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CHAPTER 8 – CONCLUSIONS AND RECOMMENDED WORK 

 

8.1  Conclusions 

  

The primary emphasis of this work is the application of modeling and automated 

classification in the development, validation, and implementation of non-destructive 

inspection techniques.  These tools were used to develop ultrasonic inspection techniques 

for radial fatigue cracks located about four different cylindrical hole configurations: the 

empty cylindrical hole, the fluid-filled cylindrical hole, the cylindrical hole containing an 

elastic lining, and the cylindrical hole containing an elastic insert.  Due to constraints on 

the placement of the transducer relative to the hole, special ultrasonic NDE techniques 

were explored for the detection and sizing of cracks at the bottom and top locations.   

Typical C-scan pulse-echo ultrasonic inspection for bottom crack detection in 

weep holes was found to miss certain small cracks. To simulate the inspection problem, a 

2D boundary element method (BEM) simulation was applied for the total field response 

generated by an ultrasonic transducer signal incident on a cylindrical hole with a surface 

breaking crack or notch.  A technique was developed which examines the variation in the 

A-scan signals as the transducer is incrementally moved along the wing surface across 

the region of a weep hole.  Studies of both experimental and simulated BEM signals were 

used to develop this approach.  The performance of the automated spatial signal variation  
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(SSV) approach was found to exceed the performance of manual C-scan inspection.  

The advantage of this refined B-scan classification technique is the ability to detect 

superimposed signals independently from the general shape of the transient pulse. 

Development, validation and implementation of a neural network assisted, 

automated ultrasonic inspection technique for the detection of bottom and top cracks on 

weep holes were completed.  Toward achieving the goal of field implementation of an 

automated inspection technique, this work demonstrated the value of numerical 

simulation, laboratory studies and algorithm training with samples representing in-field 

variation, as well as in-field demonstration, parametric sensitivity studies, and probability 

of detection (PoD) validation.  The inspection capability of the automated procedure was 

found to exceed both the defined inspection requirements and the ability of inspection 

through viewing C-scan images.   

Ray analysis, analytical models and boundary element method (BEM) simulations 

were used to understand the nature of secondary reflected and transmitted signals from 

notches on an empty cylindrical hole.  From these simulated results, a methodology for 

sizing top notches was proposed.  A validation with experimental results was carried out.   

A top crack inspection technique for fluid-filled weep holes was also investigated.  

A BEM model was applied for the scattering response of an incident shear wave 

transducer signal by a fluid-filled cavity with a fluid-filled notch.  A viable ultrasonic 

inspection strategy was developed from the simulated studies.  Validation of the approach 

was presented for both simulated and experimental data for top notches. 
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  Models were used to investigate the effect of a polyurathane lining on the 

inside surface of the C-141 weep holes.  The effect of an elastic layer on the propagation 

of ‘leaky’ Rayleigh waves about a cylindrical hole was investigated.  First, the dispersion 

relations for this case were solved.  Second, an analytic model was solved for a plane 

shear wave incident on a cylindrical hole with an elastic layer.  For the expected variation 

in layer thickness and material properties, the performance of the top crack detection 

algorithm was not significantly degraded.  However, flaw sizing algorithms will be more 

difficult for the elastic layer case.      

A study examining the possible detection of top cracks for holes containing elastic 

inserts was also presented.  A BEM model was applied for the scattering response of an 

incident shear wave transducer signal by a cylindrical hole with a radial notch, an elastic 

insert, and a stiffness interface between the hole and the insert.  Through comparisons 

with experimental data, characterization of the interface condition between the hole and 

the insert was assessed to be a slip bond.  A feasible ultrasonic inspection strategy was 

determined from the simulated and experimental studies.  Validation of the approach is 

presented for both simulated and experimental data.  An examination of the sensitivity of 

the inspection technique to variation in measurement, geometric and material parameters 

was also presented.  Due to model limitations for the corner crack inspection case, the 

classification algorithm sensitivity for certain inspection parameters is not well 

understood.  Genetic algorithms were used to optimize these parameters using 

experimental data.  Genetic algorithms were shown to be a viable means of optimizing 

the classification algorithm to indicate valuable features of the inspection problem. 
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8.2  Recommended Automated Classification Work  

 

The decision to pursue automated classification for an inspection problem 

depends on the benefit gained versus the cost of implementation.  The benefits of 

implementing automated classification were discussed in Chapter 1.  The cost of 

implementation is based on the required development time, the computational time, and 

the computational hardware for a particular inspection problem.   

One significant issue concerning the application of automated classification for 

certain inspection problems is the development time and the resulting costs.  

Considerable time may be required to write, optimize, and validate the classification 

algorithm, but it only has to be done once for a specific problem.  Also, the classification 

software must interface with the data acquisition hardware to present the results to the 

operator.    It must be checked that, the benefit of automated classification is great enough 

to justify the time and cost of implementation.  

A significant issue concerns the possible lack of robustness and flexibility of 

automated classification inspection systems.  Changes of inspection equipment may 

reduce the performance of the classification algorithm and thus necessitate retraining.  In 

addition, unexpected variation in material geometry, properties, and condition may 

produce errors in the automated classification call.        

These issues can be partially addressed through straightforward project 

management strategies.  First, during the early stages of the project, the performance 

benefit of implementing an automated classification procedure must be thoroughly 
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assessed with respect to the development time and cost.  Second, repeated 

implementation of automated classification builds valuable experience within the project 

team.  Prior experience with in-field variation can aid in both streamlining the training 

process and focusing validation on the important inspection parameters.  Software for 

classification algorithms, hardware interfaces, and operator interfaces may also be 

recycled for future projects, thus reducing development time.  Third, when feasible, 

integrating visual inspection ‘checks’ using the operator interface may be a valuable 

method for final validation of the classification algorithm during the initial 

implementation stage while also building confidence with the inspectors.         

Several research directions are proposed in order to address these issues.  First, 

improved signal processing techniques should be investigated.  Research into multi-

dimensional (time and spatial domain) signal processing techniques has been promising 

and should continue.  The spatial signal variation approach presented in Chapter 2 may 

be used for other inspection problems.  Second, incremental learning schemes have been 

examined for adding adaptability to classification algorithms [86].  Further research is 

required for the implementation of incremental learning to in-field applications.  Third, 

continued research into selecting the best classification algorithm for an inspection task is 

needed.  Reduction of feature vector complexity was shown to improve the robustness of 

classification algorithms incorporating neural networks.  Genetic algorithms were also 

presented as a viable approach for efficiently optimizing inspection parameter settings.  

However, parameter optimization does not directly address the optimal design of the 

algorithm structure.  Since the design process is typically based on the experience of the 
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engineer, alternative approaches to improve inspection performance may be ignored.  

Algorithm construction using genetic programming (GP) is proposed as an alternative to 

solely relying on expert knowledge in determining the structure of a classification 

algorithm.  Genetic programming is a method of evolving a population of programs based 

on a fitness criteria [87,88].  Individual programs undergo operations similar to genetic 

algorithms until the program structure meets the desired performance results.  Genetic 

programming can be used to refine an initial algorithm design of the engineer.  Genetic 

programming has been applied to optimizing data mining algorithms for medical 

databases [88,89].  Research is proposed to determine how genetic programming can be 

tailored to optimize non-destructive inspection algorithms.  Initially, genetic 

programming might be used to further refine an initial algorithm design. 

 

8.3  Recommended Modeling Work  

 

 Additional modeling work is recommended to address a specific issue with the 

ultrasonic inspection for fatigue cracks about weep holes with a polyurethane coating.  A 

model for the scattering of an incident transducer signal from a cavity with an annular 

elastic lining and a radial interface crack using a hybrid approach is proposed.  The 

suggested approach incorporates the finite element method (FEM) for the analysis of the 

region of the crack and the elastic annulus region, and the BEM for the analysis of the 

external infinite elastic domain.  Subsequent parametric studies concerning the crack, 
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elastic layer, cavity and transducer characteristics are proposed.  The focus of the 

parametric studies should be to understand the effect of the elastic layer on the reflection 

and transmission of a ‘leaky’ Rayleigh wave by a radial fatigue crack.  

From a general perspective, this work displayed several ways in which modeling 

benefited algorithm development.  Typically, the decision to develop a model for an 

inspection problem depends on the benefit gained versus the cost of implementation.  The 

benefits of modeling during the development process were discussed in Chapter 1.  

Due to several significant issues, the direct use of modeling during the 

development process has been somewhat limited.  Extensive development time is one 

significant issue.  By the time a model can be completed, a rudimentary understanding 

through experimentation is achieved and thus the model is viewed, often mistakenly, as 

no longer of great use.  Another issue concerns the computational intensive nature of 

numerical simulations required for non-destructive inspection problems.  Typical 

ultrasonic modeling problems consist of high frequency, broad-band, transient signals 

and scattering in three dimensions, which often require considerable computational time.  

Anisotropic and inhomogeneous materials further complicate simulations.  These 

complications often lead engineers to assumptions that reduce solution time but sacrifice 

model accuracy.         

These issues can again be partially addressed through straightforward project 

management strategies.  First, during early stages of the project, the performance benefit 

of incorporating modeling in the development process must be thoroughly assessed with 

respect to the development time and cost.  Once modeling is determined to be 
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advantageous, available software packages, either commercial or public domain, 

should be first explored in order to minimize model development time.  Also, experts in 

academia and industry should be consulted before an extensive modeling program is 

begun.  If model development is required to address a complex inspection problem, a 

sufficient investment in engineering expertise and computational hardware is required.  

Finally, if the current level of numerical simulation is unable to represent the inspection 

problem, empirical modeling remains a final option.   

Several research directions are also proposed in order to address these issues.  

Clearly, more general packages are needed to handle the variety of inspection problems 

found in industry.  Separate packages based on a single solution method such as ray 

method or finite difference techniques currently exist.   Each of these packages can 

successfully model specific problems, but often fail for other problems due to inherent 

approximations or excessive computational time.  Hybrid models have been proposed to 

better handle a broader class of modeling problems [90].  In this Dissertation, a hybrid 

model, incorporating a gaussian beam solution for the incident transducer field, and a 

BEM solution for the scattered field, was used to solve for the total field response.  

Further research is necessary to develop modeling techniques that apply the appropriate 

modeling approach to each portion of the inspection model.  Research into expert 

systems, by which the modeling ‘knowledge base’ is organized and applied to determine 

the appropriate modeling approaches for an inspection problem, and genetic 

programming, to optimally integrate appropriate models would be desirable.      
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APPENDIX 

 
APPENDIX A – PARAMETER SETTINGS FOR BEM SIMULATIONS  

 

A.1  General Features of BEM Simulation 

In order to minimize the computational time for the solution of these high frequency 
elastic wave scattering problems, the following model was chosen: 
 
BEM Simulation Approach 

• 2D Frequency domain boundary element method 
• Use Fourier transforms to convert transient problem into series of frequency 

domain problems 
• Typically, the crack case would be modeled using two separate domains.  

However, discritization of our problem in two domains leads to much larger 
systems of equations to solve.  To obtain a good solution with much less 
computational time, a single boundary incorporating a cylindrical hole with a 
open notch (of finite width) was used.  This definition results in a single domain.   

• A notch width of 0.010” was determine to be a good value to use for the 
simulations in order to minimize the error due to boundary points being location 
in close proximity to one another.  

• Quarter node elements were used to approximate the singularity at the tip.  
• Calculation of the transducer response is performed by approximating the location 

of the transducers in the elastic media, calculating a series of points along a line of 
the transducer, and combining these points into a signal voltage response 
(assuming a Gaussian distribution across the transducer).  

Total Field Solution Steps 
• Define Transient Incident Field in Time Domain 
• Calculate Tractions from Incident Field at Hole Boundary  
• Apply Counter Traction to Boundary to Solve for Scattered Field Problem 
• Convert Transient Stress Conditions from Time to Frequency Domain via FFT 
• Solve Series of Frequency Domain BEM problems (Dominguez et al) 
• Convert Resulting Scattered Field Response to Time Domain Solution via Inverse 

FFT 
• Scattered and Free Field Responses Summed to Obtain Total Transient Response 

See reference for specific details of boundary element simulation [25-28,91]. 
Tables A.1-7 shows typical parameter setting for the BEM simulations performed.  
Figure A.1 displays the used interface used to perform these BEM simulation. 
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Table A.1.  Typical input parameters.  

Number of Time Steps 512 – empty hole case 
(1048 – elastic insert hole case) 
(2048 – fluid-filled hole case) 

Transducer Center Frequency 3.71 MHz – measured for old transducer 
(5.00 MHz – measured for new transducer) 

Samples per Period 6 
Transient Input Gaussian Beam – transient pulse defined 

by sinusoid with Gaussian distribution * 
(Lhemery shear transducer model [92]) 

κ (for transient Gaussian pulse) 10 – wide pulse 
(2.5 – tight pulse) 

Start Frequency Analysis Step 44 – empty hole case 
(90 – elastic insert hole case) 
(180 – fluid-filled hole case) 

End Frequency Analysis Step 127 – empty hole case 
(250 – elastic insert hole case) 
(500 – fluid-filled hole case) 

* See Figure 4.5.  Transient pulse (a) in time domain, and (b) frequency spectrum. 

 
Table A.2.  Typical transducer parameters.  

Incident Elastic Wave Type Shear 
Width of Transducers 0.250 in. 
Transmitting Transducer Location in Y dir. -0.862 in – pulse-echo for weep hole 
Transmitting Transducer Location in X dir. -0.141 in – pulse-echo for weep hole 

(corresponds to 0.200 in from reference on 
wing surface) 

Space in Y dir. Between Transmitting and 
Receiving Transducers 

 0.0483 in.  

 
 
Table A.3.  Typical elastic media parameters.  

Material Aluminum 
Real Shear Modulus 26.45 GN/m2 
Density 2700 kg/m3 
Poisson’s Ratio 0.33 
Damping 0.0005  
2D Model Type Plane Stress (for thin plates) 
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Table A.4.  Typical cavity parameters.  

Material Aluminum 
Radius of Cavity 0.125 in. – typical weep hole 

(0.09375 in. – typical rib clip hole) 
Number of Elements 100 – typical weep hole 

(76 – typical rib clip hole) 
 
 
Table A.5.  Typical fluid fill cavity parameters.  

Material Water 
Real Shear Modulus 2.189 GN/m2 
Density 999 kg/m3 
Damping 0.0005  
 
 
Table A.6.  Typical notch parameters.  

Typical Length 0.070 in. 
Width 0.010 in. 
Angular Location of Crack 45 
Number of Elements 18 
Notch Tip Condition Flat Notch End 

(Point at tip – with singularity) 
(Point at tip – no singularity) 

Taper Condition Parallel Sides 
(Taper to point) 
(Taper to point) 

Elements at Notch End 2 
 
 

Table A.7.  Typical results parameters.  

Solution Points per Transducer 20 
Grid boundaries ranges in X direction -1 to 3, in radii 
Solution Points per Transducer 25 points/radii 
Grid boundaries ranges in X direction -2,2, in radii 
Solution Points per Transducer 25 points/radii 
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Figure A.1.  BEM weep hole simulation user interface. 
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A.2  BEM Simulation of Bottom Notch About Weep Hole (Section 2.2) 

 
The details of this simulation have been previously presented [93]. 
 

Table A.8.  Bottom notch inspection simulation parameters.  

Incident Elastic Wave Type Shear 
Width of Transducers 0.250 in. 
Transmitting Transducer Location in Y dir. -0.640 in – pulse-echo for weep hole 
Transmitting Transducer Location in X dir. 0.085 in – pulse-echo for weep hole 

(corresponds to +0.120 in from reference 
on wing surface)  

Space in Y dir. Between Transmitting and 
Receiving Transducers 

 0.0483 in.  

Lengths 0.070 (and 0.018) in. 
Width 0.010 in. 
Angular Location of Crack -135 (and -145) in. 
Number of Elements 18 (and 8) 
 
 
 

A.3  BEM Simulation of Top Notch about Weep Hole (Sections 3.2, 4.4, 4.5, 4.6) 

 
The details of this simulation have been previously presented [23] and are listed in Tables 
A.1-7. 
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A.4  BEM Simulation of Top Notch about Fluid-Filled Weep Hole (Sections 5.3, 

5.4) 

 

Table A.9.  Specific parameters for fluid-fill case.  

Number of Time Steps 2048 – fluid-filled hole case 
Start Frequency Analysis Step 180 – fluid-filled hole case 
End Frequency Analysis Step 500 – fluid-filled hole case 
Material Water 
Real Shear Modulus 2.189 GN/m2 
Density 999 kg/m3 
Damping 0.0005  
Notch Length 0.070 in. 
Notch Width 0.010 in. 
Angular Location of Crack 45 
Number of Elements 18 
Notch Tip Condition Flat Notch End 
Taper Condition Parallel Sides 
Fluid in Notch YES 
Elements at Notch End 2 
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A.5  BEM Simulation of Top Notch about Cylindrical Hole Containing an Elastic 

Insert, Top Notch and Stiffness Interface (Sections 7.4, 7.6) 

 

Table A.10.  Specific parameters for elastic insert case.  

Number of Time Steps 1024 – elastic insert hole case 
Transducer Center Frequency 5.00 MHz – measured for new transducer 
Start Frequency Analysis Step 90 – elastic insert hole case 
End Frequency Analysis Step 250 – elastic insert hole case 
Transmitting Transducer Location in Y dir. -0.807 in – pulse-echo for weep hole  
Transmitting Transducer Location in X dir. -0.085 in – pulse-echo for weep hole 

(corresponds to -0.120 in from reference on 
wing surface)  

Radius of Cavity 0.09375 in. – typical rib clip hole 
Number of Elements 76 – typical rib clip hole 
Infinite elastic medium 7075-T6 Aluminum [94] 
- Real Shear Modulus - 26.9 GN/m2 
− Density - 2800 kg/m3 
- Poisson’s Ratio - 0.33 
- Damping - 0.0005  
- 2D Model Type - Plane Stress (for thin plates) 
Insert Material 7050-T73 Aluminum [94] (and Steel) 
- Real Shear Modulus - 26.9 GN/m2 

- (83.0 GN/m2) 
− Density - 2830 kg/m3 

- (7700 kg/m3) 
- Poisson’s Ratio - 0.33 

- (0.28) 
- Damping - 0.0005 

- (0.0005)  
Notch Length 0.070 in. 
Notch Width 0.010 in. 
Angular Location of Crack 45 
Number of Elements 18 
Notch Tip Condition Flat Notch End 
Taper Condition Parallel Sides 
Fluid in Notch Empty Notch 
Elements at Notch End 2 
Normal interface stiffness KN = 1e17 
Tangential interface stiffness KT = 1e11 
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APPENDIX C – OPTIMIZATION PROBLEMS USING GENETIC 

ALGORITHMS 

 
The genetic algorithm optimization routine used for the optimization problem was 

adapted from a program written by Michael Gordy [89].  Table C.1 displays the 
parameter settings used for the genetic algorithm during the optimization process. 
 
 
Table C.1.  Genetic algorithm optimization parameter settings. 

Parameter Value 
size of generation 10 
crossover rate (between 0 and 1) 0.5 
mutation rate (between 0 and 1) 0.5 
number of iterations best is reinserted into generation 5 
solution precision 1e-4 

 
 
 

Table C.2 displays the constraints for the 11 optimization parameters.  The 
measurement approach is similar to prior top crack detection algorithms.  For the grid of 
spatial location for the pulse-echo (CPE) and pitch-catch (CPC) data, the peak-to-peak 
measure within the time gate is calculated for each spatial location, and an average over 
the spatial grid is calculated.  

 
The time variables, X(1), X(2), X(3), and X(4), are integers with units of 

0.01⋅µsec.  The units for variable X(5) are 0.01⋅µsec per spatial increment.  Variables 
X(6), X(7), X(8), X(9), X(10), and X(11), are in terms of incremental transducer spatial 
steps.  All spatial increments are 0.020’’.  The spatial location variables in the X direction, 
X(6) and X(8), begin one spatial increment from the specular reference location.  

 
Since the inspection is performed at discrete times and spatial locations, all 11 

optimization parameters were represented by discrete variables.  The incremental range 
for each inspection variable is also given in Table C.2.  A binary encoding of the 
parameters was used to simplify the implementation of genetic algorithms as the 
optimization routine.  Table C.3 displays the binary encoding for each parameter 
constraint.  The equation,  
 
 X(n) = Fadd(n) + Fmult(n)⋅Y(n), (C.1) 
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represents the relation between the binary encoding and the actual parameter value.  
Table C.4 lists the changes to the optimization parameters for two variables when 
considering optimization of left and right ‘corner’ notch locations.  

 
 

Table C.2.  Search parameter constraints. 

X(n) Parameter Xlow Xhigh N Fadd Fmult 
X(1) Time gate start CPC 100 400 16 100 20 
X(2) Time gate width CPC 25 200 8 25 25 
X(3) Time gate start CPE 160 460 16 160 20 
X(4) Time gate width CPE 25 200 8 25 25 
X(5) Time/spatial adjust for every 0.020" step 18 25 8 18 1 
X(6) Spatial X gate start CPC 1 16 16 1 1 
X(7) Spatial X gate width CPC 1 8 8 1 1 
X(8) Spatial X gate start CPE 1 16 16 1 1 
X(9) Spatial X gate width CPE 1 8 8 1 1 
X(10) Spatial Y gate start - both 1 4 4 1 1 
X(11) Spatia l Y gate end - both 7 10 4 1 1 

 

Table C.3.  Binary encoded parameter constraints. 

Y(n) Parameter Ylow Yhigh bits 
Y(1) Time gate start CPC 0 15 4 
Y(2) Time gate width CPC 0 7 3 
Y(3) Time gate start CPE 0 15 4 
Y(4) Time gate width CPE 0 7 3 
Y(5) Time/spatial adjust for every 0.020" step  0 7 3 
Y(6) Spatial X gate start CPC 0 15 4 
Y(7) Spatial X gate width CPC 0 7 3 
Y(8) Spatial X gate start CPE 0 15 4 
Y(9) Spatial X gate width CPE 0 7 3 
Y(10) Spatial Y gate start - both 0 3 2 
Y(11) Spatial Y gate end - both 0 3 2 

n Total number of bits for individual population member is 35. 
n Total possible parameter setting combinations is 235 = 3.43 × 1010. 
 

Table C.4.  Specific parameter constraints for right and left ‘corner’ notch classification. 

Corner 
Notch 

X(n) Parameter Xlow Xhigh N Fadd Fmult 

Left  X(10) Spatial Y gate start – both 1 4 4 1 1 
Left X(11) Spatial Y gate width - both 1 4 4 1 1 

Right X(10) Spatial Y gate end – both 7 10 4 7 1 
Right X(11) Spatial Y gate width - both 1 4 4 1 1 

 


