold, all images with the crack opening effects are detected as damaged.  

To further simplify the auto-detection process, the mean of normalized total energy 

values of all 14 data sets are plotted in a bar chart as shown in Figure 5(a).  Values above 

0 dB indicate the possible existence of fatigue crack(s). 

 

 
 

FIGURE 4.   Normalized total energy of data sets 4, 8 and 11.   
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(a) (b)     

FIGURE 5.  Crack auto-detection by two features.  (a) The mean of normalized total energy values.  (b) 

The minimum 2-D correlation coefficient values. 

 

 

The 2-D correlation coefficients are calculated between the last load-differential 

image and the other images from the same data set and are summarized in Table 2.  

Negative coefficients indicate significant differences between image patterns, which are 

further evidence that those images may contain information about crack(s).  The 

minimum correlation coefficient is selected for each data set and plotted in a bar chart as 

shown in Figure 5(b).  Values below 0 dB indicate the possible existence of fatigue 

crack(s).   

As shown in Figure 5, both features offer a potential for automated detection of 

fatigue crack(s).  While the energy feature shows a monotonic increasing trend with the 

numbers of cracks and their lengths, the 2-D correlation coefficient feature provide a 

more pronounced indication of cracking.  Neither feature is expected to be sensitive to 

the orientation of cracks.    

 

 
TABLE 2.  Summary of 2-D Correlation Coefficients from All Data Sets 

Data 2-D Correlation Coefficient 

Set (With respect to the last load differential image of every dataset) 

1 0.87 0.74 0.85 0.79 0.80 0.85 0.88 0.90 0.91 1 

2 0.67 0.85 0.78 0.82 0.86 0.82 0.88 0.86 0.93 1 

3 0.78 0.77 0.80 0.72 0.82 0.86 0.80 0.85 0.83 1 

4 0.51 0.70 0.81 0.87 0.87 0.87 0.91 0.94 0.91 1 

5 0.34 0.53 0.73 0.82 0.78 0.87 0.90 0.93 0.94 1 

6 0.43 0.32 0.48 0.27 -0.04 -0.02 0.68 0.86 0.89 1 

7 0.41 0.20 -0.32 -0.49 -0.51 -0.46 0.62 0.86 0.91 1 

8 0.11 -0.48 -0.55 -0.52 -0.35 0.50 0.84 0.88 0.91 1 

9 -0.50 -0.57 -0.53 -0.38 -0.38 0.25 0.87 0.90 0.91 1 

10 -0.49 -0.43 -0.35 -0.39 -0.37 -0.33 -0.45 -0.13 0.83 1 

11 -0.55 -0.51 -0.50 -0.49 -0.58 -0.52 -0.23 0.53 0.90 1 

12 -0.51 -0.53 -0.55 -0.37 -0.09 -0.01 -0.16 0.57 0.91 1 

13 -0.53 -0.51 -0.19 -0.22 -0.38 -0.39 -0.33 0.83 0.88 1 

14 -0.51 -0.25 -0.29 -0.45 -0.51 -0.30 -0.13 0.70 0.81 1 
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CONCLUSIONS 

 

Load-differential images, which do not require any previously obtained damage-

free baseline data, show crack opening effects as a function of load.  After applying 

sufficient loadings to fully open fatigue crack(s), the pair-wise load-differential signals 

and the delay-and-sum images reflect only the loading effects.  It is possible to select 

features based on this observation to automatically detect the existence of fatigue crack(s).  

In this paper, two features of the load-differential images, the total energy and the 2-D 

correlation coefficient, are evaluated.  Future work should investigate additional features, 

selection of optimal thresholds, and more complex specimens. 
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