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Abstract. Due to cyclic loading conditions experienced during typical aircraft 
operation, ageing aircraft are susceptible to fatigue cracks at bolt hole locations in 
multi-layer aluminum wing lap-joints. Inspection from the top layer, without 
fastener removal, is desired in order to minimize aircraft downtime, while reducing 
the risk of collateral damage. The ability to detect second layer cracks without 
fastener removal has been demonstrated using Pulsed Eddy Current (PEC) 
technique. This technique takes advantage of a probe design, which utilizes the 
ferrous fastener as a flux conduit to induce eddy currents in the surrounding 
structure. Differentially connected pick-up coils sense eddy current response 
changes due to the presence of a crack. The differential signal response is analyzed 
using a Modified Principal Components Analysis (MPCA). These MPCA scores are 
then processed using a cluster analysis to identify the presence of cracks. This 
approach produces effective results for single sample cases, but issues arise when 
the technique is applied concurrently to multiple lap-joint samples. The development 
of an expanded analysis approach for applicability to multiple P-3 Orion lap-joint 
samples is investigated and detection results are presented for both the single sample 
and combined sample scenarios. 

1.  Introduction  

During a typical flight, aircraft are subject to cyclic loading. This cyclic loading can lead to 
the development of fatigue cracks around ferrous fasteners in the aluminum wing skin  
lap-joints. When subjected to further cyclic loading, these cracks can grow allowing them 
to reach a critical crack length that results in material fracture. Thus, an ability to monitor 
crack growth in these regions is critical for sustainment of safe flight operation. The 
method of crack detection currently employed by the aircraft industry is bolt hole eddy 
current, which requires mechanical removal of the ferrous fasteners that secure the lap-joint 
prior to inspection [1]. This process is time consuming and there is an elevated risk of 
damage to the surrounding structure during the disassembly process [2]. 

Pulsed Eddy Current (PEC) technique is currently being developed as an alternative 
method of detecting multi-layer cyclic fatigue cracks in the presence of ferrous fasteners 
without fastener removal. In this case, the ferrous fastener acts as a conduit for the 
magnetic flux created by the driving coil [3]. This allows for a deeper penetration of eddy 
currents, while differentially paired pick-up coils placed on the aluminum surface measure 
the resulting transient responses [2]. This differential signal can be analyzed using 
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Modified Principal Components Analysis (MPCA) [4,5] followed by a cluster analysis in 
order to determine if a fastener hole has a notch present or not [2,6]. While this approach 
produces effective results for single sample cases, several issues arise when this technique 
is applied to multiple lap-joint samples at once. This paper presents an augmentation to this 
analysis approach for applicability to a combination of multiple P-3 Orion lap-joint 
samples. In particular, compensating for signal response changes due to variability in probe 
off-centering within repeat measurements and accounting for variances in fastener 
proximity to the lap-joint edge are explored.    

2.  Experimental Framework 

2.1 P-3 Orion Sample Descriptions  

Three separate samples based on the structure of a Lockheed P-3 Orion aircraft were 
evaluated. These samples consist of two sections of aluminum plate, 2.8 mm thick, joined 
together by a row of ferrous fasteners in a lap-joint configuration as shown in Figure 1. 
These fasteners have a length of 15 mm with a head diameter of 7.0 mm and a shaft 
diameter of 4.5 mm [7]. Each sample has a combination of bore holes containing electric 
discharge machined (EDM) notches at the top of the bottom layer along with blank fastener 
sites with no notches present. The notches are cut at a 45° angle to the edge of the borehole, 
giving a 1:1 aspect ratio. Notch lengths and orientations for each of the three samples 
evaluated are outlined in Table 1 along with their corresponding sample identification and 
fastener location number. The blank fastener locations for each sample are listed in Table 2. 

 

 

 

Fig. 1. Top and side view of P-3 Orion sample. 
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Table 1. P-3 Orion sample notch locations and orientations.  

Sample ID Fastener # 
Size mm 
(+/- 0.38) 

Orientation CW 
from Lap-Joint Edge 

Standard 22 1 3.30 135° 

 3 1.78 225° 

 4 0.89 90° 

 5 5.46 45° 

 7 2.03 270° 

 9 1.52 225° 

 10 2.79 135° 

 11 0.89 90° 

 13 1.52 270° 

 14 5.08 315° 

Standard 24 1 3.56 225° 

 4 1.14 270° 

 6 1.52 45° 

 7 0.89 135° 

 8 2.16 270° 

 11 2.92 90° 

 12 2.16 270° 

 13 5.08 45° 

 17 1.65 270° 

Standard 25 1 3.43 45° 

 5 0.76 315° 

 9 0.76 90° 

 11 2.16 270° 

 13 2.92 225° 

 14 5.84 270° 

 17 2.03 135° 

 19 1.40 270° 

 21 3.05 90° 

 22 2.67 225° 

 

Table 2. P-3 Orion sample blank locations.  

Sample ID Blank Fasteners 

Standard 22 8, 15, 16, 17, 18, 20, 22, 23 

Standard 24 2, 10, 14, 16, 18, 20, 21, 22 

Standard 25 2, 4, 6, 8, 12, 16, 18 

2.2 Probe Design and Alignment 

The PEC probe design incorporates a central driving coil that is wound around a single       
8 mm ferrite core combined with an array of eight dif ferentially paired pick-up coils. This 
probe was selected because a driving coil core diameter that is slightly larger than the 
fastener head diameter increases the magnetic flux transferred to the ferrous fastener [8]. 
Subsequently, increasing the magnetic flux transferred to the ferrous fastener results in 
improved notch detection [9]. Probe alignment over the fastener head was accomplished by 
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using an acrylic alignment guide. The bottom of this guide is covered in a thin clear sheet 
with a center hole cut the same size as the fastener head and is used to align the probe 
concentrically over the head of the fastener [4]. The probe used along with the alignment 
guide can be seen in Figure 2. 

 

Fig. 2. Probe with alignment guide and sample. 

3.  Analysis    

3.1 MPCA and Cluster Analysis 

MPCA is a least squares method used to reduce PEC signals to a series of eigenvectors and 
scores, which best represent the measured signals [4]. The sum of the product of these 
vectors, �� and scores, �� can be used to reproduce the original data as follows [5]: 

 � = �怠�怠 + �態�態 + �戴�戴 + ⋯ 
 

In this case, use of the first five eigenvectors provides sufficient signal reproduction to 
account for signal variation due to the presence of second layer notches [2]. The scores that 
accompany these vectors can be used to calculate the Mahalanobis Distance (MD) that 
corresponds to the response of each differential pick-up coil pair [4]. The MD is a cluster 
analysis distance that quantitatively describes the proximity of some point, 桂 to the centroid 
of a group of points, while compensating for covariance in the data. The MD can be 
calculated using the following equation [5]: 

 �� = √岫桂 − 景̅岻′Σ−怠岫桂 −  景̅岻 
 

Here Σ is the covariance matrix of the data matrix X and 景̅ is its centroid. In this case, the 
data matrix X used to determine Σ is made up of the MPCA scores acquired from blank 
fastener signals. The covariance matrix obtained is used to calculate the MD for all 
experimental data signals. This MD is then compared to a decision threshold in order to 
determine if the fastener hole has a notch present or not [2,6]. Figure 3 depicts MPCA 
scores with a sample MD for data collected using a P-3 Orion sample.  
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Fig. 3. P-3 Orion MPCA scores �態 & �戴 with MD. 

3.2 Removing Shifts Due to Environmental Factors 

Data was collected from each sample at different dates and times. As such, the data 
obtained from each sample was subjected to slightly different environmental conditions. 
These differences in operating environment resulted in a shift of the blank cluster from one 
sample to the next as shown in Figure 4(a). As illustrated in Figure 4(b), by computing the 
mean blank scores for a given sample and subtracting these means from all scores in a 
particular data set, this shift can removed.  

    
(a) (b) 

Fig. 4. (a) Shift in blank clusters due to environmental factors. (b) Centered blank clusters with environmental 
shift removed. 

3.3 Repeat Measurement Effects 

A previous study [7] has shown that slight off-centering of the probe with respect to the 
ferrous fastener head can change the amplitude and shape of the resulting signal. Thus, 
multiple measurements were taken at each fastener location to ensure representation of the 
effects of probe placement variation. This variation in repeat measurements due to 
horizontal off -centering (0º/180º in Figure 1) of the probe can be graphically observed by 
subtracting the average of all repeat measurements for each blank fastener and plotting �怠 
against �態 for each sample. An example of the resulting relationship can be seen in  
Figure 5(a). This figure shows that variation due to repeat measurements forms a linear 
relationship with respect to �怠 and �態. Thus, a rotation can be applied using matrix 
multiplication, which results in a horizontal distribution as shown in Figure 5(b).   
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(a) (b) 

Fig. 5. (a) Standard 22 variation in repeat measurements due to horizontal off-centering of the probe.           
(b) Standard 22 variation in repeat measurement contained in �怠 only after applied rotation. 

The uncontrolled variation due to repeat measurements has now been isolated to �怠 
and thus this score can be disregarded in the subsequent MD calculation, as it no longer 
contains any data of statistical significance. This rotation can be applied to differential coil 
pairs aligned in the 0°, 45° and 135° directions. This linear relationship is not apparent for 
the differential coil pair aligned in the 90° direction, as this pair of pick-up coils appears to 
be more sensitive to off-centering effects in the vertical direction (90º/270º in Figure 1).  

3.4 Fastener Proximity to Lap-Joint Edge 

For the three samples, the proximity of each fastener to the lap-joint edge varied by up to      
+/- 1.7 mm. This variable distance from the lap-joint edge causes a change in the PEC 
signal, as the response of the pick-up coils due to the presence of the lap-joint edge changes 
as a function of distance from the edge. This relationship can be seen graphically by 
plotting either of the remaining blank scores (�態 - �5) with respect to distance as shown for �5 in Figure 6(a). Here, a linear relationship can be observed between the proximity of the 
fastener to the lap-joint edge and score value obtained. The slope obtained from this 
relationship can subsequently be used to apply a distance correction for each score with the 
resulting relationship depicted in Figure 6(b). This distance correction effectively removes 
differences in score values due to variation in fastener proximity to the lap-joint edge. The 
removal of this edge effect also has a significant impact on compression of the blank 
cluster. Figure 7(a) shows the blank cluster for all three P-3 Orion samples prior to applying 
the edge correction.  Once the edge correction is applied, this cluster compresses as shown 
in Figure 7(b).  

   
(a) (b) 

Fig. 6. (a) Fastener edge distance vs. �5 for Standard 22 without edge correction. (b) Fastener edge distance 
vs. �5 for Standard 22 after edge correction. 
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(a) (b) 

Fig. 7. (a) Blank cluster for P-3 Orion samples without edge correction. (b) Edge corrected blank cluster for 
P-3 Orion samples. 

4.  Results and Discussion  

4.1 Summary of Detection Results 

For the single sample detection cases, the MD data matrix X was determined using only the 
blank fasteners from the individual sample being evaluated. In this case, detection results 
were obtained without applying any rotation to the scores and without applying any 
distance correction. Results obtained for the single sample detection cases with a false call 
rate of 5% are presented in Table 3.   

Table 3. Summary of single sample detection results for 5% false call rate. 

Sample ID Detection Rate 

Standard 22 99% 

Standard 24 93% 

Standard 25 94% 

Average 95% 

For the combined sample detection case, the MD data matrix X was determined using the 
blank fasteners from all three P-3 Orion samples. In this case, detection results were 
initially obtained by removing only the environmental shift, without applying any rotation 
to the scores and without applying any distance correction. These detection results were 
then re-evaluated by applying the score rotation and distance corrections as described in 
Section 3. Results obtained for the combined sample detection case with a false call rate of 
5% are presented in Table 4.   

Table 4. Summary of combined sample detection results for 5% false call rate. 

Sample ID Detection Rate 

No Rotation and No Correction 77% 

Rotated and Corrected 93% 

4.2 Discussion  

From the results displayed in Table 3 for the single sample cases, it has been shown that a 
high level of detection can be achieved without any manipulation of the scores obtained 
from the MPCA. However, when the three samples are combined the detection rate is 
substantially reduced when applying the same analysis method. This loss in detection can 
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be partially attributed to not accounting for environmental effects and differences in 
fastener proximity to the lap-joint edge. Once corrections have been applied to account for 
these variables, the detection rate for the combined sample case significantly improves to a 
detection level that is comparable to the single sample cases.  

The analysis method presented in this paper is limited by the fact that a 
representative sample of blank fasteners must be known in order to determine if a notch is 
present or not. The application of robust statistics [9] is one method that demonstrates great 
potential for overcoming this obstacle. It is also apparent that a real-time method of 
measuring fastener proximity to the sample edge is required for on aircraft application of 
this inspection method. 

5.  Conclusion     

An enhanced analysis approach for detecting second layer notches in multiple P-3 Orion 
lap-joint samples was presented. The key factors investigated included shifts due to 
environmental factors, repeat measurement effects due to probe off-centering and fastener 
proximity to the lap-joint edge. This improvement in analysis, which may allow for the 
combined evaluation of multiple P-3 Orion lap-joint samples, is a significant step towards 
the inspection of second layer wing structures in the presence of ferrous fasteners.  
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