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9.1. INTRODUCTION  

Leading government laboratories, universities and aerospace manufacturers were invited to 

contribute summaries of their recent aeronautical fatigue research activities.  This report contains several 

of those contributions.  Inquiries regarding a particular article should be addressed to the person whose 

name accompanies that article.  The generous contributions of each participating organization is hereby 

gratefully acknowledged. 

 

Government 

¶ FAA 

¶ NASA ï Johnson Space Center 

¶ USAF Air Combat Command 

¶ USAF Air Mobility Command 

¶ USAF ASC/EN 

¶ USAF A-10 ASIP 

¶ USAF C-17 SPO 

¶ USAF F-16 SPO 

¶ USAF F-22 SPO 

¶ USAF Life Cycle Management Center 

¶ USAF-OC-ALC 

¶ USAF-OO-ALC 

¶ USAF Research Laboratory ï Aerospace Systems Directorate 

¶ USAF Research Laboratory ï Materials and Manufacturing Directorate 

¶ USAF SAF/AQX 

¶ USAF-WR-ALC 

¶ USN-NAVAIR  

¶ United States Forest Service 

 

Academia 

¶ University of Dayton Research Institute 

¶ University of Virginia 

¶ USAF Academy ï CAStLE 

¶ Wichita State University ï Department of Aerospace Engineering 

¶ Wichita State University ï NIAR 

 

Industry 

¶ Alcoa Defense 

¶ ATA Engineering 

¶ Battelle Memorial Labs 

¶ Computational Tools, Inc. 

¶ Curtiss-Wright Avionics & Electronics 

¶ Elder Research 

¶ Engineering Software Research & Development, Inc. 

¶ Etegent Technologies 

¶ Fatigue Technology, Inc. 

¶ Hill Engineering, LLC 

¶ JENTEK Sensors, Inc. 
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¶ Jacobs ESC Group 

¶ Lambda Technologies 

¶ Legacy Engineering 

¶ Lockheed Martin Corporation 

¶ Mercer Engineering Research Center (MERC) 

¶ MSC 

¶ NexOne, Inc. 

¶ Northrop Grumman Corporation 

¶ QUEST Integrated, Inc. 

¶ SAFE Incorporated 

¶ Science Applications International Corporation 

¶ Sfhire 

¶ Southwest Research Institute 

¶ Spirit AeroSystems, Inc. 

¶ The Boeing Company ï 787 Program 

¶ The Boeing Company ï Commercial Airplanes 

¶ The Boeing Company ï Defense, Space & Security 

¶ The Boeing Company ï F-15 Program 

¶ The Boeing Company ï P-8A Program 

¶ The Boeing Company ï Research & Technology 

¶ The Boeing Company ï Test & Evaluation 

¶ Tom Brussat Engineering, LLC 

¶ TRI/Austin, Inc. 

 

References, if any, are listed at the end of each article.  Figures and tables are integrated into the text of 

each article. 

 

The assistance of Jim Rudd and Pam Kearney, Universal Technology Corporation, in the preparation of 

this report is greatly appreciated.   

 

One of the goals of the United States Air Force is to reduce the maintenance burden of existing and future 

weapon systems by eliminating programmed repair cycles.  In order to achieve this goal, superior 

technology, infrastructure and tools are required to only bring down systems when they must be repaired 

or upgraded in order to preserve safety and effectiveness.  This requires a condition-based-maintenance 

capability utilizing structural integrity concepts (CBM+SI).  Knowledge is required for four Emphasis 

Areas:  1) Damage State Awareness, 2) Usage, 3) Structural Analysis and 4) Structural Modifications 

(Figure 9.1-1).  The following nine Technology Focus Areas are identified to provide this knowledge: 1) 

Non-Destructive Inspection/Evaluation, 2) Structural Health Monitoring, 3) Structural Teardown 

Assessments, 4) Loads and Environment Characterization, 5) Characterization, Modeling and Testing,  

6) Prognostics and Risk Analysis, 7) Life Enhancement Concepts, 8) Repair Concepts, and 9) 

Replacement Concepts.  The aeronautical fatigue research activities of this report have been categorized 

into these nine Technology Focus Areas, plus a tenth category titled ñOverviewsò that cuts across two or 

more of the nine Technology Focus Areas. 
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Figure 9.1-1.  Condition Based Maintenance + Structural Integrity (CBM+SI)  
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9.2. NON-DESTRUCTIVE INSPECTION/EVALU ATION  

9.2.1. GMR System and Sensor Optimization for Crack Detection in Thick and/or Multi-Layer 

Structure 

Donald Palmer, Jr., The Boeing Company ï Research & Technology; Nancy Wood, The Boeing 

Company ï Defense, Space & Security; and Charles Buynak, USAF Research Laboratory ï 

Materials &  Manufacturing Directorate  

 

Detection of cracks in aging aircraft continues to be a major concern from a structural integrity 

standpoint.  This is especially the case for thicker structure, where manual nondestructive inspection 

methods are frequently used.  Often times, these manual methods require the removal of fasteners or 

partial disassembly in order to gain access to perform the inspection to a reasonable level of reliability.  

The Boeing Company has been involved with the United States Air Force relative to the development of 

giant magnetoresistive (GMR) sensor arrays for nondestructive evaluation applications for more than a 

decade.  These sensors have shown to be beneficial for applications that require the detection of flaws in 

thick and/or multi-layer structure (Figure 9.2-1).  In 2009, a prototype GMR scanning system was 

developed and delivered to the United States Air Force for evaluation.  Based on a favorable evaluation, 

additional development ensued in order to optimize the prototype and produce a ñproductionizedò system 

for integration into programmed depot maintenance (PDM) operations.  This technical effort includes data 

collected on standards that show GMR sensor response as a function of thickness and flaw size (Figure 

9.2-2).  Also included are discussions on (1) system optimization measures taken to improve data 

interpretation (Figure 9.2-3) and (2) efforts to optimize GMR sensor array configurations in order to 

minimize scanning necessary for maximum coverage.  In addition, validation results collected from wing 

splice areas are included. 

 

 

Figure 9.2-1.  Magnetoresistive Sensors vs. Eddy Current Probes 
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Figure 9.2-2.  Quantitative Comparison Through Thick Aluminum  

 

 

Figure 9.2-3.  Magnetoresistive Sensor Image Interpretation Near Fasteners 
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9.2.2. POD Studies for Embedded Eddy Current Sensors 

Neil Goldfine, Yanko Sheiretov, David Grundy, and David Jablonski, JENTEK Sensors, Inc.; Floyd 

Spencer, Sfhire; Dennis Keene, USAF-WR-ALC; and Tiffany LeMasters, Lockheed Martin 

Corporation 

 

Nondestructive Inspection (NDI) for difficult-to-access locations, such as in fuel tanks and under 

repairs, is costly, impacts aircraft availability, and can introduce collateral damage from disassembly 

needed to gain access for inspections. Embedded eddy current testing (ET) methods, such as the MWM-

Array by JENTEK (Figure 9.2-4), have been successfully demonstrated in hundreds of coupon tests and 

several full-scale tests. Recently, costs for implementation of targeted solutions have come down by an 

order of magnitude, making these methods practical in the near-term.  However, to implement embedded 

ET as a replacement for NDI, requirements must be supported by an equivalent performance evaluation 

and associated confidence to enable integration with ASIP practices.  Also, durability and reliability must 

be demonstrated in fuel tanks and other harsh environments that can benefit from this approach; and to 

justify deployment, the costs and benefits must be defined and proven. This technical effort focuses on the 

results of a recently completed ASIP F-16 funded environmental study (Table 9.2-1), previous durability 

studies (Figure 9.2-5), and a complementary Air Force Phase II SBIR Program directed at generation of 

POD curves (Figure 9.2-6) for embedded MWM-Rosette eddy current sensors (Figure 9.2-7) for 

inspection of holes, with a focus on F-15 and other Air Force platforms. 

 

 

Figure 9.2-4.  Example Linear MWM -Arrays 



9/16 

Table 9.2-1.  Environmental Test Results Summary 

 

 

 

Figure 9.2-5.  Durability Testing: Previous Results for Multi -Site Fatigue Testing 
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Figure 9.2-6.  First POD Curves for Embedded Eddy Current Sensors Using Phase I Coupon Data 
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Figure 9.2-7.  Example MWM -Rosettes & Integrated Solutions 

 

9.2.3. Multi -Modal Material Property Measur ements in Ti-6Al-4V Using Field Portable XRD and 

Optical Strain Measurement Methods 

Trey Gordon, Robert Weiss, Kevin McCrary, Jim Pillers and Richard Bossi, The Boeing Company 

ï Research & Technology 

 

There has been an increasing demand for field assessment of material state condition and 

quantifying the effects of fatigue on the remaining useful life of structural components.  Of particular 

interest are the characterization of the residual stress throughout a structureôs life cycle as well as the real-

time measurement of strain levels over a 3D surface of the structure.  X-ray diffraction is a traditional 

technique for measuring residual stress and it is commonly performed on relatively small samples in a 

laboratory setting.  Portable, commercial systems are now available that perform x-ray diffraction residual 

testing in the field for structures of complex geometries (Figure 9.2-8).  This type of a system was 

optimized and used for the Ti-6Al -4V samples in this study (Figure 9.2-9).  With the advent of high 

resolution, affordable digital cameras and computer systems, optical strain measurements using digital 

image correlation have become routine to measure strain over an entire part surface, not just at discreet 

locations as with strain gages.  These systems are portable as well, and can be set up at a fatigue test 
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facility and can be used to dynamically measure the strain levels in ñreal time.ò  This technical effort 

describes the integration of these two methods (XRD) applied to a Ti-6Al-4V sample load and fatigue 

test.  XRD was used at the end of each fatigue cycle and the stain levels were measured optically during 

the cycling.  The XRD results showed a decrease in residual stress fields (Figure 9.2-10) during the 

testing and the optical measurements showed changes in strain levels during the cycling and at part 

failure. 

 

 

Figure 9.2-8.  Titanium Airframe Application  
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Figure 9.2-9.  Evaluation of Two Titanium Samples 

 

 

Figure 9.2-10.  Successful Measurement of Residual-Stress Collapse Throughout Fatigue Test 
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9.2.4. Aircraft Management and Sustainment Using NDI Data Trending and Mapping 

Technologies 

Gary Steffes, Joshua Shearer, and Steven Turek, USAF Research Laboratory ï Materials & 

Manufacturing Directorate; Ward Fong, USAF-OO-ALC; and  Thomas Sharp and Gary Cayan, 

Etegent Technologies 

 

Nondestructive Inspection (NDI) methods, procedures, and enabling technologies are being used 

increasingly to detect flaws and defects in the United States Air Forceôs aging aircraft inventory.  These 

techniques have become essential to help assure structural and functional integrity, safety, and cost 

effective sustainment of Air Force systems, during both initial manufacture and operational service.  

Advances in NDI technology and an increased reliance on NDI methods have resulted in a data explosion, 

but these digital data are being generated without systems in place to manage and archive the collected 

information.  In many cases, this valuable NDI information is lost between the inspectors that collect the 

data and the engineers that manage the weapons systems.  As part of the NDI Digital Thread for the 

Aircraft Production and Sustainment Program, a prototype system previously developed to collect, 

archive, and map NDI data will be integrated into engineering processes to provide a seamless method for 

actively managing aircraft systems.  This technical activity will provide the details on a software system 

called NLign, which has the capabilities to collect, organize (by aligning to CAD models) and analyze 

fleet NDI data (Figures 9.2-11 through 9.2-13).  These capabilities provide engineering functions with 

effective methods for fleet trending, improving disposition processes by providing accurate damage 

location to easy access to historical dispositions, and process control during asset repairs.  The focus of 

this technical activity will be on the development and integration of the NLign software into Air Force 

depot processes, and applications of the software will also be provided. 

 

 

Figure 9.2-11.  NLign System Overview 
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Figure 9.2-12.  Example of 2D Alignment 

 

 

Figure 9.2-13.  Analysis ï Coverage Verification 
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9.2.5. Results of GMR Sensing Array Technique Study for the Inspection of Multi-layer Metallic 

Structures 

Doyle Motes, David Forsyth, Mark Keiser, and Michael Mazurek, TRI/Austin, Inc.; Gary Steffes, 

USAF Research Laboratory ï Materials & Manufacturing Directorate; John Aldrin, 

Computational Tools, Inc.; and Floyd Spenser, Sfhire 

 

Recently, eddy current sensors incorporating Giant Magnetoresistive (GMR) linear sensing arrays 

have been developed to detect fatigue cracks in thick, multi-layered metallic aircraft structures (Figure 

9.2-14).  The successful deployment of these would significantly reduce depot inspection times over 

present man-hour intensive methods; minimize unnecessary component disassembly, repair, and/or 

premature airframe retirement.  Several GMR modeling efforts have been conducted, and small scale 

experiments have been completed with specimens containing EDM notches, but larger scale validation 

studies have not yet been performed.  As part of the GMR sensor validation program being conducted by 

the United States Air Force Research Laboratory, several large sets of configurable fatigue crack 

specimens were fabricated in different thicknesses to provide a wide range of inspection targets for 

candidate sensors.  These specimens were mounted to a large assembly frame, simulating an aircraft wing 

structure, and inspected using a GMR sensor deployed on Boeingôs Mobile Automated Scanner (MAUS) 

(Figure 9.2-15).  Probability of Detection (POD) data from the inspections examining such variables as 

detection depth and the effects of fastener material are presented.  In addition, mechanisms developed to 

address specimen edge effects, fastener magnetization, and signal from one crack seen in adjacent holes is 

addressed (Figure 9.2-16).  Finally, a mockup of a splicing plate was built, scanned, and the POD analysis 

are discussed. 

 

 

Figure 9.2-14.  Eddy Current Probes vs. GMR Sensors 
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Figure 9.2-15.  Purpose of Study 

 

 

Figure 9.2-16.  GMR Interpretation Near Fastener Sites 
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9.2.6. Challenges and Lessons From Conformal Eddy Current Probe Acquisition and 

Implementation 

Kimberli Jones, Bryce Harris and Jacklyn Killian, USAF-OO-ALC  

 

The latest revision of the Nondestructive Inspection (NDI) Capability Guidelines for United 

States Air Force (USAF) Aircraft Structures (EN-SB-08-012 Rev B) further defines the recommended 

NDI flaw size capabilities for computing the reinspection intervals for structures managed by the USAF 

Aircraft Structural Integrity Program (ASIP).  USAF aircraft are expected to be in full compliance with 

this structures bulletin; a presentation at the 2009 ASIP Conference detailed the initial impacts to the F-16 

(Figure 9.2-17), while a more recent document from the 2012 Aircraft Airworthiness and Sustainment 

Conference described the motivation and efforts to be compliant with the structures bulletin.  The original 

version of EN-SB-08-012 was released in October 2008; almost four years later, significant advances 

have been made towards selecting and/or designing appropriate conformal eddy current probes for an F-

16 NDI probe kit to be used in the field (Figures 9.2-18 and 9.2-19), as well as planning how kits will be 

procured, inspector training accomplished and technical orders updated.  The focus of the technical 

activity will be on the F-16 ASIP efforts to stocklist, fund, purchase, and field the new conformal eddy 

current probe kits in order to be in compliance with the latest USAF NDI structures bulletin.  Estimated 

timelines for complete probe kit implementation will be provided.  These efforts were not without 

challenges, and the lessons learned by the F-16 will be discussed for the benefit of other weapon systems. 

 

 

Figure 9.2-17.  F-16 Aircraft  
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Figure 9.2-18.  Upper Bulkhead Aft Vertical Stiffener Example 

 

 

Figure 9.2-19.  Probe Kit Details 
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9.2.7. Enhanced Magneto-Optical Imaging System for Fatigue Crack Inspection 

Qingying (Jim) Hu and Phil Bondurant, QUEST Integrated, Inc. 

 

QUEST Integratedôs Magneto-Optic Imaging (MOI) eddy current system is primarily a screening 

tool used to rapidly detect cracks and defects in metallic aircraft skins.  It is based on the Faraday Effect 

that describes the change in polarization from the interaction of the magnetization of the material with 

light propagating through the material.  When a crack exists, a vertical magnetic field will be generated 

from the ñcurlò of the eddy current around the crack and results in local light polarization changes that 

will be visible in the optical viewing system.  MOI combines the high sensitivity of the eddy current 

technique and the fast measurement speed of optical visual inspection into one inspection system.  

Benefits and features of Magneto-optic imaging include: 

¶ Sensitivity to flaws in any orientation 

¶ Real-time (30 frames/second) magnetic field image 

¶ Large visualization area (up to ~50 mm circle) for a single video frame 

¶ Imaging head can be moved in any direction 

¶ Calibration not required 

¶ Minimal operator training required 

¶ Paint stripping or protective coating removal not required 

¶ Rapid, real-time inspection of large areas, translational speeds of up 100 mm/second 

 

Recently, Robins Air Force Base of the US Air Force has supported QUEST Integrated to 

enhance the MOI systems.  The new design maintains all the capability of the historical MOI models 

(308/7 and 308/3), but with many improvements and additional features.  Improvements of the new MOI+ 

model over previous MOI products are: 

¶ Compact packaging that is light-weight but supports a large image (FOV) as shown in Figure 9.2-

20 and 9.2-21 

¶ An LCD display on the front panel of the controller in addition to an external monitor (Figure 

9.2-20) 

¶ Larger field of view (FOV) that allows for more rivets to be inspected and displayed on the video 

screen  

¶ Assisted flaw detection (AFD) system to assist the operators in identifying rivets with flaws by 

marking them in the video stream to reduce operator error (Figure 9.2-20 and 9.2-22)  

¶ Higher quality images that reduce distortion and improve contrast, with the capability of 

eliminating the serpentine domain lines present in the traditional MOI models (Figure 9.2-22)  

¶ An optional portable display mounted on the handheld imager or alternatively on the wrist 

(Figure 9.2-23). 

¶ Ability to operate at higher ambient temperatures as a result of a number of design changes  

¶ Display-integrated user interface with digital control panel and video out capability 

¶ Image processing capability ï digital camera-based that allows for AFD and other upfront 

processing 

¶ Flexible excitation ï allows excitation to be timed with image processing for image enhancement  
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Figure 9.2-20.  MOI+ System  Figure 9.2-21.  Comparison of  

Different  Models 

  

Figure 9.2-22.  Enhanced Image Quality  

without Domain Lines 

Figure 9.2-23.  Portable Display for  

Instant View 

 

 

 

 

 

 

 

 

 

  

MOI+ scanner C

ontroller  

Enlarged image 

303 Model: 3.7 lbs, 
~40 mm square FOV  

MOI+: 2.3 lbs, 
~40 mm square FOV  

307 Model: 15 oz, 
~25 mm square FOV 
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9.3. STRUCTURAL HEALTH MO NITORING  

9.3.1. Demonstrating Capability Validation Protocol for In -Situ Damage Detection 

Eric Lindgren and Charles Buynak, USAF Research Laboratory ï Materials & Manufacturing 

Directorate; Enrique Medina, Science Applications International Corporation; and John Aldrin, 

Computational Tools, Inc. 

 

At the 2009 ASIP Conference, the authorsô presentation included the definition and outline of the 

protocol for validating the capability for an on-board damage detection system, frequently referred to as 

in-situ nondestructive evaluation (NDE) or structural health monitoring (SHM), to generate a Probability 

of Detection (POD) curve as part of the qualification process for such systems.  A POD curve is required 

if these systems are to be used in the assessment of ASIP managed structures on United States Air Force 

(USAF) aircraft.  The objective of the protocol is to define the process to quantitatively validate the 

capability and reliability to enable the use of such systems in the management of the structural integrity of 

USAF aircraft.  The in-situ damage detection capability and reliability assessment includes quantifying 

false-positive potential and detection sensitivity variance caused by multiple factors including changes in 

operation environment, material, or geometry, as well as system reliability over their expected useful life.  

 

This technical effort addresses the demonstration of the protocol to validate detection capability 

of an in-situ damage detection system on a representative aircraft structure.  For this case study, the 

capability of a vibration-based damage detection method is investigated.  The test fixture design provides 

the capability to vary critical parameters of the system with a focus on force loading boundary conditions, 

joint fastener torque conditions, and temperature (Figure 9.3-1).  The review of this demonstration 

addresses the integration of external factors that affect the sensitivity of the detection capability, including 

variance in the structural configuration and other environmental factors, and how these factors can be 

accommodated in the validation process.  The approach leverages previous efforts in the NDE community 

to incorporate validated models to minimize the amount of empirical data, time, and cost to determine the 

validated capability via a POD curve.  The process and results for the POD evaluation of the in-situ 

damage detection system are presented in detail (Figures 9.3-2 and 9.3-3).  In addition, the demonstration 

illustrates how this approach will minimize the degree of full-scale testing required for obtaining 

statistically meaningful damage detection assessment results.  Another factor evaluated addresses 

variance in the POD curve with respect to the in-situ damage detection system degradation as a function 

of time.  Thus, the feasibility of using this approach to determine the probability of detection and false-

call rate is established and the necessary steps required to extend this practice beyond the demonstration 

stage will be discussed. This addresses one of the obstacles for implementing in-situ damage detection 

techniques to meet the required ASIP inspection metrics and facilitates its acceptance into USAF aircraft 

maintenance practices. 
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Figure 9.3-1.  Factors That Need to Be Considered 

 

 

Figure 9.3-2.  POD Results ï Sensitivity to Flaw Location 
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Figure 9.3-3.  POD Results ï Impact of Sensor Durability 

 

9.3.2. Hot Spots Health Monitoring for F-22/F-15 Applications 

Mark Derriso, USAF Research Laboratory ï Aerospace Systems Directorate 

 

Maintaining airworthiness in the presence of structural hot spots is a major focus of todayôs 

Aircraft Structural Integrity Program.  The mandate to develop Structural Health Management (SHM) 

strategies that make use of more first-hand information and thus allow maintenance actions to be 

performed based more on condition rather than schedule requires advances in technologies that allow 

maintainers to insure structural performance that is both timely and cost effective. 

 

Aircraft structural components may have known ñhot spotsò where a particular type of damage is 

anticipated to occur or has consistently been observed in the field.  The Air Force Research Laboratory 

and the Boeing Company have partnered to develop engineering tools and technologies that enable 

system level solutions to these problem areas.  Automated inspection of these locations, or hot-spot 

monitoring, may offer significant time and cost savings for aircraft maintainers, particularly when the hot 

spots exist in areas that are difficult to access or where transitional non-destructive inspection methods 

will not work.  The Hot Spot Structural Health Monitoring Program seeks to develop a systems-

engineering approach to the design and implementation of SHM solutions for structural hot spots.  The 

tools and technologies developed under this program are done so in the context of two specific exemplar 

hot spot locations on the F-22 and F-15 platforms (Figures 9.3-4 through 9.3-8). 
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Figure 9.3-4.  Mil -Standard 810 Testing 

 

 

Figure 9.3-5.  SHM vs. Visual NDI Results 
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Figure 9.3-6.  POD Results 

 

 

Figure 9.3-7.  SHM Lug Specimen Validation 
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Figure 9.3-8.  Full-Scale Test Results 

 

9.3.3. Efficient Ground-Based Calibration of F/A-18E Fatigue Tracking Strain Sensors 

Curtis Rands, Joshua Davis and Kevin Napolitano, ATA Engineering; and Timothy Fallon, USN-

NAVAIR  

 

Strain sensors are a critical source of data in assessing the structural health of fighter aircraft, 

such as the F/A-18.  These sensors, permanently attached to the airframe, are monitored throughout each 

flight to quantify the loads experienced by the aircraft.  Organizations responsible for tracking the 

structural life of individual aircraft use the measured data to evaluate and aggregate the damage resulting 

from all significant flight events.  However, considerable margin must be applied to these models to 

account for variability in measurement sensitivity observed between aircraft unless the sensors are 

calibrated.  Variation in sensor performance may result from differences in sensor orientation and 

positioning, inherent sensor ñgage factorsò, and aircraft build details.  Today, calibration of the sensors to 

eliminate this uncertainty must be accomplished via a static test in an airframe test rig or through 

execution of prescribed flight maneuvers; the former involving significant cost and the latter achieving 

only limited accuracy.   

 

This technical activity describes a portable system and efficient method developed to perform 

ground-based calibration of the strain sensors on the F/A-18E aircraft (Figure 9.3-9).  Design, 

manufacture, and testing of a prototype system were funded by a Phase II SBIR program sponsored by 

NAVAIR .  The approach was first demonstrated through analytic simulation and testing on scale aircraft 

models before being implemented on Navy fleet aircraft.  Housed in a portable cart, the prototype 

calibration system includes data acquisition hardware and force application mechanisms that are 

automated through a software user interface.  By applying and measuring a force to exercise the aircraftôs 
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wings and empennage surfaces while monitoring structurally relevant strain sensors at these structures, 

the system mechanically determines the sensitivity factor for each sensor.  The derived sensitivity factors 

can then be used to adjust flight-measured sensor data and improve the accuracy of the downstream 

structural life estimation models.  Ultimately, the calibration process is intended to better inform 

maintenance decision makers, avoid unnecessary component repair/replacement, and reduce aircraft 

downtime while maintaining aircraft structural integrity. 

 

 

Figure 9.3-9.  FlashCal
TM

 System Provides Portable and Efficient Alternative Calibration Method 

 

This technical activity discusses a demonstration test program utilizing the system to calibrate the 

sensors on a series of F/A-18E aircraft at the Navy Fleet Readiness Center Southwest.  The efficient use 

of point loads at strategic locations while monitoring the sensors using both the systemôs native 

electromechanical actuator and loading by hydraulic aircraft maintenance jacks (to achieve a higher 

applied force) to obtain calibration values are discussed.  Strain sensors are located at the wing root, wing 

fold, horizontal stabilator, and vertical stabilizer (Figure 9.3-10).  Example calibration results are 

presented. 
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Figure 9.3-10.  FlashCal
TM

 First Implemented at Four Locations on an F/A-18E Super Hornet 
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9.4. STRUCTURAL TEARDOWN  ASSESSMENTS 

9.4.1. KC-135 Teardown Report on Aircraft 1 (AC1) 

Gaddis Gann and Jeff Wilterdink, USAF-OC-ALC  

 

The teardown program for the KC-135s has completed findings and failure analysis on one of the 

three aircraft planned for teardown.  This technical effort highlights the following: 1) unique and 

innovative aspects of the program made necessary by the requirement to tear down more than one aircraft, 

2) summary of a top-level view of all the findings (Figures 9.4-1 through 9.4-4), 3) sharing of details of a 

handful of the more meaningful findings, and 4) presentation of what steps are being planned to assess the 

meaning of the findings and determination of what changes to the overall maintenance plan are needed. 

 

 

Figure 9.4-1.  Lots, Sections and Parts 
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Figure 9.4-2.   Distribution of Findings in Categories 

 

 

Figure 9.4-3.  Locations of Failure Analyses 
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Figure 9.4-4.  Moderate Fatigue Findings 

 

9.4.2. T-38 Vertical Tail Teardown Analysis 

Daniel Gardner, Northrop Grumman Corporation  

 

The T-38 vertical tails have been in constant service with no replacement since 1961(Figure 9.4-

5). In 2010, structural health evaluations were commenced to evaluate the assembly.  This technical effort 

will describe the results of the study coupled with an overview of the analytical evaluations undertaken to 

determine the criticality of the results (Figures 9.4-6 through 9.4-8). 
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Figure 9.4-5.  T-38 Talon 

 

 

Figure 9.4-6.  Attach Angle Teardown Findings 
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Figure 9.4-7.  Vertical Tail Fatigue Critical Location  

 

 

Figure 9.4-8.  Crack Length vs. Flight Time 
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9.4.3. F-15 Structural Teardown Inspection Results 

Lucas Garza, USAF Life Cycle Management Center 

 

As principal custodian for the F-15 aircraft fleet, WR-ALC/GRM (the F-15 SPO), and primarily 

the ASIP manager, has the responsibility to ensure this essential fighter fleet can operate at acceptable 

mission capable rates and can fly the required sorties safely.  As aircraft systems age and maintaining 

structural integrity becomes more challenging, periodic structural teardowns are often used to examine 

deeply embedded structural joints that are typically not observable during routine field and depot level 

inspections.  Aircraft teardowns are also used to enable the application of high-resolution inspection 

techniques to critical components which are not possible with an intact aircraft.  Periodic teardown 

inspections are an essential element of a sound fleet management strategy.  Furthermore, it is vital that 

life extension programs contain teardown inspections that can identify new areas of concern.   

 

The F-15 C/D airframeôs design life specification was originally 4,000 flight hours and was later 

adjusted to 8,000 after airframe structural testing and a change in philosophy from Safe Life to Damage 

Tolerance Analysis (DTA).  With average accumulated flight hours for the C/D model fleet of 7,100 

hours and Congressional direction to extend the service life of the fleet to 2025, the SPO is now in the 

process of validating the sustainability of the C/D model airframe for an additional 15 years.  To achieve 

this, the SPO directed that full structural teardowns be performed starting in 2008 as well as a Full-Scale-

Fatigue-Test now underway.   

 

S&K Technologies, LLC (SKT) has recently completed the series of aircraft teardowns which 

included an F-15D fuselage, an F-15C fuselage and six F-15C/D wings.  This work was followed by 

performing microscopy on a large number of specimens containing NDI indications that were excised 

from parts targeted by the F-15 SPO.  The approach to the F-15 teardown was similar to the methodology 

used during previous successful aircraft teardown projects performed by SKT, including those developed 

and validated during the C-5, C-130 and KC-135 teardown projects.  To ensure the validity of the data 

collected, SKT followed Air Force and industry standard teardown protocols, assembled and managed by 

the Air Force Research Laboratory.  The F-15 Teardown Protocols were derived from the KC-135 

protocol with approval from the KC-135 SPO.   

 

SKTôs approach to the F-15 Structural Disassembly and Analysis Support Project included:  

¶ Development of teardown data packages to identify the procedures to extract the target 

components from the aircraft as well as the inspection procedures to be used (Figure  

9.4-9).   

¶ Adaptation of the Teardown Data Management System to support F-15 teardown data 

management which provided SPO, OEM and foreign operator country engineers access 

to teardown findings, metallurgical reports and other pertinent records.   

¶ Extraction of targeted structural joints and components in accordance with the approved 

protocols by certified SKT Technicians.   

¶ Stripping of sealant and paint from extracted parts followed by Nondestructive Inspection 

(NDI) utilizing various techniques in accordance with SPO requirements.   

¶ Metallurgical or optical analysis of all crack-like NDI indications was performed by the 

Israeli Air Force or SKT as directed by the SPO.  With the structural teardowns complete, 

the inspection results are providing valuable data points for determining the effects of 

current usage on the F-15 airframe.  The high-resolution of the inspection allows the 

documentation of very small defects, most of which will not affect original design life 

structural integrity, but become invaluable when extending the service life by potentially 

identifying new inspection points and may provide the basis for adjusting inspection 

intervals for known critical structures.   



9/43 

 

 

Figure 9.4-9.  Extraction/Disassembly 

 

This analysis is being used to augment the Force Structural Maintenance Plan (FSMP) and 

support continued structural assessment, sustainment, and mission readiness of the fleet.   

 

This technical activity will provide a quick overview of the methodologies and protocols used 

during F-15 Teardown but will primarily focus on the results of the inspections and the microscopy work 

(Figures 9.4-10 and 9.4-11).  This teardown is unique due to the number of Fluorescent Penetrant 

Inspection (FPI) and Bolt Hole Eddy Current (BHEC) (Figure 9.4-12) NDI indications that were 

ultimately excised, bisected and closely examined to identify the cause of the indication.  During the 

series of F-15 teardowns ~540 parts were extracted and stripped, ~90,000 holes were BHEC inspected, 

and ~1,500 NDI indications were bisected and microscopically examined.  The statistical analysis of the 

data recorded will provide valuable insight for the ASIP community, not only to document the structural 

health of the F-15, but will provide a correlation of a large number of NDI results to the actual damage 

state. 

 

  



9/44 

 

Figure 9.4-10.  NDI Results for F-15 Wings 

 

 

Figure 9.4-11.  Results for Inboard Torque Box Upper Aft Skin 
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Figure 9.4-12.  Bolt Hole Eddy Current (BHEC) Method 

 

9.4.4. Structural Teardown Analysis 

Gregory Shoales, USAF Academy ï CAStLE 

 

CAStLE continues to assist fleet management decisions and the US Air Force Structural Integrity 

Program (ASIP) thorough multiple programs whose focus is assessing aging structures.  Teardown 

analysis programs are required by MILȤSTDȤ1530C at various points in the life cycle of all USAF 

aircraft.  CAStLE has been part of teardown programs since 2002 and wrote the USAF best practices 

guide for teardown in 2008.  This publication was followed by the CAStLE protocols for detailed 

teardown processes which captured best practices and lessons learned garnered from more than a decade 

of United States (US) Department of Defense (DoD) teardown programs.  Since the last report in 2011, 

CAStLE has participated at various levels in the structural teardown analysis of six US DoD aircraft. 

 

Beginning with planning in 2007, CAStLE has continued to execute a teardown of primary 

structure on three KCȤ135 aircraft.  Teardown program execution began on the first aircraft in 2008 and 

completed early 2011.  As of ICAF 2013 all the analysis is complete on the first two aircraft with the third 

aircraftôs analysis in its final year.  Measured by any metric the KCȤ135 teardown analysis program is by 

far the most extensive of any teardown to date.  Figure 9.4-13 depicts the extent by which structural 

sections were removed and analyzed. 
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Figure 9.4-13.  Graphic Indicating (by Orange and Blue Boxes) the Structural Section  

Removed from Each KCȤ135 for Teardown Analysis 

 

Analysis of the first two aircraft has generated more than 50,000 nondestructive inspection (NDI) 

indications and nearly 900 detailed failure analysis (sometimes known as rootȤcause investigation) 

findings.  Each and every indication and finding is carefully assessed by CAStLE, Boeing and KCȤ135 

Program Office engineers to determine implications upon the fleetôs continued service.  Of particular 

interest to the program office are the structural health of fuselage lap joints and the performance of 

applied corrosion preventive compounds (CPCs).  To satisfy this somewhat unique requirement, CAStLE 

developed specialized test equipment and protocols to perform focused lap joint evaluations.  This lap 

joint evaluation is beyond the NDI and subsequent rootȤcause investigations normally associated with 

structural teardown analysis which is performed on the aircraft structure indicated in Figure 9.4-13.  The 

CAStLE lap joint protocol includes residual strength and residual life testing of removed KCȤ135 lap 

joints in order to compare with the original design parameters.  To evaluate the CPC performance, 

CAStLE adapted the electro impedance spectroscopy (EIS) test methodology to a raster scanning device.  

This device permits precise coating system integrity evaluations at repeatable locations on selected lap 

joint sections.  The repeatability permits evaluation of the coating system in and around the lap joint in 

the asȤremoved condition as well as after repeated accelerated environmental exposures.  Comparison 

between EIS data before and after accelerated exposure permits a qualitative evaluation of the CPCôs 

potential continued ability to protect the lap joints from corrosion.  Other unique aspects of this program 

have included the presence of a US multiȤagency Oversight Committee to review process and plans and a 

process to qualify each program participant.  Qualification is granted by CAStLE upon review of an 

independent siteȤvisitȤbased report performed by AFRL/RX.  The AFRL teamôs site visit is an 

independent assessment of the participantôs ability to perform the task associated with the applicable 

CAStLE teardown protocols.  The ongoing progress and results of this work have been presented on 

numerous occasions at the Aircraft Airworthiness and Sustainment  Conference. 
 

Beginning in 2011, CAStLE planned and completed execution of a teardown analysis on the 

USAF CȤ130 empennage.  This teardown program has focused on structure in the horizontal and vertical 

stabilizers.  In order to illuminate potential hidden damage, this program analyzed the empennage 

structure in its entirety.  Like the KCȤ135 program, the CȤ130 empennage program inspected all 

components by at least two different NDI techniquesðincluding more than 42,000 bolt hole eddy current 

inspections.  CAStLE had previously accomplished teardowns of the critical center wing structure for the 
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USAF Aging Aircraft Program Office.  The empennage represents one of the next most critical structural 

regions of the CȤ130.  Teardown data from the current program will serve to supplement previous 

teardown program data as the CȤ130 fleet managers strive to meet USAF life goals. 

 

CAStLE planned and is currently executing multiple teardown analysis programs for the USAF 

TȤ38 program office.  One teardown is focused on assessing the critical structural elements of an entire 

airframe, particularly those associated with the TȤ38 engine upgrade program.  Additional teardown 

analysis programs have been planned to fully inspect and analyze wing and fuselage structure tested 

during CAStLEôs TȤ38 full scale fatigue test (FSFT) programs. 

 

In late 2011, CAStLE extracted wing, empennage and aft fuselage structure from a retired Boeing 

707 located at Melbourne, FL.  CAStLE subsequently planned and began execution of a teardown 

analysis of the wing portion of that structure.  This program has focused on primary wing structure and 

seeks to identify corrosion and fatigue damage in support of the USAF Joint Stars (EȤ8C) program 

officeôs fleet management decisions.  Analysis for this portion of the program will be complete in midȤ
2013.  At the request of the program office, CAStLE also completed planning for a followȤon program 

which focuses on analysis of the empennage and aft fuselage structure.  In the wake of the 2013 USAF 

budgetary pressures, execution of this program is currently on hold. 

 

Since early 2011, CAStLE has been supporting the BȤ1B full -scale fatigue tests.  This support has 

included spectrum validation testing, component level test failure analysis, and planning the post FSFT 

teardown of test BȤ1B airframe.  Based on an analysis of all available fleet records, CAStLE identified a 

prioritized list of teardown subject structure along with NDI inspection recommendations.  CAStLE 

further prepared a selection rubric for the program office to assist their matching fiscal constraints to 

program technical requirements.  In addition, the CAStLE teardown protocols were evaluated for 

applicability to the BȤ1B teardown plans.  Unique materials in the BȤ1 system required the development 

of additional NDI inspection techniques and coating removal processes into these protocols.  CAStLE 

plans to incorporate these new techniques/processes into the next revision of the CAStLE teardown 

protocols. 

 

Lastly, CAStLE continues to share its experience and lessons learned by serving as a consultant 

to other DoD teardown programs.  In 2012 and 2013, CAStLE provided all protocols and teardown 

database access to the US Navy VȤ22 program in support of their post FSFT airframe teardown.  Selected 

protocols for extraction, disassembly, and coating removal were requested by and provided to the FȤ15 

program office. 
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9.5. LOADS & ENVIRONMENT CHARACTERIZATION  

9.5.1. F-16 ASIP Data Collection Improvements and Service Life Impacts 

Bryce Harr is and Kimberli Jones, USAF-OO-ALC; William Legge, Science Applications 

International Corporation ; and Jim OôConnor and Matthew Edghill, Lockheed Martin 

Corporation 

 

The F-16 weapon system (Figure 9.5-1) continues to search for opportunities for improvement in 

capturing valid Aircraft Structural Integrity Program (ASIP) data from the Crash Survivable Flight Data 

Recorders (CSFDRs).  While the United States Air Force (USAF) F-16 fleet has struggled to meet the 

required data capture rates, recent process breakthroughs and unified support efforts have made reaching 

the 90% valid Individual Aircraft Tracking (IAT) requirement possible.  For example, in 2011, senior 

USAF leadership committed to improving the cultural view of ASIP data collection through refocused 

enforcement of program compliance, accountability, and standardization at the wing level.  These human 

factor directives quickly resulted in a noticeable increase across the USAF F-16 fleet in capturing valid 

data.  A collaborative endeavor between the MAJCOM, Aircraft Structural Integrity Management 

Information System (ASIMIS), Lockheed Martin Aero, and the F-16 ASIP Program Office has also 

proven quite effective.  This united front enabled ASIP engineering activities to achieve significant 

success in improving data validity, and also to some degree data capture.  Major contributors to the 

validity and data capture rate improvements included:  decreasing download interval times from 150 to 75 

hours to shorten capture cycle, implementing a new user-friendly data processing management platform 

to accurately identify valid/invalid information, streamlining the ASIMIS website to simplify field-user 

interaction, championing changes in Air Force Instructions to enforce standardized compliance and 

accountability, and modifying software within aircraft download support equipment to eliminate 

erroneous data deletion (in work).  The data obtained from the CSFDRs are critical to daily ASIP 

activities, especially for calculation of equivalent flight hours (EFH); these hours reflect flight severity on 

an individual aircraft basis and are compared to the certified service life by fleet planners.  When data 

capture and validity rates are low, downloads are backfilled with baseline average severity usage per 

standard procedures.  These backfilled data could be of a higher severity than actual aircraft usage, which 

in turn lessens the predicted life of the aircraft by assigning higher EFH for a given number of actual 

flight hours.  Similarly, structural inspection schedules based on assumed usage severity are at risk of 

missing cracks, which can have safety, readiness, and cost impacts to the fleet.  This technical effort will 

detail the mentioned efforts and illustrate the recent level of capture rate increases(Figure 9.5-2), as well 

as citing an example of how these improvements can impact aircraft reaching certified service life (Figure 

9.5-3). 
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Figure 9.5-1.  F-16 Weapon System 

 

 

Figure 9.5-2.  Yearly Capture Rate Improvement 
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Figure 9.5-3.  Service Life Effects ï Improvements and Return-on-Investment 

 

9.5.2. F-16C Block 50 Full-Scale-Durability -Test Loads Spectra Development 

Bill Signorelli, Lockheed Martin Corpora tion 

 

The development of the test loads spectra was a critical milestone for the F-16C Block 50 Full-

Scale-Durability Test program.  Starting with the analytical test spectrum, various algorithms were 

developed to create the different spectra needed to support the test (Figure 9.5-4).  Initially, a truncation 

algorithm was needed to remove load cycles from the analytical test spectrum that contribute little or no 

damage to the aircraft structure and to help reduce actual test time (Figure 9.5-5 and Table 9.5-1).  Next, 

an algorithm was needed to translate the truncated loads to the test fixture ram loads.  The loads applied to 

the test article by each hydraulic ram must model the total aircraft loads of the truncated spectrum as 

closely as possible while maintaining the aircraft in complete balance within the test fixture.  Simple 

comparison of component load plots and resulting internal loads from the airplane coarse finite element 

model were used to evaluate the ram load spectrum.  However, since it is not possible to model exactly 

the total aircraft loads of the truncated spectrum due to limitations in the number of rams and ram 

capacity, another algorithm was needed to re-translate the ram loads back to the aircraft as the applied 

load spectrum to account for the service life differences between the truncated and the applied spectra.  

Finally, unique to this test as compared to previous F-16 tests, the test aircraft was not a new aircraft 

directly from the factory; therefore, an additional algorithm was needed to develop a past usage load 

spectrum.  This technical activity presents an overview of the methodology employed and the challenges 
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encountered in the development of the various load spectra that are an integral part of the F-16 Block 50 

Full-Scale-Durability Test program. 

 

Figure 9.5-4.  Durability Test Spectra Development 

 

 

Figure 9.5-5.  Truncation Algorithm Methodology 




















































































































































































































































































































