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[image: image1.emf]REPAIR OF CRACKED  MLG BEAM OF A COMBAT AIRCRAFT


MS-315 Main Landing Gear Beam cracked due to stress corrosion crackingTwo repair schemes proposed by the OEM were for crack length sizes between 66 mm and 180 mm.


Crack length in this case was found to be 210 mm which is more than the OEM permitted value. Hence repair prescribed in the Repair Manual was inapplicable. 


‘Crack Patching Technology’was used instead to rehabilitate the trainer aircraft with composites.
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Aircraft Battle Damage Repair (ABDR)
Strategies and Techniques


INTRODUCTION


S. G. Sampath


149 Essex Street, # 2J


Jersey City, NJ 07302, USA


The overall motivation for this Lecture Series (LS) springs from the following interwoven issues:


· Engagement of NATO has been increasing, albeit in low-intensity unconventional wars

· Recent experience of NATO forces requires maintenance of high combat readiness


· Deployment of air assets is increasingly crucial to warfighter doctrine and tactical success 


· Resources for acquisition of new systems have been steadily falling


· Legacy systems, which bring in their wake added set of issues, have been increasing fractions of the assets available to the military commanders


· Damage to air platforms by ground fire is an ever increasing menace

· Temporary repair of aircraft that have suffered battle damage usually needs to be carried out in make-shift bases that are far from home territory under severe time constraint


· Repair is intimately intertwined with certification and safety issues


The LS focuses on repair of damaged air combat platforms including fixed- and rotary-wing aircraft and their major subsystems and components.   The experience base for evolution of procedures and processes include cases of aircraft that sustained damage in the brief conflict in Bosnia, and during the ongoing wars in Iraq (Operation Iraqi Freedom-IOF, launched in2003) and Afghanistan (Operation Enduring Freedom-IEF that was initiated in 2001).  Absence of the extensive facilities available at air logistics centers at home is a facet of the latter two wars.  


The asymmetric and unconventional warfare or low-level conflicts in Bosnia, Iraq and Afghanistan has been waged by non-state actors and have yielded surprising but valuable lessons for NATO forces.   Use of heavy armor has been precluded because of the tactical requirements dictated by highly mountainous terrain or the close proximity to large civilian centers; only lightly armored vehicles have been and are being utilized.  As a result, increased reliance on aircraft to project power,  for rapid ferrying of troops, or for carrying out medical evacuation in localized theaters have accentuated the roles of fixed- and rotary wing air platforms.   Their increased deployment has been met with sometimes effective ground-to-air attacks by the insurgents using small arms and rocket-propelled grenade attacks.  In the majority of cases involving damage to aircraft - which number is small –neither  the structural integrity nor the electrical system was compromised, however serious degradation occurred, necessitating a systematic approach to try to render the aircraft airworthy and safe to fly, albeit for a short period of time.  Again, in the majority of the latter cases, it has been possible to perform the required repair at forward based, maintenance facilities, but there have also been many cases where the aircraft have had to be ferried to home bases that typically are far from the zone of conflict.   


During a conflict, a high value air asset – either a fixed- or rotary-wing aircraft – that is non-deployable results in handicapping the military commander, hence urgency is an inevitable issue in the design and fabrication of the BDR, with the focus on flight-safety critical subsystems and components.  Repair of the flight-safety critical components and subsystems have to contend with the following risks:


· 
Detailed design data reside with the Original Equipment Manufacturer (OEM) and is rarely available if the repair is carried out in the field.


· 
It is axiomatic that the original strength, or durability or functionality can never be equal in a repaired – in contrast to a refurbished – part.


· 
Absent the ability to perform detailed examinations and tests on the affected parts or components, repair has to be based on estimates and engineering expertise.


· 
Repair carried out in one location can occasionally cause higher stress, or weakening, or higher voltages at a different location in non-obvious or non-intuitive ways.


· 
In particular reference to combat aircraft, one has to be exercise great care to avoid alteration of the aerodynamic flow field that would result in degraded aerodynamic  performance, or diminution of aerodynamic stability characteristics associated with flight maneuvers. 


The first order of business in trying to put a battle damaged aircraft back in service is to make an assessment as to which, if any, flight-safety-critical parts or components have been affected and, if so, how badly.  This task requires deep knowledge on the part of the engineer who is charged with the responsibility about safety and considerations behind the issuance of the aircraft’s airworthiness certificate – knowledge that usually resides with the OEM.  Any repair involving a flight-safety-critical part should properly be classified as a Major Repair.  What constitutes “major,” as contrasted with “minor,” used to be an issue in commercial aviation in the context of aging aircraft but has since been somewhat clarified.   Much the same issue exists within some military regulations.


Always there is a diminution in the strength and durability of the repaired part as compared to the original values.  In the case of a properly designed repair the changes will be small but since the original design is based on a number of tests at the coupon-, component-, and assembly-levels the repaired part when it is carried out in the field should be treated as a temporary fix only.  More accurate assessment of the impact of the repair should be carried out at the depot or air logistic base.


It is difficult to perform detailed examination on a damaged aircraft.  Due to the difficulty and time constraints associated with the conduct of extensive nondestructive inspection (NDI) and metallurgical analysis in the field, a high level of engineering expertise is called for when performing an assessment of the condition of the damaged aircraft.  Wing and empennage sections and rotors in helicopters often utilize composite materials.  Damage occurring in such components or parts can be latent, meaning the damage or structural degradation may not be externally visible.  Hence, NDI equipment will be needed to make a reasonable assessment of the damage.There have been cases when repairs have been carried out on commercial aircraft which have turned out to have unintended, deleterious effects.  In one instance, repair of one of the frames of the fuselage caused an increase in the stress at a diametrically opposite location.  In another case involving a combat aircraft’s landing gear a composite patch was applied only on one side, thus creating asymmetrical stress distribution and induced bending of the part under load, Figure 1 [1].   Hence, care must be exercised to ensure the stress flow remains largely unaffected.


Aerodynamic lifting and control surfaces in modern aircraft are made of composite materials and their repair usually involves use of composite patches that result in a change in the geometrical profile, albeit small.  Composite patches are used liberally to patch, thus repair, military aircraft.  An example of a composite patch that has been applied on the wing section of a combat aircraft, as shown in Figure 2 [1}, illustrates the point.   However, the flow field can be affected, in rare cases resulting in separation, thus altering the lift, drag and moment coefficients and degradation of performance.   Particularly in the transonic regime small changes in the profile geometry must be checked carefully; otherwise, effects such as flow separation and limit cycle oscillations may result, which in turn could have a and profound effect on the aerodynamic performance, and maneuver and aero-elastic characteristics.   In the case of fly-by-wire aircraft, application of a composite repair patch to the tail section might necessitate a redefinition of the parameters in the control laws. Effects like flow separation change the efficiency of the controls, which may require redesign of the control laws (gains and angles).  Limit cycle oscillations may be very sensitive to control gains too.  In some cases however they can be corrected easily by introducing a small bias to the affected control surface.


The aforementioned considerations have guided the development of the following syllabus for this Lecture Series.


(a) The epidemiology of aircraft, both fixed- and rotary-wing aircraft that sustained battle damage will be presented.  The two presentations will use examples of aircraft damage from the Bosnian conflict, the Operation Iraqi Freedom and Operation Enduring Freedom. 


(b) A primer on composite materials and sandwich structures will be followed by a presentation that covers the aspect of strength and durability loss in damaged composite structures.  The above two presentations will be designed to sensitize the military maintenance personnel about the tailoring of material properties to maximize the structure’s strength and durability  limits and the care that will need to be exercised in retaining those properties when designing BDR.


(c) The role of NDI in carrying out assessments of ABD, the type of equipment needed, and the attendant logistical issues will next be discussed.  The aforementioned presentation will enunciate how NDI is used as a guide to assess BDR, also equipment that is appropriate for field use and the logistical issues that are entailed.


(d) Current procedures for assessment of battle damage in rotary-wing and fixed-wing aircraft will successively be discussed.  Assessment of damage to aircraft in the field and making appropriate decisions on the reparability, making repairs at the lowest repair level possible and evaluating airworthiness of subsequent repairs is critical to maintenance of force projection capability.  The above two presentations will visit the procedures used to carry out such assessments and will describe and analyze the echeloned approach of battle damage assessments employed including embedded field maintenance engineers, centralized functional expertise and depot capability at RESET locations.    The ABD assessments will encompass primary aircraft structure, secondary structure, engines and fuel systems and electrical wiring systems.  The results of the assessment of existing ABD cases will be used to identify areas of improvements necessary for efficient assessment and repair of aircraft systems


(e) Next, a range of repair types, the selection of the most appropriate repair, and the procedures for conducting the repair will be covered and illustrated by several examples.


(f) The use of modeling and simulation tools is an important adjunct to performing a proper assessment of ABD, also guide in the design of the repair.  The presentation will include a discussion about numerical and other analytical methods, including finite-element techniques, as a means for selection of the appropriative design parameters. 


(g) Design procedures and materials for repair of helicopter airframes, engines and wiring, and design repair of damaged, fixed-wing aircraft will be covered in three back-to-back set of lectures.  The presentations will examine existing manuals for select aircraft systems and special ABDR kits that have been recently developed.  The ABD assessment results will be discussed in relation to the design process identifying design practices that enhance the aircraft reparability and reduces the vulnerability to damage.   Design tools have been developed that allow for quick assessment of field damage by analyzing vulnerable regions of the aircraft in advance with damage limits and repair concepts defined for typical damages.  That design tool will be explained and examples provided where efficient ABD repairs have been carried out.  The challenges of repairs for new structural member configurations such as high speed machined one-piece frames will be discussed.  The challenges of battle damage repair of composite structures will also be addressed.  PowerPoint slides will be used to illustrate the difficulties.


(h) Next, the issues associated with certification and airworthiness of ABDR structures will be presented.  The meaning of terms such as Standard Airworthiness Certificate, Technical Standards Order, Special Flight Authorization, Limitations on Waiver, and Temporary Certificate will be explained. 

(i) Following, the methodology of monitoring the structural health (SHM) for the repaired part will be discussed.  Monitoring of the repaired part is invariably mandated by the regulator who issues the temporary airworthiness certificate. 

(j) The subject of repair types and procedures will again be visited.  Once again, profuse illustrative examples will be presented.


The final session will comprise of a panel discussion among the lecturers and the other attendees.  It will be followed by a brief recounting of the lessons learned.
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PART NAME : MetallicWingCAUSE OF DAMAGE   : Accessibility DESIGN DRIVERS        : Structural IntegrityREPAIR SCHEME: Hybrid bonding ofPre-cured PatchREPAIR VALIDATION : By NDT.DURABILITY OF REPAIR :Repaired Wing is flying for the past 135 hours without any snags
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FIGURE2a: REPAIR ON A COMBAT AIRCRAFT


PART NAME 	: Metallic Wing
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REPAIR OF CRACKED  MLG BEAM OF A COMBAT AIRCRAFT


   MS-315 Main Landing Gear Beam cracked due to stress corrosion cracking


   Two repair schemes proposed by the OEM were for crack length sizes between 66 mm and 180 mm.


 Crack length in this case was found to be 210 mm which is more than the OEM 


   permitted value. Hence repair prescribed in the Repair Manual was inapplicable. ‘Crack Patching Technology’ was used instead to rehabilitate the trainer aircraft with composites.
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CHALLENGES :


For accessing bolt, spar cap needs to be cut.  A hybrid bonding technique was used to repair the cut spar.
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Epidemiology of Battle-Damaged Fixed-Wing Aircraft 

Major Trent A. Greenwell


Department of Engineering Mechanics


2354 Fairchild Drive, Suite 6K-139


USAF Academy, Colorado, USA 80840


trent.greenwell@usafa.edu

Abstract

Battle damage is a natural side effect of armed conflict.  History shows the prevalence of aircraft battle damage varies based on the nature of the conflict.  Aircraft battle damage repair allows an aircraft fleet to remain viable while remaining engaged in the conflict at hand. The US Air Force’s experience with aircraft battle damage and aircraft battle damage repair dates back to World War II and has seen a number of changes to affected aircraft populations during subsequent lesser conflicts.  The Israeli Air Force and British Royal Air Force also have a distinct history with aircraft battle damage leading them to their own unique approaches to ABDR.  Recent US battle damage data reflects how the nature of a conflict can affect battle damage symptoms and populations.  

1.0 Introduction


Aircraft battle damage is an unavoidable reality during military actions.  History shows varied degrees of battle damage among major conflicts involving military aircraft, from World War I (WWI) to World War II (WWII) to several lesser conflicts in more recent history.  Aircraft battle damage repair (ABDR) is critical to maintaining a viable aircraft fleet in times of conflict.  A number of different approaches to aircraft battle damage repair have been applied in these different conflicts.  Data from these different conflicts reflect a compelling need to sustain an established ABDR program to maintain viable combat aircraft fleets during hostilities.

2.0 Historical perspective of battle damage and repair

2.1
Battle Damage and Repair before Vietnam


While substantive data on battle damage and repair thereof have not been recorded until conflicts after WWII, it is known that battle damage and battle damage repair were prevalent in both WWI and WWII.  Relatively low-performance WWI aircraft with shrapnel holes in their purely aerodynamic fabric skins proved easy to repair with simple adhesive patches.  There are records of the French using old tractor parts to repair battle damaged mechanical components of their aircraft during WWI [1].  WWII brought new advances in aircraft design and construction which brought with them the need for more elaborate repairs.  WWII era aircraft were more highly-engineered than their WWI predecessors and used semi-monocoque designs with formed metal skins that required not only aerodynamic patching, but also restoration of design strength and stiffness.  The perceived level of intensity of the conflict and threat prompted different approaches to ABDR by different nations involved in WWII.  Under dire threat of attack during the Battle of Britain, the British Royal Air Force (RAF) developed procedures for rapid, temporary aircraft repairs and mobilized civilian machine shops and repair garages to assist in repair and fabrication of aircraft parts [1].  The German Luftwaffe, with a more relaxed threat condition in the early years of the war, established a standard of crating and shipping aircraft with greater than 40% damage back to their manufacturer for full repair to like-new condition [1].  The US Army Air Corps bomber fleet, which suffered tremendous losses throughout the war, so frequently received battle damage that repair crews undertook battle damage repair in much the same way they undertook routine maintenance actions after every flight.  Figure 1 shows the type of damage commonly experienced by USAF bombers.
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Figure 1: USAF WWII Bomber Battle Damage (reprinted with permission from [2] 


In stark contrast to the USAF experience in WWII, the US experience in Korea required very little ABDR due to the rapid establishment of air superiority.  The first real need of the USAF to implement substantial ABDR practices after WWII did not occur until the Vietnam War, where the US was caught initially unprepared.


2.2
The U.S. ABDR Experience in Vietnam


The U.S. Air Force (USAF) in Vietnam suffered considerable aircraft damage and losses for the first time since World War II.  Of the more than 21,000 aircraft committed to the conflict, 23% were lost due to a multitude of reasons including combat losses, 21% emerged from the war undamaged, and the remaining 56% returned to base with combat damage [3]; an example of Vietnam-era combat damage is shown in Figure 2.  Vietnam marked the first comprehensive collection and analysis of battle damage and repair statistics by the USAF.  Final statistics show a 4:1 combat damage to combat loss ratio [1].  Initially, the USAF was unprepared for the demands of substantial battle damage.  From 1955 to 1965, ABDR was conducted by civilian defense contractor field teams.  In 1965, in response to a request for crash damage repair support, the USAF formed Rapid Area Maintenance (RAM) teams of highly skilled government repair technicians and engineers from stateside USAF repair depots.  RAM teams performed all levels of maintenance deemed either highly complex or requiring more than five days to complete.  They also conducted ABDR.  Deploying RAM teams comprised predominantly of civilians into combat zones quickly proved difficult due to greater travel expenses required for civilians than military, the civilian’s right to refuse dangerous work, and the difficulties in justifying civilian combat casualties to the general public.  These difficulties with RAM teams led to the creation of special teams of all-military maintenance technicians, logisticians, and engineers managed under Combat Logistics Support Squadrons (CLSSs) starting in 1967 [1].  Combined actions by CLSS and RAM teams returned 1000 of Vietnam’s 11,800 battle-damaged aircraft to the war using ABDR tools and techniques; 59% of these aircraft were repaired in 48 hours or less [1].
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Figure 2: USAF F-4 Combat Damage in Vietnam (reprinted from open source)

2.3
The Israeli ABDR Experience in the Yom Kippur War


The Yom Kippur War of 1973 highlighted the extreme importance of ABDR in a contentious conflict and demonstrated the expert ABDR practices of the Israeli Air Force (IAF).  The IAF had established a robust ABDR program prior to the Yom Kippur War stemming from their experience in the 6-Day War of 1967 and logistics planning and analyses conducted from lessons learned in that conflict.  The IAF approach to ABDR planning involved thorough analysis to prepare combat spares kits for their aircraft equipped for the types of damages experienced in combat versus simply amplifying peacetime spares kits.  The IAF also incorporated ABDR into their aircraft refit process, so all aircraft returning from combat sorties would be refuelled, rearmed, and repaired at the same time within the same shelter, thereby minimizing unproductive downtime.  IAF ABDR assessment and design was conducted by engineers assigned to maintenance units and supported by highly-skilled depot technicians all located at the operational bases, allowing for all levels of repair to be conducted on-site within the refit shelter.   Using this well-thought-out and efficient approach to ABDR, the IAF was able to achieve a 72% repair rate in 24 hours or less [1].  Statistics show a 3:1 damage to loss ratio in the early days of the war dwindling to 7:1 later in the war as the IAF recovered from the initial surprise attack and mobilized their reserve forces [4].  Figure 2 illustrates the IAF’s effective use of ABDR over the first 15 days of the 21 day war.  ABDR Experts claim that “without effective rapid repairs, the Israeli Air Force would have been out of business by the eighth day of the conflict” [1].  The IAF published four key ABDR lessons learned from their experiences in the Yom Kippur War:


1. Skilled ABDR teams must be available from the beginning of the conflict.


2. Rapid and thorough battle damage assessment is the key to a successful ABDR program – assessors must be highly experienced and possess extensive structural knowledge.


3. Each instance of battle damage is unique, requiring creativity, skills, and experience from the ABDR team members.


4. Major modular replacement spares were critical and many repairs could not have been performed without them [1].
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Figure 3: IAF Aircraft Damage/Repair/Loss vs Days of Conflict (Reprinted from [4])


2.4
The British ABDR Experience in the Falkland Islands War

While specific ABDR data on the RAF combat experience in the 1982 Falkland Islands War are not available, ABDR was critical to the effort.  According to one source, “Every Royal Air Force GR Mk-1 Harrier committed to fight had to be [combat damage] repaired at least once” [1].  This reflects a 100%-plus combat damage rate for the aircraft engaged in the conflict.  The Falkland Islands War was the first test of the RAF’s newly formalized ABDR program, established in 1976 using lessons learned from the USAF experience in Vietnam and the IAF experience in the Yom Kippur War.  The RAF published a list of 14 lessons learned from their experiences in this conflict:

1. Future aircraft should be designed for survivability.

2. Manuals are for guidance only.

3. Initiative and ingenuity count for a lot.


4. Some documentation is still important.


5. Go/No Go lists are important.


6. Additional spares are necessary to support ABDR.


7. Access holes need to be cut for assessment and/or repair.


8. Robbing from damaged aircraft is very much a part of ABDR.


9. Kits are essential for land operations.


10. Transparency (canopy) repair methods are lacking.


11. Repairs should be the best possible in the time available.


12. Self-sealing fuel tanks are needed.


13. The pilot is not always aware that damage has occurred.


14. Assessment is very important – the assessor is the key man [1].


2.5
The USAF ABDR Experience in Operation Desert Storm

Like the RAF’s experience in the Falkland Islands War, the USAF first tested its current ABDR program shortly after its formalization in 1981 during the 1991 Gulf War.  This ABDR program, which remains largely unchanged now, drew from the lessons learned by the USAF in Vietnam, the IAF in the Yom Kippur War, and the RAF in the Falkland Islands War.  The USAF ABDR program capitalizes on the existence of established CLSS teams with the incorporation of specially-trained depot engineers, standardized ABDR tool and material “wagons”, and robust ABDR manuals which allow a blend of the rapid temporary repairs preferred by the RAF as well as the engineer-designed permanent repairs preferred by the IAF.  Data for the A-10 Thunderbolt II employment during Operation Desert Storm plotted in Figure 4 show that the A-10 required the most ABDR of any US aircraft in the conflict [5].  Of the 144 A-10s committed to the conflict, 70 were damaged and 5 were lost resulting in an A-10 specific damage to loss ratio of 14:1 [1].  This exceptionally high damage to loss ratio is due in large part to the A-10 being designed to be highly survivable using survivability data compiled in previous conflicts.  The final statistics from the war show a repair rate roughly that of the USAF in Vietnam, as seen in Figure 3.

[image: image4.emf]

Figure 4: Operation Desert Storm ABDR Times and Events (Reprinted from [5])


3.0 Current Epidemiology of Fixed-Wing Battle-Damage


Recent US battle damage data compiled by the US Survivability/Vulnerability Information Analysis Center (SURVIAC) from mid-1998 to December 2009 is shown in the figures 5-9.  As seen in Figures 5-8, the vast majority of battle damage over the last 12 years has occurred on rotary wing platforms.  This is as expected in a conflict where air superiority has been so quickly achieved and the bulk of battle damage is inflicted from ground-based threats on slower, low-flying aircraft like helicopters and cargo aircraft.  Helicopter damages and losses are included to illustrate that air superiority and low-fixed wing battle damage rates do not negate the need for ABDR.  Note that the balance of battle damage by aircraft type is more evenly distributed in conflicts with contested airspace, as seen in Figure 8 during 1999 where the US experienced roughly equal numbers of damaged fighter/attack, cargo, and helicopter aircraft and more than double the number of lost fighter/attack aircraft than cargo or helicopter aircraft in the same conflict.  Figure 9 shows fixed-wing specific damages by type and year since 1998; note that there have been no fighter/attack damages or losses due to battle damage since 2005.
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Figure 5: Total US Aircraft Battle Damage By Type, 1998 - 2009
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Figure 6: Total US Aircraft Battle Losses By Type, 1998 - 2009
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Figure 7: US Aircraft Battle Damages By Type and Year, 1998 – 2009
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Figure 8: US Aircraft Battle Losses by Type and Year, 1998 - 2009
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Figure 9: US Fixed-Wing Aircraft Battle Damages By Type and Year, 1998 – 2009

No specific data is provided for the repair rate of battle-damaged aircraft from 1998 – 2009, but it is safe to assume all of the aircraft identified as damaged versus lost were eventually repaired and returned to operational use.  Current USAF ABDR methodology is in a state of change where ABDR is no longer conducted exclusively by CLSS teams and dedicated ABDR engineers.  Since 2004, military Depot Liaison Engineers (DLEs), aircraft structural engineers with ABDR training and depot experience, have been deployed to USAF expeditionary aircraft maintenance units to support all levels of maintenance needs beyond organizational capability.  This support includes assessing and designing repairs for battle damage to be implemented by organizational maintenance technicians or deployed CLSS field teams, depending on complexity.  While ABDR training is at the foundation of the DLE concept, non-combat damage repairs constitute the bulk of the DLE workload.  This is illustrated by DLE compiled data for 2009 which show USAF DLEs addressed over 1290 requests for maintenance assistance with only 77 total US aircraft battle damage incidents occurring during the same year, 76 of which were helicopter damages and likely not addressed by USAF DLE personnel.  

4.0
Conclusion

Though the specifics of battle damage vary by conflict parameters like achievement of air superiority and  the type of aircraft employed in the conflict, aircraft battle damage occurs in any conflict employing combat aircraft.  History has shown the importance of aircraft battle damage repair to sustain viable aircraft fleets during a number of conflicts.  US battle damage data since 1998 and before reflects the frequency of aircraft battle damage and supports the need to sustain an established ABDR program.
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ABSTRACT 


Battle damage is a natural side effect of armed conflict.  History shows the prevalence of aircraft battle 


damage varies based on the nature of the conflict.  Aircraft battle damage repair allows an aircraft fleet 


to remain viable while remaining engaged in the conflict at hand. The US Air Force’s experience with 


aircraft battle damage and aircraft battle damage repair dates back to World War II and has seen a 


number of changes to affected aircraft populations during subsequent lesser conflicts.  The Israeli Air 


Force and British Royal Air Force also have a distinct history with aircraft battle damage leading them to 


their own unique approaches to ABDR.  Recent US battle damage data reflects how the nature of a 


conflict can affect battle damage symptoms and populations.   


1.0 INTRODUCTION 


Aircraft battle damage is an unavoidable reality during military actions.  History shows varied degrees of 


battle damage among major conflicts involving military aircraft, from World War I (WWI) to World War 


II (WWII) to several lesser conflicts in more recent history.  Aircraft battle damage repair (ABDR) is 


critical to maintaining a viable aircraft fleet in times of conflict.  A number of different approaches to 


aircraft battle damage repair have been applied in these different conflicts.  Data from these different 


conflicts reflect a compelling need to sustain an established ABDR program to maintain viable combat 


aircraft fleets during hostilities. 


 


2.0 HISTORICAL PERSPECTIVE OF BATTLE DAMAGE AND REPAIR 


2.1 Battle Damage and Repair before Vietnam 


While substantive data on battle damage and repair thereof have not been recorded until conflicts after 


WWII, it is known that battle damage and battle damage repair were prevalent in both WWI and WWII.  


Relatively low-performance WWI aircraft with shrapnel holes in their purely aerodynamic fabric skins 


proved easy to repair with simple adhesive patches.  There are records of the French using old tractor parts 


to repair battle damaged mechanical components of their aircraft during WWI [1].  WWII brought new 


advances in aircraft design and construction which brought with them the need for more elaborate repairs.  


WWII era aircraft were more highly-engineered than their WWI predecessors and used semi-monocoque 


designs with formed metal skins that required not only aerodynamic patching, but also restoration of 


design strength and stiffness.  The perceived level of intensity of the conflict and threat prompted different 


approaches to ABDR by different nations involved in WWII.  Under dire threat of attack during the Battle 


of Britain, the British Royal Air Force (RAF) developed procedures for rapid, temporary aircraft repairs 


and mobilized civilian machine shops and repair garages to assist in repair and fabrication of aircraft parts 


[1].  The German Luftwaffe, with a more relaxed threat condition in the early years of the war, established 


a standard of crating and shipping aircraft with greater than 40% damage back to their manufacturer for 


full repair to like-new condition [1].  The US Army Air Corps bomber fleet, which suffered tremendous 







Epidemiology of Battle-Damaged Fixed-Wing Aircraft      


2 - 2 RTO-EN-AVT-156 


losses throughout the war, so frequently received battle damage that repair crews undertook battle damage 


repair in much the same way they undertook routine maintenance actions after every flight.  Figure 1 


shows the type of damage commonly experienced by USAF bombers. 


 


 


Figure 1: USAF WWII Bomber Battle Damage (reprinted with permission from [2]  


In stark contrast to the USAF experience in WWII, the US experience in Korea required very little ABDR 


due to the rapid establishment of air superiority.  The first real need of the USAF to implement substantial 


ABDR practices after WWII did not occur until the Vietnam War, where the US was caught initially 


unprepared. 


2.2 The U.S. ABDR Experience in Vietnam 


The U.S. Air Force (USAF) in Vietnam suffered considerable aircraft damage and losses for the first time 


since World War II.  Of the more than 21,000 aircraft committed to the conflict, 23% were lost due to a 


multitude of reasons including combat losses, 21% emerged from the war undamaged, and the remaining 


56% returned to base with combat damage [3]; an example of Vietnam-era combat damage is shown in 


Figure 2.  Vietnam marked the first comprehensive collection and analysis of battle damage and repair 


statistics by the USAF.  Final statistics show a 4:1 combat damage to combat loss ratio [1].  Initially, the 


USAF was unprepared for the demands of substantial battle damage.  From 1955 to 1965, ABDR was 


conducted by civilian defense contractor field teams.  In 1965, in response to a request for crash damage 


repair support, the USAF formed Rapid Area Maintenance (RAM) teams of highly skilled government 


repair technicians and engineers from stateside USAF repair depots.  RAM teams performed all levels of 


maintenance deemed either highly complex or requiring more than five days to complete.  They also 


conducted ABDR.  Deploying RAM teams comprised predominantly of civilians into combat zones 


quickly proved difficult due to greater travel expenses required for civilians than military, the civilian’s 


right to refuse dangerous work, and the difficulties in justifying civilian combat casualties to the general 


public.  These difficulties with RAM teams led to the creation of special teams of all-military maintenance 


technicians, logisticians, and engineers managed under Combat Logistics Support Squadrons (CLSSs) 


starting in 1967 [1].  Combined actions by CLSS and RAM teams returned 1000 of Vietnam’s 11,800 
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battle-damaged aircraft to the war using ABDR tools and techniques; 59% of these aircraft were repaired 


in 48 hours or less [1]. 


 


 


Figure 2: USAF F-4 Combat Damage in Vietnam (reprinted from open source) 


2.3 The Israeli ABDR Experience in the Yom Kippur War 


The Yom Kippur War of 1973 highlighted the extreme importance of ABDR in a contentious conflict and 


demonstrated the expert ABDR practices of the Israeli Air Force (IAF).  The IAF had established a robust 


ABDR program prior to the Yom Kippur War stemming from their experience in the 6-Day War of 1967 


and logistics planning and analyses conducted from lessons learned in that conflict.  The IAF approach to 


ABDR planning involved thorough analysis to prepare combat spares kits for their aircraft equipped for 


the types of damages experienced in combat versus simply amplifying peacetime spares kits.  The IAF 


also incorporated ABDR into their aircraft refit process, so all aircraft returning from combat sorties 


would be refuelled, rearmed, and repaired at the same time within the same shelter, thereby minimizing 


unproductive downtime.  IAF ABDR assessment and design was conducted by engineers assigned to 


maintenance units and supported by highly-skilled depot technicians all located at the operational bases, 


allowing for all levels of repair to be conducted on-site within the refit shelter.   Using this well-thought-


out and efficient approach to ABDR, the IAF was able to achieve a 72% repair rate in 24 hours or less [1].  


Statistics show a 3:1 damage to loss ratio in the early days of the war dwindling to 7:1 later in the war as 


the IAF recovered from the initial surprise attack and mobilized their reserve forces [4].  Figure 2 


illustrates the IAF’s effective use of ABDR over the first 15 days of the 21 day war.  ABDR Experts claim 


that “without effective rapid repairs, the Israeli Air Force would have been out of business by the eighth 


day of the conflict” [1].  The IAF published four key ABDR lessons learned from their experiences in the 


Yom Kippur War: 


1. Skilled ABDR teams must be available from the beginning of the conflict. 


2. Rapid and thorough battle damage assessment is the key to a successful ABDR program – 


assessors must be highly experienced and possess extensive structural knowledge. 


3. Each instance of battle damage is unique, requiring creativity, skills, and experience from the 


ABDR team members. 


4. Major modular replacement spares were critical and many repairs could not have been performed 


without them [1]. 
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Figure 3: IAF Aircraft Damage/Repair/Loss vs Days of Conflict (Reprinted from [4]) 


2.4 The British ABDR Experience in the Falkland Islands War 


While specific ABDR data on the RAF combat experience in the 1982 Falkland Islands War are not 


available, ABDR was critical to the effort.  According to one source, “Every Royal Air Force GR Mk-1 


Harrier committed to fight had to be [combat damage] repaired at least once” [1].  This reflects a 100%-


plus combat damage rate for the aircraft engaged in the conflict.  The Falkland Islands War was the first 


test of the RAF’s newly formalized ABDR program, established in 1976 using lessons learned from the 


USAF experience in Vietnam and the IAF experience in the Yom Kippur War.  The RAF published a list 


of 14 lessons learned from their experiences in this conflict: 


 


1. Future aircraft should be designed for survivability. 


2. Manuals are for guidance only. 


3. Initiative and ingenuity count for a lot. 


4. Some documentation is still important. 


5. Go/No Go lists are important. 


6. Additional spares are necessary to support ABDR. 


7. Access holes need to be cut for assessment and/or repair. 


8. Robbing from damaged aircraft is very much a part of ABDR. 


9. Kits are essential for land operations. 


10. Transparency (canopy) repair methods are lacking. 


11. Repairs should be the best possible in the time available. 


12. Self-sealing fuel tanks are needed. 


13. The pilot is not always aware that damage has occurred. 


14. Assessment is very important – the assessor is the key man [1]. 


2.5 The USAF ABDR Experience in Operation Desert Storm 


Like the RAF’s experience in the Falkland Islands War, the USAF first tested its current ABDR program 


shortly after its formalization in 1981 during the 1991 Gulf War.  This ABDR program, which remains 


largely unchanged now, drew from the lessons learned by the USAF in Vietnam, the IAF in the Yom 
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Kippur War, and the RAF in the Falkland Islands War.  The USAF ABDR program capitalizes on the 


existence of established CLSS teams with the incorporation of specially-trained depot engineers, 


standardized ABDR tool and material “wagons”, and robust ABDR manuals which allow a blend of the 


rapid temporary repairs preferred by the RAF as well as the engineer-designed permanent repairs preferred 


by the IAF.  Data for the A-10 Thunderbolt II employment during Operation Desert Storm plotted in 


Figure 4 show that the A-10 required the most ABDR of any US aircraft in the conflict [5].  Of the 144 A-


10s committed to the conflict, 70 were damaged and 5 were lost resulting in an A-10 specific damage to 


loss ratio of 14:1 [1].  This exceptionally high damage to loss ratio is due in large part to the A-10 being 


designed to be highly survivable using survivability data compiled in previous conflicts.  The final 


statistics from the war show a repair rate roughly that of the USAF in Vietnam, as seen in Figure 3. 


 


Figure 4: Operation Desert Storm ABDR Times and Events (Reprinted from [5]) 


3.0 CURRENT EPIDEMIOLOGY OF FIXED-WING BATTLE-DAMAGE 


Recent US battle damage data compiled by the US Survivability/Vulnerability Information Analysis 


Center (SURVIAC) from mid-1998 to December 2009 is shown in the figures 5-9.  As seen in Figures 5-


8, the vast majority of battle damage over the last 12 years has occurred on rotary wing platforms.  This is 


as expected in a conflict where air superiority has been so quickly achieved and the bulk of battle damage 


is inflicted from ground-based threats on slower, low-flying aircraft like helicopters and cargo aircraft.  


Helicopter damages and losses are included to illustrate that air superiority and low-fixed wing battle 


damage rates do not negate the need for ABDR.  Note that the balance of battle damage by aircraft type is 


more evenly distributed in conflicts with contested airspace, as seen in Figure 8 during 1999 where the US 


experienced roughly equal numbers of damaged fighter/attack, cargo, and helicopter aircraft and more 


than double the number of lost fighter/attack aircraft than cargo or helicopter aircraft in the same conflict.  


Figure 9 shows fixed-wing specific damages by type and year since 1998; note that there have been no 


fighter/attack damages or losses due to battle damage since 2005. 
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Figure 5: Total US Aircraft Battle Damage By Type, 1998 - 2009 
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Figure 6: Total US Aircraft Battle Losses By Type, 1998 - 2009 
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Figure 7: US Aircraft Battle Damages By Type and Year, 1998 – 2009 
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Figure 8: US Aircraft Battle Losses by Type and Year, 1998 - 2009 
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Figure 9: US Fixed-Wing Aircraft Battle Damages By Type and Year, 1998 – 2009 


No specific data is provided for the repair rate of battle-damaged aircraft from 1998 – 2009, but it is safe 


to assume all of the aircraft identified as damaged versus lost were eventually repaired and returned to 


operational use.  Current USAF ABDR methodology is in a state of change where ABDR is no longer 


conducted exclusively by CLSS teams and dedicated ABDR engineers.  Since 2004, military Depot 


Liaison Engineers (DLEs), aircraft structural engineers with ABDR training and depot experience, have 


been deployed to USAF expeditionary aircraft maintenance units to support all levels of maintenance 


needs beyond organizational capability.  This support includes assessing and designing repairs for battle 


damage to be implemented by organizational maintenance technicians or deployed CLSS field teams, 


depending on complexity.  While ABDR training is at the foundation of the DLE concept, non-combat 


damage repairs constitute the bulk of the DLE workload.  This is illustrated by DLE compiled data for 


2009 which show USAF DLEs addressed over 1290 requests for maintenance assistance with only 77 total 


US aircraft battle damage incidents occurring during the same year, 76 of which were helicopter damages 


and likely not addressed by USAF DLE personnel.   


4.0 CONCLUSION 


Though the specifics of battle damage vary by conflict parameters like achievement of air superiority and  


the type of aircraft employed in the conflict, aircraft battle damage occurs in any conflict employing 


combat aircraft.  History has shown the importance of aircraft battle damage repair to sustain viable 


aircraft fleets during a number of conflicts.  US battle damage data since 1998 and before reflects the 


frequency of aircraft battle damage and supports the need to sustain an established ABDR program. 
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1.0	INTRODUCTION 

The US Army has over 400 aircraft deployed in support of Operations Iraqi Freedom and Enduring Freedom (OIF/OEF).  That includes an array of fixed and rotary wing aircraft that spans the mission areas of attack, reconnaissance, utility, MEDEVAC, intelligence gathering, cargo and troop transport.  This fleet of aircraft is employed and maintained in the fight through a combination of unit rotations with equipment and a select Stay Behind Equipment (SBE) with new units rolling in on existing equipment.  The lifecycle maintenance and repair of aircraft includes all echelons of maintenance operations including unit level, intermediate, RESET operation back at home station and depot.  This lecture series explores the maintenance practices, procedures organization structures and special maintenance programs that have evolved to maintain a large aviation fleet in combat overseas and effectively deal with battle damaged aircraft.  The presentations will also look at the equipment and TTP’s that have been employed to mitigate causal factors contributing to aircraft damage.

2.0	us ARMY ACCIDENT & DAMAGE STATISTICS

The US Army tracks aircraft accident incident information at the US Army Combat Readiness Center.  Accidents and incidents are classified into four categories as a ranked function of either damage to the aircraft in dollars to fix and repair or by injury to the crew.  The classification definition of incidents is shown in Table 1 below.  For the purposes of this study, we will examine Class A through Class C accident data, and consider the data to be representative of the spectrum of damage that must be dealt with by deployed maintenance units.  An analysis of the data by year dating back to 1995 was done to look at the effect of OIF and OEF on overall aircraft incident rate.  This rate is used as an indicator of aircraft battle damage and the impact on US Army operations.  Chart 1 shows the summation of Class A through Class C accidents for all years from 1995-2009.  The graph clearly indicates the effects of OIF and OEF in the increased incident occurrences beginning in 2002 with the onset of OEF as compared to the period of peacetime immediately prior.  The same plot of strictly Class A incidents is shown in Chart 2 with pronounced effect identified in the time periods coinciding with the beginning of operations OIF and OEF.  However, to incorporate the effects of OPTEMPO increases, Charts 3 and 4 look at the incident rates per 100,000 flight hours for Class A and Class A through Class C respectively.  The effect of current operations is much less pronounced but still indicates an approximate 2 times increase in incident rates during OIF/OEF operations.






Table 1:  US Army Accident Classification 

		

		Damage to Equipment

		Human 



		Class A

		Property Damage exceeding $2M or Aircraft is Destroyed

		Fatalities or Permanent Disabilities



		Class B

		Property Damage $500K-$2M

		Injury resulting in permanent partial disability



		Class C

		Property Damage $50K - $500K

		Injury causes 1 or more days away from work or training













Figure 1:  Summary of Class A-C Incidents for Four (4) Primary Aircraft, 1994-2009



Figure 2:  Class A Incidents for Four (4) Primary Aircraft, 1994-2009 



Figure 3:  Class A Incident Rate for all Total Army Fixed and Rotary Wing






Figure 4:  Class A-C Incident Rate for Total Army Fixed and Rotary Wing





3.0	crash damage repair program

Another measure of battle damage and the impact on Army Aviation fleet is the statistics for the aircraft Crash Damage Repair program at Corpus Christi Army Depot.  Through the Crash Damage Repair program, aircraft are rebuilt from the fuselage up.  As you can see from figure 5, the crash damage program has been rebuilding 10-15 aircraft per year over since the beginning of OEF as compared to 2-3 aircraft per year prior to 2003.  This data is a partial picture of the overall damage repair picture as it does not reflect other sources of repair such as aircraft inducted into a model upgrade line at the manufacturer.  For example, currently CH-47Ds are being upgraded to CH-47F’s by Boeing Helicopters.  Some severely damaged aircraft are returned and inducted directly into the Mod program and are not reflected in the CCAD data.  This data also does not reflect aircraft that are destroyed in place due to security concerns in retrieving the aircraft.  Those losses are not reflected in the CCAD crash damage repair data.  There is no definitive single source of data that exists in the Army that integrates all sources of damage repair information across all elements of the Army.






Figure 5:  US Army Crash Damage Repair Program for 

the Four (4) Primary Aircraft, 2002-2010



4.0	 Causal Factors of Battle Damage

This paper now will categorize damage types and causal factors for aircraft battle damage and investigate the mitigating factors for each of the factors.  This study does not intend to present an exhaustive study of the causal factors included in the aircraft incident numbers, but rather will present a qualitative assessment of the factors contributing to the accidents with a relative rank of importance.  There are many causes of battle damage to aircraft and those causal factors are dynamic with time.  Table 2 identifies 4 broad categories of causal factors contributing to battle damage to aircraft.  It broadly identifies the relative severity of the factor as a function of time in the two current theatres of operation.  The factors present and prevalent in the early days of Operation OIF in Iraq are not necessarily the current prevalent causal factors in Iraq.  Each of the categories of causal factors will be briefly examined.  The status and the technologies that have been employed to mitigate the casual factor will be explored.

5.0	 Weapons Effects 

Damage due to weapons effects is the most obvious factor for damage to aircraft systems employed in combat.  The types of weapons span the spectrum from small arms fire and unguided ballistics (RPG’s) to guided missile systems.  The potential aircraft damage due to weapons also includes aircraft damage in non flight operations such as the effects from direct or indirect attacks on airfield locations.   

Frequency and Severity and Technologies:  The type of weapons attack on aircraft and there resultant effectiveness varies by weapon type.  Small arms attacks are a constant threat and little can be done in the technology arena to prevent such attacks.  The only real mitigation of the event is within Tactics, Training and Procedures (TTP) employed in flight operations and the increased survivability designed and built into the aircraft to handle know threats.  However significant technology applications can be employed that can minimize the impact on the aircraft due to small arms fire.  Most all aircraft have armor protection systems on the aircraft to protect the aircrew and critical aircraft systems.   The most effective means of protecting the aircraft from small arms fire is to protect the crew and critical systems on the aircraft and allow the aircraft to safely operate the aircraft after the aircraft has sustained small arms fire.  Effective armor systems provide maximum protection to the crew minimizing the occasions where minimal aircraft damage results in significant aircraft damage due to the inability of the crew to operate the aircraft.  

Aircraft damage due to guided missile systems has a different dynamic.  The aircraft damage due to missile strikes on aircraft are typically severe to catastrophic.  The frequency of such events has changed dramatically over time in OIF/OEF and is directly attributable to the technologies employed to counter the threat.  The technologies will not be discussed here but the impact in the field has been the significant reduction of missile shoot downs as a cause for aircraft damage or loss in OIF.  The counter measures are effective today but must continue to evolve to meet the changing threat.  
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Figure 6: Ballistic Armor Protection System (BAPS)

6.0	 ENvironmental effects 

The category of environmental effects includes heat, sand, dust, and other flight or atmospheric conditions in the theatre of operation.  The environmental effect is present in both the flight operations and in the aircraft maintenance environment at the deployed location.  The environmental effects of the current operations in OIF and OEF are significant.  The environment of operations includes some of the most austere conditions on earth.  The temperature extremes in Iraq in the summer months are some of the most extreme on earth and in some instances are beyond the design standards and capability of much of the equipment employed.  The sand environment in Iraq and Afghanistan is austere and is a significant driver in maintenance actions and a significant causal factor to further aircraft damage.  

7.0	 Frequency, Severity and Technology

The environmental causes to aircraft damage have changed significantly over the years of the operations and have been significantly improved due to technology insertions.  The most direct impact of sand operations will be seen in the equipment breathing the air in that environment.  Specifically that means engines and APU’s requiring the air source to operate and the rotor systems that use the air supply to generate lift.   All of these systems were significantly impacted and were a major maintenance and battle damage driver in the early operation of OIF.  Unprotected blade systems were eroding in tens of flight hours.  Engines power would degrade below minimum required power levels in tens of hours as opposed to hundreds of hours.  Technologies to protect these systems were quickly introduced and have had a significant effect on mitigating the damage seen on aircraft systems.  An array of filtration systems have been employed to protect air breathing engine and APU systems.  Barrier filter systems are common on many systems that filter contaminants before entering the air path.  Other systems utilizing centrifugal force separation of air and sand particles are employed on other systems.  
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Figure 7:  Engine Intake Barrier Filter (EIBF)

The rotor and blade systems of most aircraft now employ some form of bade erosion protection.  In the early days of OIF this ranged from frequent painting to tape appliqué as a sacrificial erosion material.  That technology has matured slowly with the advance in material solutions and the field application of those materials.  The effects of sand environment on critical components have been significantly reduced due to the introduction and advancement of material solutions.  An example of the advancement is the employment of HONTEC blade coated solutions in Iraq.  The battalion worth of UH-60 blades were recently equipped on a rotation to Iraq.  The blades lasted the entire rotation without a single blade failure due to erosion. The frequency of sand and dust environmental conditions is also mitigated based on the phase of the operations.  The early stages of OIF operations were conducted from unimproved airfields and dust was a major problem.  Current operations are predominantly from hardstand airfields and consequently, erosion problems are much reduced.

8.0	 Degraded Visual Environments

A special category of environmental conditions is Degraded Visual Environment.  This is the broad category of any environmental conditions that result in reduction or elimination of pilot visual cues.  The most prominent of these in OIF and OEF is “brownout” landing conditions.  In the early period of the operations, brownout conditions were prevalent and caused many accidents or incidents.  The number and severity of brownout incidents has been significantly reduced in recent years for several reasons.  One reason is the TTP’s of the current operations has a much larger percentage of operations originating from hard stands.  This alone minimizes the frequency of encountering of brownout conditions during operations.  A second reason for brownout reductions is the introduction of aircraft with flight director functionality in the flight control systems.  CH-47F and UH-60M aircraft have flight director modes that greatly enhance the ability to fly and land with little or no visual cues.  There are also symbology solutions that have been sporadically fielded and add aided in the cockpit to help the pilot successfully land and takeoff in zero visibility conditions.
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Figure 8:  Symbology for Low Visual Cue Environments

9.0 Aircraft Performance Degraders

Many accidents and resulting battle damage to aircraft are a result of less than adequate aircraft performance and handling qualities. This is especially true in the low speed regime of flight.  Helicopters with conventional rate command flight control systems are difficult to fly precisely especially in austere environmental conditions and under degraded visual conditions.  Figure 10 shows the results of extensive handling qualities simulations and flight tests showing the handling qualities rating as a function Usable Visual Cueing.  The data shows the only UCE condition where level 1 handling qualities are achieved for rate command control systems is in day conditions.  This category of casual factor is closely coupled with the environmental factor since the issue is aircraft handling qualities in the presence of less than adequate cueing information.  This category is separated out only because the potential solutions involve improving the aircraft as opposed to improving the visual cueing information.  There is a lot of research that shows the beneficial effects of modern flight controls on rotorcraft.  Figure 9 also shows the benefits to be gained by incorporating Attitude Command Attitude Hold (ACAH) and Translation Rate Command (TRC) control response systems.  Figure 9 also briefly describes the different control response systems and their attributes, including a low speed flight control transition plot showing response due to a conventional rate command control laws versus response to modern ACAH and TRC command control laws in low speed flight.  

10.0 Frequency, severity and Technology

Most aircraft incidents in this category are low speed events centered on landings.  There are many hard landings reported with moderate to severe results.  Some landings have ripped landing gear off aircraft. The frequency of occurrence of those events remains high but is being reduced due the introduction of new aircraft models with better flight control systems,  The CH-47F is in service and has on it a Digital Automated Flight Control System with the modern flight control laws.  This provides for tremendous improvement in low speed and hover handling qualities and greatly improves this causal factor.  The UH-60M also introduces a significant improvement in the outer loop flight controls with flight director functionalities of Hover hold and position hold autopilot features.  This also has and will continue to reduce the frequency of this casual factor and is only limited by the rate of introduction of the aircraft model improvements.  







Figure 9:  Flight Control Response Types
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Figure 10:  Modern Handling Qualities

11.0 Controlled Flight into Terrain (CFIT) and Obstacles

CFIT is a classic aviation accident category representing powered flight into fixed terrain.  For rotorcraft, this category is separate from the landing phase of flight. The factors here are situational awareness in the cockpit of the local terrain in the area of operations. The obstacle strike is a perpetual problem for rotorcraft with wires being the single biggest obstacle being struck.  Wires are difficult as they are not necessarily a permanent terrain feature that would be included in data bases.  

12.0 Frequency, severity and Technology

There are many technologies that have been fielded on modern helicopters that are significantly reducing the frequency of CFIT accidents.  Those technologies center around incorporating a prior knowledge from terrain data bases into systems on the aircraft allowing for unprecedented Situational Awareness in the cockpit.   Current DTED databases incorporated into moving map flight planning systems and displayed in the cockpit have helped reduce the CFIT accidents tremendously.   The CFIT causal factor for the US Army has been significantly reduced almost to the point of being eliminated due to the situational awareness provided in the cockpit.   Wire strikes on the other hand remain a significant problem.  There are sensor technologies being worked to aid in seeing and warning crew in the cockpit of potential wires but these systems are immature, costly and heavy.   

13.0 Comparison to OSD Study

A recent Office of the Secretary of Defense study on aircraft survivability provides an excellent perspective to this topic of battle damage.  The OSD study looked only at aircraft loss data from all services from the period of October 2001 to December 2008.  The data examined included only class A data involving aircraft loss or fatalities.  The results of the study parallel nicely with this topic and are discussed below

14.0 goals

The study looked at all accidents and categorized them into 3 loss categories:  

Combat Hostile Action, 

Combat Non-Hostile and 

Non-Combat.  

Each of these loss categories has stated goals as outlined by congress.  The goal of the Combat Hostile Action category was to have a loss rate less than or equal to that experienced in the Vietnam War.  The goals for both the Combat Non-Hostile and the Non-Combat categories were to achieve less than 0.5 incidents per 100,000 flight hours.  

15.0 Overall Results

The study showed that the current rate of loss due to hostile action already showed a loss rate 6 times less that during Vietnam exceeding the congressional goal.  The rate of loss of rotorcraft to Combat-Non Hostile exceeded the goal by a factor of 10 and the Non-Combat loss rate exceeded the goal by a factor of 4.  These two areas are clearly the areas for improvement and technology focus.  The overall results are shown plotted in graphic 1 below.  It also shows the rotary wing aviation in relation to fixed wing aviation over the same time period.  Clearly the rotary wing rates are higher than the fixed wing incident rates by approximately a factor of two.  This is not surprising and is consistent with historical accident rates for fixed and rotary wing aircraft. The study also looked at causal factors for the incidents investigated and identified technology improvements necessary to achieve the stated goals of the congress and the OSD study.  The causal factors are listed below in Chart x and are in general agreement with the causal factors presented in this paper for US Army experience.  The technology improvements are also presented and are in agreement with the Army assessments presented in this paper.

16.0 Summary and conclusions

Battle damage has been assessed in terms of numbers of occurrence, rate of occurrence and causal factors.  The effects of current operations in OIF and OEF have been discussed and the mitigating factors employed to date and potential new technologies have been discussed.  The remaining sections of this lecture series will examine the processes and procedures of executing the aircraft battle damage assessments and repairs within the US army maintenance program.  



Technologies Prioritization:  The OSD study also looks at current and emerging technologies 








Figure 11:  DoD Aviation Class ‘A” Mishaps





Figure 12:  Top Priority Solutions for All Loss Causes
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Technology to the Warfighter Quicker


Flight Control Response Types


Attitude Command Attitude Hold (ACAH):


• Step pilot control input commands steady attitude change, centering the control returns the attitude change to zero and holds the attitude against disturbances.  • ACAH reduces pilot control task by one integration:   easier control task even in degraded visual environments


Translational Rate Command (TRC) means:


• Step pilot control input commands velocity change, centering the control returns the velocity to zero.  • TRC reduces pilot control task by two integrations:   very easy control task (like driving a car)


Rate Command(RC) means:


• Step pilot control input commands angular rate, so pilot has to integrate the response to predict the effect on attitude (and two more integrations for the effect on position)  a difficult control task even in good visual environmentCommand:  Step cyclictimeangular rateattitudeattitudeangular rateattitudevelocity
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1. INTRODUCTION


Improving the performance of aircraft and other military hardware is of prime concern to designers. The designers strive to build the military hardware which is light with improved performance and at the same time have low acquisition and life cycle costs. Recent developments in structures and materials technologies along with advancements in propulsion and flight control systems has resulted in quantum advancements in the performance of aircraft and other military structures.  Current military hardware has greater reliability and low maintenance cost. 


The major factors contributing to the improved performance of military hardware have been advanced materials and new structural concepts.  New materials such as composites and structural concepts such as sandwich construction have resulted in lighter structural designs with superior performance. 


The development of composite materials over last few decades has influenced every field of human life be it civilian or military. In military arena, one finds application of composites in almost every aerospace structure, ships, tanks, and marine structures. On civilian side one finds use of composites in bridges, sporting goods, repair of existing steel and concrete structures, enhancing earthquake resistance of existing structures, etc.  


Elements of composite and sandwich structures are discussed here. It is not possible to cover every aspect of this vast subject. The purpose here is to impart the basic knowledge so that the people involved in the structural repairs will have better understanding of the repair processes.

2. COMPOSITE MATERIALS


A composite material consists of two or more constituent materials combined in such a way that the resulting material has more useful applications than the constituent materials alone. The constituent materials play a key role in the development of the final material properties. Advanced composite materials used in structural applications are obtained by reinforcing a matrix material with continuous fibers having high strength and stiffness properties. The selection of a composite material for any application will involve selection of reinforcing fiber and matrix, and their fractional volume in the resulting material. A properly selected combination will give a composite material with following advantages:

· High strength and stiffness-to-weight ratio;

· Low weight;

· Excellent corrosion resistance;

· Excellent fatigue resistance ;

· Can be “tailored to fit”.

2.1. Fiber Forms


Many types of reinforcement fibers are currently available. The fibers that have been used include:  glass, aramid, carbon (graphite) and boron (Ref. 1-2). Reinforcements like ceramic fibers, metallic fibers, and whiskers have also been used in specific applications. 


Glass fibers are produced by mixing various ingredients in specific proportions, melting the mixture in a furnace, and drawing molten glass in the form of filaments. The proportions of various ingredients depend on the product form desired. E glass fibers are used in electrical applications and S glass fibers are used in strength critical situations. S glass fibers are sometimes woven in composite materials to increase toughness and impact resistance.  


Carbon or graphite fibers are produced by pyrolytic degradation of an organic precursor material. The commonly used precursor materials include polyacrilonitrile (PAN), rayon and pitch. The fibers produced from PAN precursor are high strength and low modulus, whereas pitch fibers are high modulus and low strength.  Carbon fibers contain 92 to 99 percent carbon and graphite fibers contain 99 percent carbon.


Aramid fibers are aromatic polyamide fibers made from a polymer solution that is pressure extruded into a chemical bath by a procedure standard for synthetic textiles fibers. Commercially available fibers are Kevlar 29, Kevlar 49 and Nomex.


Boron fibers are obtained by depositing elemental boron over a tungsten substrate, using chemical vapor plating. Boron fibers are larger in size as compared to glass, carbon and aramid fibers. Hence, difficult to work with in the fabrications process.  


The reinforcement fibers are generally available in the form of a tow, or in a band as shown in Figure 1a. A woven form of the reinforcements (Figure 1b) is also used in certain cases, depending on the application of the composite.
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Figure 1a- Fiber Forms
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Figure 1b- Unidirectional Weave


A comparison of important properties of typical fiber reinforcements are shown in Table 1. Glass fibers have low modulus as compared to boron and graphite fibers. Glass fibers have high tensile strength as compared to graphite fibers.

2.2. Matrix Materials


There are mainly three different types of matrix materials- organic polymers, ceramics and metals. The majority of composites currently used are polymeric matrix composites. The selection of the matrix material is primarily governed by the service temperature. Polymeric matrices are useful up to temperatures of about 2500C. Most of the aluminum metal matrices are good for temperatures up to 2500C. Titanium matrices are good for temperatures up to 3500C. Ceramics can withstand temperatures exceeding 10000C.




Table 1: Fiber Properties

Polymeric matrices have lowest density, hence, produce lightest composite materials. For applications where temperatures are below 2500C these matrices are best suited. In the majority of civil and military aircraft applications, the service temperatures are below 1200C. In supersonic aircraft, engine components, and the areas near exhaust temperatures are likely to be high. In such cases polymeric matrices may not be suitable.

A major consideration in the selection of matrices is the processing requirement of the selected material. Polymers, ceramics and metals have different processing requirements that affect manufacturing costs. Developments in the processing of polymeric composites have made these materials most suitable for manufacturing advanced composite components.

2.3. Definition of Commonly used Terms


A-Stage- An early stage in the reaction of a thermosetting resin in which the material is still soluble and fusible.

Bleeder Cloth- A non-structural layer of material used in the manufacture of composite parts to allow the escape of excess gas and resin during cure. The bleeder cloth is removed after the cure and does not form a part of the composite part. The bleeder ply is separated from the laminate by a porous release ply which is discarded after the part fabrication.

Breather Cloth- An open weave material which acts as a path for trapped air and volatile materials which are drawn out under vacuum. Breather cloth is the last layer applied under vacuum bag.    


B-Stage- An intermediate stage in the reaction of a thermosetting resin in which the material softens when heated and swells in contact with certain solvents but does not entirely fuse or dissolve. Materials are usually procured in this stage to facilitate handling and processing prior to final cure. 


C-Stage- The final stage of the curing of a thermosetting resin in which the material has become infusible and insoluble in common solvents. Fully cured thermosets are in this stage.    


Cure- A process of changing the properties of thermo-setting resin irreversibly by chemical reaction. Cure may be accomplished by addition of curing (cross-linking) agents with or without catalyst, and with or without heat.


Cocuring- The act of curing a composite laminate and simultaneously bonding it to some other prepared surface during the same cure cycle.              


Delamination- The separation of the layers of material in a laminate. The delamination may be local or cover a large area of a laminate. It may occur during cure, fabrication or service life of a laminate. 


Disbonding- A lack of proper adhesion in a bonded joint. A disbond may be in local area or over a large region of the joint. It may occur during fabrication process or during the service life of a joint.     


Hand Layup- A process in which components are placed in a mold, and the composite is built up and worked by hand.


Hybrid- A composite laminate comprised of laminae of two or more composite materials.  


Isotropic- Having uniform properties in all directions.


Lamina (Plural Laminae) - A lamina is an arrangement of unidirectional or woven fibers in a matrix as shown in Figure 2.  The principal axes of the lamina are along the fiber direction and perpendicular to fiber direction. 
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Figure 2- Types of Laminae


Laminate- A laminate is a built-up of a stack of laminae having fibers orientated in different directions. A lay-up of typical laminate is shown in Figure 3. A laminate having plies placed symmetrically about the centerline is termed as symmetric laminate as shown in Figure 3.     


Prepreg, Pre-impregnated- A combination of mat, fabric, fibers with resin, advanced to B-stage, ready for curing. 
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Figure 3- Typical Laminate Lay-up
(02/±45/0/90/0/±45/02) or (02/±45/0/90)S

Resin Content- Amount of matrix material present in a composite either by percent weight or volume.

Scrim (Glass Cloth, Carrier)- An open mesh woven fabric used in the processing of tape or other B-stage material to facilitate handling. Also, used in bonding process to control adhesive thickness.     


Shelf Life- The length of time a material or a product can be stored under a specified environment without undergoing any degradation in properties required for the intended use.  


Symmetrical Laminate- A composite laminate in which the ply orientation is symmetrical about the laminate mid- plane.  


Thermoplastic- A plastic that can be repeatedly softened by heating, and hardened by cooling through a temperature range characteristic of the plastic. In the softened stage the plastic can be formed in a desired shape by molding or extrusion.     


Thermoset- A plastic that is substantially infusible and insoluble after being cured by heat or other means.


Wet Lay-up- A method of making reinforced product by applying a liquid resin system while reinforcement is put in place.

2.4. Material Handling and Storage


Polymer matrix prepreg materials have to be handled properly and stored in proper environments to assure the quality of the material. The storage requirement and shelf-life are established by the manufacturer based on the chemical composition and mechanical properties at the time of storage in the controlled environments. Thermoset matrix composites and adhesives are stored in sealed bags at 00F (-180C). The storage process retards the “aging” or partial curing of polymer and extends the shelf-life. The sealed containers or bags prevent the condensation during the storage. When the prepreg is removed from the freezer for laminate fabrication, it is allowed to thaw in the sealed containers until it reaches ambient conditions. 


Polymer matrix prepreg generally has a backing sheet that improves the handling quality and protects prepreg from handling damage. Non-woven unidirectional tapes can otherwise split between fibers. Clean, white lint-free cotton gloves are recommended when handling prepreg material to prevent transfer of skin oil to the material. Splinters are not present in the uncured prepreg; however, caution should be exercised to avoid penetration of small diameter fibers into the hand from prepreg edges.

A clean room environment similar to that for bonding process is required when prepreg is to be handled for fabricating laminates. Prepreg must be shielded from impurities and moisture. Fabrication area must be enclosed and doors to remain closed even when area is not in use. Temperature and humidity should be controlled within the limits shown in Figure 4 (Ref. 1). 
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Figure 4- Composite Fabrication Area Requirements

2.5. Laminate Code


A laminate is designed to have specific lay-up or ply arrangement based on the design requirements. Laminates having no symmetry about mid-plane in lay-up are represented as total plies of the laminate.  The fiber orientations of all the plies are sequentially written within brackets and are separated by a slash as shown in Figure 5. The plies having fibers orientated at 45 degrees may have fibers along +45 or -45 degrees with reference to the principal axes of the laminate. The use of ± prefix implies two plies one having fibers along +45 and other along -45. A subscript “T” is used after the closing bracket to denote the total laminate























Figure 5- Total Laminate Definition


In some laminates the plies may be symmetrical about the mid-plane of the laminate.  For a symmetrical lay-up the laminate code is shown in Figure 6 where only half the plies are represented for convenience.  A subscript “S” is used after the closing brackets to denote the symmetric laminate.   




























2.6 Figure 6- Mid-plane Symmetry Laminate Definition


2.6. Lamina and Laminate Properties


The properties of a cured laminate depend on its individual lamina or ply properties and are computed from lamina properties using classical laminate plate theory. Hence, it is necessary to characterize properties of a cured lamina.  The physical and mechanical properties of interest are obtained from sufficient number of replicate tests so that statistical analysis can be performed to account for any variation in test data. The current Military Handbook No. 17 (MIL-HDBK-17) recommends 6 tests each on 5 batches of material for each lamina property. This provides B-basis properties using statistical analysis of sets of 30 results for each property. A B-basis value is obtained by assuming 90 percent probability of occurrence with 95 percent confidence level. Table 2 shows typical lamina physical properties.

Table- 2 Typical Cured Lamina Physical Properties


Lamina mechanical properties that characterize a material are- fiber direction modulus, strength and failure strain; transverse direction modulus, strength and failure strain; in-plane shear modulus, shear strength and strain to failure; and major Poisson ratio. These properties are obtained under tension and compression loads under various environmental conditions. Standard ASTM tests are used to obtain these properties. Table 3 shows typical lamina mechanical properties for graphite/epoxy under Room Temperature Dry (RTD) conditions.

Lamina properties are generally used to obtain laminate properties using laminate plate theory.  The laminate properties are shown in the form of carpet plots for various laminate lay-ups (e.g. various percentages of 0 degree, ±45 and 90 degree plies). Strength predictions are based on assumed failure criteria and are generally based on the first ply failure (fiber failure). A typical allowable strength plot for graphite/epoxy material is shown in Figure 7. Similar plots for other material properties are available in US Air Force design guide and FAA Handbook.  


2.7. Manufacturing Operations


The manufacturing of composites involves several operations depending on available technology, facilities and personnel skills. Figure 8 shows an overview of the process. A typical manufacturing process starts with receiving the materials that may include tapes, broad goods, and adhesives. The materials are checked by quality assurance personnel to verify that the materials meet the necessary specifications. The materials are then stored in the freezer. As per the drawing requirements, the prepreg is cut to the required shape either manually with a knife or with a reciprocating cutter, or with a controlled knife. The required tooling is matched with the prepreg. The tooling undergoes preparation as per manufacturing requirements.  The amount of time prepreg remains outside the freezer is closely recorded. 


Table 3- Typical Room Temperature Dry Lamina (RTD) Mechanical properties
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The tool, cut prepreg, and paperwork is taken to the lay-up area where the actual hands-on lay-up process takes place.  Process coupons are simultaneously fabricated to investigate the fabrication quality by destructive tests. Quality assurance people check the lay-up prior to the bagging/sealing operation. The inspected bagged and sealed lay-up is placed in an autoclave for curing. After the cure, the part is separated from the tool.





























Figure 8-Overview of Manufacturing Process


Commonly used fabrication methods for composite parts are- 1) Vacuum bag processing, 2) Autoclave processing, 3) Compression molding, 4) Filament winding, 5) Pultrusion, and 6) Braiding.   


Vacuum Bagging


This process uses a flexible film or rubber bag that covers the part lay-up. The bag allows the evacuation of air from the part to apply atmospheric pressure. Using the vacuum bag pressure for consolidation is a common practice. The only limitation of the vacuum bag process is the limited pressure that can be applied.  In the autoclave process much higher pressure can be applied which may be necessary in fabrication of some complex parts. The bag in the vacuum bag process serves two purposes namely- 1) it removes volatiles during cure, and 2) It provides pressure of one atmosphere. Certain amounts of voids are present when plies of prepreg are laid on the lay-up tool. By applying vacuum bag on the tool, sealing it to the tool, and drawing a vacuum, a pressure of 15 psi (103 KPa) is created on the lay-up material. A proper vacuum bag process must meet the following requirements:

· Impervious to air passage


· Apply uniform pressure 


· Must not leak 


· Good vacuum path must be provided to evacuate air between the bag and tool


The most common vacuum bag process uses a disposal bag made of nylon or Kapton polyimide shown in Figure 9 (Ref. 1). Other process uses reusable silicone rubber bags. 
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Figure 9- Disposal Vacuum Bag Process 


Autoclave Process


An autoclave process uses a pressure chamber to apply heat and pressure during the consolidation and cure process. Autoclave method is the most common method used in the aerospace industry to make composite parts. The autoclave process is an economical method for making structural parts. The commonly used autoclave is capable of applying pressure of up to 200 psi (1400 KPa) and temperature of at least 350F (about 180C) and up to 600F ( about 300C).  The autoclaves are generally programmable and temperature/pressure history can be automated.

Compression Molding


The compression molding (matched die) process uses large presses to compress the prepreg material between two matched steel dies. The present use of this process is limited to discontinuous fiber composites. The process has application to the use of secondary structural parts.  A typical compression molding press is shown in Figure 10.  


Filament Winding


Filament winding is a mechanically automated process making parts of simple geometry by wrapping a male tool with filaments impregnated with matrix. This process is well suited for parts which are curved in shape (cylindrical or spherical).  Filament winding process has been widely used in helicopter industry for making drive shafts, tail booms and rotor blades.


The filament winding process is named dry if it utilizes prepreg material and wet if it uses fibers passed through a resin bath. The fibers can be continuous fibers of glass, aramid or graphite. Figure 11 shows a typical dry filament winding process.
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Figure 10- Compression Molding Press
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Figure 11- Filament Winding Process

Pultrusion 


Pultrusion is a mechanically automated process used to produce shapes by pulling rovings through a shaped and heated die as shown in Figure 12. The process utilizes pre-impregnated rovings or rovings that are pulled through a resin bath to impregnate the fibers. The rovings go through a heated die that represents the cross section of the finished part. The curing is done by heating the die and /or microwave curing. The process is used to make shapes of constant shape such as I-beam, box or tube.  
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Figure 12- Continuous Pultrusion Process


Braiding


The braiding process involves the weaving of fibers into the shape by repeatedly crossing them back and forth over a mandrel. The method is a product of textile technology and uses equipment adapted from textile industry. The main advantage this process offers is a rapid, automated method for forming an interwoven structure.       


2.8. Trimming and Machining of Composites 


Special tools and operation techniques are needed to trim and machine composite materials. Special cutting equipment is required for hybrid composite structures (composite structures with layers of metallic materials). The proper trimming and machining operation should meet the requirements that there is no splintering or delamination of surfaces that can be seen visually, and no discoloration due to heating. 


Specialized tooling and controlled feeds and speeds are needed to meet the machining requirements. Jobbers conventional carbide tipped or solid carbide drills are well suited. Recommended drilling speed depends on the hole diameter. For holes up to 0.25 inch (6.35 mm) a drilling speed of 3000 RPM is recommended and for larger diameter holes a reduced speed is suggested (e.g. for  holes of 0.375 inch (9.5 mm) a speed of 1000 RPM).  


For most cases drilling a hole in composites is a two step process. Plain hole or countersink hole is drilled initially and then a reaming operation follows. A coolant may be used to help flush chips from the drill. Some type of vacuum system is also required to contain dust generated by drilling operation.  


Due to the brittle nature of composites some type of back-up support on drill exit side is required to prevent splintering of the material on exit side. Common back up materials are- fiberboard, fiberglass, wood, and aluminum. Even when drills or cutters are properly used, some burns or splinters occur. These are easily removed by sandpaper.    


3. SANDWICH STRUCTURES

Sandwich construction has found extensive application in aircraft, missile and spacecraft structures due to high strength to weight ratio. This type of construction consists of thin, stiff and strong sheets of metallic or fiber composite material separated by a thick layer of low density material as shown in Figure 13. The thick layer of low density material commonly known as core material may be light foam type (e.g. Nomex core or Rohacell as shown in Figure 14a) or metallic honeycomb as shown in Figure 14b or corrugated core as shown in Figure 14c. The core material is generally adhesively bonded to the face sheets.  
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Figure 13- Honeycomb Construction
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(a) Foam          (b) Honeycomb      (c) Corrugated


Figure 14- Types of Cores


In some sandwich construction the core may be made of metallic or composite material corrugations (Figure 14c). The corrugated core may be adhesively bonded, rivet bonded or weld bonded if the face sheets are metallic material. For sandwich construction using composite face sheets, the core may be bonded or co-cured with face sheets. A sandwich construction has following advantages- 


· High ratio of bending stiffness to weight as compared to monolithic construction.  


· High resistance to mechanical and sonic fatigue.  


· Good damping characteristic.


· Improved thermal insulation. 


· No mechanical fasteners, hence, no crack initiation sites. 


The mains disadvantages of honeycomb construction are- 


· In-service trapped moisture in the core material causes corrosion problems. Hence, degradation in the structural integrity of the parts.    


· A good quality control is needed during the fabrication process to make sure that there is no disbonding in the adhesive layer. 


· Disbonds may initiate and propagate in the adhesive layer during service and thereby reduce the load carrying capacity of structures.  


3.1. Failure Modes


Failure modes in sandwich structures are different from those in monolithic structures. The general failure modes that might occur in sandwich structures, depending on the design and core material, are shown in Figure 15 (Ref. 3). 














Figure 15- Failure Modes in Sandwich Structures


General Buckling- The general buckling of a panel might occur if the panel thickness is not sufficient or core rigidity is insufficient. 


Shear Crimping- This occurs as a consequence of general buckling. It is caused by low core shear modulus or low adhesive shear strength. 


Face Wrinkling- In this failure mode, a face sheet buckles acting as a “plate on an elastic foundation” with core acting as an elastic foundation. The wrinkling of face sheet may occur inwards or outwards depending on relative strength of core in compression and adhesive strength in tension.   


Intracell Buckling (Dimpling) - This failure mode occurs in panels with cellular cores due to thin face sheets or large core cell size.  This failure mode may propagate in adjoining cells and thus causing face sheet wrinkling.   


Face Sheet Failure- This failure mode is caused by insufficient panel thickness, face sheet thickness or face sheet strength.


Transverse Shear Failure- This type of failure mode is caused by insufficient core shear strength or panel thickness.  


Flexural Crushing of Core- This is caused by insufficient core compressive strength or excessive panel deflection.  


Local Crushing of Core- This failure mode is caused by low core compressive strength. 


3.2. Design Considerations


A sandwich structure is designed to make sure that it is capable of taking structural loads throughout its design life. In addition, it should maintain its structural integrity in the in-service environments. The structure should satisfy the following criteria:

· The face sheets should have sufficient stiffness to withstand the tensile, compressive, and shear stresses produced by applied loads.

· The core should have sufficient stiffness to withstand the shear stresses produced by applied loads.


· The core should have sufficient shear modulus to prevent overall buckling of the sandwich structure under loads.


· Stiffness of the core and compressive strength of the face sheets should be sufficient to prevent the wrinkling of the face sheets under applied loads. 


· The core cells should be small enough to prevent inter-cell buckling of the face sheets under design loads.


· The core shall have sufficient compressive strength to prevent crushing due to applied loads acting normal to the face sheets or by compressive stresses produced by flexure. 


· The sandwich structure should have sufficient flexural and shear rigidities to prevent excessive deflections under applied loads.

· Sandwich materials (face sheet, core and adhesive) should maintain the structural integrity during in-service environments.

4. SUMMARY


Composite materials technology has made tremendous strides in last couple of decades. Advanced resin systems, fibers, manufacturing technology, and new design concepts have been developed.  Besides aerospace, the applications of composite materials has been extended to a number of fields such as sporting goods, civil engineering, army tanks, ships, strengthening of structures against earthquake damage, etc. It is not possible to cover in details all aspects of composite materials technology in this tutorial. Some basic knowledge of the technology is provided here to familiarize people who may be involved in repair technology.
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1.0 INTRODUCTION 


All structures are prone to damage during their lifetime. The damage may be introduced in the structure 
when it is manufactured or may be caused by in-service environment or initiate during the service life of a 
structure. Various damage types occurring in metallic and composite structures are shown in Table 1. The 
sources of damage in metallic structures and their effect on structural integrity of metallic structures are 
well established and are not discussed in the present paper.  


Table 1: Common Damage/Defects in Metallic and Composite Structures 


 
 
Aircraft structures are designed to meet durability and damage tolerance requirements to ensure that the 
structure is safely operated during its design life without catastrophic failure. The prime examples of 
defects/damage in composite structures with their source are summarized in Table 2 (Ref. 1). It may be 
noted that battle damage, engine disintegration, and lightning are not a part of damage tolerance design.  


Metallic Structures                Composite Structures 
 
Flawed Fastener Holes            Flawed Fastener Holes 
Fatigue Cracks                         Delaminations 
Corrosion                                 Porosity                               
 Stress Corrosion                      Matrix Cracking 
 Foreign Object Damage          Foreign Object Damage 
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Table 2: Common Defects/Damage in Composites and Source 


 
 


Various types of damages, including battle damage, in composites and their effects on strength and 
durability are discussed here. The extent of damage covered by damage tolerant design is also discussed. 


2.0 EFFECTS OF DAMAGE/DEFECTS IN COMPOSITES 


2.1 Porosity 
Porosity is one of the most common defects found in composite parts. The porosity is caused by 
inadequate tooling, incorrect lay-up and cure procedure. The presence of porosity can degrade structural 
strength depending on the extent and location of the porosity in the composite component. A typical 
photomicrograph of a composite laminate showing porosity is shown in Figure 1.  


 


Figure 1: Photomicrograph of Composite Showing Porosity. 


Ultrasonic C-scan or X-ray radiography during quality control generally detects the porosity. These 
techniques show only the presence of porosity but not the quantitative level. In order to determine the 
influence of porosity on structural performance it is necessary to know the quantitative level of porosity. 


DEFECT/DAMAGE           SOURCE 
TYPE 
 
Manufacturing Defects 
Porosity                                 Lay-up/Processing 
Flawed Fastener Holes          Fabrication/Assembly 
Delaminations                       Processing, Fabrication, 
                                              Assembly 
During Service 
Flawed Holes, Gouges,         Servicing access damage, 
Scratches                               Access attachments 
Impact Damage                     Service carts, Work stands, 
                                              Tool boxes, Tools 
Flight/Taxi 
Impact, Penetration              Hail, Bird, Detached fairing, 
                                              Runway Debris, Blown tires 
Service 
Delaminations                      Flight loads- (Initiation at 
                                             Holes, Ply-drop-offs) 
Repair                                 Similar to manufacturing 
                                             defects 
Other Damages                  Battle damage, Engine 
                                             disintegration, Lightning 
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Two common methods used for determining porosity level are: (1) chemical analysis, which determines 
void content, and (2) image analysis of micro-sections taken from the laminate (Ref. 2).  


The influence of artificially induced uniform porosity on static strength has been investigated in Reference 
2 for laminates representative of typical wing skins. The data from Ref. 2 and other sources are shown in 
Figure 2 for AS/3501-6 composite laminates. The figure shows influence of uniform porosity on 
interlaminar shear and static strength under room temperature dry conditions. Strength reductions up to 
40% are observed when porosity level exceeds 2 percent. The data exhibit significant scatter, however, 
strength reduction trend is similar for both loading modes. Some of the scatter is perhaps due to variations 
in porosity level between test specimens and the problems associated with the quantitative assessment of 
the porosity level. The data indicate that for porosity level up to about 2 percent, compression strength 
reduction is similar to that for a filled unloaded hole. Thus, a composite design which uses 0.25-inch (6.4 
mm) diameter hole compression allowable, should automatically account for up to 2 percent porosity. The 
2 percent porosity is higher than that allowable in production quality control specification. 


 


Figure 2: Influence of Uniform Porosity Level on Room Temperature Dry  
(RTD) Interlaminar Shear and Compression Static Strength. 


The influence of uniform porosity on compression fatigue life (Ratio of minimum to maximum stress in 
fatigue loading R=10) has been investigated in Reference 3. Four different laminates under three different 
environments were tested in the reference. Compression fatigue test data for [(45/-45)5/016/904] laminate 
are shown in Figure 3. The figure shows reduced fatigue life for porous laminate as compared to 
nonporous laminate. No significant difference in the fatigue life under room temperature ambient and 
room temperature wet conditions was observed. 


 


Figure 3: Influence of Uniform Porosity on Compression Fatigue Behavior. 


2.2 Delaminations 
Delaminations can occur as processing defects or due to in-service impact damage. Photomicrograph of an 
impact damaged composite laminate is shown in Figure 4 (Ref. 4). The figure shows delamination 
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between several plies, delamination crossover, and fiber breakage. It may be noted in the figure that hardly 
any damage is visible at the impact location on the surface of the laminate, but the inside of the laminate 
has experienced significant damage.  


 


Figure 4: Cross-Section of a Composite Laminate Subjected to Impact Damage. 


Delaminations may also initiate due to service loads at stress concentrators such as holes, ply-drop-off, 
stringer run-out, etc. Typical dio-iodo butane (DIB) X-ray radiograph of delamination around a poorly 
drilled circular hole in a composite is shown in Figure 5a. Radiographs, of a composite laminate, after 
various cycles, tested under fatigue loading, are shown in Figure 5b (Ref. 5). Delaminations between 
several plies are seen and the size of delamination increases with the number of cycles.  


 


 
 
 
 
 
 
 
 
 


Figure 5: Dio-iodo Butane (DIB) X-Ray Radiographs of Delaminations. 


Delamination growth is the predominant phenomenon that occurs in composites under fatigue loads and 
can represent a serious problem in composites particularly under compression loads due to the local or 
global buckling. The influence of circular delamination location and size on the compression static 
strength of a 36-ply laminate [(±45/(0/90)2)2(±45/0/90/±45)]S is shown in Figure 6. The figure also shows 
the 0.25-inch (6.4 mm) diameter open hole compression failure strain for the same laminate. The data for 
the laminate shown in the figure indicate that lowest strength location varies with delamination diameter. 
The figure shows that 1.5 inch (38.1 mm) diameter delamination exhibits same strength loss as 0.25 inch 
(6.4 mm) diameter hole.  


(a) Delamination 
Around a Poorly 
Drilled Hole 


 
(b) X-Ray radiography 
of (90/±45/03/±45)S 
laminate
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Figure 6: Influence of Delamination Location and Size on Compression Static Strength. 


The influence of delamination location on compression fatigue life (R=10) is shown in Figure 7 (Ref. 6). 
In the figure, cyclic minimum stress, normalized with respect to damaged static failure stress, is plotted as 
a function of cycles. The data indicate that delamination location influences the fatigue threshold. The 
fatigue threshold increases as delamination depth increases. 


 


Figure 7: Influence of Delamination Location on Compression Fatigue Behavior (R=10). 


2.3 Surface Flaws 
Surface flaws generally occur in composite structures during assembly of built-up structures. The surface 
flaws cause local stress concentration which will degrade the strength of a structure. 


The influence of half through-the-thickness holes and cracks is investigated in Ref. 7-9. Figure 8 shows 
the effect of half and through penetration slits and holes on static tension strength of T300/5208 composite 
material. For a given slit or hole size, the reduction in tension strength due to half penetration defects is 
not as severe as that for full penetration. At large defect sizes the strength reduction plots become 
asymptotic (at 6000μ inch/inch strain for half penetration and 3,600μ inch/inch for full penetration). 
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Figure 8: Influence of Full and Half Penetration Slits on Static Tension Strength. 


2.4 Impact Damage 


2.4.1 Monolithic Structures 


The ability to resist impact damage is an important design consideration for structures using composite 
materials. The primary source of impact damage to structures is the low velocity damage due to hard 
objects during handling and in-service environments. The impact damage may cause visible surface dents, 
fiber breakage, matrix cracking, and multiple delaminations between plies. The nature of damage is 
dependent on the shape of the impactor, velocity of impact, structural arrangement, and composite 
material properties (Ref. 10-12). Figure 9 shows the photomicrograph of typical impact damage visible on 
external surfaces (Ref. 12)  


Impact Location 


 


 


Figure 9: Cross-Section of a Composite Laminate Subjected to Impact Damage. 


An impact may also cause damage that is not visible on an external surface but can cause severe internal 
damage as shown in Figure 4. The internal damage is inspected by ultrasonic scanning procedures. The 
ultrasonic technique is based on attenuation of signal through the composite part. Typical B, C, and 3-D 
scans of impact damage in composite are shown in Figure 10 (Ref. 12). Studies have indicated that 
considerable reduction in compression strength may occur due to low velocity impact damage that is not 
visible on the impacted or external surfaces. 
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Figure 10: B, C and 3-D Scans of Typical Impact Damage in Composite Laminate. 


A typical variation of strength degradation as a function of impact energy is shown in Figure 11 for both 
tensile as well as compression loading. The figure shows that compression loading causes much more 
reduction in strength as compared to tensile loading. At low energy levels, the reduction in tensile strength 
is not significant but reduction in compression strength is large. This is due to the fact that impact damage 
at low energy levels causes primarily delaminations, which cause strength degradation due to buckling 
under compression loading. At higher impact energy levels, impact damage causes fiber breakage, which 
results in significant tensile strength reduction (Ref. 6). 


 


Figure 11: Tensile and Compression Strength Degradation Due to Impact Damage. 


The damage due to impact may grow under subsequent fatigue loads depending on the load levels, load 
amplitude, size of the damage, and the location of the damage in the structure. A typical growth record, 
obtained by ultrasonic C-Scan, for a composite laminate, tested under fatigue loading at R= -1 and –650F 
(-550C), is shown in Figure 12. The figure shows that the damage grows primarily in the direction at right 
angles to the applied loading.  
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Figure 12: C-Scan of Impact Damage Growth in Specimen Tested Under Fatigue Loading. 


2.4.2 Sandwich Structures 


Susceptibility to impact damage is a point of major concern in the design of sandwich structures with 
composite face sheets. Low velocity impact damage may be caused by tool drop, hail or runway debris. 
Low velocity impact generally affects outer face sheets and inner face sheets remain intact and maintain 
continuous load path. Energy dissipation in composite sandwich panels takes place through matrix 
cracking, fiber breakage, delaminations and core failures. The energy dissipation is dependent on many 
parameters such as face sheet materials and thickness, core material and density, core cell size, and core 
wall thickness. Typical impact damage in a sandwich panel with composite face sheets and honeycomb 
core is shown in Figure 13. 


 


Figure 13: Impact Damage in Sandwich Panel with Honeycomb Core. 


Core damage characteristics in honeycomb and foam cores are schematically shown in Figure 14 and 15, 
respectively, for energy levels of 4 ft-lb (5.4 J) and 6 ft-lb (8.1 J). The extent of core damage is dependant 
on the impact energy level. Completely crushed core occurs at impact site with buckled and cracked core 
in the surrounding area. For foam core damage area is localized. Foam damage area is almost the same 
size as the face sheet damage. 
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Figure 14: Impact Damage in Honeycomb Core. Figure 15: Impact Damage in Foam Core. 


A detailed study of impact resistance of sandwich panels with composite face sheets is reported in Ref. 13. 
Several panels with (±45/02)S Hercules IM8/8551-7A toughened epoxy face sheets and different core 
materials were fabricated and tested. Some results from the reference are discussed here.  


The variation of delamination size with impact energy is shown in Figure 16 for sandwich panel with 8 ply 
face sheets and different core materials. The HRP core has a phenolic resin matrix, the NP core has nylon 
modified phenolic base resin matrix and TPC core uses thermoplastic core. All the three cores have same 
density of 0.64 kg/m3 (4.0 pounds per cubic feet (pcf)). The delamination areas of the HRP core are 25% 
to 65% higher than those of NP or TPC cores. The phenolic resin of the HRP makes core stiff and brittle, 
resulting in cracking on impact. 


 


Figure 16: Variation of Delamination Size with Impact Energy. 


The effect of core density on delamination area is shown in Figure 17 for panel with aluminum and 
Nomex honeycomb cores. The panels have 8 ply face sheets. Panels having lower density core show face 
sheet delamination areas that are 40% to 50%   smaller than those for higher density cores.  The largest 
delaminations are observed for 61 kg/m3 (3.8 pcf) aluminum core with slightly smaller areas for 48 kg/m3 
(3.0 pcf) Nomex core. 
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Figure 17: Effect of Core Density on Delamination Area.  


The effect of impact energy on compression strength of sandwich panels with different core materials and 
8 ply face sheets is shown in Figure 18. All panels with different core materials exhibit reduction in 
compression strength. The percentage reduction in compression strength is about the same for all panels.   


 


Figure 18: Effect of Impact Damage on Compression Strength. 


2.5 Defect/Damage Severity Comparison 
A number of studies have been conducted to study the influence of various defects on strength of 
composite structures (Ref. 6-25). The influence of frequently observed defects and impact damage on 
compression strength is shown in Figure 19. The figure shows damaged compression strength normalized 
with respect to undamaged compression strength plotted as a function of damage size. The ratio of 
damaged to undamaged compression strength for a filled 0.25-inch (6.4 mm) diameter hole is 0.8. These 
results indicate that the strength reduction of 20% due to filled 0.25-inch (6.4 mm) diameter hole is 
comparable to delaminations up to 1.5-inch (38.1 mm) diameter, flawed holes, porosity up to 1.5%. On the 
other hand blunt impact damage causes strength loss that is much higher than that due to 0.25-inch (6.4 
mm) diameter hole. Strength reduction of 58% is seen with barely visible impact damage and 73% for 
easily visible impact damage. These results indicate that impact damage is most severe for static design 
considerations. 


 


Figure 19: Defect/Damage Severity Comparison for Compression Static Strength. 
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3.0 DAMAGE TOLERANCE REQUIREMENTS 


Different certification agencies have different damage tolerance requirements depending on the type of 
aircraft. The initial flaw assumptions for metallic and composite structures are significantly different. 
Table 3 shows the initial flaw assumptions for United States Air Force composite aircraft design (Ref. 15). 


Table 3: Initial Flaw/Damage Assumptions 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


A detailed evaluation of structural degradation caused by these flaws in composite structures has shown 
that impact damage causes the most loss in static as swell as fatigue strength. The size of impact damage, 
assumed to be present in composite structures to meet design requirements, is schematically shown in 
Figure 20 (Ref. 15). Two cut-offs are shown in the figure. The first cut-off is the impact energy of 100 ft-
lb (135.6 Joules) that corresponds to dropping of a tool box from shoulder height of 5 feet (1.52 m) and 
the second a visibility cut-off of 0.1-inch (2.5 mm) dent depth. The figure shows that the requirement does 
not cover all non-visible damage; however, the 100-ft-lb (135.6 J) impact is considered a conservative and 
a rare event (once in lifetime per aircraft fleet). 


 
Figure 20: Impact Damage Requirements. 


Due to the nature and extent of high velocity impact damage, there are no clear cut design requirements 
for the high velocity impact. Ref. 26 gives extensive information on high velocity threats, damage due to 


   Dent Depth (inch)          Laminate thickness 
             Visible Cut-Off     t1<t2<t3<t4<t5 
                                   t1      t2          t3         Energy 
0.1                                                                 Cut-off 
                                                                        
 
0.05                                                    t4 
                                                                       t5 
 
0.0     
           0           25          50           75          100  
            Impact Energy (Ft. Lbs)  


Damage Type     Flaw/Damage Size(1) 
                                           
Scratches             Surface scratch 4 inch (100mm) in length and 0.02 inch (0.5mm)  deep 
 
Delamination       Interply delamination equivalent to 2 inch (50 mm) diameter circle with 
                             dimensions most critical at its location(2) 


 
Impact Damage   Damage from a 1.0 inch (25 mm) hemispherical impactor with 100 ft-lb  
                             (135.6 Jules)kinetic energy  or with that kinetic energy required to cause 
                             a dent 0.1 inch (2.5 mm) deep, whichever is least. 
 
NOTES 
(1) For limited access areas such as the interior of a wing, the contractor shall have the 
option of proposing an inspection procedure before closeout which will allow the assumed 
damage area size to be reduced.   
(2) This requirement also accounts for delamination that might occur and be non-detected 
as a result of in-service repair.                    
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the threats, and their effect on the structural integrity of aircraft structures. The reference gives the 
following guidelines for impact damage tolerance: 


• The aircraft should be capable of sustaining a single impact by the design threat without failing 
strength critical structure when loaded at the time of impact with two-third of limit load. 


• The damaged aircraft should be capable of sustaining limit load without failing strength critical 
structure during the remaining mission profile.  


• The alteration or extension of the projectile damage, caused by the cyclic loading environment, 
should be determined for the mission segment between projectile impact and return to the base or 
sortie completion; and the effect of alteration or extension should be considered on strength, 
stiffness and rigidity requirements.  


• After being damaged by the design threat, the aircraft should be free from flutter, divergence, and 
other aeroelastic instabilities at all speeds up to limit speed for the remainder of mission profile 
for each threat, mission and encounter condition specified.  


4.0 HIGH VELOCITY IMPACT DAMAGE 


The survivability of an aircraft in a non-nuclear environment is of considerable concern to designers. 
Aircraft structures are subjected to rapid loss of strength and possible catastrophic failure following high 
velocity impact from ballistic threats. Several investigators have attempted to characterize damage due to 
ballistic threats and analytical and empirical models have been developed. Some aspects of high velocity 
impact damage are briefly discussed here. 


4.1 Ballistic Threats 
Non-nuclear threats are categorized (References 26-27) in four types- 1) Non-exploding projectiles, 2) 
High Explosive (HE) exploding projectiles, 3) Missile Warheads, and 4) High energy lasers. There are 
several types of non-exploding projectiles including ball (B), armor piercing (AP), incendiary (I) and 
tracer (T). Ball projectiles, available in 7.62 mm, have a soft core deigned to deform at impact, and are 
intended for use against personnel. Armor piercing projectiles (typically available in 7.62, 12.7 and 14.5 
mm) have a hardened steel core designed to pierce hard targets. An incendiary projectile contains 
thermally active filler that works on an impact and is capable of igniting onboard flammable fluids such as 
fuel and hydraulic fluid. Trace projectile contains material that burns brightly along the flight path and 
provides assistance in aiming and sighting. High explosive (HE) projectiles contain an explosive charge 
that is activated by impact. HE projectiles are of two types-“superquick” and “delayed”. The “superquick” 
detonates on impact with the surface while the “delayed” fuse projectiles are designed to detonate after 
penetration in a structure. Most common projectiles are 23, 30, 36 and 57 mm.  


Missile fragments from surface-to-air (SAM) and air-to-air (AAM) missiles can cause severe damage to 
aircraft structures. Missile fragmentation warheads (Ref. 26) consist of an explosive charge surrounded by 
a wall of perforated metal fragments. Warheads generally have a proximity fuse. At detonation the 
fragments spread outwards at a very high velocity. The shape and weight of fragments depends on the type 
of warheads. 


4.2 Blast Response Prediction Codes 
Significant work (e.g. Ref. 26-32) has been done to develop analytical techniques and computer codes to 
predict response of structures to impact from threats such as small arms projectiles, high explosive 
projectiles, and missile warhead fragments. These techniques and codes predict structural response, 
penetration capability, damage size and type, strength and stiffness degradation, load redistribution and 
failure. Some of the codes are briefly discussed here. 
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In Ref. 29-30, a finite element code BR-1 “Blast Response” has been developed to predict transient 
structural response of metallic structures to internal blast. The code is capable of predicting- 1) the 
transient deflections, strains, and stresses of isotropic skin-rib-stringer type of aircraft panels, (2) the 
ultimate strain failures in the highly stressed locations in the panels, and (3) the skin areas that are 
removed by fragment penetration. In Ref. 31, BR-2 computer code was developed to predict amount of 
material removed from metallic panels due to fragment penetration. Analytical techniques to predict 
failure of panels, subjected to ballistic damage, are discussed in the reference. The BR-1 code has been 
extended to include composite materials and computer code BR-1FC has been developed in Ref. 32. 


The pressures acting on an integral fuel tank structure as a result of projectile penetrating a tank and 
traversing the fuel (projectile exploding in a tank in the case of detonating projectiles) are referred to as 
hydrodynamic ram pressures. The structural response to these hydrodynamic pressures can be great 
enough to cause large structural damage to fuel tanks and in extreme case can result in a loss of an aircraft. 
The Hydraulic Ram Structural Response Computer Program (HRSR) has been developed in References 
33-34. The methodology developed in these references has helped in developing design concepts for more 
survivable fuel tanks. 


4.3 Extent of Damage 
The damage due to ballistic threat depends on  factors such as- threat type, projectile velocity at the time 
of impact, angle of impact, panel material and thickness, substructure (such as ribs, spars, etc.). 
Characterizing the shape and extent of damage is rather difficult. Some damage examples are discussed 
here. 


A portion of multi-spar 7075-T6 aluminum wing box was tested in Ref. 35. A three compartment wing 
box (Figure 21) was subjected to explosion of 23-mm HEI projectile in the central compartment. The 
damage to 0.25-inch (6.35 mm) thick entry wall was tapered hole with 1 inch (25.4 mm) diameter on 
entrance side and 1.5 inch (37.5 mm) on exit side as shown in Figure 22. The exit wall was severely 
damaged with about 50 square inches area removed (Figure 23). The spar damage is shown in Figure 24. 
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(b) Test Panel Set-Up 
 


Figure 21: Wing Box Test Panel. 


 


 


Figure 22: Entry Wall Damage. Figure 23: Exit Wall Damage. 


 
(a) Cross-Section of Test Panel 
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Figure 24: Spar Damage. 


The damage caused to integral fuel tanks is very severe due to hydrodynamic ram effects. The damage to 
entrance walls is generally not as severe as damage to exit walls for HEI projectiles. Typical damage to a 
composite fuel tank exit wall due to hydrodynamic ram effects is shown in Figure 25 (Ref. 36). The 
damage to the wet side of the exit wall shows significant delaminations with some fiber breakage. The 
damage to dry side of the exit wall has severe fiber breakage and delaminations. 


 
Wet Side of Exit Panel 


 
Dry Side of Exit Panel 


Figure 25: Hydrodynamic Ram Damage to Composite Integral Fuel Tank. 


4.4 Residual Strength of Impact Damaged Panels 
Empirical models, based on test data, have been developed to predict damage size caused by AP 
projectiles (Ref. 26, 35, 37-38). Using the predicted damage size and fracture mechanics approach, the 
residual strength of panels is predicted.  A model, incorporating statistical variation in test data, has been 
developed in Ref. 39.  
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Damage to composite and metallic structures due to fragments from HEI Projectiles can be predicted using 
computer codes discussed in Ref. 29-31. Models to predict residual strength of panels subjected to 
multiple fragment damage are discussed in Ref. 31, 38. 


A model to predict stiffness degradation of panels subject to damage from AP projectiles is discussed in 
Ref. 26. This model is applicable to a panel with a single hole caused by a penetrating projectile. Ref. 39 
discusses the model for stiffness degradation of panels subjected to multiple fragment damage from a HEI 
projectile. 


5.0 FRACTURE CONTROL IN COMPOSITES 


The fail-safe philosophy used in metallic structures requires that the structure sustain design limit load 
after the loss of a structural member due to a fatigue failure. This is generally achieved by reducing the 
stress intensity factor, K, at the tip of a fatigue crack by transferring the load to a connected member such 
as a stiffener. This results in a part of the load being transferred from skin to stiffener. The reduction in the 
skin loads reduces the stress intensity factors ahead of the crack tips in the skin. In contrast to metals, 
extensive test data have shown that composite materials do not show propensity to nucleation and growth 
of through the thickness cracks under cyclic loading. However, composite structures are susceptible to 
damage from ground handling and ballistic impacts. The ground handling impact causes matrix cracking, 
ply delaminations and possible fiber fractures. The ballistic impacts typically cause extensive fiber 
fractures and through cracks induced by projectile fragments. In the presence of such damage, composites 
under tension or compression loads exhibit sudden and catastrophic failures.  


The test data reported in the literature have shown that using improved tougher resin systems (Ref. 40) can 
minimize matrix cracking and ply delaminations. Relatively low brittle fiber fracture characteristics of 
graphite laminates can be improved by inserting glass or Kevlar fibers to form a hybrid laminate system. 
However, since glass and Kevlar fibers have lower stiffness and strength efficiencies, it is desirable to use 
these only on a selective and limited basis, in order to optimize the hybrid laminate weight while 
achieving the desired stiffness, strength and damage tolerance properties.  


5.1 Crack Arrestment Strip Concepts 
The use of crack arrestment strips also known as buffer strips or tear straps has shown to provide crack 
arrestment capability to composites (Ref. 41-47). A number of crack arrestment strip concepts have been 
investigated in literature. These are: 


• Softening Strip Concept 1- Replace selected strips of 00 and 900 plies of the primary laminate 
with +45/-45 plies of the same material at selected locations as schematically shown in Figure 26. 


• Softening Strip Concept 2- Replace selected strips of 00 plies of the primary laminate with 00 
plies of lower modulus material at selected locations as shown in Figure 26. 
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Figure 26: Softening Strip Concept. 


• Co-cured Tear Strap Concept 3- Local build-up of the laminate at selected locations by adding 
plies of same material as shown in Figure 27 or adding plies of S-glass as shown in monolithic 
laminate of Figure 28. In Figure 28, each zero degree ply of the parent laminate in the crack 
arrestment strip zone has been replaced with two zero degree plies of S-glass or Kevlar. The 
introduction of zero degree plies of S-glass or Kevlar will significantly increase fracture toughness 
in the crack arrestment strip zone.   


 


Figure 27: Interleaved Straps for Composite Construction. 


 


Figure 28: Composite Panel with Buffer Strips having S-Glass or Kevlar Plies. 


• Bonded Stiffener Reinforcement Concept 4- In this concept, stiffeners are bonded at selected 
locations as shown in Figure 29. The bonded stiffeners may be metallic or composite. This 
concept has been used in metallic structures where the stiffeners are either bonded or mechanically 
fastened. 
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Figure 29: Panel with Bonded Stiffeners. 


In both the softening strip concepts 1 and 2, the crack arrestment strips introduce macroscopic variations 
of stiffness and fracture toughness into the multi-directional laminates. This affects the crack tip stress 
intensity factors and strain energy release rates of propagating cracks. The choice of material used in the 
crack arrestment strips affects the macroscopic stiffness and fracture toughness variations within the 
laminate. The material in the arrestment strips is chosen to provide low modulus so that the crack enters 
the softer region that carries a lower share of the load, thus, arresting the crack.   


In the concepts 3 and 4, the local buildup of the laminate at crack arrestment strips or bonding of stiffeners 
provides local stiffening to the crack tips as they approach arrestment strips. This results in decrease in the 
stress intensity factors ahead of the crack tips. In concept 3, the fracture toughness of buildup area may be 
the same or different from the parent laminate. 


The optimum design of multi-directional laminates containing crack arrestment strips is affected by a large 
number of possible variables. Some of these variables are: 


• Laminate loading conditions   
• Laminate stacking sequences and plies orientations 
• Type of damage 
• Width of crack arrestment strip 
• Location of crack arrestment strip relative to damage 
• Crack arrestment strip material 


5.2 Hybrids with Buffer Strips 
In intraply hybrids (Reference 48), tows of graphite fibers are replaced by glass tows at regular intervals, 
and in addition, buffer strips are provided by replacing graphite plies by glass plies as shown in Figure 30. 
In this case the number of plies and ply orientation of glass plies in the buffer strips is the same as in the 
parent laminate. For intraply hybrids with 90% graphite and 10% glass inserted as discrete tows (Figure 
30), considerable improvement in impact damage tolerance has been demonstrated (Reference 48) 


Effect of Damage on Strength and Durability  


5 - 18 RTO-EN-AVT-156 







 


 


 


Figure 30: Graphite-Glass Intraply Hybrid Laminate with Buffer Strips. 


Tensile strength and fracture toughness values for graphite and graphite hybrid are shown in the bar chart 
of Figure 31. The figure shows that Room Temperature Dry (RTD) unnotched laminate strengths of 
graphite and hybrid composites are nearly equal. However, the RTD notched laminate strengths of hybrid 
composites are approximately 29 and 17 percent higher than the graphite composites for discrete and 
staggered strip laminates, respectively. The fracture toughness of RTD hybrids are 44 and 24 percent 
higher than that for graphite composites for the discrete and staggered cases, respectively. The presence of 
intraply glass tows at discreet spacing provides significant increase in the fracture toughness of the 
graphite composites. It may be noted that the increase in fracture toughness with staggered glass strips is 
not as much as for discrete glass strips. 


 


Figure 31: Strength and Fracture Toughness Comparison of Graphite and Hybrid Laminates. 


6.0 CONCLUDING REMARKS 


The effects of manufacturing and in-service defects and damage are an important consideration in the 
design of aerospace structures. These effects need to be fully understood for designing, manufacturing, 
and subsequent maintenance of aerospace structures. A thorough knowledge of the nature and extent of in-
service damage plays a key role in designing proper and efficient repairs for the damaged components. 
The nature and extent of damage may govern the type of repair that needs to be performed, surface 
preparation for repair, extent of damage removal before performing repairs, and repair material selection. 


7.0 REFERENCES 


[1] Horton R, “Damage Tolerance of Composites Criteria and Evaluation”, Proceeding of NASA 
Workshop on Impact Damage to Composites, NASA Conference Publication 10075, July 1991. 


Effect of Damage on Strength and Durability 


RTO-EN-AVT-156 5 - 19 







 


 


[2] Ramkumar R. L, “Effects of Uniform Porosity on AS/3501-6 Graphite/Epoxy Laminates”, Presented 
at 7th Symposium on Composite Materials: Testing and Design, Philadelphia, PA, April 1984.  


[3] Altman J, et. al, “Advanced Composite Serviceability Program”, AFWAL-TR-80-4092, July 1980.  


[4] Ratwani M. M, “Repair/Refurbishment of Military Aircraft” AGARD Lecture Series 206, Aging 
Combat Aircraft Fleets- Long Term Implications, 1996. 


[5] Ratwani M. M and Kan H. P, “Compression Fatigue Analysis of Fiber Composites” Naval Air 
Development Center Report, NADC -78049-60, September 1979.  


[6] Whitehead R, Deo R. B and Demuts E, “Assessment of Damage Tolerance in Composites”, 
Composites Structures, 4(1985) pp. 45-58. 


[7] Porter T. R, “Evaluation of Flawed Composite Structural Components under Static and Cyclic 
Loading”, NASA-CR-135403, February 1979. 


[8] Porter T. R, “Environmental Effects on Defect Growth in Composite Materials”, NASA-CR-165213, 
January 1981. 


[9] Porter T. R, “Compression and Compression Testing of Composite Laminates”, NASA-CR-168023, 
July 1982.  


[10] Labor J. D and Bhatia N. M, “Impact Resistance of Graphite and Hybrid Configurations”, 
Proceedings of Fourth Conference on Fibrous Composites in Structural Design, San Diego, 
California, November 1978. 


[11] Bhatia N M, “Impact Damage Tolerance of Thick Graphite/Epoxy Laminates”, Report No. NADC-
79038-60, January 1979.  


[12] Ramkumar R. L, “Composite Impact Damage Susceptibility”, Report No. NADC-79068-60, January 
1981.  


[13] Palm T. E, “Impact Resistance and Residual Compression Strength of Composite Sandwich Panels”, 
Proceedings of the Eighth International Conference on Composite Materials, Honolulu, Hawaii, July 
1991.    


[14] Dorey G, “Impact Damage in Composite- Development, Consequences and Prevention”, Sixth 
International Conference on Composite Materials (and Second European Conference on Composite 
Materials), Volume 3, Editor F. L. Mathews, et. al, Elsevier Applied Science Publishers, London 
1987.  


[15] Whitehead R. S, “Certification of Primary Composite Aircraft Structures”, Presented at the 14th 
Symposium of the International Committee on Aeronautical Fatigue (ICAF), Ottawa, Canada, June 
1997.  


[16] Ramkumar R. L, Bhatia N. M, Labor J. D and Wilkes J. S, “Handbook: an Engineering Compendium 
on the Manufacture and Repair of Fiber Reinforced Composites”, Report No. DOT/FAA/CT-87/9, 
Prepared for the Department of Transportation, FAA Technical Center, Atlantic City International 
Airport, New Jersey, December 1986.  


[17] Whitehead R. S and Demuts E, “Damage Tolerance Qualification of Composite Structures”, 
Proceedings of the USAF Aircraft Structural Integrity Conference, Dayton, Ohio, November 1980. 


Effect of Damage on Strength and Durability  


5 - 20 RTO-EN-AVT-156 







 


 


[18] Byers B. A, “Behavior of Damaged Graphite/epoxy Laminates under Compression Loading"” 
NASA-CR-159293, August 1980. 


[19] Starnes J. H. Jr. et. al., “The Effect of Impact Damage and Circular Holes on the Compressive 
Strength of Graphite/Epoxy Laminates”, NASA-TM-78796, October 1978. 


[20] Williams J. G, et. al., “Recent Developments in the Design, Testing and Impact Damage Tolerance 
of Stiffened Composite Panels”, NASA-TN-80077, April 1979.  


[21] Padilla V. E, “Low Velocity Damage Tolerance of Thin Graphite/Epoxy Laminates”, Proceedings of 
the Fifth DoD/NASA Conference on Fibrous Composites in Structural Design, New Orleans, 
January 1981. 


[22] Rhodes M. D and Williams J. G, “Concepts for Improving the Damage Tolerance of Composite 
Compression Panels”, Proceedings of the Fifth DoD/NASA Conference on Fibrous Composites in 
Structural Design, New Orleans, January 1981. 


[23] Ramkumar R. L, “Environmental Effects on Composite Damage Criticality”, Report No. NADC-
79067-60, January 1980. 


[24] Wilkins D. J, “A Preliminary Damage Tolerance Methodology for Composite Structures”, Workshop 
on Failure Analysis and Mechanisms of Failure of Fibrous composites, NASA Langley Research 
Center, March 1982. 


[25]  McCarty J. E and Roeseler, “Durability and Damage Tolerance of Large Composite Primary 
Structures”, Presented at Sixth DoD/NASA Conference on Fibrous Composite in Structural Design, 
New Orleans, January 1983. 


[26]  Avery J. G, “Design Manual for Impact Damage Tolerant Aircraft Structures”, AGARDogrraph No. 
230, 1981.  


[27] Moon Y, I and Falugi M, “A Survey of Analysis Techniques to Predict Residual Properties of 
Ballistically Damaged Aircraft Structures” AFWAL-TR-89-3006, April 1989.  


[28] Brass J, Yamane J. R and Jacobson M. J, “Effects of Internal Blast on Combat Aircraft Structures”, 
Volume I, Engineer’s Manual, Technical Report AFFDL-TR-73-136, Volume I, January 1974. 


[29] Massmann J, “Structural Response to Impact Damage”, AGARD Report No. 633, September 1975.  


[30] Brass J, Yamane J. R and Jacobson M. J, “Effects of Internal Blast on Combat Aircraft Structures”, 
User’s Programmer’s Manual, Technical Report AFFDL-TR-73-136, Volume II, January 1974. 


[31] Jacobson M. J, Yamane J. R and Ratwani M. M, “Effects of Internal Blast on Combat Aircraft 
Structures- Effects of Detonation of High Explosive Projectiles”, Technical Report AFFDL-TR-75-
73, Volume II, July 1975.  


[32] Dobyns A. L, “Fiber Composites Blast Response Computer Program (BR-1FC) BR-1 Code 
Modification and Test Program”, AFFDL-TR-78-29, JTCG/AS-76-T-008, October 1977.  


[33] Herlin W and Avery, “Hydraulic Ram Structural Response Computer Program (HRSR)”, Volume I, 
User’s Manual, Boeing Military Airplane Company, Contract No. N60530-80-C-0242, September 
1981.  


Effect of Damage on Strength and Durability 


RTO-EN-AVT-156 5 - 21 







 


 


[34] Herlin W and Avery, “Hydraulic Ram Structural Response Computer Program (HRSR)”, Volume II, 
Final Report, Boeing Military Airplane Company, Contract No. N60530-80-C-0242, September 
1981.   


[35] Ratwani M. M, “Characterization and Residual Strength Prediction of Ballistically Damaged Aircraft 
Structures”, JTCG/AS-76-T-010, September 1977.    


[36] Jacobson M. J, Heitz R. M and Hill F, “Survivable Composite Integral Fuel Tanks”, AFWAL-TR-
85-3085, Volume III, January 1986.  


[37]  Burch G. T, and Avery J. G, “An Aircraft Combat Damage Model”, Volumes I and II, AFFDL-TR-
70-115, November 1970. 


[38] Burch G. T and Avery J. G, “An Aircraft Combat Damage Model- Design Handbook”, AFFDL-TR-
70-116, November 1970.  


[39] Kan H. P, and Ratwani M. M, “Statistical Modeling of Ballistic Damage and Residual Strength in 
Composite Structures”, AIAA Journal, 1983, pp. 594-599.  


[40] Williams J. G and Rhodes M. D, “The Effect of Different Resin Materials on the Strength of 
Damaged Graphite/Epoxy Laminates”, ASTM Sixth Conference on Composite Materials: Testing 
and Design, 1981.  


[41] Kennedy J. M, “Damage Tolerance of Woven Graphite/Epoxy Buffer Strip Panels”, NASA 
Technical Memorandum 102702, August 1990.  


[42] Eisemann J. R and Kaminiski B. E, “Fracture Control for Composite Materials”, Engineering 
Fracture Mechanics, Vol. 4, 1972, pages 907-913.  


[43] Bhatia N. M and Verette R. M, “Crack Arrestment of Laminated Composites, “ Fracture Mechanics 
of Composite Materials, ASTM STP 593, American Society for Testing and Materials, 1975, pages 
200-214.  


[44] Sendeckyj G. P, “Concepts for Crack Arrestment in Composites”, Fracture Mechanics of Composite 
Materials, ASTM STP 593, American Society for Testing and Materials, 1975, pages 215-226.  


[45]  Hess T. E, Huang S. L and Rubin H, “Fracture Control in Composite Materials Using Integral Crack 
Arresters”, AIAA/ASME/SAE 17th Structures, Structural Dynamics and Materials Conference, May 
1976.  


[46] Verette R. M and Labor J. D, “Structural Criteria for Advanced Composites”, AFFDL-TR-76-142, 
Volumes I and II, January 1977.  


[47] Bigelow C.A, “Buffer Strips in Composites at Elevated Temperatures”, Environmental Effects on 
Composite Materials, Editor George Springer, Technomic Publication, 1984.  


[48] Bhatia N. M, “Strength and Fracture Characteristics of Graphite-Glass Intraply Hybrid Composites”, 
Composite Materials: Testing and Design, ASTM STP 787, May 1981. 


Effect of Damage on Strength and Durability  


5 - 22 RTO-EN-AVT-156 






	

Role of NDI in ABDR Assessment, Equipment & Logistics 					

Role of NDI in ABDR Assessment, Equipment & Logistics 

Role of NDI in ABDR Assessment, Equipment & Logistics

Capt. (Dr.) Ferdinando Dolce

Italian Air Force – Flight Test Center – Chemistry Department

“M. De Bernardi” AFB

00040 Pomezia (Rome)

Italy

ferdinando.dolce@aeronautica.difesa.it

Abstract

Use of Non Destructive Testing (NDT) technique during aircraft maintenance operations is increasing in the last years as well as the tools to perform these inspections are widening their field of application. Damage tolerance design approach has been selected by aeronautic industry for the last years also thanking to the most modern NDT capabilities, like ultrasound and thermography, which have been showing more and more reliable results. Whenever a safe life criterion has been applied, NDT are currently used to verify structural integrity of components in case of special events (heavy landing, bird strike, hail, tools drop, etc.) and to assess and monitorize quality and effectiveness of repairs and for rework. 

This kind of approach can be very helpful especially in the case of composite materials damage assessment and also in the first line of Defense when a damage tolerance approach needs to be used in order to face spares unavailability or operational readiness and when a rapid and full understanding of damage extension and repairable area is highly required.

This paper deals with NDT techniques applicable for battle damage assessment, particularly focusing on composite airframe inspections, showing advantages/disadvantages of each method in ABDR context.

Case studies carrying out during research activities will be illustrated, showing results of NDT techniques applied on composite material structures.



1.	Introduction

Damage assessment is one of the most important step during ABDR procedures application. Although ABDR/ABDAR manuals do not generally provide description of how performing damage assessment, this phase is critical and naked eyes inspections are usually not enough accurate to correctly define damage extension and depth. Hence NDT can be a useful tool to improve inspection capability, playing a key role also during repair assessment especially in the case of bonded patches, adhesive tape or co-cured laminates applications (figure 1).
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2.	Damage assessment on composite structures

Damage is defined as an irreversible change of an aircraft component due to an external load or to an unexpected event that in a certain way deforms the original shape or integrity. These events can be classified as mechanical actions (dropped tools, accidental knocks, battle damage, lightning strike), thermal/chemical actions, etc.

Damage is allowable if it does not affect integrity or functionality of the part. The boundary of allowable damages must be clear and in this context it is fundamental to apply the proper NDT technique in order to define as more exactly as possible the damage entity. The role of NDT is also more important when the structures are made of composite materials, like thermosetting based fiber metal laminates (FML), such as GLARE, or carbon/glass fiber-reinforced polymers (C/GFRP) where defects are often hidden inside bulk material and fracture mechanics is very different from metals. 

The percentage of composites used in civil aircraft structures has been increasing over the time to reach the 100% in new Beech Starship, the first certified general aviation aircraft that has the structure entirely made of composite, and the same trend has been seen for Military Aircrafts. In Italian Air Force (IAF) the percentage of composite materials is increasing from 16% for the tactical bomber AMX made of carbon fiber mainly at the horizontal and vertical stabilizer to 60% for the EFA Typhoon. In the case of EFA the primary and the secondary structure have been made of CFRPs and about 80% of the outer surface has been built of composite materials. Carbon fiber is used for wings, fin, rudder and a great part of the fuselage. In particular there is a great usage of laminates, co-cured and co-bonded stiffening elements such as j-spar, web etc. Nowadays the most modern military aircrafts, such as F-35, make heavy use of composite materials. As a matter of fact, even if existing inspection procedures have been consolidated on metallic fractures since the 50s, they need to be improved and modified to assure a full understanding of the phenomena related to composite materials because the capability to find out and to define damage is a necessary step to ensure aircraft integrity and also to evaluate damage reparability and repairing efficiency. Therefore, more and more integration of traditional NDT techniques to apply during production as well as maintenance or first line is due. 

For this reason the most modern NDT techniques are designed to be applicable and reliable on composite structures that suffer of different defects and fracture mechanics from metallic structures.



3.	Damage of composite materials

As well known composite materials exhibit a different mechanical behavior from metallic ones. Due to their heterogeneous nature, both static and dynamic structural response can significantly change from metals and hence fracture morphology can show peculiar aspects. If in metallic structure the damage can be classified in certain categories, in composite materials there are further morphologies of damage related to their original technological nature. In table 1 are classified structural damages for material typology. Focusing the attention on composite materials, it can be found three peculiar damage mechanisms: edge damage, delamination and disbanding. The term delamination is used to describe the separation of plies within a laminate. It can be generated from different reasons and can be also non-visible to the naked eye. Delamination can also affect more the one ply through the thickness of the component. Disbonding regards the adhesive interface and it happens when the two surfaces bonded together become partially or completely separated. This kind of defect can be found at skin to honeycomb as well as at stiffener to skin interface. Disbonding is usually non-visible to the naked eye unless it affects an edge or an area wide enough to produce macroscopic surface deformation. Generally, the damage is always a combination of different damages and any kind of these damages would normally require NDT. 



Table 1

		


General material damage



		Scratch

		Dent

		Puncture



		Fatigue/overload crack

		Gouge

		Heat damage



		Fretting

		Abrasion

		Fastener related damage



		Metal damage



		Corrosion

		Stress-corrosion crack

		Creep



		Honeycomb sandwich damage



		Core crushing

		Disbonding



		Composite damage



		Edge damage

		Delamination (surface, edge or multilevel delamination)

		Disbonding





4.	NDT techniques and equipment applicable for battle damage assessment on composite materials

The main NDT techniques in use of IAF for composite damage detection and evaluation are: 



ultrasonic (US);

thermo cameras for classic and lock-in applications (TR);

radiography (RX);

shearography;

mechanical impedance analysis (MIA);

tap test (TT);

visual inspection.



The above-mentioned techniques can be realized in a light aircraft-portable version and hence compatible with an ABDR scenario. Although ABDR conditions are usually in first line, wherever possible and practical, the damaged part should be disassembled from the aircraft in order to properly apply the NDT technique. 

In order to check NDT equipments functionality and at the same time to calibrate the instruments, NDT reference specimens shall always be used before performing ND evaluation. For special structures a specific reference specimen is usually required. A reference specimen contains known defects, such as scratches, delamination or disbond, usually covering the thicknesses and structural configurations (panels with co-bonded/co-cured stiffener/ribs, honeycomb sandwich structures, etc.) really present on the aircraft (figure 2) and the defects are usually placed at differing depth through the thickness of specimen. Nevertheless for ABDR ND inspections reference specimen application can result very difficult hence defect typology is usually unknown and can change significantly in function of the threat.
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4.1	Ultrasonic

US technique is based on theory of propagation of high frequency mechanical waves through the material. This method is able to detect superficial and internal material discontinuity and it is very efficient when damages are located on a plane parallel to the external surface. 

US systems can be applied for inspection of CFRP laminates and CFRP co-bonded structures. In general US systems can work both in transmission and in pulse-echo making the signal acquisition both in amplitude and time of flight (TOF). 

With pulse-echo approach US can work applying only one probe on one side of the structure to assess. For this reason, in ABDR context, in order to front time-consuming, pulse-echo approach can be more effective hence applicable avoiding item disassembling applying the probe only on the component external surface. Furthermore, rather than transmission method, pulse-echo technique allows identifying damage location inside material thickness.

US evaluations can be performed from a wide range of equipments and techniques and the choice can depend on several logistic and technical factors, like aircraft location, available equipment, site of damage, etc. 

The main advantages/disadvantages of US technique are illustrated in table 2.



Table 2

		


US advantages



		Light and portable



		Both metals and composite and in general every kind of material



		One-surface (pulse-echo) accessible



		High sensitivity



		High thickness structure



		US disadvantages



		High training and equipment cost



		Low thickness structure, irregular shape, rough, high curvature not investigable



		Defects perpendicular to external surface not investigable



		Low sensitivity for under surface damages



		Necessity of reference specimens 







Ultrasonic portable systems (figure 3) consist of:



Ultrasonic Flaw Detector (UFD);

probe crystal, with eventually delay, plain contact or appropriate delay probe for thick structures;

coupling medium;

reference specimen, covering desired thickness range and structural configuration.



In battle conditions, a manually operated ultrasonic A-scan technique using a portable UFD is quite simply applicable. UFD can also work in automated mode, which enable a C-scan (figure 4), although timing and battle condition as well as damage location may preclude this solution.
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		Figure 3

		Figure 4







4.2	Thermography

This technique is based on a thermo-camera that measures materials infrared emission when they are heated with a proper artificial light (figure 5).



		



		Figure 5







Use of thermography is increasing more and more, especially during preliminary assessment phase. The reason is because in only few seconds with technique it can be examined great amount of the aircraft structures. Furthermore, thermography works without surface contact that means without disassembling operations and gives an output quickly available without any personnel safety hazards. 

The main advantages/disadvantages of thermography technique are illustrated in table 3.



Table 3

		


TR advantages



		Light and portable



		Both metals and composite and in general every kind of material



		No surface contact



		Wide inspection zones



		Simple output interpretation



		TR disadvantages



		High equipment cost



		Low sensitivity







4.3	Radiography

RX is one of the first NDT techniques based on the principle that  and X-rays can pass through the materials that are not transparent at the sunlight. The rays passing through the material print the film at the back-wall creating an image where the dark shapes represent the defects (figure 6).

During the years this technique has been evolved more and more and nowadays the method can detect thickness variations up to 1% of the total thickness. 

In figure 7 is shown X-rays equipment made of Coolidge X-rays tube, a transformer and a control panel.

X-ray application in ABDR scenario is fairly complicate because of safety restrictions related to X-ray dispersion. As well known, X-rays are very dangerous for human health and that implies that these tools can be applied only in protected environments, such as screen-wall rooms or spaced out zones with remote control panel. Hence in a front line situation a spaced out zone is required to perform the inspection. X-ray technique can be applied directly on the aircraft structure only if the component is accessible from both external and internal sides. 
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In general, this technique does not detect damages, such as delamination or disbonding of composite materials, which are parallel to the external surfaces. On the other hand, it is very efficient to assess J-spar (figure 8) items integrity. On this kind of structures US probes are not able to follow the J-stiffener curvature while X-rays can be easily applied (figure 9). RX technique is very reliable also to assess the presence of water into honeycomb structures.
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To summarize the main advantages/disadvantages of RX technique are illustrated in table 4.



Table 4

		


RX advantages



		Detect internal defects



		Both metals and composite and in general every kind of material



		No surface contact



		High thickness structure



		High sensitivity



		Nearly independent on structure shape



		RX disadvantages



		Necessity of two accessible surfaces



		Defects perpendicular to radiation not investigable



		Safety systems against radiations



		Spaced out inspection zone







4.4	Shearography

Shearography is an interferometric technique using a coherent laser illumination with a few distinct advantages, such as a reduced laser coherence-length, vibration isolation and direct displacement and their derivatives measurement (figure 10). In particular, this technique has a wide application on composite components such as tires and honeycomb structures. 

The method performance can be demonstrated by making a comparison between digital shearography and C-scan ultrasonic test on composites. Shearography results particularly effective in fast (1 s) revealing delamination, whilst ultrasonic technique is more time-consuming, as it requires point by point scanning. 

Shearography can be successfully applied to evaluate the following configurations: 



adhesive bonding, e.g. pneumatic tires and composite panels; 

flaw and inclusion, e.g. pressure vessels and concrete composite structures; 

leakage detection;

rotor blade integrity.



The necessity to apply a known stress increment to the component to carry out the test represents the main limit of shearography. For this reason, the development of shearography technology has been focused on innovation of a practical loading methodologies aimed to apply an adequate stress to deform the test piece for the flaws detection. On the other hand, excessive movements may cause speckles de-correlation that results in degradation of fringe quality. In order to reduce this noise, pressurization, partial vacuum, acoustic and thermal shock excitation and mechanical stimulation have been efficiently applied.



		



		Figure 10 







4.5	Tap test

This is a very simple and quick test that can be applied on accessible aircraft composite surfaces to detect the presence of delamination or debonding. Generally tap test can be performed comparing the acoustic response of a known good area with that one of the component under inspection. The sound is produced lightly tapping on their surfaces with a coin or light special hammer (figure 11). In fact the acoustic response of a good part can vary significantly with the presence of a defect. A “flat” or “dead” response is generally considered unacceptable. The entire area under investigation must be tapped and the surface should be dry and free of oil, grease and dirt. 

The equipment is portable, but no output data are produced. Test accuracy depends on a subjective interpretation and therefore, only qualified personnel should perform this test.



		



		Figure 11







4.6	Mechanical Impedance Analysis (MIA)

MIA is mainly used to investigate bonded structures and it is based on stiffness variations. This method can be considered as an “advanced” Tap Testing because it is basically based on the same physical principles. Although this technique can be applied with every kind of material, it is usually used for composite laminate and honeycomb structures to detect respectively disbonding and core crushing. It is independent on material nature, does not require a coupling medium like US and uses a single transducer for all the applications (figure 12). MIA probes (figure 13) need a little contact surface and they can hence work also on very curved components.
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4.7	Visual inspection

Due to his simplicity and versatility this technique can be applied as first assessment to every kind of material. Visual inspections can also be performed through remote optical tools, such as optical fiber endoscope. Endoscope can be connected to light and magnitude systems as well as cameras and PCs. Fiberscope are flexible visual inspection systems with two cables, one to transmit the light and the other one to transmit the image. These systems can also change the optical axis with remote command on the handles and can be really helpful to check engines status and corrosions events. 

Nowadays enhanced visual testing techniques are applied in order to visually assess composite materials integrity. The D-sight technique (figure 14) is usually used to detect low velocity impact damages through the scattering of retroreflective rays. The system is in a box that slides on the surface (figure 15).
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The main advantages/disadvantages of visual inspections technique are illustrated in table 5.



Table 5

		


Visual inspections advantages



		Simplicity



		Rapidity



		Low cost



		Manageable output



		Visual inspections disadvantages



		Only superficial defects



		Low sensitivity



		Subjective output data interpretation 







5.	ND repair assessment

If damage exceeds the admissible limit the part can be repaired, if repairing is applicable. NDT techniques play an important role as damage detection but also as repair assessment tool whenever repairing requires, for example, bonding or fastening of damaged items.

The defects that can occur afterwards a repair are usually different from the defects illustrated in table 1. These are related to the repair that is carried out and can be summarized in the following list:

inter-laminar voids;

porosity;

voids;

unbonding;

foreign material inclusion.



As for damage assessment phase, whenever the first line conditions allow that, the item should be disassembled from the aircraft before repairing. 

Also to evaluate composite laminates repair the most appropriate technique is primarly US. However also radiographic equipment can generate an acceptable output data, giving good definition images of internal structural features such as honeycomb core and adhesive layer and furthermore detecting typical defects in the repair. Unfortunately RX has many logistic obstacles for a first line application.



6.	case studies

6.1	Low-velocity impact

Beside service experience, studies on composite materials have been carried out at Flight Test Center to improve IAF know-how and enhance IAF NDT capabilities.

In particular, this study is a damage assessment concerned low energy impacts, such as tool droop test, on carbon fiber specimens together with an evaluation of the effectiveness of different ND techniques for damage detection.

The trials have been carried out on 3 mm IM7 laminates made of 16 unidirectional plies (0/∓45/90/90/±45/0)s and subjected to low velocity impacts ranging between 1-8 J. 

Damages evaluation has been performed throughout visual inspection, US, Lock-in TR, MI, and RX techniques.

US tests have been performed using echo-pulse technique with Metalscan Galaxy equipment. An array made of four probes has been applied at frequency of 10 MHz. MI analysis has been conducted with Sonic Bond Master equipment at a frequency of 7.4-8.6 KHz. Gilardoni Radiolight equipment has been used for the RX inspection, analyzing the specimen for 25-30 seconds at 5 mA and 30 KV with the source located at 80 cm. Lock-in termography has been carried out with Cedip Jade III thermo-camera and the images have been elaborated with Altair LI software. In order to perform Lock-in the specimens have been heated with a sinusoidal load at frequency between 0.02 and 1 Hz generated by two 800 W lamps located at 1 m.

In figures 16-19 are illustrated the achieved results showing a comparison between the four techniques outputs. US, MI and TR have been performed on both sides of specimens.
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Visual inspection did not generate any results hence the low velocity impact does not produce damage clearly observable at naked eye, while detection of each delamination occurred between the plies through the specimen thickness is possible by improving the resolution of the thermal map and of ultrasonic C-scan and by focusing the inspection on the impact area (figure 20).
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This study makes clear that even very low energy impacts can injury 3 mm thick laminates and not only sandwich structures and this must be taken into account considering particular events like hail, dropped tools, bird-strikes, etc.

About damage detection, as shown by the histograms in figure 21, all applied methods detected the defects, even if in the case of small defects only US and RX techniques exhibited a good sensitivity and reliability. However, TR technique showed good results and the shortest time analysis while, on the contrary, RX resulted the most elaborated and the worst time-consuming approach.
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6.2	High-velocity impact

A Technical Group (TG) of Applied Vehicle Technology Panel of NATO Research and Technology Organization is carrying out an experimental study concerning “Materials and Processes for Battle Damage Repair applied on Land and Naval Vehicles” (AVT 155).  The TG considered two different threats in order to reproduce real battle damage behavior.

During this activity two different light composite panels made of Kevlar (250x250x10 mm3) and ceramic/Kevlar (250x250x20 mm3) (figure 22a and 23a) have been shouted respectively by a 9 mm ball projectile (figure 22b) at striking velocity of 320 m/s and a 7.62 x 51 mm AP NATO projectile (figure 23b) at striking velocity of 830 m/s [12, 13]. The materials used for these panels are typically applied to produce anti-ballistic armors and then are subjeted to battle damages.
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		Figure 23







Both armors have been ballistically tested in three different boundary conditions:



T1: steel backing plate (8x350x500 mm). The target is constrained by four clamps (figure 24a);

T2: steel backing plate (8x350x500 mm) with a central opening (150x150 mm). The target is constrained by four clamps (figure 24b);

T3: no backing plate.
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		Figure 24







The damages occurred on the panels are showed in figures 25 and 26.
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		Bulging damage



		Figure 25: Kevlar panel (T3 configuration)







All the panels where subjected to ND evaluations with scope to define the delamination area and in order to select the most effective technique for this kind of structures. 

First RX inspection has been conducted on both Kevlar and ceramic/Kevlar panels showing that this method did not find out any damages in Kevlar, hence no delamination neither disbonding occurred through the thickness of armors made of Kevlar can be detected with RX. On the contrary RX resulted very effective to reveal cracked ceramic tiles (figure 27). This assessment could be very useful for repairing in order to define the number of tiles to substitute and the extension of the front skin to cut and then to disbond. The white spots represent the material of projectile with high radio-opacity.

		

		



		front

		back



		



		Bulging damage



		Figure 26: ceramic/Kevlar panel (T3 configuration)



		



		Figure 27





TR controls were also performed to assess the Kevlar post-impact condition. The thermographic control on both front and backing surface of ceramic/Kevlar armors did not give any defect evidence. In fact, in this case damage is likely located at ceramic/Kevlar interface that is, due to armor thickness, too depth to be detectable. On the contrary, lock-in TR inspection performed on Kevlar panels gave reasonable good results, showing the extension of delaminated area (figure 28). The results were particularly acceptable for controls performed on front panel surface. Unfortunately the absence of reference specimens did not permitted to detect delamination depth.
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US method resulted inapplicable because both echo-pulse and transmission controls revealed a very low acoustic impedance also with very low frequency and high power probes.



6.3	In-service issues of Eurofigher

At moment the Eurofighter has not scheduled ND inspections on composite structures, although NDT is required in case of battle damage to evaluate the defect and to assess repaired areas. 

An example is the edge delamination occurred on the fairing 342 AT (figure 29a), which is subjected to damages (figure 29b) at the rear edges due to insufficient clearance between the pre-cooler panel and the base of the fin. A rework of the rear edges has been established to avoid the problem, that means a cut of the grey area in figure 29c followed by an US inspection (manual pulse-echo with a 5 MHz probe) of the new edge, represented by red area in figure 29c, to ensure absence of any remaining damage. In this case NDT is not used to detect the damage but only to assess the rework/repair effectiveness (figure 30).
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Abstract

This paper will discuss the current US Army Battle Damage Assessment and Repair (BDAR) doctrine, with a review of the purpose and employment of current BDAR by aviation units in the field.  It will define the key aspects of BDAR and conduct an in-depth review of BDAR assessment per current US Army doctrine. The paper will then examine key personnel responsibilities with regard to effective BDAR, categories of maintenance and repair, and the BDAR timeline, including how BDAR “triage” is used in the field. With current doctrine established a comparison and contrast of how actual BDAR is being conducted and what mechanisms have been established to increase aircraft readiness, repair, and availability will be analyzed.  Several examples of various actual BDAR field repairs will be presented for review and discussion.  The paper discusses the ever evolving BDAR organization that is intertwined with forward deployed engineering support, from the start of Operation Enduring Freedom and Operation Iraqi Freedom (OEF/OIF) to its current in-theater configuration.

1.0	BATTLE DAMAGE ASSESSMENT AND REPAIR (BDAR) AN INTRODUCTION 

New tactical air vehicles are normally designed to be ballistically survivable on the modern battlefield by incorporating active and passive signature reduction and ballistic tolerance features. A large percentage of these air vehicles return from combat missions with various levels of combat damage. Maximum air vehicle availability is essential during combat operations; therefore, quick assessment and repair of the damages are necessary. To assess damage and determine reusable parts and components, some additional tools and equipment are required, as well as additional training for aviation unit, direct and general support level maintenance personnel.

The types of threats confronting the US Army rotorcraft in combat include kinetic energy projectiles, explosive projectiles, and air-to-air and surface-to-air missiles with explosive warheads. In addition to the threats the rotorcraft might encounter in flight, they are exposed to damage by bombs and artillery while on the ground. Threat studies and tests have shown that modern rotorcraft are highly survivable against the kinetic energy hits, moderately survivable against one or two small explosive hits, and minimally survivable against a large explosive or single air-to-air or surface-to-air missile hit. Being the most survivable of the threats, kinetic energy hits cause most of the damage that maintenance personnel will encounter. Some of these projectiles are the armor-piercing incendiary (API) type and contain a thermally active nose filler. Upon impact, this filler is activated as the projectile penetrates the exterior of the target. This gives the projectile a fire-starting capability in the presence of flammable materials. 




Damage mechanisms for the explosive threats include fragments, blast, overpressure, fire, and other secondary damage. A BDAR program should be established to provide an expeditious means of combat damage assessment for deferment or repair. The BDAR program should include special techniques, tools, equipment, and procedures to be used by aviation units under combat conditions. The primary function is to provide quick-fix material and techniques to increase air vehicle availability under an intense combat environment. The program should be composed of required hardware and documentation to provide the capability to inspect, assess, and repair the air vehicle. Support documentation includes inspection procedures, damage assessment criteria, serviceability criteria, expedient repair procedures, cannibalization techniques, and assessment and repair handbooks. Hardware includes damage assessment aids (such as die penetrant kits, micrometers, etc.), repair tools, ground support equipment, and repair material.

The current assessment process includes evaluating the extent of damage sustained and determining whether deferment is feasible. Scheduled and unscheduled maintenance and minor battle damage, except for necessary lubrication, servicing, and preoperational checks, may be deferred. Unscheduled maintenance, such as the repair of systems and subsystems that have adequate redundancy or are not critical to mission accomplishment, can be deferred if safety of flight is not significantly degraded. Relaxed inspection criteria for repair and air vehicle performance should also be evaluated and defined. 

For example, the number of broken strands in flight control cables, leak rates of hydraulic systems, and oil consumption rates of engines and gearboxes should be redefined. The BDAR process also includes procedures to perform rapid battle damage repair where necessary within the constraints imposed by time, manpower, material, and operational requirements. The primary purpose of rapid battle damage repair is to restore sufficient strength and serviceability to the air vehicle to permit it to fly additional operational missions or to permit partial mission capability. Demonstrations of typical repairs should be made to determine whether the structural integrity, time constraints, tools, and maintenance personnel meet defined requirements.

The types of structure and the material forms should be considered.  Primary structures, such as beams, frames, longerons, and fittings, are essential to airworthiness because airworthiness of the entire airframe depends on the distribution of loads through the individual structural elements. When combat damage reduces the strength, stiffness, or stability of these elements, a decision on repair methods must be made. This critical decision should be based on a judgment of whether redistribution of the load may degrade flight safety or adversely affect flying qualities. Sheet stock and extruded materials that are not preformed are needed for most repairs.  Typical materials used in modern air vehicles include aluminium, steel, titanium, magnesium, and composites. These materials may be worked and formed into airframe structures, such as brackets, ribs, bulkheads, extrusions, honeycombs, or sandwiched assemblies.  

Consideration should also be given to the use of installed instrumentation and monitoring devices to make reusability decisions in the field after a combat incident or resulting crash.  Possible devices include but are not limited to accelerometers; maximum “G” recorders; debris monitors; engine torque, temperature, and RPM monitors; and heat sensitive paint and paper indicators. Knowledge of these damage or crash parameters helps expedite deferment or repair assessment.  Measures used to quantify BDAR qualification may include time to repair (TTR) at each maintenance level and effectiveness of the repair, which is expressed as the number of life units the repair lasts.

2.0	PURPOSE

The purpose of Battle Damage Assessment and Repair (BDAR) is to quickly return the disabled helicopter to the operational commander by expediently fixing, bypassing, or jury-rigging components to restore the minimum essential systems required for the support of the specific combat mission or for self-recovery. These repairs will be temporary and may not restore full performance capability. Standard repairs will be completed as soon as practical.

3.0	BDAR

During the first few days of combat maximum aircraft availability is essential.  Aircraft will sustain varying degrees of damage during combat operations. The damage must be assessed and repaired as quickly as possible. Maximum availability must be maintained for further sorties. In addition to the combat damage, aircraft will have higher component failure rates because of increased flying hours and higher stress levels. Aircraft combat maintenance battle-damage repair (ACM/BDR) is an operational concept for maintaining aircraft at a high level of readiness in combat. Peacetime maintenance procedures and methods must be modified to achieve this. One method will be to defer all but the most essential maintenance needed for the next scheduled mission. They will often be flown with nonessential components damaged, inoperative, or missing.  The Army currently has Battle Damage Assessment and Repair manuals for the following classes of helicopters: UH-60, AH-64A/D, CH-47D and OH-58 A/C/D; and,  every one of these Battle Damage manuals opens with these two caveats:

“BDAR fixes shall be used only in combat or for training at the discretion of the commander, in either case damages shall be repaired by standard procedures as soon as practicable.” The manual talks about “the Command” however the Level of command is not specified in Manual, based on general field experiences; it is normally at Brigade with a shift move down possibly to Battalion, with a Standard Operating Procedure (SOP) for direction.

Repairs are made using interim techniques, off-the-shelf standard hardware (not necessarily aircraft related) and without concern for appearance.

4.0	BATTLEFIELD DAMAGE DEFINITIONS 

It will be helpful to discuss some of the common terminology and definition used in BDAR:

a. Battle Damage.  Any incident such as combat damage, random failures, operator errors, accidents, and wear out failures which occur on the battlefield and which prevent the helicopter from accomplishing its mission.

b. Repair or Fix. Any expedient action that returns a damaged part or assembly to a full or an acceptably degraded operating condition, including:

	Short cuts in parts removal or installation.

	Installation of components from other equipment that can be modified to fit or 	interchange with components on the damaged equipment.

	Repair using parts that serve a noncritical function elsewhere on the same 	equipment for the purpose of restoring a critical function.

	Bypassing of noncritical components in order to restore basic functional 	capability. 

	Expeditious cannibalization procedures.

	Fabrication of parts from kits or readily available materials.

	Temporary substitute fix.

	Use of substitute materials.

c. Damage Assessment. A procedure to rapidly determine what is damaged, whether it is repairable, what assets are required to make the repair, who can do the repair (e.g., crew, maintenance team or maintenance support team), and where the repair should be made. The assessment procedure includes the following steps.

	Determine if the repair can be deferred, or if it must be done.

	Isolate the damaged areas and components.

	Determine which components must be fixed.

	Prescribe fixes.

	Determine if parts or components, materials, and tools are available.

	Estimate the manpower and skill required.

	Estimate the total time (clock hours) required to make the repair.

	Establish the priority of the fixes.

	Decide where the fix shall be performed.

	Decide if recovery or evacuation is necessary and to what location.

d. Fully Mission Capable (FMC). The helicopter can perform all its combat missions. To be FMC, the helicopter must be complete and fully operable with no faults listed in the aircraft inspection and maintenance record as prescribed in the Army’s DA PAM 738-751.

e. Combat Capable. Equipment meets the minimum functional combat capability requirements. 

f. Combat Emergency Capable. The equipment meets the needs for specific tactical missions; however, all systems are not functional. Also, additional damage due to the nature of an expedient repair may occur to the equipment if it is used. The commander must decide if these limitations are acceptable for that specific emergency situation.

g. Cannibalization or Controlled Exchange. Throughout the BDAR manual, cannibalization and controlled exchange are used interchangeably meaning the removal of an item of materiel from one piece of equipment for immediate use in another. Generally the rules for cannibalization/ controlled exchange provided in US Army Technical Manual, TM 1-1500-328-23, as modified by local authority, will prevail.

h. Evacuation. A combat service support function which involves the movement of recovered helicopters from a main supply route, maintenance collection point, or maintenance activity to higher categories of maintenance. The material may be returned to the user, to the supply system for reissue, or to property disposal activities.

i. Recovery. The retrieval of immobile, inoperative, or abandoned helicopter from the battlefield or immediate vicinity, and its movement to a maintenance collection point, the main supply route, or a maintenance activity for disposition, repair, or evacuation.

j. Self-Recovery. The ability of a battle damaged helicopter to retrieve itself (fly out) from a battlefield environment.  It usually will involve flying with degraded flight status and with restrictions and limitations placed on performance characteristics such as limitations placed on weight, airspeed, engine torque, and other characteristics. In BDAR repairs, the limitations recommended should be followed. Emergency flight procedure in respective Technical Manual (TM) should be further consulted.

k. Maintenance Collection Point. A point operated by AVIM unit for the collection of equipment for repair.

l. Maintenance Support Team (MST). A team of AVIM mechanics and technical specialist who are trained in assessing battlefield damage and field repair procedures.

m. Maintenance Team (MT). Helicopter crew chief or AVUM mechanics/technicians who are trained in assessing battlefield damage and field repair procedures.

5.0	BDAR ASSESSMENT

According to the US Army’s BDAR doctrine, “Assessors will be trained to identify and assess damage and failed aircraft subsystems. They will learn isolation and repair methods and procedures and serviceability standards.”   Who are these BDAR assessors?  Battle-damage assessors must have a minimum aviation skill equivalent to a technical inspector and Assessors must have successfully completed training in battle-damage assessment. Additional assessors may be aircraft maintenance officers and technicians who have completed the Aircraft Maintenance Officer Course. They must also be assigned to aircraft maintenance positions.  The Aviation Maintenance Company’s (AMC) primary purpose is to support the momentum of offensive operations. The AMC will perform BDAR and the AVUM or unit level and determine the priority of these repairs.  Additionally, all Aviation Unit Logistics Assistance Representatives (LAR’s) are trained in BDAR and provide technical assistance and recommendations for BDAR repairs. 

5.1	Assessor Responsibilities

The assessors' primary responsibilities are to evaluate damage and determine repairs needed to quickly return aircraft to operational service. Resources must not be wasted on aircraft which cannot be repaired within specified time limits. They must be able to isolate damage, determine repair methods and procedures, and learn the serviceability standards, or mission limits.  Their assessment is used to determine which aircraft need expedient repair, which can be flown with only minor attention, and which cannot be repaired in time to meet combat requirements. The objective is to return the maximum number of aircraft to a flyable condition. It may be determined that aircraft cannot be made flyable within time and/or manpower constraints. In this case they may be source of repair parts.  Assessors will determine the requirements for and sequence of repairs. They establish an estimated time to complete repairs by skill.  They also coordinate with the maintenance authority to establish an estimated time of availability.

AVUM Level. At the level, the assessor may seek assistance from specialist on various aircraft systems. However, the assessor is responsible for the assessment and recommendations given to the maintenance authority. The maintenance authority determines the priority for repairs. 

Field Recovery Site. At the field recovery site, the assessor evaluates aircraft damage. He also recommends repairs to the maintenance authority. The maintenance authority decides what repairs can be made under the immediate tactical situation.

Restrictions. The assessor will assist the maintenance authority in determining what restrictions must be placed on the aircraft because of BDAR.

Repair Priority. When the assessment is complete, the maintenance authority determines the priority in which aircraft will be repaired based on the assessors' reports.

“BDR techniques are limited only by Safety considerations, Experience and skill of repairmen, and component or substitute availability.”   In Peacetime, flight safety requires restoring damaged structure to its original condition.  Consideration is given to strength, corrosion protection, and cosmetic appearance.  Repairs are devised by the aircraft engineering authority where expert advice is available and time is available to evaluate.  During combat, damage and repairs will be quite different.  Time will be of the essence and the engineering authority and advice will be limited.  Under combat conditions, BDAR may be performed on helicopters which are in flight or which are under power while on the ground. While some of these BDAR actions may require waiving of safety precautions, the cautions to protect personnel life should not be overlooked. Other similar precautions may be waived at the discretion of the commander. BDAR fixes may be required in a chemically toxic environment or under other adverse battlefield conditions with severe limitations in personnel, facilities, equipment, and materials. Performance of repair tasks may be necessary while wearing protective gear.

5.2	Maintenance Categories

What is desired and needed is sufficient strength to maintain operation flying is the primary concern of the assessment and repair.  In some aircraft, extensive damage may require little work, i.e. non structural member, in others the smallest crack could be catastrophic. For example: When a damaged aircraft is flown it can be assumed that some structural strength is still present.  However this does not mean sufficient strength is available to do mission with added weight of fuel and armament.  An assessors must look at all these factors to determine capability for the next sortie.  The damage inspection is used to locate and classify damage in three steps: inspecting the damage, labeling the damage, submitting the BDAR report.

Scheduled Maintenance. There are no scheduled maintenance and inspections. However, necessary lubrication, servicing; and operational checks will not be deferred. When conditions permit, the “overflown" inspections will be completed. When expedient repairs are made on the aircraft or repair of damage is deferred, to ensure flight safety or mission accomplishment, it may be necessary to schedule inspections at subsequent flight hour intervals.  Scheduled battle damage inspections of this type will not be deferred. 

Unscheduled Maintenance. Repair of systems and subsystems which are not critical to mission accomplishment, may be deferred unless they might cause further damage. Items may be deferred even if it places operational limitations on the aircraft, as long as the restricted aircraft can accomplish designated missions and can contribute to the battle. Deferment of repairs for a one-time flight to a higher maintenance level, or for self-recovery from a combat area, is highly desirable. This eliminates the need for another aircraft to accomplish the recovery, or the loss of the aircraft if recovery is not available. The maintenance officer or assessor will make the decision based on an analysis of the overall situation and airworthiness of the aircraft.

Assessment. Aircraft which have battle damage will be inspected and classified by a damage assessor using a method similar to the medical concept of "triage." Following assessment some aircraft will be returned to service immediately through deferment. Other aircraft will be repaired using approved battle damage repair techniques. On the average, a repair action at the AVUM level should take 4 hours to perform and the maximum should be no more than 8 hours; whereas, at the AVIM level, the repair action should take no longer than 24 hours.  These aircraft will be set aside and repaired as manpower and parts become available.  Other aircraft will be repaired using approved battle damage repair techniques.  Repairs are made using interim techniques, off-the-shelf standard hardware (not necessarily aircraft related) and without concern for appearance.  Aircraft that have sustained major battle damage so that BDAR is not practical may be either ground-recovered or air-evacuated to a facility with required repair resources, cannibalized (or controlled exchange) for spare parts, or destroyed in place to prevent enemy capture.  

5.3	BDAR Time Requirements

The time line for accomplishment of BDAR is crucial to returning maximum assets to the battlefield in a quick and timely manner.  Current US Army BDAR doctrine follows the following timeline guidance:

Covering Force: <180 minutes, only 45 minutes is for repair

Main Battle Area: <180 minutes, only 45 minutes is for repair

Rear Area: <217 minutes, only 109 minutes is for repair

This includes

Assessing combat damage

Deferring maintenance

Perform battle damage repair

Cannibalization & controlled exchange/substitution

Damage limits have been established to fly an aircraft “as is” in certain cases.  These requirements are:

Type 1

100 flight hours or 30 days is typical

Full flight envelope

Inspected after every flight

Type 2

One time flight

Limited flight envelope

· Apache example 

· Maximum airspeed of 100 knots

· Maximum vertical load factor of 2.0

· Black Hawk example

· Maximum airspeed 80 knots

· Maximum vertical load factor of 1.5

· Maximum of 3 flight hours

· Gradual pedal movements not to exceed 50% of available travel from trim positions

· Landing at level attitude; soft touchdown from hover

5.4	BDAR Triage

The triage assessment chart (see Figure 1) guides the assessor through the helicopter's capability so that all capabilities are evaluated.  If a fault is found, the chart will direct the assessor to the chapter for the functional group which contains the fault. The BDAR assessment procedure will refer to a guide fix in the respective aircrafts BDAR TM, a standard field TM repair if it is feasible, or a higher AVIM level of repair if extent of damage, time constraint, tooling requirements, repair part or material, and any other necessary requirements are only available at a higher level of maintenance.

The triage assessment chart is dedicated to a "quick look aircraft zone" inspection. This technique is intended to quickly identify critical damage which is not repairable or would require extensive repair (high manhours) times.  Each "aircraft zone" contains several subsystems, each having critical components (mainly airframe structure and aircraft wiring). The quick look visual "aircraft zone" inspection will ensure a successful aircraft triage. A sample “triage” flowchart diagram is shown below.

[image: ]

Figure 1: Sample BDAR Triage Chart




5.5	BDAR Evaluation and Repairs: Using the Book

Ballistic damage to a wire harness cannot be classified as critical or non-critical. Function of the equipment will determine the condition of the aircraft. Wire harness damage can be repaired, but in severe cases troubleshooting and repair can expend hundreds of man-hours.  Typically, a wire harness will be routed through all areas of a helicopter and interconnect several components and subsystems. The complexity of the wire harness repair is dependent on the number of components and subsystems involved. When damage exists, the assessor needs to decide and recommend a deferrable, repairable or non-repairable action. Man-hours, materials, tools and equipment will need to be estimated. In certain cases, the repair man-hours can be reduced by limiting the repair to essential equipment, permitting the aircraft to be used at a reduced capability. 

Deferrable, repairable or non-repairable actions are decided on a per aircraft basis taking into account type/amount of damage and need for aircraft inspection with the most severely damaged portion of the aircraft to the scarcely damaged areas. Visually inspect the aircraft zone structure and related subsystems for critically damaged components. BDAR TM’s have special tables and charts to properly identify critical components unable to tolerate damage without immediate repair. When non-repairable or extensive repair time damage is found, triage inspection is halted and the findings to the appropriate level of authority for aircraft disposition. When quick look visual "aircraft zone" inspection is completed, the assessor will proceed with detailed subsystem assessment and operational inspection following the triage assessment chart.

Damage evaluation’s purpose is determine whether damage to structure capability has degraded it below a minimum acceptable (i.e. point of failure)  All damage is scheduled for repair, it is the timeframe that is in question. The Commander defers noncritical airframe damage, individual members are classified as serviceable or failed. These can be deferred for up to 100 hours.  Deferability assessment goal is to determine whether an aircraft with battle damage structural members must be repaired or can safely flown without repair. (i.e. hourly, with daily inspection, etc.) Warning associated with deferment, “deferring Battle damage to primary structure will reduce the aircraft’s ability to withstand further projectile damage and in many cases it will also decrease survivability.  Performing combat missions with unrepaired damage may increase the risk to aircraft and crew if additional damage is suffered.  Chapter 2 of the Battle Damage Technical Manuals discusses and establishes the limits on airframe damage. Again , the maximum deferral of repair/inspection is 100 hours.

As part of battle damage inspection, the area of damage needs to be cleaned, to find cracks, imbedded particles, etc.  Locating all entrance and exit wounds is a important first step.  Use the pilot post flight/ mission debrief to help identify possible areas.  Armor Piecing (AP) and Armor Piercing Incendiary (API) leave smooth holes, round or oblong in shape depending on angle of impact.  Delay fuse High Explosive Incendiary (HEI), will probably penetrate airframe and exit, similar to API.  Proximity and point detonation- create large irregular wounds accompanied by deformation and tearing of metal and numerous fragmentation holes.  Bombs,/mortars/artillery rounds will result in irregular holes of various sizes.  The fragmentation pattern will involve many individual penetrators and the complications produced by explosive blast and overpressure makes determining path of fragment difficult.  It is crucial to locate all exit wounds, missing exit wounds indicate Foreign Object Damage (FOD) in aircraft and projectile / shrapnel might have struck a structural member and become imbedded.  

Critical areas to inspect when doing BDAR inspections are structural changes and cracks.  Buckling, misalignment, crippling are all indicators of possible structural damage.  For cracks, inspections where the projectile or penetrator made contact.  Blast damage and pressure from explosions may also be a source and cause of cracking.  Damaged members may result in increased loads on other airframe components which must be taken into account. Discoloration of material is an indicator to watch for.  If the structural member is subjected to temperatures of 300 degrees Fahrenheit for 30 seconds or less, it is generally considered to be insignificant to the structural member.  Intense heat on the other hand may reduce the temper and strength. Eddy current test are available for conductivity test to determine if material properties have changed.  

Damage evaluation is used to determine if battle damaged structural members are serviceable or failed.  Classified as failed it they exceed certain limits.  Also considered failed if continued service would increase it to that limit in a very short time frame.  Limits are based on preserving enough strength in the structure to support all loads that might be sustained by the aircraft in combat.  Damage to each member must be evaluated and measured unless obvious failure.  For primary structural members the limits are given in terms of size and spacing of damage.  Secondary members are evaluated in terms of net area loss.  

In labeling and reporting the damage, the BDAR TM calls for the measure of the damage after smoothing and cleaning up of the damaged area.  This is to ensure an accurate measurement is obtained, measured down to 1/10th of an inch.  As the BDAR manual states the damage includes all cracks radiating from the projectile damage, whether a hole or imbedded material.  If damage goes to fastener hole, include the hole as part of width and length of damage.  Distance between areas should be either 5X or 10X depending on component, again as specified in manual.

Examples of BDAR repairs in the field: 

5.1.1	AH-64 Apache BDAR Field Repairs

Referring to Figures 2 & 3:

Damage:  Small arms bullet hit Left Hand Engine Nacelle at Frame Station (FS) 219.81 causing hole bullet continued on through the engine nacelle work platform frame assembly at FS 231, severing frame assembly and causing shrapnel to puncture the skin at FS 240.  The bullet continued on severing the frame assembly at FS 242 causing a hole in the frame.  Bullet impacted the IPS blower duct frame assembly at the primary exhaust nozzle putting a hole in it.  The bullet then entered the secondary exhaust nozzle fairing at FS 280 and exited the fairing at FS 290.  Both holes had were approx. 3” X 3”.  The bullet then went through the outboard secondary exhaust nozzle at FS 292.  

BDAR:  Skin damage repaired with 2” X 2” patch of .032” 2024T3 AL.  Frame assembly damage repaired using .040” T3 AL doublers.  IPS blower frame assembly was not repaired along with the 2 holes in the secondary exhaust nozzle fairing.  Outboard secondary exhaust nozzle was replaced.

Damage:  Rocket Propelled Grenade (RPG) punctured left panel L175 at FS 178, Water Line (WL) 126 causing a hole. Round impacted the 30mm spike accumulator at FS 179 WL 129 destroying the mounts and dislodging the accumulator.  The accumulator hit the frame assembly at FS 182 causing a 3” X 1.5” hole in the frame assembly.  The RPG round and accumulator continued out the left L194 panel causing a hole in the panel of 4” X 6”.  Both parts hit the left hand wing between the #2 and #3 wing ribs at Left Butt Line (LBL) 41.  Damage to wing unknown.

Repair:  Hole in bottom of panel L175 was not repaired.  Mounts for 30mm spike accumulator repaired by AVIM sheet metal.  Spike accumulator was replaced along with the hydraulic lines that were damaged.  Frame assembly at FS 182 was repaired using .040” T3 AL doubler, panel L194 replaced and the left wing was replaced.

[image: ]

Figure 2: Apache Battle Damage Example

Damage:  Smalls arms bullet punctured the outer skin on the underside of the Right Hand (RH) engine nacelle at FS 254, WL 164, Right BL (RBL) 30 putting a 0.3” X 0.3” hole in the skin.  Bullet continued on through the APU oil sump and lodged itself inside the APU.

Repair:  The APU was replaced.  The hole in the skin has not been patched.

Damage:  Bullet entered B60 panel at FS 70, WL 104, LBL 4 causing a 0.3” X 0.3” hole in panel, continuing on and severed 5 wires in wiring harness W211 and destroyed the hard mount for the Co-Pilot Gunner’s lateral LVDT.

Repair:  Hole in B60 panel not repaired.  Wiring harness repaired by ARMT.  Mount for LVDT replaced with .040” T3 AL, and LVDT was replaced.
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Figure 3: Apache Battle Damage Example, Close Up

 











5.1.2	AH-64 Apache BDAR Field Repairs

Referring to Figure 4:

Damage:  Small arms round entered left side exhaust fairing at the center of outboard side. Round continued through nacelle canted frame at FS 284.5, LBL 40.25. This hole was approx. 0.35” x 0.35”. Bullet then hit upper outboard nacelle longeron at FS 282.1, LBL 40.5. This hole was approx. 0.5”  x 0.7”. Round continued and entered nacelle work platform at FS 251.5, LBL 38, creating a 1.7” x 1.1” hole.  Round exited nacelle door at FS 264.5 - 260.5, LBL 36, making a 3” x 1” hole. 

Repair:  Exhaust fairing was patched and filled.  Damage to nacelle canted frame and longeron was filled, cleaned and deferred.  Nacelle platform was repaired using a 2½” x 2½” inch patch of .032” T3 AL. Nacelle door was also patched with 4” x 2” .032” T3 AL  patch.

Damage:  Small arms round entered wing 3 inches aft of the number 1 wing stinger at approx LBL 70, creating a 0.35” x 0.7” oblong hole.  Round fragmented leaving 3 dents on leading edge approx 1.5”, 2.65”, & 3.85” forward of the forward spar.  All these dents were located between aft rib LBL 78 and forward rib LBL 66.  The round the exited through the skin 4.6” forward of the forward wing spar, between the same ribs as dents. 

Repair:  Extent of internal wing damage yet to be determined.  Entrance hole in wing was patched with a 3” x3” .032” T3 AL patch and the exit hole was filled and patched with 4” x 3” .032” T3 AL patch.
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Figure 4: Apache Battle Damage Example Two




5.1.3	OH-58D Kiowa  BDAR Field Repairs

Referring to Figure 5:
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Figure 5: OH-58D Kiowa Battle Damage Example

Damage:  Small arms fire resulted in one hole through a blade.  Minor damage on the top side (not pictured).  Another hole thru the belly and fuel cell with slight leakage and one hole through the Tail Rotor Gear Box fitting.  The aircraft was able to return to base with some vibration. 

Repair:  Repair of this aircraft consisted of tailboom that came from another crash damaged aircraft (cannibalization/controlled exchange).  All holes were patched in accordance with standard repair practices at the AVIM level.



5.1.4	AH-64D Apache Tailboom BDAR Field Repairs

Referring to Figures 6 - 9:

Damage:  This aircraft was flown approximately 30 hours in this condition. During phase maintenance inspection (PMI), it was discovered that the aircraft had in fact, suffered battle damage to the tailboom at frame 496.0, sectional zone location, 2L stringer as seen in Figure 6.  The bullet entered through the right side of the tailboom, exiting on the left side impacting the 2L stringer.  Other than skin damage there was no other structural damage to the right side of the tailboom.  After initial damage assessment, the area was "cleaned up", as shown in Figure 7, to facilitate evaluation of best repair procedure. The on-site Boeing Contractor Field Service Representative (CFSR) developed a repair procedure that was implemented.
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Figure 6: AH-64D Apache Tailboom Battle Damage
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Figure 7: AH-64D Apache Tailboom Battle Damage, Cleaned Up



Repair:  The repair was a standard, TM 1-1500-204-23 (series) type repair using standard sheet metal practices. The damaged section of the frame flange was removed but NOT the web, only the top flange.  See crosshatch on left and black colored section in Figure 8.  An L Angle was fabricated from .040: 7075T6 AL, and riveted in picking up 3 fasteners in undamaged portion of frame.  Spacer was fabricated from 7075T6 AL as required for proper shim and fitment.
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Figure 8: AH-64D Tailboom Battle Damage Example, Filler




Then a section repair angle was fabricated from 7075T6 AL, same thickness as the damaged stringer.  If pre-bent material is not available on site, bend in the T0 condition, and heat treat to T6.  Angle must extend for at least 4 fasteners either side of skin cut out.  Angle was then installed under and on right side of damaged stringer.  Filler was fabricated to sit on top of repair angle and fill removed damaged area of stringer.  Filler had to be wide enough to pick up the one fastener to the right of the stringer and at least two fasteners to the left of the stringer.  Material was again will be 7075T6 AL or T0 AL treated to T6. Filler was contoured to skin curvature, except directly over the repair angle. Skin filler was fabricated from 2024T3 AL, at the same thickness as skin, leaving at least 0.050” clearance between cut-out and filler edges to prevent chafing. Skin doubler was fabricated from 2024T3 AL, one gauge thicker and picked up at least two fasteners all the way around the outside of the skin cut out. See Figure 9 below:
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Figure 9: AH-64D Tailboom Battle Damage Example, Doubler






6.0	STANDARD DOCTRINE VERSUS CURRENT PROCEDURES & DOCTRINE ADAPTATION

The US Army BDAR TM’s were written under the auspice of a high intensity or full out war scenario.  With current operations low intensity conflict level or in Operations Other than War (OOTW), the BDAR doctrine must be, and has been, modified or adapted to the current environment in the respective theater of operations.  Since the Army’s airworthiness program, Army Regulation (AR) 70-62, covers the entire aircraft life cycle, including maintenance, actions taken during aircraft maintenance (depot and field) and repair, including BDAR, can adversely affect airworthiness.  The Army had to adapt to this new type of warfighter environment to maintain both combat readiness and aircraft airworthiness.  By having Aviation Engineering Directorate (AED) Liaison Engineers (LE) teaming with Contractor Field Service Representatives (CFSR) and Logistic Assistance Representatives (LAR), the unit is provided with the most lean and responsive level of field support achievable.  Deviations from existing maintenance publications must be approved by AED LE’s, and cannot be authorized by contractor CFSRs or the AMCOM LAR’s.  By having an on-site LE, they can provide dedicated, timely support, and continue to provide airworthiness support, even in BDAR situations.

6.1	Liaison Engineer in Theater of Operations Support

To assist with operation Enduring freedom (OEF) and Operation Iraqi Freedom (OIF) accomplish BDAR and other maintenance and engineering tasks, a Liaison Engineer (LE) has been stationed in each in theater since 2003.  Originally stationed in Arifjan, Kuwait, when the 1109th AVCRAD deployed and established the TAMP in February 2003.  From May 2004 to the present, an LE has been stationed in Balad, Iraq. The Engineering station in Iraq (OIF) is located in Balad, Iraq, just 70 km North of Baghdad.  Balad is a joint service air base with a squadron of F-16s and an Army aviation brigade, including ground support assets and ground combat forces.  Beginning in February 2008, similarly, an LE was stationed in Afghanistan (OEF) in Bagram.  This was later increased to two LE’s in each theater of operations.  These LE’s provide forward engineering capability and support to effect repairs that might normally require support back in CONUS. Over 50 US Army Aviation Engineering Directorate (AED). Aerospace Engineers deployed since February 2003 to date. Some of the key functions these deployed LE’s vitally provide are:

Serve as on-site AED airworthiness Liaison Engineer

Empowered to provide on-the-spot decisions on a wide variety of aircraft maintenance issues

Call-back to AED (Redstone & Corpus Christi Army Depot) as necessary for technical guidance.

Provide units with Maintenance Engineering Calls (MECs) to authorize nonstandard repairs, to address field exigencies, and to resolve crash and battle damage repairs.

AED LE’s have completed over 2000 MECs supporting OIF/OEF in FY09 alone (see Figure 10).
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Figure 10: MEC Breakdown during the OEF/OIF years.

6.2	Theater Aviation Maintenance Program (TAMP) Mission and Organization 

The Theater Aviation Maintenance Program or TAMP mission is to provide organizational, intermediate, and limited depot-level maintenance of aircraft and their engines and components; implement modification work orders; provide technical assistance to aviation units; establish special repair activities; provide supply and personnel support services; and control Army aviation intensively managed items.  TAMP Provides Forward Presence for Maintenance & Limited Depot Repair

The National Guard’s Aviation Classification Repair Activity Depots or AVCRAD’s have been instrumental in providing aviation maintenance support for Operations Iraqi Freedom (OIF) and Enduring Freedom (OEF). The Army National Guard has four AVCRADs. They are located in Connecticut, Mississippi, Missouri, and California. These units are designed either to operate from a fixed base at their home stations or to fall in on Corpus Christi Army Depot (CCAD), Texas, to augment that depot's workforce.  

Filling the TAMP role, the 1109th AVCRAD in Groton, Connecticut, deployed to OIF in 2003 and established depot operations in a warehouse in Kuwait. The 1107th AVCRAD in Springfield, Missouri, took over operation of the warehouse from the 1109th in 2004 and converted the warehouse into a series of shops that produced depot-repaired components in support of the NMP. The 1106th AVCRAD in Fresno, California, deployed to Kuwait in 2005 to support OIF 2004-06 and expanded the operation to provide support to OEF

AVCRAD’s deployed to the Southwest Asia area of operations support aviation reception, staging, onward movement, and integration (RSO&I) and the National Maintenance Program (NMP) for Army Materiel Command (AMC) Southwest Asia. These AVCRADs also are the Coalition Forces Land Component Command (CFLCC) reserve aviation maintenance resource. The AVCRAD’s are responsible for limited depot aircraft maintenance, component repair, pass-back aviation intermediate maintenance (AVIM), and operation of a supply support activity (SSA). (Pass-back AVIM is repair that cannot be performed by the units designated to provide it because they have an excessive amount of work requests, lack personnel with the required training and expertise, or lack the proper tools and equipment.)

Within a month of its arrival in Kuwait, the 1106th AVCRAD sent a mission analysis team to Iraq to determine the warfighters' forward depot operations needs. The key problems identified by the team were difficulty in moving maintenance contact teams and components within the theater and in communicating requirements from units in Iraq to the AVCRAD in Kuwait. When an aircraft suffers battle damage or is damaged in a hard landing, for example, it must be repaired and returned to the fight as quickly as possible. Repairing a damaged aircraft requires parts, special tools, and skilled, technically adept personnel. To meet these needs, the 1106th AVCRAD developed the forward operations cell (FOC) concept of support. The FOC provided depot expertise forward to communicate requirements, positioned a movement control team (MCT) in Iraq to manage parts flow, stationed depot teams and tools forward to reduce response time, and served as a forward command and control node for the AVCRAD commanders. The FOC was able to respond to customer requirements within minutes or hours instead of days, as had been the case when the AVCRAD had to respond from Kuwait. 

The AVCRAD component repair mission required that unserviceable, reparable components be transported to Kuwait. Often, after receiving a component, the AVCRAD found that it would have to be evacuated to the continental United States (CONUS) for repair. Part of the FOC mission was to reduce the number of components being transported unnecessarily on the hazardous roads of Iraq by placing AVCRAD supply and technical inspectors forward in Iraq to classify unserviceable equipment. Only components that could be repaired by the AVCRAD's shops were shipped to Kuwait. Components that could not be repaired in Kuwait were consolidated and shipped by strategic airlift back to the appropriate CONUS depot. 

6.3	RESET Process 

The U.S. Army’s Aviation RESET Program was established under the direction of the Army Material Command in April 2003 to track and manage the inspection, repair and overhaul of the helicopter fleet deployed in Iraq and Afghanistan. RESET’s Mission Definition is to restore aviation equipment to a fully mission capable condition in accordance with AR 700-138 using special technical inspection and repair procedures outlined in Army Technical Bulletins (TBs).  Assist Program Managers in fleet configuration control through the application of outstanding Modification Work Orders (MWOs) and perform limited depot repairs.

RESET is not routine scheduled maintenance or depot overhaul.  RESET an 100% disassembly of the aircraft and its dynamic components (Engines, Rotor Systems, Drive Trains, Flight Control Systems, etc.).  It involves 100% cleaning of all airframe and components and a complete serviceability inspection of all airframe and component elements. The aircrafts entire historical record is reviewed and corrected if necessary.  All required Army recommended modifications are completed to the aircraft and all components are refurbished to 100% or replaced.  All outstanding and deferred maintenance actions are completed on the aircraft.  RESET corrects discrepancies and damage associated with both BDAR and discovered under A3T/ACE.  RESET returns an immediately deployable aircraft to the unit with significantly improved operational availability and safety characteristics.  The goal of the RESET timeline is to have a new asset ready for deployment within 90 days of induction into the program.

6.4	ACE/ A3T:  AIRFRAME CONDITION EVALUATION – ARMY AVIATION ASSESSMENT TEAM

ACE is an annual assessment of the fleet to gather data on the structural condition of the aircraft, like an annual check-up. ACE is required per Army Regulation (AR) 750-1, and is used to determine depot candidacy of aircraft/airframe.  A number of aircraft specific predetermined specific inspection locations, called indicators, are evaluated.  These indicators are checked for certain defect conditions, such as cracking, or corrosion.  The assessment results in a numeric score for every aircraft (the higher the score, the worse the condition of the airframe).  The score is the result of adding points assigned to various types of defects identified during the assessment.  Scores for each mission design series (MDS) are unique to that series.  A numeric score from one MDS cannot be compared to the numeric score of another MDS.  Each aircraft’s score depends on both the number of defects found, as well as the indicator they are located on.  For example, sheet metal defects are usually not as critical as frame defects, so the frame defects typically have a higher scoring weight.  The ACE results are then stored in the ACE database, which includes the ACE profile score, defect locations by fuselage station, water line, and butt line, as well as any additional comments made by the evaluators.

ACE data is used to identify candidates for depot repair and to  identify symptoms of airframe corrosion, overstress and fatigue data collected during evaluations is stored in the ACE database and is used for technical and logistical analysis. ACE does not replace any regular field maintenance or inspections; ACE does, however, improve overall fleet safety and readiness by targeting aircraft based on need of repair rather than time based inspections.  ACE is a management tool as well as an engineering tool. Aircraft that have gone through RESET show lower average scores in subsequent evaluations when compared to non-RESET aircraft.  Aircraft that have gone through RECAP showed significantly lower average scores in subsequent evaluations when compared to non-RECAP aircraft.

6.5	AIRCRAFT COMBAT MAINTENANCE /BATTLE DAMAGE REPAIR 

The manuals give you a lot of leeway/flexibility, here is where common sense has to play a role.  The manuals state “there are no schedule maintenance and inspections” However you still need to do the necessary lubrication, servicing and operational checks will be performed. And when time permits, overflown inspections will be completed. Scheduled battle damage inspections will not be deferred, i.e. if the designated BDAR Point of Contact (POC) has determined a inspection needs to be done every 5/10 hours, whatever he comes up with, those cannot be deferred

Repair of systems and subsystems which are not critical to mission accomplishment many be deferred unless they might cause damage.  Items may be deferred even if it places operational limitations (no ESSS ops, restrict use of 30mm), on the aircraft, as long as the restricted aircraft can accomplish its designated missions and can contribute to the battle.  Deferment of repairs for a one time flight to a higher maintenance level or for self recovery from a combat area is highly desirable.  That eliminates the need for another aircraft to accomplish the recovery, or the long term loss of the aircraft if recovery is not available.  The maintenance officer or assessor makes the decision based on analysis of the overall mission and airworthiness of the aircraft.

7.0	LIVE FIRE TRAINING

Prior to any actual firing tests, analyses should be performed by the AC to identify vulnerable components and subsystems and maximize the efficiency of live fire testing. The System Threat Assessment Report/System Threat Assessment (STAR/STA) is the basic threat document defining the threat environment in which the development system should function. If required by the PA, actual live fire tests (LFTs) should be performed on those components with either actual or simulated surrounding structures and components.

Four elements of ballistic survivability testing might be tested by the Government. These elements are armor, ballistic tolerant structure, and components positioning and separation of subsystems, and fuel ballistic protection.  Threat projectile, impact location, obliquity, tumble, and striking velocity should be specified in Government test plans, and should be recorded and reported for all firing tests. Another element of LFT, lethality, is primarily related to weapons systems effectiveness testing.  Compatibility of armor with typical operators and maintainers should be validated by Government use personnel prior to beginning LFT. Validation is intended to confirm that armor installed in its normal position does not interfere with critical operator and maintainer tasks. 

If battle damage assessment and repair (BDAR) is a requirement, such repairs should be validated using LFT assemblies and components to demonstrate specification compliance. Since only vulnerable areas should be tested, measures of the air vehicle airworthiness and mission effectiveness are primarily related to probabilities of suffering a specific type of kill such as attrition, mission abort, or forced landing kills, and may be expressed as the probability of a kill given a hit (PK/H). Instrumentation required to monitor these tests may include video recorders, instruments for monitoring electrical and functional parameters, such as current, torque, and temperatures, and pressure transducers for monitoring transient fluid and blast pressures.

8.0	CONCLUSIONS AND SUMMARY

Battle Damage Assessment and Repair (BDAR) is an ever evolving, ever changing tactic, not unlike other battlefield tactics, that must be continuously adapted to a variable and changing arena. As Robert Burns wrote, “The best-laid plans of mice and men often go awry”, so do doctrines and tactics, since every outcome or result cannot have a pre-planned contingency. The process of BDAR is no exception to this rule. As such, the US Army has adapted its standardized BDAR doctrine to fit the current threats associated with the ongoing OEF/OIF conflicts. By continuously re-evaluating the tactical situation and technical capabilities, the warfighter is constantly updated with more capability, equipment, technology and support to accomplish the BDAR mission far more effectively to keep the pressure on the enemy.  The US Army’s BDAR capability is a successful demonstration of forward thinking for warfighting in the twenty-first century.
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Abstract

Battle damage assessments are the key component of an effective battle damage repair program.  Under the current US Air Force aircraft battle damage repair program, assessment of aircraft battle damage can be conducted by both specially-trained enlisted military maintenance technicians and military or civilian engineers.  Battle damage assessments are conducted and documented following specific procedures outlined in USAF aircraft battle damage repair technical guidance and filed with owning maintenance units, aircraft system program managers, and the Survivability/Vulnerability Information Analysis Center.  Specific ABDR technical guidance for each aircraft provides damage tolerance data for the purpose of assessment and repair.  A basic set of tools and technical documents is necessary for the assessment process.  Assessment can be enhanced by use of additional, optional tools/equipment and consultation with trained engineers and non-destructive inspection technicians.

1.0
Introduction

Rapid and accurate assessment of aircraft battle damage and repair requirements is critical to an effective aircraft battle damage repair (ABDR) program.  In addition to a technical understanding of the extent of damage and associated repair options, ABDR assessment must also consider mission needs, organic repair capabilities, and manpower.  Assessment procedures can be founded on different philosophies, such as the Israeli Air Force (IAF) emphasis on permanent, full-capability repairs at the expense of time or the British Royal Air Force (RAF) preference for rapid, temporary repairs to restore partial-capability [1].  The US Air Force (USAF) ABDR program follows a blend of the Israeli and British approaches to battle damage repair, balancing a preference for permanent, full-capability repairs with mission needs and time criticality.  Within the USAF ABDR philosophy, assessment can be conducted by specially trained maintenance or engineering personnel following typical process steps and using common tools.  When available, engineering assistance or non-destructive inspection (NDI) can provide significant benefits.  Assessment procedures can be encompassed by exploring assessment philosophy, process, workforce, tools, and consideration of engineering assistance.

2.0
Assessment Philosophy


Battle damage repair philosophy is driven first and foremost by mission needs.  If the threat condition is very high, it may be worth the risk of sending a temporarily-repaired or partially-capable aircraft into combat to achieve certain tactical goals.  This philosophy is one that values repair speed over restoring full-capability.  In conditions where the threat condition is more relaxed, it may be more economical to undertake a more time-consuming and permanent or semi-permanent repair to restore full-capability to a battle-damaged aircraft.  These philosophies may change during a conflict based on changes to threat conditions.  

A formal ABDR program must be designed around an underlying repair philosophy.  For example, the IAF’s approach to ABDR relies on aircraft structural engineers incorporated into maintenance teams who serve to assess battle damage and design permanent repairs.  This approach relies on trained engineers who can develop original repairs based on engineering principals and who are not dependent on published repair manuals.  In contrast to this approach is the RAF approach to ABDR employs a senior non-commissioned officer (NCO) maintenance technician as the battle damage assessor who relies on comprehensive ABDR manuals to enact expedient, temporary repairs in accordance with published technical guidance [1].  The RAF approach is complimented by their overall maintenance concept which employs engineers as maintenance officers, allowing for engineering assistance collocated with the aircraft and not requiring separate, dedicated ABDR engineers.  The USAF ABDR philosophy blends both of these approaches into a robust program with both NCO assessors and ABDR engineers that allows for both rapid, temporary repairs and slower, permanent repairs depending on mission needs.

The USAF ABDR philosophy balances mission needs, manpower, available materials, tools and equipment, and time to achieve the best repair option for the situation.  This approach is similar to hospital triage in that it assesses each aircraft damage and determines the necessary repair action before establishing a priority for repairs.  In general, full-capability and permanent repairs are preferred; however, the USAF ABDR program is structured to accommodate rapid, temporary repairs to satisfy mission needs.  Ultimately, an operational commander must dictate mission needs to maintenance commanders to ensure the most-needed aircraft and capabilities are repaired first.  When no clear aircraft or capability priority exists, easy repairs are affected first and complex repairs are either sent elsewhere or delayed until convenient to mission needs.    

3.0
Assessment PROCESS


The USAF ABDR assessment process requires flexibility to tailor assessment steps to every unique situation, so these process steps are more guidelines than requirements.  For example, the first step in a typical process is to interview the aircrew if the aircraft was damaged in flight, but if the crew are not immediately available, this step should be skipped in order to expedite the repair.  With the understanding that these steps are guidelines, the current USAF process for ABDR assessment is as follows [2]:

3.1
Interview the Aircrew

If an aircraft returns from a mission with combat damage, the crew can provide valuable information about the likely extent of the damage as well as any affected systems.  For example, if the crew felt the damage occur while in a right-hand bank and the damage appears to be from ground-based small arms, the assessor can estimate the path of the projectile within the aircraft substructure and inspect for further damage accordingly.  If the crew states a particular avionics system suddenly failed in flight, that could also be indicative of where to inspect for damage.  The crew may also know the source of the damage, such as a missile or an anti-aircraft gun, which can help determine the likely extent of the damage.  The crew may also be aware of possible sources of secondary damage, such as a fuel fire on the upper wing which may not be easily visible to the assessor.

3.2
Inspect the Aircraft for Further Damage

Whether or not the crew was available to interview, it is important to conduct a thorough inspection of the complete exterior of the aircraft as well as any accessible interior substructure.  A single projectile entry hole may produce multiple shrapnel fragments which can spread out in a wide pattern of damage; concluding an inspection with the discovery of a single damage path can leave significant problems unaddressed.  The inspection should be conducted in a methodical manner to ensure no damages are missed.  One approach to inspection is to start at the front of the aircraft and move to the rear of the aircraft while inspecting the right-side, then return to the front while inspecting the bottom and move back and forth in this manner until the entire aircraft exterior has been inspected.

3.3
Document the Full Extent of the Damage

Full and thorough documentation of battle damage is valuable in the near term and long term to multiple parties.  First, well-documented damage allows the assessor to move away from the aircraft to a more convenient location to determine required repair actions, such as away from the aircraft in a climate-controlled office away from noise and weather where technical data may be stored.  Second, thorough documentation of the extent and effects of battle damage can feed an understanding of threat weapon effects allowing for improvements in aircraft survivability design.  Finally, well-documented damage can assist investigators in determining the weapon used which may provide invaluable intelligence data to operational commanders and crews.  Assessors should carry a digital camera with abundant memory to allow extensive photography of a damaged aircraft.  Several photographs should be taken of the every damage from multiple angles using a variety of zooms and lighting.  

3.4
Determine Repair in Accordance with Published Technical Guidance

Typically, USAF ABDR assessors are military senior enlisted maintenance technicians who rely on published technical guidance to develop repairs.  Usually, an appropriate repair is detailed in ABDR or weapon specific structural repair manuals which a repair technician can use for guidance.  If no published instructions for the desired repair exist, the assessor can outline instructions for implementation of general repair guidance for the repair technician.  If available, ABDR engineers may also develop repairs from engineering principles and can publish their own technical repair guidance; ABDR engineers are not restricted to using published technical guidance.  

3.5
Coordinate Mission Needs with Operations

As mentioned previously, operational commanders must dictate mission needs in order that ABDR assessors can properly prioritize repair actions.  Part of the assessment process should include regular consultation with operations to determine current mission needs.  For example, several easily reparable fighter aircraft may seem to be the best aircraft to repair first when, in actuality, a more severely-damaged cargo aircraft is desperately needed to airdrop supplies to ground forces trapped in a hostile area.  The assessor should never assume mission needs without first consulting with operations.

3.6
Prioritize Repairs

Generally, an ABDR team has only one assessor and many repair technicians.  It is important for the assessor to clearly prioritize repair actions in order to efficiently guide repair technicians in their work during the assessor’s absence.  Repair priorities can be subject to change based on changing mission needs or conflicts with manpower, material, or equipment.  Because of these possible contingencies, an assessor should frequently circulate between operations and all ongoing repairs to guide the best actions to meeting mission needs.

3.7
Assign Repair Responsibilities Among Team

An assessor has leadership responsibilities in addition to their technical duties.  The assessor is responsible for assigning specific repair tasks to individual technicians and balancing the workload of the ABDR team.  For this reason, it is important that the assessor get to know his or her team members and their individual strengths and weaknesses to promote maximum efficiency in meeting mission needs.

3.8
Re-evaluate/Reassess as Required

This assessment step supports a number of previously described contingencies, such as changes in mission needs or reprioritizing repairs due to tool failures, material shortages, personnel injuries, etc.  Additionally, assessors must re-evaluate ongoing repairs frequently to ensure they remain within the scope of the original assessment.  Damage clean-up and mistakes during repair, such as a misdrilled hole, can inadvertently grow the original damage beyond the originally assessed limits.  Preciously unassessed damages which can alter the overall damage assessment may also be discovered while affecting repairs.  These situations require reassessment to assure mission needs are still met while also affecting a satisfactory repair.

3.9
Approve Completed Repair

The assessor is responsible for assuring a completed repair meets his or her specifications.  Once a repair technician completes a job, the assessor must inspect the repair to assure it is satisfactory and in accordance with published technical guidance.

3.10
Document and Report All Damage and Repairs


In addition to the reasons for documenting damage discussed in paragraph 3.3 above, damages and repairs must be documented to assure they are eventually repaired permanently.  If temporary repairs require periodic inspection, aircraft forms must be annotated with sufficient documentation to assure inspection requirements are met.  Most field repairs of aircraft structures are semi-permanent at best because they are not able to be instilled with the same corrosion resistance as depot repairs or they do not satisfy configuration control requirements.     


4.0
Assessment WORKFORCE


USAF ABDR assessors are either mid to senior-level NCOs with experience as ABDR technicians who are assigned to a Combat Logistics Support Squadron (CLSS) or ABDR-trained engineers assigned to a repair depot.  To become an assessor, a maintenance technician must reach a master skill level in their maintenance specialty and receive the following training:


· Basic ABDR Technician Training


· Basic ABDR Assessment Training


· Weapon System Specific Assessment Training


To be qualified to assess battle damage unique to a specific weapon system, or aircraft model, an NCO assessor must have received training on that weapon system’s ABDR assessment manuals.  Because of this, NCO assessors are usually qualified to fully assess only one or two aircraft models and to perform only limited assessments of a general nature on other aircraft models.  The USAF ABDR program employs weapon system specific ABDR teams within each CLSS, so assessors are usually assigned to teams whose primary focus is the aircraft model the assessor is qualified to assess.  These teams are usually employed only to repair their designated aircraft models; assessment and repair of other aircraft models is conducted only in unusual circumstances.

USAF ABDR engineers receive the same training as the assessors with the addition of ABDR Engineering training which focuses on thin-walled structural analysis and fastened joint design.  ABDR engineers are typically assigned from weapon system program offices within depot repair facilities.  Because ABDR engineers are allowed to deviate from published technical guidance, they are not limited to assess specific aircraft models as are NCO assessors.  ABDR engineers are assigned to support specific CLSS teams and will deploy with the team as required.  ABDR engineers are also assigned to expeditionary aircraft maintenance units to act as Depot Liaison Engineers (DLEs) capable of providing engineering support on any deployed weapon system in need of repair.

5.0
Assessment Tools and Aids

Assessors must be equipped with some specialized tooling to conduct a proper assessment.  These tools fall into three general categories: must haves, nice to haves, and enhanced/engineering tools.  In addition to assessor tools, non-destructive inspection, when available, can aid damage assessment.

5.1
Must Have Assessment Tools


The tools in this category are the bare minimum tools required to assess battle damage in the field and prescribe repairs.


· Flashlight – the brighter, the better.  An extremely bright flashlight can penetrate the darkness of internal structures such as integral fuel cells and highlight subtle damages like cracks and panel buckling.  Also, a bright flashlight used to cast shadows on aircraft skin panels can highlight warping, buckling, and other damage.

· Ruler or tape measure – damage measurements are critical to determining reparability.

· Calipers – necessary for accurate measurements of structural components.

· Sheet metal thickness gauge – necessary for accurate measurement of skin panels.

· Blind rivet depth gauge – necessary to prescribe the proper repair fasteners.

· Inspection mirror – most damages are not visible from both sides; using a mirror allows inspection of both sides regardless of internal access.


· Ink marker, or “Sharpie” – pencil should NEVER be used on aircraft metals as it promotes corrosion.  Sharpie markers, however, do not cause corrosion and allow assessor notes and diagrams to be drawn directly on the aircraft.


· Basic and weapon system specific ABDR assessment manuals.

5.2
Nice to Have Assessment Tools


The tools in this category are not necessary to conduct ABDR assessment, but are valuable to allow conduct of a more in-depth assessment.


· 10x magnifying glass – for detailed inspection of damage areas for cracks.

· Blue flashlight filter – blue filters help highlight cracks to the naked eye.

· Coin – one of the best tools for assessing the integrity of bonds between metal panels and the integrity of a composite panel is a simple coin used to ‘tap’ along the material surface.  This tapping coupled with an astute ear can identify a hollow sound associated with a disbond.  An assessor should practice this method on a known disband to learn the difference in sound.

5.3
Enhanced/Engineering Assessment Tools


The tools in this category are not included in a typical tool kit either due to cost or practicality for the NCO assessor.  These tools are extremely useful when conducting an assessment, however, and are invaluable for engineering repairs.


· 5+ Megapixel digital camera with abundant memory – one of the single most useful tools for thorough documentation and engineering assessment is a digital camera.  Comprehensive photographs of aircraft damage are immensely useful when referencing parts breakdowns and manufacturing drawings to develop a a repair.  Several photographs should be taken of each damage area to capture the full extent of the damage.  This is especially true if the on-site assessor is coordinating repairs with an engineer located elsewhere.  A picture is truly worth a thousand words and can dramatically speed repair in this situation.


· Laptop computer with internet connectivity – even without internet connectivity, an available computer with common analytical software such as a spreadsheet program, presentation program, and a photo manipulation program can be used to perform and record repair calculations and develop repair instructions.  Internet connectivity can be well-worth the economical investment and is extremely useful for outside consultation with depot engineers, the aircraft manufacturer, or other references data available online.  Internet connectivity can allow assessor access to depot online data repositories for the following useful documents; these documents can and should also be stored on the laptops hard drive in case internet connectivity is unavailable.

· Aircraft Integrated Parts Breakdown (ICD).

· Aircraft Structural Repair Manual (not the same as the ABDR assessment manual).

· Aircraft Electrical Maintenance Manual.

· Aircraft Corrosion Maintenance Manual.

· Aircraft Manufacturer Stress Analyses, if available.

· Aircraft Manufacturing Drawings, if available.

· Scientific calculator – for the ABDR engineer to perform repair analyses.


· Satellite Telephone – if remotely deployed, a satellite telephone is extremely useful for consulting depot engineers or the aircraft manufacturer for assistance in damage assessment and repair.  It is also useful for consulting with operations as to the mission needs surrounding the aircraft under assessment.  Battle damaged aircraft are likely to make emergency landings at the nearest airfield or even a remote area of flat terrain, so assessors should always be prepared to travel in order to conduct their job.

5.4
Non-Destructive Inspection as an Assessment Aid


Generally, battle damage is isolated and can be adequately assessed with the naked eye.  Battle damage can, however, promote substantial additional damage, such as cracks around fastener holes, due to impact loading or overloading caused by changes in load paths around damaged areas.  If NDI-trained personnel are available, they can add significant fidelity to an assessment.  Dye-penetrant or eddy current inspections can identify cracks and determine their length.  Because aircraft wings and pressurized fuselages are loaded differently in flight than on the ground, a long crack can be hidden from the naked eye by compressive loading.  NDI can highlight the presence of these cracks.  NDI equipment can also be used to measure electrical conductivity of metal skins and structures to determine the extent of fire or heat damage.  Aluminum aircraft skins are heat-treated to achieve specific material properties.  Exposure to elevated temperatures can alter this heat-treatment and leave the aircraft vulnerable to overload failure.  Camouflage and dark-colored paints do not undergo significant discoloration due to fire or heat exposure and can mask the extent of heat damage.  Electrical conductivity tests using eddy current NDI test equipment can detect changes in metal conductivity indicative of altered heat treatments.

6.0
Engineering considerations

Engineers are crucial to the success of a full-spectrum ABDR program.  ABDR and structural repair manuals are limited in scope to relatively common repair actions which can be conducted by maintenance technicians leaving additional options for repairs that may not be covered in the published technical guidance.  This is where the ABDR engineer becomes an asset.  ABDR engineers are capable of designing repairs outside the scope of the repair manuals to create original and unique repair options.  Usually the engineer need not be on-site with the damaged aircraft to provide this capability, but being on-site provides considerable time savings which is the fundamental reason to deploy ABDR engineers with ABDR teams.  No specific data regarding ABDR engineer time savings are available to support these assertions; however, data gathered by USAF Depot Liaison Engineers assigned to expeditionary maintenance units since 2007 show over a 90% reduction in aircraft downtime for maintenance versus corresponding with engineers at the depots.  In addition to expedient repairs outside of repair manual guidance, ABDR engineers can also act as an additional assessor on the ABDR team since all ABDR engineers are also trained assessors.

ABDR engineers can at times be a hindrance to repair efforts if not used properly.  Because engineers are trained to analyze and design repairs from scratch, they can add considerable time and complexity to affecting repairs which are available in published technical guidance.  If NCO assessors are available, they should only involve ABDR engineers in repairs that are outside the scope of repair manual guidance or damages that pose a significant challenge to the assessor.  Otherwise, the repair outcome is likely to be like surgery where a simple splint would suffice.

7.0
CONCLUSION


Good assessment is the key to effective ABDR.  A properly trained and equipped ABDR assessor is the lead entity in defining aircraft damage, determining repairs, and ensuring mission needs are met.  Experienced ABDR technicians or engineers can fill the role of ABDR assessors given ABDR assessment training and access to assessment tools.  
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1.0 INTRODUCTION 


Battle damage repair (BDR) can play a key role in the outcome of a war. Promptness, reliability, and 
effectiveness of repairs affect the availability of aircraft for combat. In an air combat, an efficient Aircraft 
Battle Damage Repair (ABDR) is a key element in maintaining high sortie rates considering the limited 
availability of spares. Figure 1 (Ref. 1-2) shows the availability of aircraft for combat with and without 
ABDR. In Figure 1, excellent repair capability is defined as returning 50 percent of damaged aircraft to 
combat in 24 hours and 80 percent in 48 hours (Ref. 1). The figure shows that a good repair capability can 
quadruple the number of aircraft after 10 days of combat. 


 


Figure 1: Aircraft Availability with and without Repairs. 


The Israeli Air Force has developed an efficient system along with repair techniques for ABDR and 
demonstrated the effectiveness of their ABDR system in 1973Yum Kippur War (Ref. 1).  Figure 2 shows 
the effect of rapid repair on the availability of certain Israeli aircraft for combat. The use of rapid 
temporary repair techniques enabled Israeli Air Force to return 72 percent of the damaged aircraft to 
combat within 24 hours (Ref. 1). 


 


Figure 2: Battle Damage Repair Results of Israeli Air Force. 
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The requirements of Aircraft Battle Damage Assessment and Repair (ABDAR) Technical Manual are 
discussed in United States Military Specification MIL-PRF-87158B (Ref. 3). Various requirements of 
battle damage repair such as repair of structural components, electrical and mechanical systems, fuel 
system, wiring, etc., are discussed in the MIL spec. The present paper deals primarily with bonded 
structural repairs with emphasis on repair of aircraft structures. 


2.0 AIRCRAFT BATTLE DAMAGE ASSESSMENT AND REPAIR (ABDAR) 
TECHNICAL MANUAL 


Ref. 3 specifies the requirements of ABDAR technical manual so that users can efficiently and reliably 
take action on the disposition of the damaged aircraft. While it is not feasible to discuss all the 
requirements of the ABDAR manual as per Ref. 3, certain essential features and requirements from the 
reference are mentioned here. 


2.1 Damage Assessment 
Damage limits, repair guidelines, instructions, and references to applicable documents which enable an 
assessor to make the correct decision regarding deferment or repair shall be provided. Previous data from 
similar aircraft shall be included. 


2.2 Structures Description 
MIL Spec (Ref. 3) specifies that a brief description of the aircraft (rotary wing and fixed wing) structure 
shall be given with three dimensional illustrations of various zones.  A brief explanation of zones shall be 
given. These zones shall be selected such that they are essentially repair-independent and physically 
distinct based on structural features/equipment commonality. Five separate categories shall be used to 
categorize all external and internal structural members as follows: 


• Category I, primary airframe structure- These members shall include, but are not limited to: main 
longerons, bulkheads, spars and ribs; structural torque boxes in highly stressed areas; stress panels 
which serve to stabilize tension and compression loads between primary load carrying members; 
and any group of structural members in which a single failure may result in the immediate loss of 
an aircraft at the maximum expected load. For this category, limits shall be listed for all three 
damage classes. 


• Category II, secondary structure- This structure serves to transfer aerodynamic and other loads to 
the primary structural members. This structure primarily consists of external skin panels that are 
not considered primary stress panels, intermediate ribs, stringers, and formers which only serve to 
transfer load to primary members. Repair of these structural members does not require restoration 
of original design strength and stiffness within the content of war time environment. Limits shall 
be listed for all damage classes.          


• Category III, nonessential structure- Nonessential structure such as doors, panels, tips, fairings, 
etc., which may be extensively damaged or completely missing and no repair or replacement is 
required to maintain the airworthiness or mission capability. Limits shall be listed for all damage 
classes.   


• Category IV, special structure- These are special structures which are non-structural, but essential 
for safe flight and aircraft performance. Repair requirements for these structures are based upon 
considerations other than strength; such as aerodynamics, pressurization or engine performance. 
Limits shall be listed for all damage classes.   


• Category V, repair restrained structure- These structures are not feasible to repair under battle 
damage restraints due to design and shape. These structures include all complex machined or 
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forged parts and irregular shaped extrusions, channels, etc.   Limits shall be listed for A and C 
damage classes.   


2.3 Damage Categories 
The damage is classified in the following 3 categories: 


• Class A, degraded capability- damage limits that result in establishing operational restrictions 
when repair is not accomplished. The only purpose of this damage class is to permit the restricted 
use of the aircraft when time to repair is critical factor.  


• Class B, repairable damage- damage limits which permit structural repairs within 24 hours or less, 
per single repair. Repairs to restore static strength and stiffness of damaged component for 
Category 1, II, and IV structures, shall restore full operational capability of the aircraft for at least 
one more flight. 


• Class C, acceptable damage- Damage limits which do not impose any operational restrictions on 
the aircraft, when repair is not performed. A minimal cleanup of damage may be required (e.g., 
stop drill, stress reduction, etc.). 


2.4 Damage Limitations 
Damage limitations for all Categories I, II, IV, and V structures shall be provided. The limitations shall 
include the size and location for classes A, B, and C damage up to which repairs can be made under 
ABDAR constraints. The maximum number of repairs and the limits for the proximity of multiple 
damages to a given structural component shall be included. Guidelines, instructions and illustrations for 
accomplishing repair shall be provided. 


2.5 Materials  
Repairs shall be designed using ABDAR Tool/Material Kits Listings approved by authorities. Preferred 
materials required for special repairs shall be specified. A consolidated list by part numbers shall be 
included. Special materials such as bonding materials, primers, sealants, etc. shall be included. All items 
shall be identified using Military/Federal specifications  


2.6 Typical Repairs 
Typical repairs that are common to two or more zones shall be described. Typical ABDAR repairs include 
repairs that will provide full or partial mission capability. Such typical repairs shall be provided for all 
aircraft systems, subsystems, and components. Repair steps influencing survivability, vulnerability or 
radar cross-section characteristics shall be identified  


2.7 Safety Factors 
Analysis supporting battle damage structural repairs shall be based on ultimate strength. Repairs shall have 
stiffness compatible with original structure. However, service life, corrosion, and aesthetic considerations 
may be overlooked in exchange for a rapid repair procedure. Strength related calculations for un-repaired 
structure shall be made to obtain maximum utilization under war time conditions and accommodate worst 
case contingencies. Calculations shall be made to determine the static strength of the damaged and un-
repaired structure. Operations of the aircraft should be restricted to two-thirds of that strength or to 
restriction engendered by damage tolerance residual strength considerations, whichever is lower. Safety of 
flight primary structure shall provide for adequate residual strength in the presence of cracks from damage 
remaining in the structure. The size and types of remaining damage that are to be assumed shall be 
established for each primary structural member in each zone for each damage category (Ref. 3). Structure 
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with assumed remaining damage shall be capable of sustaining limit load or 1.2 times that maximum load 
associated with any operating restriction. Care shall be exercised to assure that deformation that would 
degrade the load carrying or operating capability will not occur at the operational restriction. 


3.0 REPAIR FACILITIES 


Having proper repair facilities are perhaps the most important requirements for any repair operation. These 
requirements are governed by the type of repairs to be performed.  For bonded composite repairs the 
facilities shall include- freezers, ovens, clean room areas, environmental control of the temperature and 
humidity, electrical and pneumatic power. Necessary equipment such as bonding fixtures, assembly jigs, 
machining tools, and vacuum pumps should be available. Facilities for handling hazardous materials are 
needed. Materials for repairs that need to be stocked include prepreg, adhesives, honeycomb core, bagging 
film, sealants, sheet metal, fasteners, etc. The most important aspect of any repair facilities is having right 
personnel with necessary knowledge and experience to perform reliable repairs efficiently to meet design 
requirements. The skills of personnel shall include- machining, bonding of composites, cutting, stacking, 
bagging, and curing of prepreg. 


3.1 Material Handling and Storage 
Polymer matrix prepreg materials have to be handled properly and stored in proper environments to assure 
the quality of the material. The storage requirement and shelf-life are established by the manufacturer 
based on the chemical composition, and mechanical properties at the time of storage in the controlled 
environments. Thermoset matrix composites and adhesives are stored in sealed bags at 00F (-180C). The 
storage process retards the “aging” or partial curing of polymer and extends the shelf-life. The sealed 
containers or bags prevent the condensation during the storage.  When the prepreg is removed from the 
freezer for laminate fabrication, it is allowed to thaw in the sealed containers until it reaches ambient 
conditions.  


Polymer matrix prepreg generally has a backing sheet that improves the handling quality and protects 
prepreg from handling damage. Non-woven unidirectional tapes can otherwise split between fibers. Clean, 
white lint-free cotton gloves are recommended when handling prepreg material to prevent transfer of skin 
oil to the material. Splinters are not present in the uncured prepreg; however, caution should be exercised 
to avoid penetration of small diameter fibers into the hand from prepreg edges.   


A clean room environment similar to that for bonding process is required when prepreg is to be handled 
for fabricating laminates. Prepreg must be shielded from impurities and moisture. Fabrication area must be 
enclosed and doors to remain closed even when area is not in use. Temperature and humidity should be 
controlled within the limits shown in Figure 3 (Ref. 4).  
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Figure 3: Composite Fabrication Area Requirements. 


3.2 ABDR Trailer 
United States has developed (Ref. 2) Combat Logistics Support Squadron (CLSS), designed to provide 
support in the areas of maintenance, transportation, and supply. CLSS teams train personnel to meet 
mission requirements irrespective of environmental conditions. To meet ABDR requirements CLSS has 
established trailers with a limited amount of specialized tools and equipment to support an authorized 
aircraft. These trailers have been developed with mobility in mind.  A typical ABDR trailer, shown in 
Figure 4 (Ref. 2), has dimensions-L 122” (3.1 m) x W 84” (2.13m) x H 88” (2.24m). The weight is about 
5,000 pounds (2,273 Kg) fully stocked plus a 1,300 pound (591 Kg) composite kit. A typical generic 
ABDR trailer has common hand/power tools, fasteners, hoses, tubing, metal sheets and angles. Composite 
kit in the trailer contain- hand/power tools, dust vacuum, heat repair bonder, surface treatment material, 
composite materials, and other materials required for fabrication of specific composite parts. 


 


Figure 4: ABDR Trailer. 


4.0 ABDAR SOFTWARE 


Technology to enhance the ABDAR process is discussed in Ref. 5-7. An automated capability to provide 
aircraft battle damage assessors with technical data and assessment tools via a portable maintenance aid 
has been developed and demonstrated in the references. The system developed in the references was end-
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to-end system, starting with the aircraft debrief and continuing through the ABDR process to the final 
documentation of damage assessment on US Air Force Technical Order (AFTO) Form 97. 


An expert system for designing battle damage repairs is discussed in Ref. 8. The expert system designs 
bolted and bonded repairs for battle damaged wing skins. The system requires input such as damage size 
and location, repair materials, and loads. The expert system uses the analyses software developed under 
US Air Force and Navy sponsorship. Bolted repair expert system uses BREPAIR program which uses 
boundary collocation techniques for analysis of stresses in skin and patch. Bonded repair expert system 
uses two programs namely PGLUE and BJSFM. The PGLUE program is a finite element-based program 
for analysis of bonded repairs. The BJSFM computes the stress field around a loaded or unloaded hole in a 
finite width plate. 


5.0 BATTLE DAMAGE REPAIR STEPS   


A typical battle damage repair process will involve the following steps: 


5.1 Assess the Damage  
Assessing the damage is the first step in any ABDAR process. When an aircraft is identified with ABDR 
discrepancy, a Debrief Action and a Walk-around Action are created. During the Walk-around Activity 
zones that contain damage are identified by the walk-around assessor. The Damage Assessor (DA) will 
debrief the aircraft pilot, diagnose the extent of damage from reported symptoms, assess the physical 
evidence of the damage, and investigate any secondary damage that might have occurred. After 
completing the assessment, the DA makes the assessment report which includes repair instructions and 
priority. 


In composite structures any non-visible damage present in the form of delaminations around holes or 
surface indentation is determined by nondestructive inspection. This damage is clearly identified so that it 
can be cleaned up before a repair is performed. Nondestructive inspection techniques such as tap test, 
ultrasonic techniques, or digital thickness gage may be used to determine the extent of non-visible damage 
around the visible damage. 


5.2 Establish Repair Criteria  
Next step is to establish criteria to which the repairs have to be designed. If the repair is not a standard 
repair as per ABDAR manual, the non-standard repair should meet the strength design requirements given 
in Ref. 3. If the repair is to be made to an aerodynamic surface, it should meet the aerodynamic 
smoothness requirements of the surface being repaired. 


5.3 Select Suitable Repair 
Depending on the damage category, standard repairs are described in ABDAR manual for an aircraft. If 
the assessed damage is within the damage category, the standard repairs are selected. However, if the 
repair to be performed is not a standard one, the type of repair to be performed is governed by several 
factors. Some of the factors to be considered are: 


• Type of structural material to be repaired (metal, composite, sandwich construction). 


• Type of structural component to be repaired (skin, spar, rib, longerons, etc.).  


• Type and extent of the damage (e.g. cracks, corrosion, impact damage, etc.). 


• Load levels and loads spectrum experienced by the structure. 
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• Material thickness to be repaired. 


• Skill of the available labor. 


• Availability of repair materials including tools from an established ABDR kit. 


• Repair facility. 


5.4 Repair Design/Analysis 
Suitable materials are selected to accomplish the repairs. The non-standard repairs are designed to meet 
the requirements specified in MIL. Handbook (Ref. 3) and any other requirements based on aerodynamic 
smoothness, radar cross section, etc. A check on the integrity of the repair is done based on the static 
strength. 


5.5 Perform Repair  
The repairs are performed using the established materials and processes for the selected repair design. 
Prior to performing the repairs, the damage area is cleaned to remove jagged edges and stress 
concentrators. In composite structures any non-visible damage present in the form of delaminations 
around holes or surface indentation, identified by nondestructive inspection, is removed before a repair is 
performed.  


5.6 Post-Repair Functional Checks 
Nondestructive inspection of repair is carried out to verify the integrity of repair. The integrity of the 
aircraft structure to meet the operational usage requirement is verified. Any limitations on the aircraft, 
systems or performance are identified.   


6.0 BONDED REPAIRS OF METALLIC STRUCTURES  


The conventional mechanically fastened repair concept is not structurally efficient primarily due to the 
drilling of holes for additional fasteners that affect the structural integrity of the structure. In many cases, 
the parts have to be scrapped due to the repaired structure not meeting the fail safety requirements. The 
bonded composite repair concept has provided excellent opportunities to design more efficient repairs 
(Ref. 9-14) and in many cases has made it possible to repair damaged structures which could not be 
repaired with the conventional mechanical fastening and were scrapped. Composite patch repairs also 
result in reduced inspection requirements compared to mechanically fastened repairs.  


In bonded composite repair concept a composite patch is bonded to the damaged metallic part instead of a 
conventional mechanically fastened patch. Bonded composite repair has many advantages over 
conventional mechanically fastened repair, namely: 1) More efficient load transfer from a cracked part to 
the composite patch due to the load transfer through the entire bonded area instead of discrete points as in 
the case of mechanically fastened repairs, 2) No additional stress concentrations and crack initiation sites 
due to drilling of holes as in the case of mechanically fastened repairs, 3) High durability under cyclic 
loading, 4) High directional stiffness in loading direction resulting in thinner patches, and 5) Curved 
surfaces and complex geometries easily repairable by curing patches in place or prestaging patches. The 
cross-section of a typical 16-ply T300/5209 graphite/epoxy patch bonded to an aluminum sheet is shown 
in Figure 5. 
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Figure 5: T300/5209 Graphite/Epoxy Repair. 


6.1 Surface Preparation 
Surface preparation is one of the most important steps in bonded repairs. Structural adhesives need to form 
chemical bonds to achieve desired strength. The following steps need to be followed: 


• Damage Cleaning- Clean the damaged area by smoothening the jagged edges. Any cracks in the 
damaged area may be stop-drilled.   


• Paint Removal- Abrade the area with 240 grit abrasive paper, using care not to gouge into the 
metal. Complete the abrading with 320 grit paper followed by Scotch Brite pads and Ajax cleanser 
to remove all organic coatings, anodic or chemical films, and corrosion products.  


• Solvent Cleaning- Wipe with cheesecloth soaked in Turco 4460 or Methyl Ethyl Ketone (MEK). 
Immediately wipe dry with cheesecloth.   


• Joint Sealing- Seal all faying surface joints adjacent to repair area with sealing compound or 
aluminum foil tape. Surface to be bonded must be masked to prevent contamination during sealing 
operation.  


• Verify Surface Cleanliness- Surface cleanliness is verified by water-break test. The water-break 
test is performed by spraying, pouring or squirting distilled water on the clean surface such that 
the surface is covered by thin film of water. The film of water must remain intact for 30 seconds 
without breaking due to surface tension. If the cleaned area fails the water-break test, the surface is 
cleaned again till it passes the test. After water-break test the moisture from the surface is to be 
removed. Drying is generally done using hand held hot air gun or hot air blower with filters.       


• Chemical Treatment to Enhance Bond Durability- After cleaning, metal surfaces require chemical 
modification to achieve proper adhesion. Both silane and phosphoric acid non-tank anodize 
(PANTA) have been found to be suitable. The silane process has the advantage of being non-acid 
process. Acidic treatment is used only after the approval of Engineering Authority for the aircraft 
being repaired. 


• Priming Surface- Primer is applied to the aluminum surface after chemical treatment to prevent 
contamination and improve long-term durability. BR-127 primer has been found to be suitable.  


6.2 Material Selection  


6.2.1 Adhesive Material  


Room temperature cure adhesives are not considered suitable due to service temperature requirements of 
1800F (820C) in the majority of aircraft repair applications.  A 3500F (1770C) cure film adhesive is not 
desirable, as the curing at such a high temperature is likely to cause undesirable high thermal stresses. 
Also, an aluminum structure exposed to a 3500F (1770C) temperature will undergo degradation in 
mechanical properties. A 2500F (1210C) cure adhesive system is considered suitable for the composite 
patch repair of aluminum structure. Ductile adhesives such as FM-73 are preferred over brittle adhesives 
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such as FM-400 due to the tendency of the brittle adhesives to disbond around the damage area, thereby 
reducing the load transfer to the repair.    


In Ref. 15, paste adhesive Hysol EA9394 has been characterized for adhesive bonding. It is shown that 
EA9394 adhesive cured at 190±100F (88±50C) exhibits excellent shear strength at -670F (-190C) to 
2000F (930C). The adhesive has shelf life of one year at room temperature. At 750F (240C) storage shelf 
life of two years has been demonstrated in the reference.      


6.2.2 Composite Repair Material  


Both boron/epoxy and graphite/epoxy composites are suitable for the repairs. The choice between boron or 
graphite fibers is based on availability, handling, processing and the repair material thickness. Boron has 
higher modulus than graphite and would result in thin repair patches. Thin patches are more efficient in 
taking loads from damaged parts as compared to thick patches. For repairing relatively thick parts, boron 
may be preferred over graphite. When graphite/epoxy composite patches are used, a layer of glass is 
inserted between the patch and aluminum, as shown in Figure 5, to prevent galvanic corrosion. It is 
considered desirable to use highly orthotropic patches, having high stiffness in the direction normal to the 
crack, but with some fibers in directions at 45 and 90 degrees to the primary direction to prevent matrix 
cracking under biaxial loading and inplane shear loads which exist for typical applications. This patch 
configuration can be best obtained with unidirectional tape. Woven material has greater formability and 
could also be used, although it would not make a very efficient patch. Fiber orientations for unidirectional 
tape material and woven material are illustrated in Figure 6.  


 


Figure 6: Lamina Fiber Orientation Code. 


The composite patches may be precured, prestaged or cured in place. At locations where vacuum bagging 
is a problem, a precured patch may be prepared in an autoclave and then secondary bonded to the repair 
area. For relatively minor contours, a prestaged patch may be used. For curved surfaces the patch may be 
cured in place during the bonding operation. 
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6.3 Bonding Operation 
Bonding of repair patches requires a proper temperature control within +100F (60C) and -50F (-30C) in 
the repair area. Thermal blankets to provide temperature in excess of 10000F (5380C) are available. A 
proper temperature control within tolerances is necessary for bondline to achieve required strength. A 
large aircraft structure compared to a small repair area may act as a heat sink and jeopardize maintaining 
desired temperature control for the required duration. Proper heat blankets for surrounding areas may be 
required for such cases. Hot bonding units (e.g. ATACS hot bonder) may be used for bonding process. 
Heat control is maintained by thermocouples in each zone.  


A proper cure cycle is followed as prescribed by the adhesive manufacturer. For FM-73 adhesive cure at 
2500F (1210C) for 120 minutes is desirable.   


6.4 In-Service Applications of Composite Patch Repairs to Metallic Structures 
Composite patch repair applications to in-service aircraft are found in T-38 wing skin (Ref. 16-19), C-141 
weep holes (Ref. 20), and F-16 fuel access hole (Ref. 21). Composite patch repair of T-38 lower wing skin 
at “D” panel is shown in Figure 7 (Ref. 9-10).  


 


Figure 7: T-38 Lower Wing Skin Composite Patch Repair at “D” Panel. 


A metallic lower wing skin damaged during landing is shown in Figure 8.  The wing skin had jagged hole 
and was bent in the damaged area. A metallic patch would not restore the required strength of the wing; 
hence, it was decided to bond a composite patch.        
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Figure 8: Lower Wing Skin Damage. 


The damaged area was cleaned to make a nice circular hole and get rid of any severe stress concentrations. 
A fiberglass seal plug was installed in the hole as shown in Figure 9. The hole was filled with epoxy. The 
wing skin thickness in the damaged area required a much thicker graphite/epoxy patch as compared to 
boron/epoxy repair patch. Hence, it was decided to use a 38-ply boron patch. Due to the curvature of the 
damaged area a pre-cured patch could not be used. Hence, a staged patch was prepared and then bonded 
with FM73 adhesive to the damaged area. The wing skin with boron/epoxy patch is shown in Figure 10. 


  


Figure 9: Installed Fiberglass Seal Plug. Figure 10: Wing Skin with Boron/Epoxy Patch. 


7.0 BONDED REPAIRS OF COMPOSITE STRUCTURES  


Repairs of composite materials are similar to those for metallic materials for mechanically fastened 
repairs. However, the repairs of composite materials are different from those of metals for bonded repairs. 
Bonded repairs are stronger than bolted repairs due to more uniform load transfer through the joint 
compared to bolted repairs where load transfer is at discrete points. Bonded repairs do not have stress 
concentrations as in bolted repairs, and are usually lighter. A bonded repair has more aerodynamic 
smoothness. Major advantages of using bolted repairs are- less equipment, facilities and personnel skills as 
compared to bonded repairs. The major steps involved in bonded repairs are discussed here  


7.1 Selection of Repair Method 
The selection of a repair method for a damage situation is matter of judgment due to variables such as 
damage size and shape, structural configuration, and accessibility (Ref. 22-23). The criteria to be met by a 
repair are based on the damaged component, capabilities of repair facility, availability of time and 
material, and personnel skills. Procedures discussed here are not intended to replace repair techniques 
discussed in Structural Repair Manuals (SRM) for a particular aircraft. Sometimes damage configurations 
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are not covered by SRM and maintenance engineering personnel have to make decisions on repairs. 
Guidelines provided here are intended to assist these personnel in making repair decisions  


A check list is prepared to identify the repair criteria to be met. The following requirements provide the 
guidelines: 


• Strength, stiffness, stability and durability. 


• Aerodynamic smoothness   


• Weight (or mass) balance for control surfaces. 


• Service temperature of the component 


• Service environment 


• Effect of repair on operating systems such as fuel tank, sealing etc.   


7.1.1 Flush Patch versus External Patch 


External repairs are faster and cheaper than flush repairs. For large area repairs, a flush patch is desirable 
as load path eccentricity is minimized with a flush patch and maximum strength and durability are 
achieved. A flush repair minimizes changes in the stiffness of the repaired component and is smoother and 
lighter than external patch, hence, ideal for control surfaces. In honeycomb construction where skins are 
generally thin and are stabilized by the core, an external patch is acceptable.  


7.1.2 Cured-in-Place versus Pre-cured Repair Patch 


Tests have shown that cured-in-place or cocured patch results in significantly higher strength of the 
repaired part as compared to precured patch. Precured patches are easier to use but may have fit-up 
problems and are not suited for curved surfaces.    


A cured-in-place patch must be staged or partially cured in advance to get a void free patch. Complex 
structural details or the presence of substructure can act as a heat sink and degrade the quality of cocured 
repair. However, for large area repairs cocured repairs are recommended.   


7.1.3 Scarf Joints versus Step-Lap Joints 


Well-made step-lap and scarf joints have similar strength.  A typical scarf repair is shown in Figure 11. 
The patch material is within the thickness to be repaired, with additional external plies added for strength. 
This configuration can restore more strength than an external patch as it avoids the eccentricity of the load 
path and provides smooth load transfer through gradually sloping scarf joint.  A properly designed scarf 
joint can usually develop the full strength of an undamaged panel.  The patch material is usually cured in 
place, and therefore must be supported during cure. While the patch material can be cured and then later 
bonded in place, it is generally difficult to get a good fit between the precured patch and the machined 
opening.  
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Figure 11: Scarf Joint Repair. 


A step-lap joint has the advantage of idealized ply orientations on each step for maximum load transfer for 
a specified loading direction. The steps allow the load to be transferred between specific plies of the patch 
and parent material. This advantage increases the joint strength; however, it is offset by the peaks in the 
adhesive shear stress at the end of each step. This repair concept is shown in Figure 12. Additional 
external plies are added on the surface for strength. 


 


Figure 12: Step-Lap Repair. 


A disadvantage of step-lap joint is the difficulty in machining the steps to the depth of the exact ply that is 
desired on the steps. This is a time consuming process and unrealistic for curved surfaces.  


7.2 Repair Design and Analysis 
Repair design involves selection of materials, repair configuration, analysis, and repair procedures. Design 
guidelines are briefly discussed here.   


7.2.1 Design 


The following guidelines are provided for the repair design (Ref. 22-23):  


• Minimize the bending effects and peel stresses by avoiding the eccentricity in the load path. If 
possible an internal doubler may be used to balance the repair. A backside doubler provides a tool 
surface and a vacuum seal for a cocured patch for structures having access on one side only.  


• Minimize the stress concentration at the edge of a patch by tapering the thickness of the patch to a 
minimum at the edge or serrating the ends of external plies which are oriented in the direction of 
the load. 


Repair Types, Procedures – Part I  


RTO-EN-AVT-156 9 - 13 







 


 


• Locally stiff or soft spots that would change the load distribution in the repair should be avoided 
in the design. Match ply orientations in the patch with those of the original part.   


• Surface plies should be at 450 to the primary load direction.   
• Corner radii should be at least 0.5 inch (13 mm) when removing damaged material from the skin 


to minimize stress concentrations.  
• Length of machined scarf should be at least 0.1 inch/ply (2.5 mm/ply) for efficient load transfer 


while keeping the size of the repair to a minimum. For highly loaded skins or sandwich face 
sheets, length of scarf should be kept at 0.125 inch/ply (3.18 mm/ply).      


• Gaps between adhesive strips, shown in Figure 13 are used as paths to remove trapped air in the 
bondline.  


• Prestage thick patches in “books” of plies, as shown in Figure 14, to limit the maximum number 
of plies for good conformability. 


 


 


Figure 13: Gaps in Adhesive Strips. Figure 14: Books of Repair Patch Plies for Scarf Repair. 


7.2.2 Analysis 


The analysis methods for bonded joint repairs are not easy and are based on computational codes. These 
codes are not well suited for battle damage repair environments. 


Step-lap joint analysis codes A4EG, A4EI, etc. are sometimes used to analyze a two-dimensional strip 
which is a cross-section through three-dimensional repair patch joint. These codes do not account for peel 
stresses in the analysis and adhesive is modeled as elastic-plastic material. 


7.3 Repair Procedures 
The following steps are adopted in performing repairs. 


7.3.1 Damage Identification 


In composites, the actual damage is generally larger than the visible damage due to matrix cracking and 
delaminations around the visible damage. The extent of actual damage is determined by NDI techniques as 
discussed in Subsection 5.1 and the extent of damage is clearly marked on the part for damage removal.    


7.3.2 Damage Removal  


Proper tools are necessary to remove the damage in composite without damaging any surrounding material 
or substructure. A clean opening is left after the damage removal. Figure 15 shows a hand held router used 
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to cut out damage material (Ref. 23). The operation on the aircraft may be done without a coolant. A 
carbide router bit with diamond shaped chisel-cut protrusions is effective at speeds of 1,000 to 6,500 
surface feet (305m to 1981m) per minute. Diamond coated routers may also be used. Remove paint 
beyond scarfed surface for additional area to bond plies. Use light hand sanding with 80 grit paper and 
finish with 240 grit paper (Ref. 4) 


 


Figure 15: Damage Removal with Hand Held Router. 


7.3.3 Scarf Joint Machining  


Scarf repairs are the most commonly used repairs. The material around the opening is machined to provide 
a scarfed surface which slopes from a feather edge at the opening to the full skin thickness at a specified 
distance from the opening edge. The distance from the opening edge is determined from the joint design.      


Tools such as drum sander or disk sander can be used to machine a scarf surface. Machining of a scarf 
joint with a disk sander, attached to the end of an air-motor, is shown in Figure 16. Such an arrangement is 
especially useful for fairing in at corners.  


 


Figure 16: Machining of Scarf Joint with Disk Sander. 


7.3.4 Drying   


Composite laminates with organic matrix materials absorb between 1 to 2 percent moisture by weight. 
Under normal service environment these materials are expected to have about 1 percent moisture. 
Moisture absorption causes reduction in the strength of composite materials. The presence of moisture can 
cause problems during the high temperature cure of a repair. If moisture is not removed, it may cause 
porosity in a bondline, in honeycomb construction it may cause skins to separate from the core, and it may 
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cause internal damage to the laminate. Drying before repair, which requires bonding at elevated 
temperature, is necessary. The amount of drying necessary before repair is not well established.         


7.3.5 Patch Ply Preparation 


A pattern of patch plies on vellum or Mylar is prepared as shown in Figure 11 (Ref. 4). The first patch ply 
should overlap the tip of the scarf by a minimum of 0.2 inch (5 mm). The patterns for the rest of the plies 
are traced from the machined surface of the joint. External plies are generally trimmed normal to the fiber 
direction with pinking shears to provide serrations for added strength (Figure 11).  


Film adhesive is put on the surface of the patch that will be against the laminate being repaired. Do not 
trap air pockets between the adhesive and the patch. Adhesive is trimmed slightly larger than the largest 
patch ply  


7.3.6 Bagging and Curing 
For the repair of thick composite laminates or curved surfaces a prestage repair patch may be used. The 
cure cycle for prestage depends on the type of composite laminate and is developed from experience. A 
staged patch may be stored at room temperature in a sealed vacuum bag until cured in place on the 
damaged part.     


Patch and adhesive are placed in position on the laminate being repaired, aligning the centerlines. Bleeder 
plies, breather plies and other layers are placed and vacuum bagged as per prescribed lay-up procedure. A 
typical bagging lay-up (Ref. 4) is shown in Figure 17. The patch and adhesive are cured using a heater 
blanket or an oven. For on the aircraft repair, care needs to be exercised to make sure that the temperature 
is maintained within specified limits for required duration. For large area repairs, surrounding structure 
acts as heat sink and separate heat blankets may be necessary. A typical cure cycle is shown in Figure 18. 


  


Figure 17: Schematic Cross-Section  
of a Bagging Lay-Up. 


Figure 18: Typical Vacuum  
Bag Cure Cycle. 


7.4 Repair Quality Acceptance   
After a repair is completed, it is inspected to verify its integrity. An inspection is made to make sure that 
the repair is free of disbonds, blisters or other visually obvious defects. The bonded repairs are inspected 
by tap test by lightly tapping with a special hammer or a coin. A solid ringing indicates an acceptable 
repair, while a dead or flat sound generally indicates a disbond or delamination.       


Nondestructive inspection of repairs can be made using the ultrasonic methods. The pulse echo A-scan is 
commonly used as it requires access from one side only. This technique is capable of locating disbonds, 
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delaminations and porosity (Ref. 4). The use of pulse echo A-scan technique requires the operator to 
interpret the results displayed on an oscilloscope. Hence, the accuracy of the results depends on the skill 
and experience of the operator. Standards with known disbond and flaw sizes are commonly used to 
interpret the results 


8.0 REPAIR OF SANDWICH STRUCTURES 


The repair of sandwich structure involves repair of core as well as repair of face sheets. The type of repair 
will depend on the extent of core damage i.e. if core is damaged to full depth or part-through the depth. 
The following steps are used in the repair of sandwich structures- 


8.1 Drying 
Honeycomb sandwich structures generally contain moisture in the form of liquid, vapor, or moisture 
absorbed in the composite face sheets and core. When heated for bonded repairs, the moisture trapped in 
cells can blow the skin off the core. The sandwich structures are dried before the repairs. The presence of 
liquid moisture can be identified using radiography  


If liquid moisture is present in the cells, small holes are drilled to drain out the moisture (Ref. 4). The 
holes are then sealed with resin.      


When no liquid moisture is present in the cells, drying of composite skins and removal of moisture vapor 
in the cells is recommended. The area to be heated is wrapped in coarse fiber glass cloth or any other 
suitable breather material. The area to be dried is enclosed in a vacuum bag and shop vacuum applied. The 
part is heated to 820C (1800F) and kept for about 48 hours depending on the part thickness.      


8.2 Damage Removal 
Damaged skin is removed with a router cutting slightly deeper than the face sheet thickness. The skin can 
be pulled away from the core with a plier or cut loose with a knife. The area of the core to be removed is 
then trimmed as shown in Figure 19. The section of the core to be removed is pulled away from the 
opposite side skin by pliers and the surface is made smooth with abrasive paper. A router may also be used 
to remove damaged core. After removing the core, the area is vacuumed and wiped with MEK. 


 


Figure 19: Removing Damage Core with Core Knife. 


8.3 Core Repair 


The new piece of core for the repair plug is cut from the stock with the ribbon thickness and cell size 
identical to the damaged core. The core plug should fit loosely, allowing room for foaming or paste 
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adhesive. The surface of the core plug which faces the skin should be potted with Epocast to a depth of 
0.25 to 0.5 inch (6 to 12 mm) to prevent the dimpling of the face sheets to be bonded or cured in place.  


The core plug is bonded to the inner skin with film adhesive such as FM-300 and the new core is bonded 
to the original core with a foaming adhesive such as FM-404 or paste adhesive such as EA-956MB as 
shown in Figure 20. Paste adhesive is used for thick sandwich structures as non-uniform foaming may 
occur with a heat source  


 


Figure 20: Core Repair (Partial Depth). 


After bonding of the core, sand the surface of the plug with 320-grit abrasive paper until it is flush with the 
skin surface.  


8.4 Bonding of Face sheets 
The surface is cleaned properly for bonding of face sheets. The face sheets are bonded to the core plug by 
procedure outlined for composite repairs. Repair of full depth core damage and face skin is shown in 
Figure 21. 
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Figure 21: Full Depth Core and Skin Repair. 


9.0 CONCLUDING REMARKS 
Bonded repair techniques for monolithic and sandwich structures are discussed. The equipment required for the 
repairs is briefly described. Standard repairs are given in Structural Repair Manuals and guidelines given 
in these manuals should be followed. The procedures described here are intended to assist the repair 
personnel in carrying out non-standard repairs. It may be noted that not all the repair concepts, discussed 
here, may be suited for battle damage environment if necessary facilities, tools, and skilled personnel are 
not available  


Every step of repair process from damage identification to final inspection of a completed repair is 
important and can affect the integrity of a repair. It is important to follow each step precisely to assure 
high quality repairs.   
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Abstract

Military structures are susceptible to high velocity impact due to both ballistic and blast loads. During a high velocity impact a shock wave much greater than static collapse resistance propagates through the material. Metallic structures usually undergo large plastic deformations absorbing impact energy before reaching equilibrium. Due to their high specific properties, also fiber-reinforced polymers are being considered for energy absorption applications in military armors. A deep insight into the relationship between projectile/explosion loads, composite architecture fracture behavior will offer the possibility to understand battle damage mechanics. 

This work deals with 3D numerical simulations of damage on hybrid composite (ceramic/metal and glass/carbon fiber) plates subjected to ballistic and blast loads.

The simulation results are presented and compared with the experimental data, showing good agreement in terms of dynamic deflection, damage morphology and residual deformation.



1.	Introduction

Modern military systems are a compromise between the need of a great mobility and the increasing payload request [1]. These fairly opposite design requirements are leading the development of lightweight weapons and research into lightweight structures is playing an important role in this process. With the associated request for lighter protection systems, there has been an increasing move towards armor systems which are both structural and protection components at the same time. Analysis of material response at impulsive loads such as ballistic or blast impact, play a key role during this process and since the costs of experimental trials are usually very high, numerical Finite Element Method (FEM) simulations can be a useful tool in order to minimize the number of trials and also to understand general phenomenological behavior.



2.	FEM simulation of high velocity impact

FEM consists of imaging a structural component to be composed of discrete parts (finite elements), which are then assembled in such a way as to represent the deformation of the structure under load [2]. The first step in FE analysis is called “mesh generation” where the real structural system (or a skilled simplified real system) is divided in a finite number of sub-systems of nodes and elements (Figure 1).



		   (
nodes
elements
)



		[bookmark: _Ref208550044][bookmark: _Ref208748888]Figure 1 – Nodes and elements (FEM)







Each element has an assigned displacement field and part of FE modeler skill is in selecting appropriate elements of the correct size and distribution (FE mesh). 

In structural analysis problems the response of a structure under load certainly depends on the intensity of applied load but also on the rate at which the load is applied. In general, the analysis of the response of a deformable body comes under two classes known as wave propagation problems or structural dynamics problems. Wave propagation problems are defined by loading that excites a large number of the structure’s highest natural frequency modes. When the load’s frequency is similar to the structure’s lowest natural frequency modes and the response is governed by inertia, the problem is called a structural dynamic problem. The first typology of problem concerns the ballistic and blast wave impact problems.



[bookmark: _Ref212087971]3.	Lagrangian and Eulerian approach

The configuration of a FE model, as well as how properties such as mass, energy and material strength are analyzed, is the main way of distinguishing between various models. Lagrangian and Eulerian are the two basic methods, which are both implemented in hydrocodes such as LS-DYNA. In a Lagrangian approach the mesh is created so that elements’ boundaries outline the free surfaces and material boundaries. Hence in this case the local reference system is “attached” to the structure’s body and it “follows” the structure’s displacements. In Langrangian models the mesh will distort as much as the material will (Figure 2) and coordinates, velocities and forces are related with the corner nodes, while stresses, strains, pressures and energies are associated with the finite elements.



		



		[bookmark: _Ref208568901][bookmark: _Ref208748891]Figure 2 – Example of Lagrangian FE model







The main problems with Lagrange solvers occur when large deformations are involved. Severe distortion of the mesh can result in inaccuracies, negative densities and extremely small time-steps (Figure 3).
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		[bookmark: _Ref208569070][bookmark: _Ref208748894]Figure 3 – Example of mesh distortion







In order to deal with this problem it can be necessary to manually redraw the mesh (“rezoning”) or eliminating distorted elements through erosion algorithms. Therefore they are typically not used for models that involve flow or large distortion, although Lagrangian approach is often used in impact models where two solid objects collide, as both target and projectile.

The Eulerian approach differs from Lagrangian approach in a few fundamental concepts. First of all instead of confining the grid to the structural component, Eulerian models place a grid over the space in which the materials can move. As the FE analysis progresses the component will move while the mesh remains motionless (Figure 4). Individual nodes and cells basically “observe” as the model flows by. In a typical Euler model, the centers of the cells are used as interpolation points for all variables. In Eulerian model the material moves through a computational mesh that is fixed in space and each element is allowed to contain a number of different materials. The main problems with Eulerian formulation are the amount of elements that Eulerian model require and their poor handling of geometry. Since you are not only modeling the object of interest, but the space around that object, more elements and therefore more memory and time can be required than a standard Lagrange model. Also since the mesh does not distort with the observed material, it becomes more difficult to track the various components of a part, and therefore observe a single piece evolution. Therefore Eulerian models are typically not used to model solid objects. The advantage of Euler solvers is that they do not deform and therefore are not subject to the limitations imposed by deformation in Lagrange solvers. They can also allow the mixing of different materials inside the elements. Therefore the shape of material surfaces is not completely limited by element size. They are used when a problem involves high levels of deformation or fluid flow (i.e. gases and liquids), while Lagrangian solvers are normally used to model solids that do not experience such large deformations.
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		[bookmark: _Ref208571059][bookmark: _Ref208571050]Figure 4 – Example of FE Eulerian model (a) compared with a FE Lagrangian model (b)







Hydrocodes such as LS-DYNA make use of a set of equations called equations of state (EOS). An EOS relates the density (or volume) and internal energy (or temperature) of the material with pressure [3] by applying the principles of conservation of mass, momentum and energy. For example, uniform gas would typically be modeled with an EOS based on the Ideal Gas Law. Other functions (constitutive relationships) describe the material behavior by relating stress and strain, such as strain-rate, work hardening and thermal softening laws. Using these relationships, the FE code advances the calculation forward for a very short period, called time-step, and then performs again the same sequence of calculation. Since the time-step is an important variable, the commercial FE code has an algorithm to determinate this parameter. This subroutine needs many inputs, such as the speed of sound in the material, the FE size mesh and the safety factor, which prevents that the time-step becomes too large [4]. Smaller safety factors result in smaller time-steps and therefore more accurate solutions. However, smaller time-steps will require more calculations to reach the termination time. Therefore in hydrocodes algorithms element size not only determines the complexity of the problem spatially but temporally as well. 



4.	case studies

4.1	Ballistic impact model

Before modeling ballistic impact, materials dynamic behavior has been verified trough a Flyer Plate Impact Test (FPIT). The FPIT is a technique used to study dynamic behavior of materials and to obtain their equation of state. During this test two thin discs are subjected to impact in a gas gun and velocity evolution with time at the sample plate rear surface is measured (figure 5). 



		



		Figure 5 – FPIT scheme







This signal can show specific features that can be used to compare with numerical predictions in order to check both constitutive and damage model performance (figure 6).
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		Figure 6 – FPIT results







After FPIT, ballistic impact models have been generated [5] where a projectile impacts at 1.52 and 1.79 Km/s against three different target configurations (figure 7).



		



		Figure 7 – Target configuration







Some of the numerical results are represented in figure 8 whilst in figure 9 are compared experimental [6] and numerical results in terms of penetration/projectile length ratio.
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		Figure 8 – Ballistic model numerical results







		



		Figure 9 – experimental-numerical results





4.2	Blast impact model

Blast impact models simulated blast trials performed with charge at a stand-off distance of 150 mm on 800x800 mm square targets clamped in position using a purpose built test rig [7]. The explosive selected was the C-4 (Composition 4) that is a common military plastic explosive. The trials were performed on different materials targets. In order to assess the numerical model capability, test and simulations have been first carried out on steel Rolled Homogenous Armors (RHA) of different thickness loaded by increasing C-4 charges [8], since metals behavior under blast load is better understood and easier to model than composites. Hence experimental and numerical response of quasi isotropic composite laminates, carbon fiber (Tenax STS 24k NCF) in standard epoxy matrix (±45/90,0)7s, 27 mm thick and loaded by 750g and 825g C-4 charges has been analyzed and discussed. For all the composite panels under assessment, delamination was found with the most extensive affected area occurring midway through the thickness (Figure 10a). This is largely to be expected, since the mid-plane of the panel corresponds to the neutral axis under bending. The damage observed in failed tests did not correspond to a hole in the target (Figure 10b). In order to assess damage through the laminates thickness a reservoir of water was placed on top (rear) surface of the plates and the panel was examined for water leakage.
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		Figure 10 – Details of delamination damage at 750g C-4 (a) and rear face condition after blast impact at 825g C-4 (b)







4.2.1 FE model

The FE models were made of three components: frame, bolts and target (Figure 11).
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		Figure 11 – Composite FEM model

		Figure 12 – CFRP: 14 layers with 4 integration point for each ply 

(±45/90,0)7s







The simulation was performed with the commercial FEM code LS-DYNA. 

Fixed boundary conditions were applied on the lower surface of frame in order to simulate the rest of the basement and symmetry boundary conditions were applied on the nodes lying on plane XZ and YZ. The contacts between target and bolts and between target and frame were modeled through the *CONTACT AUTOMATIC NODES TO SURFACE. Besides, confining nodes of bolts and frame were merged, hence no contact card was applied between these components.

On the metallic targets two approaches were used to simulate the blast load: a simply Lagrangian model with CONWEP [9] load function and a Multi Material Arbitrary Eulerian Lagrangian (MMALE) model. Both shell and solid elements were used to simulate the metallic plate.

A multi-layers shell element with interface delamination model was generated to simulate the composite target. Only 14 layers were modeled instead of the 56 layers that really make the panel in order to avoid a too high number of elements. Hence one layer was made of four integration points and each of them is associated to a different layer (±45/90,0) (Figure 12). The total number of elements for the composite model is about 169.000 with a size mesh of about 2.6 mm. Belytschko-Tsay under-integrated formulation was applied to composite shell elements. Hourglass viscous form control was applied to under-integrated shell elements with an hourglass coefficient of 1e-3. The CFRP models represented in Table 1 were simulated.



Table 1

		Charge weight

		600

		750

		825

		863

		900



		CFRP

		· 

		· 

· 

		X

		

		X



		· Passed test           x failed test                             performed FEM simulation







4.2.2 Constitutive Material Models and Properties





The RHA target was modeled with the Johnson-Cook (J-C) material model [10] that is implemented in LS-DYNA with *MAT_015 card. In equation (1) ε is the effective plastic strain,  is the total strain rate,  is the reference plastic strain rate, T is the temperature of the work material Tm is the melting temperature of the work material and Troom is the room temperature. Coefficient A is the strain hardening constant, B is the strain hardening coefficient, C is the strain rate coefficient, n is the strain hardening exponent and m is the thermal softening exponent. 
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The strain at fracture is given by:



		



		(2)









here * is the ratio of pressure divided by effective stress (*=p/eff) and is the ratio of effective total strain rate normalized by reference plastic strain rate. Fracture occurs when the damage parameter  reaches the value of 1.

When dealing with solid elements, the J-C LS-DYNA model requires an equation of state (EOS). In this case, the EOS chosen is the Gruneisen equations (3) and (4). 
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		compressed materials
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		expanded materials

		







The composite material behavior was modeled with *MAT_54 (ENHANCED_COMPOSITE_DAMAGE) valid only for shell element formulation. This card is the enhanced version of *MAT_22 and it models arbitrary orthotropic materials such as unidirectional layers in composite material shell structures. In this work the Chang and Chang failure criterion was applied and laminated shell theory was activated to properly model the transverse shear deformation. A delamination model was applied between each shell layers interface. The model works through the contact tiebreak formulation [11] and, being a contact algorithm, it does not need elements definition. Tie-break contact allows the modelling of connections, which transmits both compressive and tensile forces with optional failure criteria. Before failure, tie-break contact works both in tension and compression. After failure, this contact behaves as a surface-to-surface contact with thickness offsets. Hence, after failure, no interface tension is possible. Different tie-break failure criteria can be defined. With option 9 it can be defined a failure criteria that is an extension of Dycoss Discrete Crack Model [12] based on the fracture model defined in the cohesive material model: *MAT_138 (COHESIVE_MIXED_MODE). This card includes a bilinear traction-separation law with quadratic mixed mode delamination criterion and a damage formulation [13]. In the interface cohesive model the ultimate displacements in the normal and tangential directions are the displacements at the time when the material has failed completely. The bilinear traction-separation law gives a linear stiffness for loading followed by the linear softening during the damage and provides a simple relationship between the energy release rates, the peak tractions and the ultimate displacements:



		



		



		(5)







where T is the peak traction in normal direction, S is the peak traction in tangential direction, UND is the ultimate displacement in the normal direction, UTD is the ultimate displacement in the tangential direction, GIC is the Mode I energy release, GIIC is the Mode II energy release. 





If the peak tractions are not specified, they can be computed from the ultimate displacements. In the cohesive material model, the total mixed-mode relative displacement δm is defined as, where δI=δ3 is the separation in normal direction (Mode I) and is the separation in tangential direction (Mode II). The mixed-mode damage initiation displacement δ0 (onset of softening) is given by:



		



		(6)







where  δI0=T/EN and δII0=S/ET are the single mode damage initiation separation, EN is the stiffness normal to the interface plane, ET is the stiffness into the interface plane and β is the “mode mixity”. The ultimate mixed-mode displacement δF (total failure) for the Benzeggagh-Kenane law is: 

		



		(7)







where XMU is the exponent of the mixed-mode criteria.



4.2.3 MMALE blast model

To model blast pressure, a MMALE approach was employed (Figure 13). Explosive and air mesh need to be generated into the FE model. The interface between Eulerian ambient (air + explosive) and Lagrangian structure (target) also needs to be defined. 
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		[bookmark: _Ref212364612]Figure 13 – MMALE model







Eulerian ambient was modeled with 1 point MMALE solid element with ambient pressure outflow option in order to allow the fluid flowing outside the mesh boundaries. Symmetry boundary conditions were guaranteed by the slip condition applied to symmetry plane YZ and XZ (fluid flow’s normal component equal to zero). The number of Eulerian elements was about 171.000. To model air and explosive material behaviors *MAT_009 (NULL) and *MAT_008 (HIGH_EXPLOSIVE_BURN) were used respectively. These cards require an EOS: for the air was used a linear polynomial EOS, while for the explosive the JWL EOS. The contact between the fluid flow and the target can be modeled in LS-DYNA through a specific card called *CONSTRAINED_LAGRANGE_IN_SOLID that provides the coupling mechanism for modeling Fluid-Structure Interaction (FSI). In the case of the composite structures an FSI card was defined for each ply giving a total number of 14 FSI cards in order to guarantee the interaction also in the case of through thickness shells composite failure (Figure 14).
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		Figure 14 – Fluid-Structure Interaction





4.2.4 Results

In general, during blast loading on panels a compressive stress wave within the material is generated by the impact of pressure wave at the front face of the target. This compressive wave propagates throughout the material until it reaches the rear surface of target, where it is reflected as a tensile wave. In the following figures, some of the results obtained on metallic plates are illustrated in terms of dynamic deflection and residual deformation, showing a very good agreement (Figures 15-17) [7].
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In the composite material laminate, the initial compressive stresses may produce some degree crushing failure in the composite matrix. According to the geometry and boundary conditions for laminate plates, the tensile reflected wave produces an extensive delamination between the last plies of the laminate. In the following instants, the pressure on the target distributes on the whole material and generates a bending load on the panel, which can also lead to fibre breakage.

In Figure 18 is illustrated numerical dynamic deflection compared with experimental measure [14]. If in the first instants of deflection numerical model appears fairly over-stiff, the steady-state response tends to the same deflection value and rate.
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		Figure 18 – Dynamic deflection CFRP (750 g)







In figures 19 and 20 damage map results are reported. The damage maps represent the composite failure distribution, split in fiber/matrix and tension/compression damages. In the maps damage is maximum if it is equal to 0 (blue regions), minimum if it is equal to 1 (red regions). Each element is removed by LS-DYNA when the damage is equal to 0 in all its own integration points. Maximum integration point values (conservative condition) are illustrated in exploded view (z direction - factor 2) to better visualize the damage in each ply. 

The experimental damage assessment performed after blast tests was not possible to numerically perform through the approach used in this work. In consideration that the damage assessment plays a key role in the comparison process of numerical and experimental results, a numerical failure criterion different from the experimental one was defined in order to evaluate model prediction capability. The matrix failure, both in tension and in compression, was the numerical damage assessment criterion selected. In fact, the water penetration through the panel thickness of experimental damage assessment can be much more easily associated to matrix failure rather than to fibers breakage. 
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		Figure 19 – Damage maps 750g
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		Figure 20 – Damage maps 870g





The compressive matrix damage zone was found along the whole central thickness for CFRP models only in the case of 875 g blast load, while is almost absent in the case of 750 g blast load. This agrees very well with the experimental data showing that the composite panel was not able to resist to the considered blast load as found during the experimental campaign. 

Finally, in figures 21 and 22 numerical results are also compared with provided real damage morphology [14] showing a fairly good agreement.
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		Figure 21 – CFRP delamination
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		Figure 22 – CFRP rear damage
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ABSTRACT

This paper will discuss Battle Damage Assessment and Repair as practiced by the U.S. Army during operations in Southwest Asia.  The focus of the paper is how the engineering substantiation is performed in the field and with the assistance of outside engineering support.  The paper will also discuss how new battle damage repairs are substantiated.

Introduction

Aircraft Battle Damage Assessment and Repair (BDAR) procedures have a long history dating back to World War I with the first recorded repair to the present.  The repair of battle damaged aircraft has progressed dramatically from the earliest days where repair parts were scavenged from local farm equipment found in the countryside to today’s prepared BDAR kits and supporting infrastructure of multi-level maintenance operations with the logistics to repair and return aircraft to full mission capability.

In order for these repairs to be airworthy some type of engineering substantiation must take place.  The design of the repairs can range from permanent to expedient; returning the aircraft to full mission capable status to only being capable of performing a one-time ferry flight.  The processes of designing repairs must take into account many factors, including personnel availability, logistics, and previous load analysis.  Fielding of a new aircraft, or aircraft model, will spawn an evolutionary cycle of new battle damage repair development and implementation focused on maintaining the aircraft flying at full mission capability as operational experience is gained.

This paper will focus on the engineering substantiation required to repair rotary wing aircraft damaged beyond the limits of standard battle damage repair processes, as well as review how new repair technologies for battle damage are substantiated. 

[bookmark: _Toc252785074]Engineering Substantiation

The goal of any aircraft repair is to restore the damaged area back to original strength. This goal can often be achieved by duplicating the original part dimensions and material through standard intermediate structural maintenance techniques to achieve a permanent repair that returns the airframe to original strength.  Often this is not the case and engineering substantiation of a specialized repair approach must take place to insure a result that is airworthy and delivers the required operational capability.  The process of performing the engineering substantiation requires a thorough evaluation of the damage, design of repair, and engineering calculations.  The engineer that is designing the repair must also be more than an aircraft structural engineer; he must consider a systems approach.  The engineer must understand how a possible repair will affect weight and balance, the routing of electrical wiring, hydraulic tubing and hoses and how the aerodynamics of the main and tail rotor structurally load the aircraft.  The engineer must also realize when it is time to reach back to structures and materials specialists for stress reports, computer models, and additional personnel for assistance with repairs that are in highly stressed parts or where the damage is extensive.  The design of battle damage repairs requires a comprehensive understanding of the repair development process and key airworthiness concerns.  Damage analysis, cognizance of available logistical support, effective communication with maintenance technicians, fundamental knowledge aircraft structural maintenance and knowing when to tap organizational/OEM specialists to obtain additional data and assistance are all critical aspects of successful BDAR.

[bookmark: _Toc252785075]Damage Assessment 

A complete inspection, labeling and documentation of all damage must be made.  This process is known as damage assessment.  Sources of structural damage include projectiles, extensive operations at max gross weight, combat flight maneuvering, hard landings, and heat from fire.  Complex damage must be completely documented with photographs in order to better communicate with the engineers designing the repair strategy.  This can effectively be accomplished remotely but it is imperative that all load paths in the affected portion of the airframe be fully inspected and documented to capture all underlying damage.  Successful development of potential repair strategies, hinge on the presence of experienced BDAR personnel.  Complex situations may require onsite engineering analysis to clearly identify and mitigate any constraints that may be put on the repair geometry to prevent interference with flight controls or other critical systems.  Additional repairs may need to be made to support the load of rerouted hydraulic and electric systems away from the damaged area.

[bookmark: _Toc252785076]Projectiles

Damage from projectiles can be located by entrance damage.  Exit damage may or may not exist depending on the type of projectile.  Exit damage may not be one single hole but a multitude of holes from exploding projectiles.  If no exit damage is noted the projectile may not have enough energy to create exit damage or the projectile may have damaged other internal components and not departed the aircraft.  Damage to look for may include, but is not limited to, nicks, scratches, gouges, jagged holes, delaminations, and fastener pull-through.  Damage from projectiles may be found by noting secondary damage such as severed control cables or hydraulic lines which were caused by other parts that were damaged by projectiles.  Note that the path between the entrance and exit of projectiles may not be linear.  The projectile may ricochet off and damage several parts before exiting the aircraft.  The damage assessment must locate all damaged parts so a determination can be made as to which parts need to be replaced, repaired, or leave as is, depending on the type of flight to be conducted.

[bookmark: _Toc252785077]Overstressed Parts

Parts can be overstressed by flight loads (max gross operations or combat maneuvering) or hard landings.  Overstressing may also be caused by projectile explosions internal to the aircraft causing an overpressure.  Parts may be bent, cracked, torn, buckled, separated or delaminated.  Sheared or missing rivets along with blistered or missing paint may indicate overstress.  There may be damage away from the impact point as other areas of the aircraft may have exceeded their design load.

[bookmark: _Toc252785078]


Thermal Damage

Depending on the material some exposure to heat can be tolerated.  A concerted effort should be made to determine the duration and maximum temperature sustained.  This can be done be observing coating conditions and discolorations.  Also conductivity test can be performed to verify if the hardness is valid for a particular alloy and temper.

[bookmark: _Toc252785080]Logistics

In designing a repair the engineer must be aware of the personnel available to support repair activities.  This relates to the level of proficiency of the personnel performing the repairs.  Also, there may be an on-sight Original Equipment Manufacturer (OEM) Field Support Representative (FSR) deployed with the aircraft.  Additional logistic considerations must take into account availability of repair materials, special tools and equipment available to perform repairs and the environmental conditions that will affect completion of repairs.  Logistical constraints affecting replacement aircraft may couple with operational demands to require more aggressive forward repair strategies.

Repair Personnel

Depending on location, the skill of the repair personnel will vary widely.  Unit repair personnel may or may not have had experience performing certain complex repairs or working with special tooling.  Heavy maintenance units may have a substantially experienced force of support contractors.  These factors must be considered when designing repairs and repair techniques that will need to be adjusted or changed completely depending on the skills of the maintenance personnel available. 

OEMFSR

The OEMFSR is a valued resource to the engineer making non-standard repair to the aircraft.  The OEMFSR typically has significant background in previous repairs in the area of concern and has access to the engineering analysis for all the various load cases from the aircraft design records.  This knowledge may allow the engineer to design a simple repair if the margin of safety is high or it may necessitate the need for further computer analysis to verify that the repair is airworthy if the margin of safety is low.

Materials and Equipment

The preferred method of repair is to use authorized tools and materials when possible.  Specialized tools and fixtures may be available depending on location and the resourcefulness of the maintenance personnel performing repairs.  The engineer must be cognizant of the availability of specific alloys and thicknesses available for metal repairs and the types of fibers, adhesives, and core material for composites.  The types of materials will dictate the extent and permanency of the repair being developed.  Heat treatment is available in several locations in theater.  With heat treatment available, the engineer can design a repair that requires metal stock be bent into appropriate shapes to accommodate the repair geometry.  The metal can then be heat treated to provide the required material properties to return the aircraft to full mission capability.  Also located in theater is the freezer capability to store adhesives and prepreg materials for composite repairs.  This also allows the engineer the option of creating permanent composite repairs of battle damage.  Machine shop capabilities also exist in theater that allow precision repair fabrication or rework beyond what is normally available in the field.

[bookmark: _Toc252785081]


Engineering Instructions

Engineering instructions consist of clear and concise written text and accompanying attachments.  By providing written instructions the repair personnel will know exactly what processes are required to be performed.  This also affords the opportunity to allow others to evaluate the repair, optimize the order of processes and share developed knowledge to address similar requirements.  The records of authorized repairs can also be stored and searched electronically, and these repair instructions are also required to be added to the aircraft historical records.

Text

Repairs may be complicated and require a multitude of steps and related processes to completely execute.  The instructions must be readable, unambiguous, in a logical order, and completely communicate the intent and requirements of the repair to the maintenance personnel.  The repairs must be readable so the correct material alloys and thickness are used along with the correct diameter and type of fasteners to carry the calculated loads.  No ambiguity ensures that repairs do not have to be accomplished twice or cause maintenance induced damage.  The repair text should flow as to how maintenance personnel perform repairs so that critical steps such as corrosion protection or intermediate NDI steps will not omitted.  If the repair technician understands the repair intent they will be alert to possible interference issues or alert the engineer to other issues that might affect the airworthiness of the aircraft. 

Attachments

Attachments can be figures, drawings, images, or other additional data.  These attachments depend on the reader to combine them with the appropriate text.  The attachments should enhance the repair text but not be a substitution for the text.  This makes proper reference key to clarity of the instruction.  Drawings that are to be used for manufacture of repair parts should contain sufficient data that the parts can be fabricated by personnel with no knowledge of the aircraft.

[bookmark: _Toc252785082]Engineering Calculations

The engineer needs to fully understand how the damaged part experiences load during the various phases of flight required by the aircraft.  The part may experience shear, tension or compression depending on what maneuver the aircraft is performing.  The engineer also needs to examine the surrounding structure to determine how the various loads are transferred into and out of the damaged part.  The OEM may or may not be able provide the worst case loading that the engineer needs to design to.

[bookmark: _Toc252785083]Stress

Stress is the intensity of the internal loads experienced by a part due to external forces.  All stresses can be resolved into normal or shear stresses.  Normal stresses involve tension, and compression, and shear stresses that occur from axial loads, bending and torsion.  Another type of stress is bearing stress, caused by the shear load through a fastener acting on the material around the fastener hole.  The engineer needs to ensure the repair is capable of carrying these stresses.

Normal Stresses				or		

Shear Stress		

Bearing Stress		

[bookmark: _Toc252785084]Loads

Loads are caused by accelerations due to maneuvering, gust, flight, landings, gross weight etc.  The aircraft is designed to handle the maximum load in each case without causing a permanent set.  This load is called the limit load.  The ultimate load is the limit load multiplied by a factor of safety which is usually 1.5.  Aircraft parts are designed not to fail until the ultimate load is reached or exceeded.  Since the aircraft should only experience the limit load, battle damage repair can be tailored to be permanent, able to withstand the ultimate load, or they can be temporary, only being capable of withstanding the limit load or greater.  The aircraft loads are transferred to the aircraft structural members as bending moments in beams, torsion in torque boxes, tension in axial members, compression in axial members, and shear in beams and shear webs.  The engineer needs to be cognizant of the damaged part in relationship to the rest of the aircraft and how it carries flight and ground loads. 

Beams

Beams are loaded primary in bending and shear.  Structural members that carry internal loads can often be analyzed as beams.  Rotor blades are cantilever beams.  The whole tail cone of a helicopter is a beam.  Rings and frames are curved beams.  Bulkheads, shear webs and intercostals can also be considered beams.  The engineer needs to be cognizant of the damaged part in relationship to the rest of the aircraft and how it is transferring flight and ground loads in determining what parts are acting as beams.  The whole tail cone of a helicopter is a beam.  In figure 1, the tail cone acts as a beam carrying the loads imposed on it by the landing gear, tail rotor pylon, and stabilator in both flight and ground conditions.

[image: ]

Fig 1: Helicopter Structure

Torque Boxes

Sections of the fuselage and the tail cone act as torque boxes carrying shear flow in their skins and webs.  As shown in figure 1 the tail cone acts as torque box reacting to the aerodynamic loads of the tail rotor.

Axial Members

Axial members carry tension and/or compression.  The caps on beams often are axial members.  Longerons in the fuselage and tail cone carry axial loads from bending moments.  Ribs, frames, rings and bulkheads that have caps carry axial loads due to bending.  Stiffeners that transfer loads from transmissions, hydraulic actuators, and control surfaces are axially loaded.  Figure 2 shows a more detailed view of the tail cone.  The longerons are in compression on the ground and are in tension in flight.  The stiffeners can also be in both compression and tension depending on the particular location and the load case.
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Fig 2: Tail Cone

Shear Webs

Shear webs are panels loaded in shear.  They consist of the webs in spars and ribs.  Floors in the cockpit and passenger compartment are loaded in shear.  The panels in frames, rings, and bulkheads carry shear.  External skins are also loaded in shear.  The skins covering the tail cone in figure 2 carry shear loads.

[bookmark: _Toc252785085]Margin of Safety

When a part by design has the ability to carry more load than the ultimate load that part will have a positive margin of safety.  Margin of safety is calculated by:



[bookmark: _Toc252785086]The allowable load for a part can be determined by the mechanical properties and the geometry of the part.  Mechanical properties are based on alloy, heat treat, and manufacturing processes.  These mechanical properties can be found for most aerospace materials in the Metallic Materials Properties Development and Standardization Handbook.  Allowable loads may be less than those based on mechanical properties due to instabilities in the geometry of the part.  These instabilities are buckling in shear webs, column buckling and crippling.

Assistance

There are times when the engineer in the field is not aware of the loading of the part, does not have access to reports, or does not have the ability to run computer models.  This is when the damage assessment and communication is important when requesting additional assistance from an OEM or organizational structures and materials experts.  The problem must be clearly defined for those providing assistance so they are able to render airworthy recommendations for the aircraft.

Exhibit 1– Tail Landing Gear Yoke Attachment

A unit deployed in theater discovered damage to the outer lugs on the tail landing gear yoke, see figure 2.  The lugs had damage beyond the 5 percent allowable by the technical manual and a Maintenance Engineering Call (MEC) was generated.  The OEM was contacted and recommended that the damage be blended out and remain on the aircraft.  The stress group was contacted for assistance with the MEC.  The division conducted an independent analysis of the damage utilizing the OEM stress report on the engineering substantiation of the tail landing gear.  After analysis the structures and material division concurred with the OEM and the aircraft was repaired and returned to service.
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Figure 2: Tail Landing Gear Yoke

Exhibit 2 – Time Before Overhaul

A unit deployed in theater was within 3 hours of reaching the time before overhaul on a UH 60 aircraft tie rod, figure 3.  The aircraft was also only 17 hours from needing a phase inspection.  The engineer contacted the stress group to run a fatigue analysis on the part.  The stress group had access to the original fatigue analysis and performed analysis to allow the part to stay on the aircraft to the next phase inspection.  Results from the analysis showed that the increase in risk was only 0.40%.  The engineer in the field does not have access to all the specific reports or the software to run the analysis component by component.  Use of the stress group to perform the engineering substantiation allowed the aircraft to continue to fly missions until its next scheduled phase inspection.
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Fig 3: Tie Rod

Exhibit 3 – Cracked Web Shear Skirts

Several CH-47 aircraft had cracks in the shear skirts, see figure 4.  The OEM was contacted and proposed a repair, see figure 5.  Also the onsite engineer proposed a repair, see figure 6.  Since this repair was going to be performed on more than one aircraft the stress group was contacted.  After reviewing both repairs the stress group performed additional calculations and sent back to the field the repair in figure 7.  This repair was then implement on several aircraft and is available for the engineer to use if cracks appear is the same area on other aircraft.
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Fig 4:  Crack CH-47
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Fig 5:  Proposed OEM Repair
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Fig 6: Onsite Engineer Proposed Repair





Fig 7:  Final Repair

 Fielding New Battle Damage Repair Technologies

After the aircraft has been fielded for some time, parts of the aircraft are damaged for which there is no historical battle damage field repair available.  New technologies may have become available that can assist with battle damage repair.  The development and fielding of new repairs require a qualification plan, a substantiation report, and testing to ensure the aircraft are returned to an acceptable level of flight safety.

[bookmark: _Toc252785087]Qualification Plan

Either the Original Equipment Manufacturer (OEM) or another entity will develop a plan for developing a new battle damage repair.  This plan must address how the repair will be substantiated, proposed materials, processes to be used, and equipment required to perform the repair.  Also the plan must address the type of testing and post test analysis to be performed to determine the airworthiness of the repair.

[bookmark: _Toc252785088]Substantiation Report

The substantiation report shall call out the damage limits, location, repair materials, design and thickness of repair, and the repair procedures and processes to be utilized.  The analysis shall show loads on fasteners, along with bearing and tear out calculations on repair and parent material.  The type of fasteners shall be specified.  The report shall specify the load case the repair was designed for and that a positive margin of safety is maintained.

[bookmark: _Toc252785089]Testing

The actual repair shall be performed by soldiers to ensure the repair techniques can be duplicated in the field.  The repair shall be performed on test panels that can later be analyzed.  The repaired panels shall be tested to ensure that the repair meets or exceeds the margin of safety calculated.

[bookmark: _Toc252785090]Conclusion

The engineer in the field designing structural repairs for BDAR must be well versed in all aspects of helicopters.  The engineer needs to utilize the skills of aerodynamic, material, structure, hydraulic and electrical engineering to return battle damaged aircraft to an airworthy state, normally as soon as possible.  The engineer must be a writer and an artist to communicate repair intentions in writing, with figures and engineering drawings.  Additionally the engineer must be creative to design repairs to accommodate limited resources and materials available.

Engineering substantiation must occur in order to insure the airworthiness of any repair.  Often times the engineer in the field is able to evaluate the loads on damaged parts with sufficient confidence that the engineered repair will be airworthy.  But there are damages in critical areas were the onsite engineer will have to reach back for support from the OEM or an engineering department that has access to data, reports, and computer models.  As discussed with developing new repair technologies, effective BDAR requires not only engineering substantiation, but testing to verify calculations.  The engineer in the field or the one developing new repair technologies must be able to reach back to the cognizant engineering authority and access the loads data.  This will then allow battle damaged aircraft to be repaired and returned to service to meet today’s demanding operational requirements.

List of Symbols

Nomenclature

A		cross sectional area

D		diameter

f		stress

M.S.		Margin of Safety

P		load

t		thickness

V		shear load

Subscripts

all		allowable

br		bearing

c		compression

s		shear

t		tension

ult		ultimate
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Abstract

The Aviation Engineering Directorate (AED) is the Army Airworthiness Authority for all US Army rotary and fixed wing assets.  Assessing damage to aircraft in the field and making appropriate decisions on the reparability, making repairs at the lowest repair level possible and evaluating airworthiness of subsequent repairs is critical to the US Army maintaining its force projection capability.  This paper will examine the experience of engines and wiring systems as part of Battle Damage Assessment and Repair program.  The paper will also examine current processes and procedures for Battle Damage Assessment (BDA) including BDA tools recently developed.  The paper will describe and analyze the echeloned approach of battle damage assessments employed including embedded field maintenance engineers, centralized functional expertise and depot capability at RESET locations.  The paper will also describe the processes for assuring airworthiness throughout the repair process.  The paper will use examples of aircraft damage from OIF and OEF in describing the practices and procedures for conducting BDAR assessments and repair.  The BDA assessments will encompass primary aircraft structure, secondary structure, engines and electrical wiring system.  Design tools have been developed that allow for quick assessment of field damage by analyzing vulnerable regions of the aircraft in advance with damage limits and repair concepts defined for typical damages.  That design tool will be explained and examples provided where efficient BDA and repairs have been affected.

1.0	INTRODUCTION 

Airworthiness is a fundamental element of the design, production and maintenance of all air vehicles flown in the US Army.  Dealing with the effects of battle damage on aircraft in the field is afforded the same rigorous airworthiness process for the determination of repairs and service duration of those repairs.  This paper will overview the airworthiness process, identify the unique features of airworthiness for battle damage and how it is implemented in the US Army and provide some process and technology advancements that are aiding the safe and effective maintaining of aircraft in theatre.

2.0	airworthiness process

In the US Army, the airworthiness of aircraft and helicopters is a program conducted independently from both the war fighters and the material developer of the aircraft system.   That independence necessarily separates the missions and functions of war fighter operations, material acquisition and airworthiness certification.  The process is applicable to all life cycle stages of an aircraft program including design, production and fielding.  Assessing and repairing battle damage on aircraft is clearly an airworthiness concern as part of the continuing airworthiness phase of any aircraft program.    

[image: ]

Figure 1:  Airworthiness elements

2.1	Airworthiness: A Definition

The broad definition of airworthiness in the US Army is a demonstrated capability of an aircraft to perform its intended functions within prescribed limits.  The three key phrases in this definition are “demonstrated”, “intended functions” and “within prescribed limits”.  The demonstrated capability is a common requirement regardless of the phase of the program.  It applies equally to development aircraft type certification, continued airworthiness during service use, maintenance of the systems and aircraft damage assessments.  The airworthiness program is a data driven process that requires sufficient analysis, test, demonstration or inspection data to substantiate the airworthiness of the intended certification function.  It is the data driven process that makes the program robust and repeatable and produces accurate results.    The other two elements of the program, within prescribed limits and perform its intended function, are more variables in the dynamic environment of aircraft battle damage assessment.  The type and severities of the damage encountered in wartime operations span the spectrum and not all damage can be repair to full capability condition.  Another variable in battle damage assessment is the criticality of the assets to the mission and the time and schedule for replacement of the damaged asset.  These entire variables are in the trade space of the military service commanders in determining the actions to be taken on damaged aircraft.  Elements of the airworthiness process are also variables in that process.  The intended function of the repair aircraft may be acceptably reduced and the airworthiness assessment would be conducted to the reduced capability level.  An example of that would be the desire to repair the asset only to the extent that the asset can be returned to a depot facility out of theatre for further repairs.  The functional capability of the damaged system may be consciously reduced to keep the asset in service.  Many times repair are made knowing the long term durability of the repair is lacking yet that reduced capability provides a necessary capability to the commander.  Again the 

airworthiness evaluations would be conducted to that reduced set of functional capability. 




Figure 2:  Airworthiness Definition





2.1	The Airworthiness Process

In the US Army, a centralized independent organization administers airworthiness assessments of all fielded aviation assets in the fleet.  That organization is the Aviation Engineering Directorate based in Huntsville Alabama in the same location as the acquisition and program managers of the aircraft fleets.  The organization contains all analysis and simulation capability necessary to assess the broad array of flight sciences with functional expertise in structures, materials, aeromechanics, dynamics, aircraft performance, mass properties, electronics, electromagnetic’s, man-machine interface, propulsion, drive systems, hydraulics, pneumatics, and software.  Also based in the Huntsville is the Army Aviation test capability which is leveraged for test determination of airworthiness or for the generation of airworthiness test data for functional engineer’s assessment.  

2.1.1	Organizational Construct

The AED has an organizational construct that provides both aircraft systems level expertise and detailed functional area expertise.  As you can see in the organizational diagram in Figure 1, the organization is divided in two distinct elements, along air vehicle platforms on the left side of the organization and along functional expertise areas on the right side of the organization.  The system support part of the organization provides direct program office support and coordination of all airworthiness activities in support of each aircraft system.  They provide expertise in the specific aircraft systems and lead the systems engineering trade space and system integration functions for each specific aircraft.  The functional experts provide detailed assessments and evaluations in specific functional expertise areas.  The functional engineers have the technical authority over there functional expertise.  The systems engineers are the integrating function for all airworthiness matters for all issues on a given aircraft system.  When it comes to airworthiness support to field problems such as battle damage, another critical element of the airworthiness construct is introduced, that is the field liaison engineer.  Each aviation battalion in the US Army has an AED field liaison engineer embedded in the organization.   The principal function of this position is to provide boots on the ground maintenance engineering expertise to provide assessments and authorizations for repairs or modifications to aircraft that are not authorized in documented aircraft maintenance procedures.  These individuals are the airworthiness eyes and ears in the field and are the first line of support to commanders in the field dealing with real world aircraft damage and repair issues.  These liaison engineers are empowered to support the field with on the spot repair authorizations for anything he is capable of assessing himself.  The efficiencies of this construct are clear and obvious.  For any repair authorization beyond the individual capability of the specific liaison field engineer, he has reach back capability to the full depth and breadth of the capabilities of the central AED expertise in Huntsville.    This organizational construct has proven to be invaluable to the efficient and effective repair of damaged aircraft and maintaining continued airworthiness for aircraft throughout their fielded life.    
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Figure 3:  AED Organizational Diagram







 Figure 4:  AED Liaison Engineering Locations 

2.1.2	Metrics of Success

The recording mechanism for all actions taken to authorize maintenance outside the established procedure are Maintenance Engineering Calls (MEC’s)  As you can see in Table 1, the number of MEC’s  written in support of deployed forces have risen dramatically since 2003 in support of both OIF and OEF.  The field MEC’s would represent all maintenance calls made at non-deployed base location both CONUS and OCOCUS.  This also shows a dramatic increase in field engineering calls.  This construct of embedded field engineers has evolved and grew during the period and once included only select CONUS locations with large aircraft populations.  We have been building the construct since 2003 and now have field engineer positions in every Combat Aviation Brigade.    The program is a key enabler of responsive battle damage assessments of all fielded aircraft.     


























































Figure 5: MEC Rates: The Metric of Success

3.0	eNGINE bdar eXPERIENCE

Battle Damage impacts to engine systems are significant from the OIF/OEF theatres of operation.  However, Battle Damage repairs to engines or significant components repairs are very limited in a theatre due to the modular design nature of most modern turbine engines.  The T700 family of engines is used on AH-64’s and UH-60’s and is a modular design engine.  The field maintenance is is primarily troubleshooting that leads to removal and replacement of modules of the engine and returned to DEPOT for repair.  The T55 engine is an older design with less built in modularity but the unit level maintenance is still troubleshooting problems and remove and replace engines if not repairable.  Other engines like the 250-C30 used on OH-58’s are contractor maintenance and logistic support above unit level and engines are removed and replaced in theatre for faults or lack of power.  The US Army has a DEPOT forward engine repair capability to conduct some engine repairs in Kuwait through the AVCRAD.  At the AVCRAD they generally have Flexible Engine Diagnostic Systems (FEDS) or Mobile Engine Test Stands (METS) that allow for DEPOT level repair and dynamic balancing of the engine.

 The environments that engines are operated at in the current theatres are characterized by heat, sand, and dust.  All these environmental factors contribute negatively to engine on-wing performance.  As seen from the engineering review board data for the T700 engine in Figure 6, the single largest cause of engine returns is low power or torque. The principal causal factor for engines returned for low power is directly or secondarily related to erosion.  The direct effects of sand erosion can be seen in the components such as compressor blades, power turbine nozzles, and gas generator blades.  There are also secondary effects from operations in sand environment that effect engine performance.  The most significant of these is interrupted cooling processes in the engine.  The effects of plugged cooling passages result in blade creep, fatigue, blade buckling, burns and oxidation.  The most prominent result of these problems is inability to produce power resulting in engine removal and return to depot for repair.  There are also potential for non-benign failure modes to develop as a result of cooling interruption such as blade fatigue failures that would result in in-flight engine failures and potential catastrophic results. Examples of engine erosion and cooling problems are illustrated in Figures 7and 8.  

The overall effect of the conditions in the current theatres of operations can be directly measured by on-wing engine time.  Figure 9 shows the data for T700, T55 and 250C30 engines comparing CONUS vs. OIF/OEF engine on-wing time.  The comparison shows great disparity on the T700 performance and no effect at all on the 250 engine series used on the OH-58 aircraft.  The T55 engine used on the CH-47 shows an impact of on-wing time but not as dramatic as the T700.  There may be factors influencing this data.  One difference in the various engines is the dust filtration systems.  The T700 series engine has an integral Inlet Particle Separator (IPS) were the 250C30 engine has a inlet barrier filter system.  It may be that the barrier filter is much more effective at eliminating sand and dust and the resultant erosion and power loss problems.  Equally as probable a factor is that logistics support arrangement in place.  The 250C30 engine has in-country contractor logistics support where as the T700 is logistically supported through the US Army logistics system.  There may be an attempt by Rolls Royce to provide greater repair support to the 250C30 in theatre as opposed to sending the engine back to Depot for repair.     
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Figure 6:  T700 Reason for Return
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Figure 7: Erosion on T700 1st Stage Blisk





Figure 8:  Erosion on T700 2nd Stage Nozzel





Figure 9:  ENGINE ON WING TIME COMPARISION oif/oef VS CONUS

4.0	Design Practices for bdar repairs of wiring

Repair of electrical wiring and cables associated with rotary wing aircraft systems and subsystems is a major BDAR problem for timely aircraft return to action or evacuation from the battlefield.  Aircraft designers and manufacturers generally group large numbers of wires together in a “bundle” to run together though common places in the airframe.  This process makes the wiring practice simpler and provides added strength of the wires surrounding each other.  The use of wiring bundles can make both BDAR and normal operational repairs difficult, tedious, and time consuming, especially to a damaged wiring bundle from combat.  

4.1	Current Electrical and Wiring BDAR Procedures in Effect

When aircraft, rotary wing or fixed wing, receives battle damage, the repairs on the wiring and electrical systems can be some of the most time consuming and meticulous work.  Couple damage with the battlefield environment and the repair task becomes difficult if not impossible to execute.  With dozens to even hundreds of severed wires to repair, the matching process of which wire connects to which can be extremely lengthy and laborious.  The difficulty is magnified when one or more wiring harnesses sustain damage.  It is even more of a problem with inadequate or improperly labelled wires and cables.  Figure 10 shows the adverse effects of improper or inadequate wire labelling and identification.  Additional complications can arise when dealing with “shielded” or Electro-Magnetic Interference (EMI) protected wires and cables. 
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Figure 10:  Repair Time of Identified vs. Unidentified Wires

The shielding may not be available, for BDAR repairs, or due to rerouting, impossible to install.  As a general rule of thumb, the BDAR assessment must quickly identify whether to repair a wire or cable, replace the wire or cable, or replace the harness as a whole. Magnify that when a whole bundle is damaged. Figure 11 shows BDAR on and AH-64D Longbow Apache where a wire bundle was damaged and repair wires were rerouted. 
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Figure 11:  AH-64 Apache Electrical BDAR Damage and Repair

4.2	Recommendations for Improved Electrical and Wiring BDAR

Due to the intricate nature of wiring, quick, effective and timely BDAR is difficult at best.  Rotary wing aircraft have thousands of wires running throughout all areas of the airframe, some vital and critical, some non-essential and superfluous.  There are many ways to improve the wiring in helicopters to facilitate not only BDAR but less time critical repairs as well.  Such standardizations and recommendations include:

Procure and supply the BDAR field units with assessment tools that have the ability to rapidly identify individual wires/cables by systems affected and wire number.

Color code wires/cables to identify critical, essential and non-essential systems.

Standardize and improve wire/wire bundle/cable marking in all aircraft.

Improve the current BDAR kits with the ability to splice wire bundles.

Develop and implement splices for highly sensitive data bus wires.

Use fiber optics to reduce weight and protect against EMI.

5.0	Advanced tools

The dynamic nature and unpredictability of battle damage makes it difficult to plan in advance for support and conduct airworthiness assessments.  Most damage events are specific with unique location information and require specific detailed analysis.  However, some pre-analysis and prepositioning can be done to aid and shorten the response time of assessments.  This paper will examine two of the preplanning tools and kits that have been developed.

5.1	BDAR Kits

During the early timeframe of OIF, it was recognized that standard repair kits were lacking for field maintainers to deal with typical damage to the current fleet of aircraft.  A quick reaction kitting was developed, filled and deployed to all maintenance companies.  The Kit contents are shown in Figure 12.  One of the significant problems with battle damage on modern aircraft is severed wire.  As aircraft continue to evolve to be more electronic aircraft, the repair of wire bundles and connectors becomes a significant activity for battle damaged aircraft.  Another element in the kit is fuel cell repair material.  Modern fuel cells are difficult to repair in the field due to the self-sealing features of the cell.  Most repairs cannot restore the self sealing capability but field repairs are possible with the reduced functional capability of the system. 





Figure 12:  BDAR Kit

5.2	DENT Program

Another tool that has been developed to aid in rapid response of battle damage assessments is the Damage Evaluation and Notification Tool (DENT) on the AH-64 Apache. DENT is a product developed by Boeing for the Army that models the airframe structure of the Apache and allows for concise identification of damage identification, automated reporting procedures, linkages to automated analysis tools and an archiving of all damage events and disposition instructions.  This tool greatly enhances and speeds the process of defining necessary fixes to field with precise airworthiness definition of the repair.  Below, the paper examines the core elements of the DENT Program.

5.1.1	DENT Reporting Tool

The DENT reporting tool is a laptop based tool resident with the Aviation unit maintainer.  It allows for concise definition of damage location and severity.  It has a drilldown Graphic User Interface that provides models of the sectional properties of all structural members.  As you see in Figures 13-15, you drill down in a menu until you identify the specific damage on exact detail structural members.  The reporting system allows you to interactively highlight damaged areas on pre-modeled sectional views as seen in Figure 16.  The maintainer interface allows for text input to describe the damage and photograph upload to capability for further clarity. The reporting tool also has all the automated features for storage, disposition request and progress tracking.  The reporting tool also incorporates dynamic storage with search and sort capability for future analyses and comparisons.   
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Figure 13:  Identification that a frame is damaged
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Figure 14:  Identification of Damage in the 2nd Frame,

 Aft of the Tail Rotor Support Bracket (FS 409.9)
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Figure 15:  Identification that the Frame Cap is Damaged 

Outboard of the Lightening Hole Between Stringers 3 and 4.
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Figure 16:  Highlighting the Extent of Damage in the Section Properties.

5.1.2	Link to Automated Analysis

The automated damage reports generated in the dent program have a direct interface back to existing airframe analysis model.  The report generating sectional properties are directly from the airframe NASTRAN model for the Apache.  The reporting data directly sets up the inputs for updated model runs to calculate internal loads and conduct all strength, stability and margin checks on the structure.  Through a series of iterations, repairs can be identified and evaluated for acceptability against the desired criteria for return to service.  Those criteria could be a full capability repair with no limitations or a limited exposure repair (100 hours for example) with further disposition and repairs when the aircraft returns for depot repair.  

5.1.3	Electronic File Cabinet

The last feature of the DENT program is the retrievable file feature of the system.  With all damage report and the dispositions of damage repairs in a central retrievable database many analyses or reports can be generated to enhance the overall continued airworthiness picture.  Reports can be generated evaluating the types of damage sustained.  The types of repairs employed and the standardization of those repairs can be evaluated.  Repairs that have been instituted can be tracked with time to evaluate the long term durability effects of the employed repairs.  

5.1.4	DENT Program Benefits

The DENT program has provided many benefits to the Aviation Commanders, the aircraft maintainers and the engineers providing airworthiness support to the field.  The program has provided improved accuracy of battle damage reporting from the field.  It provides for a more accurate identification of the damaged structure.  It aides in identifying the information to the right personnel through the engineering interfaces and it allows for worldwide employment.  The program has allowed for reduced repair disposition times and increased aircraft readiness rates due to the automated analysis suite and the access to historical aircraft repairs.  The standardized data storage and retrieval system has reduced field and depot repairs due to immediate access to historical repairs and improved visibility of regular occurring damage.  

6.0	Summary AND Conclusion 

The processes and procedures for assessing battle damage and assuring repaired aircraft and components maintain airworthy status have been discussed.  The airworthiness organizations construct and the forward locating of maintenance engineers to guide that battle damage assessment process has been presented.  The effects of current operations on engine on-wing time and the principal causes for engine removals have been discussed.  The difficulties of conducting BDA on wiring systems were also presented.   Many advanced tools are being developed that speed the process and increase the accuracy of BDA’s.  The very successful Boeing Program call DENT was presented in detail. 
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TOTALS: 33 Scheduled Visits + 8 Unscheduled Visits (include providing information / briefings at conferences / reviews or visiting units not scheduled)





 Army – 19 total scheduled visits + 4 unscheduled visits





 Air Force – 10 total scheduled visits + 3 unscheduled visit





 Navy – 4 total scheduled visits + 1 unscheduled visit


AMRDEC Public Release: FN3832
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Abstract

Damaged aircraft, be it battle damage or by some other cause, in a deployed theater of operations fall into one of several distinct categories of repair.   Within these categories, there are a number of options to include temporary or partial-capability repairs, the unique realm of aircraft battle damage repair.  Specialty repair shops, such as metals fabrication or hydraulics, can assist in implementing a wide-range of permanent, full-capability repairs by creating replacement parts in accordance with manufacturing drawings.  Generally, aircraft battle damage repairs neglect durability design criteria such as corrosion and fatigue resistance in favor of repair expediency.  Special repair considerations are made with respect to fighter/attack aircraft due to their unique mission and smaller design tolerances.

1.0
Introduction

Design of Aircraft Battle Damage Repair (ABDR) is a complex matter.  Options for repair design are tied to the architecture of the overall aircraft maintenance program.  To understand the US Air Force (USAF) approach to ABDR requires a basic understanding of the USAF aircraft maintenance concept.  Regardless of maintenance concept, there are generally a limited number of options for any aircraft repair. Options for temporary and/or partial-capability repairs are the realm of ABDR.  USAF ABDR technical guidance follows an established set of damage classifications, structural categories, and system serviceability criteria.  Damage tolerance plays a role in ABDR due to its role in USAF aircraft design.  All of the aforementioned considerations lead to a general approach to the design of aircraft battle damage repair.  Due to the high performance and highly-engineered nature of fighter/attack aircraft, some specific considerations must be made with regard to ABDR of these types of aircraft.

2.0
U.S. Air Force aircraft maintenance concept

The USAF currently operates a two-level aircraft maintenance concept.  The first and lowest level of maintenance is “organizational maintenance”, also termed “organic maintenance”, which consists of typical repairs and standard periodic maintenance, such as changing oil and rotating tires.  Organizational maintenance personnel are part of the organization that operates the aircraft.  This organization also employs the aircrew who operate the aircraft and is charged with meeting operational mission needs as dictated by higher operational authority.  The personnel assigned to organizational maintenance are predominantly enlisted military personnel remain collocated with the aircraft, at home station and in deployed theatres of operation.  Organizational maintenance sometimes employs highly-skilled civilian technicians to assist with more complex organizational-level repairs.  These civilian personnel typically do not deploy with the aircraft.  Organizational maintenance does not employ engineers.

The other, higher level of maintenance is “depot maintenance” which consists of the full-spectrum of disassembly, maintenance, repair, fabrication, and assembly required to restore the aircraft to a ‘like-new’ condition.  The primary role of depot maintenance is to periodically inspect the entire aircraft for corrosion, fatigue, and other insidious damage and restore the original strength of the aircraft.  Depots also conduct repair and restoration of extensively damaged aircraft on a case-by-case basis.  Depot maintenance personnel are completely separate from organizational maintenance and may be managed by the military or a civilian contractor.  Depots do not permanently possess any aircraft and only operate aircraft in their custody to the confirm proper functionality.  Depot maintenance personnel are predominantly highly-skilled civilian technicians, engineers, and logisticians.  USAF ABDR teams come from Combat Logistics Support Squadrons (CLSSs) which are military units attached to repair depots.  USAF ABDR engineers are military engineers assigned to depots and usually come from within the sustainment program offices that manage the specific weapon systems the ABDR engineers are designated to support.  Aside from these specially-designated ABDR personnel, depot personnel rarely deploy to combat zones and usually only do so on a case-by-case basis for specific repairs.

Prior to adopting the two-level maintenance concept, the USAF operated under a three-level maintenance concept similar to the current US Army aircraft maintenance concept.  Three-level maintenance adds an “intermediate maintenance” level that includes some of the roles organizational and depot maintenance have assumed in the two-level maintenance concept.  To offset the loss of this third level of maintenance, the USAF employs “backshops” on each base which can perform specialty maintenance tasks common to every aircraft model.  These backshop specialties include machinists, sheet metal technicians, hydraulics technicians, and electricians, among other specialties.


With regard to repair authority, it is important to understand the distinctions of aircraft ‘ownership’ in the USAF.  Organizational maintenance ‘possesses’ the aircraft, but they do not ‘own’ the aircraft; the parent Major Command owns the aircraft.  Organizational maintenance is similar to a tenant in a rental apartment; they can vacuum the floors and clean the windows, but they cannot install an air conditioner without permission of the property owner.  The USAF has a central “Materiel Command” which manages the aircraft configuration and supply chain.  The Materiel Command also determines airworthiness of any changes to the aircraft configuration.  In essence, the Materiel Command ‘owns’ the aircraft configuration.  Back to the rental property analogy, the Materiel Command is similar to the property manager who is charged with performing major repairs, stocking common supplies, and ensuring commonality of features among the many units in the rental property.  Organizational maintenance is not allowed to deviate from the approved configuration of the aircraft; only Materiel Command engineers are authorized to deviate from the approved configuration and certify airworthiness.


3.0
Repair Options

Repair options for damaged aircraft fall into a few specific categories, depending on the extent of the damage.  It is important to note that ABDR teams and Depot Field Teams are similar with regard to the complexity of repairs they can affect.  Depot Field Teams cannot implement temporary, partial-capability repairs without the oversight and approval of an engineer; ABDR teams can implement such repairs using published technical guidance without an overseeing engineer.  Depot Field Teams are usually comprised of highly-skilled civilian technicians capable of more complex repairs than ABDR teams, but they do not typically deploy to combat zones as ABDR teams do.  Typical aircraft repair options are as follows:

3.1
Fully-Reparable On-Site with Organic Maintenance

This most-common repair option exists when organizational maintenance can affect a repair using published repair manuals, readily available parts, and on-hand tools, equipment, and facilities.  Access to engineering support from remote sources is included in this repair option.  The defining feature of this option is that a full and permanent repair can be made by organic maintenance personnel without special training, support, or facilities.  

3.2
Fully-Reparable On-Site with ABDR or Depot Field Team

This repair option involves bringing outside personnel, tools, equipment, and materials to the damaged aircraft where on-hand facilities are adequate to affect the repair.  This repair option is exercised when the repair complexity exceeds the capability of organizational maintenance.  The defining feature of this option is that a full and permanent or semi-permanent repair can be affected on-site.  

3.3
Partially-Reparable On-Site with ABDR or Depot Field Team

This option of repair is the primary reason to have an established ABDR program.  Using ABDR principles and techniques, ABDR teams can affect expedient, temporary aircraft repairs to rapidly restore adequate strength for partial mission capability.  In situations outside of combat zones, this can also be done by civilian Depot Field Teams under the direction of an overseeing engineer.  An ABDR team can affect this repair option using published ABDR manuals with or without an engineer present.  Depot Field Teams can implement partial-repairs for the sole purpose of ferry flights back to a depot repair facility.  ABDR teams can implement partial repairs for ferry flights or to restore limited mission capability to meet mission needs.  The defining feature of this type of repair is that it can be conducted on-site in order to fly the next sortie for a very specific purpose, such as only dropping bombs in straight and level flight or only refuelling other aircraft at low altitudes or only flying straight and level to another repair facility.  

3.4
Beyond Local Repair, but Salvageable by ABDR or Depot Field Teams

An aircraft is beyond local repair if the equipment and facilities necessary to conduct a repair are not on-hand nor feasibly transportable to the aircraft’s location.  This is typical of aircraft that ‘ditch’ away from a base.  Aircraft which have extensive damage requiring complex repair located at a base may also fall into this category.  The important feature of this option is that the aircraft is potentially salvageable, in which case the economical option may involve transporting the aircraft to a capable repair facility, with or without some level of disassembly.  For example, outer wings may be removed from a small aircraft in a field allowing the remainder of the fuselage to be hoisted onto a flatbed truck with a mobile crane and transported back to base for shipment to a depot.  Alternatively, the intact aircraft may be airlifted by a heavy-lift helicopter back to base for repair or disassembly and shipment.  This repair option assumes the aircraft is within economical repair limits when including the cost of recovery.  ABDR or Depot Field teams are both capable of disassembling and packaging an aircraft for shipment.

3.5
Beyond Economical Repair

The final option is for cases when aircraft repair is too complex to be affected within the value of the aircraft.  This situation can be caused either by extensive damage requiring multiple economical repairs adding up to a cost beyond economical repair or by a single damage to a critical component which is too costly to repair or replace.  Main longerons or center wings are examples of the latter; the time and expense required to disassemble an aircraft to the level where a repair can be made to these parts often exceeds the value of the aircraft itself.  In cases where an aircraft is beyond economical repair, it should be stripped of all valuable parts to the maximum extent possible given the circumstances and scrapped or, if located in a hostile area, destroyed.

4.0
Damage Classifications

USAF ABDR guidance divides each incident of aircraft damage into one of four classes, detailed as follows:

4.1
Class A: Degraded Capability


Class A damage describes the maximum damage that can be left unrepaired and still allow a partial-capability, also termed “restricted”, sortie.  Depending on mission needs, Class A damages can be repaired if time permits or left unrepaired if the threat condition requires an immediate restricted sortie.  Sortie restrictions are weapon system specific and are outlined in weapon system specific ABDR assessment manuals.


 4.2
Class B: Reparable Damage


Class B damage describes the maximum damage that can be repaired using ABDR techniques and allow for an unrestricted sortie.  This classification describes the limits of an NCO assessor’s repair capability.

4.3
Class C: Acceptable Damage


Class C damage describes the maximum damage that can be left unrepaired and allow for an unrestricted sortie.  This is the best case scenario for ABDR as it allows the aircraft to return to combat without delay for repair actions.


4.4
Class E: Engineering Disposition Required


Class E damage requires an engineer’s assessment of reparability.  Class E damages are typically damages to critical primary structure.  Once the engineer is involved, they can design a repair for Class E damage from scratch or modify a common repair from the appropriate manual, if the damage is reparable.

5.0
Structural categories

USAF ABDR guidance divides aircraft structures into five different categories to help assessors and engineers determine repair requirements and damage class.  These structural categories are defined as follows:

5.1
Category I: Primary Structure


Category I, or “Cat I” for short, structure encompasses structure which carries significant flight or weight loads and without which the aircraft could not maintain structural integrity.  It basically describes the critical foundation of the aircraft’s load carrying capability.  The loss of any Cat I structure could lead to failure of other Cat I structure due to the transfer of critical loading.  Cat I structure is essential and should be given primary consideration in repair design.  Main longerons, bulkheads, and all wingbox components are primary structures.

5.2
Category II: Secondary Structure


Cat II structure encompasses structure which carries significant flight or weight loads but without which the aircraft could maintain structural integrity.  Cat II structure usually transfers loads between primary structures, so some level of strength and stiffness should be restored to damaged Cat II structures.  Cat II structure is less-essential and can sustain greater damage without requiring repair than Cat I structure.  Non-stress skins, intermediate ribs, stringers/stiffeners, and frames/formers are secondary structures.

5.3
Category III: Tertiary Structure

Cat III structures are superfluous structures that neither carry load nor serve any aerodynamic purpose.  Cat III structures are non-essential.  Tail cones, landing gear pods, and pylons are tertiary structures.

5.4
Category IV: Aerodynamic Components

Cat IV structures serve the sole purpose of maintaining aerodynamic qualities.  Cat IV structures are essential to aircraft performance and controllability, therefore they must be repaired if damaged.  These repairs must focus on restoring aerodynamic qualities or supporting pressurization rather than restoring strength or stiffness.  Radomes and nacelles are aerodynamic components.

5.5
Category V: Not-Reparable Using ABDR

Cat V structure encompasses structure which cannot be repaired using procedures found in ABDR repair manuals.  Cat V structures are usually complex forgings, machined parts, or special extrusions which cannot be repaired or fabricated in the field.  Cat V structures are generally only reparable by replacement, though minor damage which can be blended out may be acceptable.

6.0
System serviceability Criteria

System serviceability criteria are applied to aircraft systems other than structures and basic flight controls and landing gear.  These include avionics, weapons, navigation, and other such systems.  The system serviceability criteria are usually governed by the weapon system’s mission essential systems list which is a list developed by the operational users to describe those capabilities which are critical to mission needs.  This list is often developed with full combat capability in mind, however, so confirmation of critical systems should be made with operations in case of a partial-repair for limited capability, such as a ferry flight.  Specific serviceability criteria are “Full Capability for essential systems, such as altimeters and basic radios; “Degraded Performance” for desirable systems, such as radars or countermeasures, and; “Not Required” for non-essential systems, such as anti-collision systems or coffee makers.


7.0
Role of Damage Tolerant Design in ABDR

Damage tolerant design (DTD) is a method of designing aircraft that considers allowable damage sizes in addition to strength and buckling criteria. Additional strength is added to the part in the form of extra material or changes to geometry to assure that any flaw, usually a fatigue crack, reaches a detectable size long before it reaches a critical size where it can cause rapid and spontaneous catastrophic failure of the part.  DTD is based on the science of fracture mechanics and replaced the “Safe Life” method of design previously used on USAF aircraft up until the late 1960s.  Because DTD calculates maximum flaw sizes as well as flaw growth rates for the basic design of Cat I and Cat II structures, these values can be used to develop ABDR damage limits for ABDR manuals.  Because the engineering analyses to determine damage limits has already been conducted in the development of these manuals, they can be used by non-engineering personnel to assess damage and affect repairs.  

8.0
General ABDR Design Approach

With a basic understanding of the factors surrounding design of repair now discussed, a general ABDR design approach can be addressed.  The general approach to USAF ABDR is strength analysis versus stress analysis.  In stress analysis, the maximum loads on an aircraft are evaluated and a part is designed to support that load with a certain safety factor.  This process allows for the most weight-efficient repairs, but requires thorough and time-consuming analyses.  Strength analysis evaluates the structures present on the aircraft in terms of the strengths provided by their material and geometry and uses a simple reverse-engineering approach to replace the strength of the original structure.  This approach allows technicians to perform simple reverse-engineered repairs by implementing identical component materials and sizes, or slightly larger, to bridge damages.  

Some additional features of an ABDR approach which are unique to ABDR are founded on the temporary nature of the repairs and consideration of aerodynamic impacts and moving parts.  Because ABDR is generally temporary, time-consuming steps to mitigate corrosion and fatigue are ignored for sake of expediency.  Because ABDR generally implements external repair, aerodynamic impacts must be balanced with mission needs to assure adequate time is spent on the repair to assure the aircraft remains airworthy.  Aircraft controllability requires a delicate balance of external repair bulk and weight.  Bulky, non-flush repairs on forward fuselages and wing surfaces can cause dangerous changes in airflow which can affect trim characteristics, control response, and engine performance.  Heavy repairs on wings and horizontal or vertical stabilators can dramatically affect the aeroelastic response of the airfoil leading to dangerous conditions of flutter, divergence, or control reversal.  Heavy repairs on control surfaces or other moving parts must be avoided to prevent overloading control actuators causing degraded and/or ineffective controllability.  Bulky repairs on moving parts can cause obstruction of designed movement.

To summarize, the general approach to ABDR is to restore lost strength based on the dimensions and material of the original structure.  When implementing repairs, corrosion and fatigue precautions can be neglected.  When implementing repairs on aerodynamic surfaces, special care should be taken to minimize the repair bulk to avoid disruption of airflow.  When implementing repairs on airfoils, special care should be taken to minimize weight to avoid introduction of flutter, divergence, and/or control reversal.  When implementing repairs on moving parts such as landing gear doors or control surfaces, special care should be taken to minimize weight and bulk to avoid overloading control actuators and prevent interference of moving parts.

9.0
fighter/Attack specific concerns


Fighter/attack aircraft have many unique considerations over other aircraft.  Due to their unique design to maximize performance, fighter/attack aircraft have less tolerance for damage than other aircraft.  The high performance nature of the fighter/attack mission means they have a lower tolerance for damage before mission degradation occurs.  The complex structures of fighter/attack aircraft are more difficult to repair due to highly-engineered and often non-prismatic components designed to minimize weight as well as the extensive use of composite materials.  In general, fighter/attack aircraft require replacement of parts instead of repair.  This is contrary to larger, heavy aircraft which are generally comprised of more traditional and simpler structural components.  Heavy aircraft components are also often too large to simply replace.  These factors make repair of heavy aircraft components more economical than replacement.  The smaller size of fighter/attack components also means there is relatively less room to fit a repair.  External repairs to fighter aircraft add complexity due to consideration of impacts to stealth characteristics.  Finally, compound-contoured bubble canopies are difficult to repair.  Repairs to bubble canopies also detriment aircrew visibility.

10.0
CONCLUSIONS


A cohesive ABDR program requires a clear foundational philosophy of repair.  Within the USAF maintenance concept, the foundation for ABDR allows for both rapid, temporary repairs and permanent repairs, depending on mission needs.  The USAF ABDR program also employs both engineers and experienced maintenance troops in the role of designing repairs.  Repair design is governed by a few different repair options.  USAF ABDR guidance outlines a group of damage, structure, and system serviceability categories which can be used in a general approach to ABDR design.  Fighter/attack aircraft have a number of unique considerations when approaching the design of battle damage repair.  


11.0
REFERENCEs


This paper draws extensively throughout from USAF ABDR technical manuals, particularly TO 1-1H-39, as well as my own personal experience.  As such, there are no specific references annotated in the body of text for the reference below.


[1]
United States Air Force. Technical Order 1-1H-39. Aircraft Battle Damage Repair.15 Sep 2002
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Abstract

New tactical air vehicles are normally designed to be ballistically survivable on the modern battlefield by incorporating active and passive signature reduction and ballistic damage tolerance features. A large percentage of these air vehicles return from combat missions with various levels of combat damage or may suffer from ballistic threads while on ground. Maximum air vehicle fleet availability is essential during surge operations; therefore, quick assessment and repair of the damage are necessary. 

Since certification of the platform as a system is covered for peacetime operations, qualified methods for assessment of damage and repair of structures / components together with tools and additional training for repair crews are required to achieve adequate risk / safety levels during combat operations 

1.0
Introduction 

The constant demand for improved performance in the development of new fighter / transport aircraft required reduced structural weight limits and  has led to new design techniques, among them increased utilization of advanced fibre reinforced materials or advanced metal alloys with higher material allowables for the load carrying structures.


Although the trend for composites in structural applications in percent of structural weight will show an asymtotic amount of approx. 30% in future, (Fig. 1.0-1), the wetted area will be made almost exclusively from thermoset composites like CFRP, which is used in most cases as a combination of a high strength/modulus carbon fibre and a hot curing thermoset resin. A high percentage of modern fighter aircraft's exterior surface is covered with composite skins (Fig. 1.0-2), including fuselage, wings, horizontal and vertical stabilizer (e.g. for the Eurofighter about 70%). All of this graphite epoxy skin surface is load carrying, most of it primary structure.

Metal designs also increased not only in individual part size, but also in the integration of structural elements, i.e. machined stiffened skins or bulkheads

With the structural requirement of high mechanical loads for the primary load pathes in combination with local load introductions and stability criteria, the result is very often either thin-walled stiffened skin design and/or sandwich structures. The large amount of integrated structural elements with reduced number of fasteners dictate the requirement for maintainability and repairability of these elements, especially under the consideration of part costs and assembly effort.


Maintainability aspects are partly covered due to the damage tolerant design approach, in general today's composite structures are designed using a "Limited Fibre Strain Approach" at ultimate design loadcases, where the reduced material allowables account for a low energy impact damage level, ,that can be sustained without compromising structural strength over the entire life of the aircraft. For metal parts the working stress levels are chosen to accommodate safe fatigue lifes at stress riser locations, covering to some extent also possible local repairs due to maintenance / operational damage during service 

However, damages exceeding these limits should not lead to the need of immediate replacement of parts or extensive A/C-downtime for disassembly, autoclave repair, reinstallation and inspection. The alternative of designing most components as fully exchangeable between A/C's is also limited, therefore the "Repair on Aircraft" capability for the structure becomes an important part of the maintenance concept for highly integrated structures, that need to be considered during design and qualification phases. 


Some of this inherent tolerance to damage can also be utilized for ABDR purpose, given that the individual damage state is substantiated and the remaining capability can be qualified. 
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Figure 1.0-1 : Material Distribution of Fighter Aircraft by Structural Weight (average values)
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Figure 1-0-2: Outer Surface Material Usage of Modern Fighter Aircrafts

2.0
Peace Time Qualification and certification 

2.1 General

Certification and qualification of aircraft structures follow established processes to ensure adequate safety on aircraft level in the operational environment. Within this context the proof of continued structural integrity of the aircraft structure is an essential element and requires contribution of a variety of engineering disciplines such as structures, avionics and mission systems, flight mechanics, safety, maintenance, test, usage monitoring etc., Fig. 2.1-1 
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Figure 2.1-1 Aircraft Structures Qualification and Certification Disciplines

The qualification of an aircraft (or part of an aircraft) constitutes the process of verifying that a specific aircraft configuration complies with a specified set of requirements, taking into account its intended operational use.

Definition:


· Certification : Verifying compliance with applicable airworthiness requirements 


· Qualification: Verifying compliance with contractual performance and functional requirements


Each operational aircraft is legally required to have a valid Certificate of Airworthiness. This certificate is issued by the Military Aviation Authority (MAA) on basis of conformity with the type design. The airworthiness certification aims at demonstrating “fitness for flight” of the type design and is formally acknowledged by a Military Type Certificate, issued by the MAA and kept under the responsibility of the Defence Materiel Organisation (DMO). 


The Qualification Process basically conducted in accordance with the following steps:


· Qualification Basis definition: the (modified) configuration, its qualification status and the applicable requirements are defined in a Qualification Plan.


· Means of Compliance (MoC) definition: the verification methods that will be used and the activities that will be performed to demonstrate compliance with each requirement are defined in a Compliance Plan.


· Compliance Demonstration: the experimental and analytical verification activities are performed and documented in Test Reports and Verification Reports.


· Compliance Check: A final check is performed to verify that for each requirement all verification activities have successfully been performed and/or adequate follow-up actions have been defined. This check, together with a summary of the overall process and a recommendation for type certification, is documented in the Qualification Substantiation Report. /1/

[image: image5.emf]

Fig. 2.1-2 Flowchart of Military Aircraft Qualification /1/

Other than in the civil world, certification standards and the associated acceptance standards are in most cases a national standard, sometimes vary from one service to another within a country and also reflect specific program / project needs for a balanced airvehicle design during development, production and in-service phases.


Structural design criteria are established following these national standards / guidelines, i.e. Mil-A-8860 series or DEF-STAN 970 and apply equally to different materials and design concepts used. In multinational developments programs these standards must be harmonized between nat. authorities and user communities. Compliance with these requirements is traced throughout the development program, the certification / qualification test phase , the introduction into service phase up to the force management tasks of operational fleets.

2.2 Qualification and Certification of Military Aircraft Structures

Comparable to civil development programs, design aspects of structures must also include operational performance requirements, such features like inspectability, repairability and replaceability. These aspects play a major role in selecting materials, design principles and internal load / stress levels and interfaces between structural groups. As an example, the maturity level of high strength / modulus composite design and service experience has long precluded the application of this material in fuselage bulkheads, a high loaded primary structure which is usually buried in the vehicle and is difficult to repair or replace, the same for wing skins bonded to inner structure, although it is obvious that static strength of the skins themselves are far more sensitive to bolted than to bonded joints.


Analysis alone is generally not considered adequate for substantiation of advanced structural designs, certification requirements most often call for : "verification by test, supported by analysis", therefore , the "building-block approach" to design development testing is used in concert with analysis, Fig. 2.2-1. This approach is often considered essential to the qualification/certification especially for composite structures due to the sensitivity of composites to out-of-plane loads, the multiplicity of composite failure modes and the lack of standard analytical methods.

Demonstrations of the requirements is shown via the "Building Block approach", a series of tests at increasing level of complexity, depending on the level of new technologies / design features introduced into the structure. 


If new materials are used, small coupon size elements are tested with some "critical design features" ( i.e. holes in composites, weldings in metals) already introduced.


The next level would introduce more complex loading and possible interaction of internal states of stress in a subcomponent; these component testing of (new) detail design features under environmental conditions representing the complete range of in-service conditions to identify possible shift in failure mechanism and sensitivity of different loading scenarios. They should also be used to substantiate durability / fatigue behaviour and verify analytical methodologies and predictions as a risk reduction element in the development program.


This is crucial especially for the new composite designs with their sensitivity to out of plane loads and multiplicity of failure modes.


Depending on the criticality of the subcomponent and the combination of loads and environments to be covered , the effort of subcomponent testing  can be substantial.

Large scale elements, such as box beams allow more complex build up structural failure demonstration (i.e. combined strength / stability mechanism, or 2-dimensional skin loads including internal pressures.
Design requirements must also include the unavoidable performance / strength degradation of materials and design elements  from the in-service environment , i.e. temperatures, moisture pick up of composites, barely visible damages from maintenance operations or simply aging effects of metals, but also dedicated levels of discrete damage and repair Similar for metal structures, other building-block tests determine truncation approaches for fatigue spectra and compensation for fatigue scatter at the full-scale level. These test elements are often suitable candidates for damage level tolerance and repair evaluation.


The full scale test articles provide the background for envelope expansion through test flights (validating primarily the external loads and dynamic behaviour of the A/C)  and determine the durability limits for operational usage.


The building block approach is shown schematically in Figure 2.2.-1 


[image: image6.emf]

Figure 2.2-1 The Pyramid of Test Specimen in a "Building Block Approach" /2/

While some of these tests are certification related others are to be agreed between customers and design authorities, for example Fig. 2.2-2 shows results of a qualification program for composite skins with a 2 inch diameter repaired hole and the associated loss of static strength in tension for various temperatures and composite layups. The high strength / stiffness laminates (44/44/12), normally used for longerons and load introduction areas, suffer significantly from this repaired damage, especially at elevated temperatures, therefore the requirement to tolerate this damage in this area leads to a more "robust" and damage tolerable structure, but also requires reduced design allowables and therefore increases structural weight, therefore careful balance of these contradictive requirements is needed.
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Fig. 2.2-2 Depot-level repair of 2" hole in high strength composite skins 


3.0
Repair Of Aircraft Structure, peacetime operations versus ABDR

The task of repair begins only after the extent of the damage has been established by cognizant personnel using inspection methods and damage assessment. The repair has the objective of restoring the damaged structure to a required capability in terms of strength, stiffness, functional performance, safety and service life. Ideally, the repair will return the structure to its original capability and appearance, often called "blueprint strength". To start the repair process the structural makeup of the component must be known and the appropriate design criteria should be selected, typical structural repair design criteria are:


· Part stiffness


· Static strength and stability


· Durability


· Damage Tolerance


· Related aircraft systems


· Fuel system (Integrated fuel tanks)


· Lightning Protection System


· Aerodynamic smoothness


· Weight and balance


· Operating temperatures


· Surrounding structure


The continuity in load transfer is re-established in a damaged part by attaching new material through bolting or bonding, thus bridging the gap or reinforcing the weakened portion. The repair is in reality a joint where a load is transferred from the parent material into and out of the patch. /2/



[image: image8]

Figure 3.0-1 Principle Repair Methods


Only some of the shown repair methods (Fig. 3.0-1) are applicable in ABDR scenarios, because of time restrictions, special equipment and/or  special trained personnel required. i.e. scarfed repairs for composite materials are not used for ABDR, although they can restore a component to its full design strength without unacceptable change in stiffness 

3.1
Structural Design Concepts for Bonded and Bolted Joints

The overall task for bolted and bonded joints in aircraft structures are identical: Permanently attaching two load carrying structures up to a defined load-level over a defined usage period (from one single flight to the entire remaining life of the aircraft). Repair design criteria, part configuration, and the logistic requirements will dictate whether the repair should be bolted or bonded (see Figure 3.0-1). Some of the main drivers that determine the type of repair are listed in Figure 3.1-1.
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Table3.1-1 Drivers for Bolted or Bonded Repairs /2/

However, the engineering properties, manufacturing processes and qualification efforts of both methods are different and have led to distinct applications for both types of joints, i.e.:


· Bonded joints are up to a magnitude stiffer in shear than bolted joints.


· Mechanical interface versus chemical reacted joint material.


· Good combined shear and cross-ply tension behaviour of bolted joints compared to bonds. Load transfer along joints are non-uniform for both types (except scarf joints in isotropic materials).


· Bolted joints show redundant loadpathes, where bonds act as "Single Fastener Systems".


· Bolted joints are fatigue sensitive in metal adherents, while properly designed bonds show almost unlimited mechanical life.


· Quality assurance procedures are based on visual, mechanical checks for bolts, whereas chemical processes for adhesives and surfaces are far more complex to control.


· Bonded joints can act as sealings between structural elements.


The above list is not complete, but gives an indication why bonded joints historically have been applied to aircrafts mainly to thin structures and honeycomb panels with low load transfer and conservative design approaches in a production environment with good process control.


Unlike metal fatigue design concepts of slow and controlled crack-grow under cyclic loading, defects in bonded joints will either never grow under mechanical load (providing adhesion of the glue to the adherent is existing) or very rapidly with no predictable life remaining.


Therefore high loaded load-introductions in A/C structures are still the dominant area for "close tolerance bolted joints", where read across of quantitative joint strength from coupon testing is easy and production control is limited to material, standard parts and geometric checks.


Still today no satisfactory technique is available for the detection of poor adhesion, so these possible defects must be eliminated by checking the adherents prior to bonding and careful process control. Time elaborating ultrasonic-, sonic vibration and X-Ray techniques are the methods most commonly used for the detection of physical disbonds and porosity. The most appropriate method depend on the type of structure , test environment and on the minimum size of defect which must be detected. In composite joints, the minimum detectable defect size is often larger than in metal to metal joints.

In summary, the application of primary bonded joints is always linked to extensive engineering and manufacturing development phases for a special component and qualification/ certification programs within the aircraft development phase. 

In principle the qualification of bolted or bonded joints and the certification of structures including highly loaded joints follow the "Building Block Approach" as depicted in chapter 2.2. Figure 3.1-2 shows examples of repair qualification / certification level. 
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Figure 3.1-2 Repair Tests for Qualification

4.0 Aircraft Battle Damage Repair Qualification

Aircraft Battle Damage Repair (ABDR) is the topic of rapid identification, assessment and recovery of battle-type damage to an aircraft, aimed at restoring a level of flight and mission capability as required to fulfil the immediate operational requirements of the operator at a time of conflict. Airframe service life and durability considerations have reduced importance. The functionality of certain systems and/or their associated components may not always be essential when the requirements of the next operational mission(s) are considered.

Battle damage will vary considerably in size, shape, extent, coverage and effect on structures. The number of combinations that can affect an aircrafts structural integrity is virtually infinite, therefore any qualification of ABDR is based on analysis and testing of:


· Representative repair designs


· Typical structural elements


· Anticipated damage sizes


· Representative loading conditions and environments 

4.1
ABDR process and elements for qualification 

Typically, the primary aim of the ABDR process is to restore the full operational capability of a damaged aircraft in a short time. This includes restoring the structure to the required design strength and systems to their full functionality. This will enable the aircraft to carry out a full operational mission. Although any structural restoration will not necessarily recover, nor guarantee, the remaining service life of the airframe.


When it is not possible to achieve the primary aim, the secondary aim is to make the best possible recovery in the time available, to meet the short-term requirements of the operator without imposing unacceptable limitations on the repaired aircraft. Ideally, this should restore as much functionality as possible back to full capability. However, it may only be sufficient to enable one  flight with very limited functionality/capability.


Fig 4.1-1 shows typical elements of the ABDR process where qualification evidence / information from A/C specific and general ABDR-documentation is required.  
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Figure 4.1-1 Typical elements of the ABDR process

4.2
Damage assessment and repair categorisation  

Each item of ABDR is determined as being of a particular damage repair category. These categories are used to identify ‘at a glance’ structure to which repairs are not permitted, or alternatively, the minimum extent required of any ABDR-type repair. The vast majority of items are anticipated to fall into Category 2 (Fig 4.2-1 and Fig 4.2-2).

		Category 1

		Structure to which ABDR-type repairs are NOT permitted


(i.e. item to be replaced)



		Category 2

		Structure to which ABDR-type repairs are permitted



		Category 3

		Structure which is not structurally significant but which can be ABDR repaired for aerodynamic reasons.





Figure 4.2-1 Structural Damage Repair categories
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Figure 4.2-2 Example for structural categorisation (Cat 1: red; Cat 2: yellow)

4.3 
Remaining Structural Capability (Permissible Damage)


The types of structure, the design principles and materials used should be considered. Primary structures, such as beams, frames, longerons, and fittings, are essential to structural integrity / safety of flight, since the airframe depends on the distribution of loads through the individual structural elements. When combat damage reduces the strength, stiffness, or stability of these elements, a decision on suitable repair methods must be made. This critical decision has to be based on a judgment of whether redistribution of the loads may degrade flight safety or adversely affect flying qualities. 


· Structural Strength / Stability


The relationship between damage severity and remaining structural capability is defined (e.g. by graphs and/or data tables) - see Figure 4.3-1 - for component damage size related to vertical load factor Nz. For clarification additional qualitative text is included. Where more than one mission parameter has been affected, separate tables/graphs are provided for each.
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Figure 4.3-1 Illustrative example relating damage severity to remaining structural capability

· Structural Function


The structural function(s) of an item considered must include purpose and function of the part relative to the flight parameters of the vehicle, reflecting its structural property (eg. strength, stiffness, etc.), However, other non-structural functions of significance should also be identified where appropriate (e.g. forming a fuel tank boundary). Functions should be expressed in terms of relevant loading actions (e.g. wing bending, fuselage shear, etc.) with links to ‘mission parameters’. Mission parameters are those main aspects of structural capability which may be affected in operating the vehicle. Typical examples are :


· Nz – symetric pull up / push over

· Roll / yaw rate


· Airspeed / Mach-No.  / flutter critical components like control surfaces

· Landing / braking / arrest  parameters/ 

· Cockpit pressurisation / altitude envelope

· Store carriage / release envelope

· In-flight refueling


· Airbrake operation

4.4 Examples of Qualification Elements for ABDR


The following examples are provided to illustrate repair qualification items on different levels of complexity. A typical damage scenario for a stiffened monolithic skin of moderate curvature is shown in Fig. 4.4-1, in this illustration with shell damage to the skin only, requiring repair of the in-plane loading directions of the skin and possible sealing of the compartment.
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Figure 4.4-1 Typical ABD in monolithic skin structures

Repair qualification can be obtained by analysis and / or testing of bolted patch repair doublers and sealing the compartment.

[image: image15.emf]/2/

Figure 4.4.-2 Typical ABDR principle for monolithic skins 

Qualification elements  that can be derived from these tests are:

· Manufacturing quality of bolted joints (if performed under ABDR environment)


· Functionality of the sealing (if performed under ABDR environment)

· Load transfer capability for various inplane loading combinations


· Sensitivity for variations in bolt pattern (i.e. needed due to substructure limitations) 


· Lightning strike capability of repair (if required for ABDR scenario).

A qualification element test for a more complex structure and damage scenario is shown in Fig 4.4-3. Here the damage is assumed to extend into the cocured or cobonded stiffener, which provided both longitudinal strength and buckling stability to the overall panel. Therefore a more sophisticated repair method using aluminium sheet metal repair elements of various thicknesses was selected to achieve 100 % of original design strength and a close match of stability properties for the stiffener, like area centre of gravity (c.g.) together with a substantial resistance to fatigue loading after static preload. A min. additional weight requirement was added to qualify this method for repair of weight sensitive structures in  dynamic environments (i.e. flutter of control surfaces).


[image: image16]

Figure 4.4-3 Bolted repair scheme for stiffened skin of non- or pressurized compartments


A comparison of the main properties of original structure and ABD-Repair are shown in Fig. 4.4-4. 
A total of eight individual structural elements were tested in pure compression and shear with static and fatigue loading conditions. The max. fatigue loading exceeded for both loading conditions the buckling limit of the panel, introducing secondary loadings into the repair patches in the post buckling regime. All test specimen failed at gross panel strains above the ultimate design limit level.

		Mechanical property

		Original Structure

		ABDR-Structure



		Total longitudinal stiffness

		27,5 x 106 N

		35,3 X 106 N



		Aera-C.G*., distance from skin

		24 mm

		27 mm



		* Center of Gravity





Fig. 4.4-4 Comparison of the main properties of original structure and ABD-Repair

Typical qualification elements derived from these tests are:


· Damage evaluation limits (physical access restricted)


· Accessibility for repair from single side (i.e. into fuel tanks)


· Manufacturing quality of bolted joints (if performed under ABDR environment)


· Functional  quality of tank sealing (if performed under ABDR environment)

· Load transfer capability for various inplane loading combinations and internal pressure


The following example illustrates the qualification for a highly loaded, complex contoured integrally stiffened  panel with single side access. The task was performed on a component, where the failure load and location was identified through a static test to failure under hot-wet conditions.
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Figure 4.4-5 Example for ABDR in composite structure (fullscale component test of MLG-Door)

The test failure was located in a complex geometric stinger joggle, cocured to the inner structure with single side access. Due to the high energy release at the moment of static failure, multiple delaminations and structural disintegration occurred in the vicinity of the damage origin. The ABD-Repair was performed by military repair teams with standard ABD-Equipment and no previous repair analysis performed using aluminium sheet metal and blind fasteners and wet lay-up laminate for sealing.

After completition of the repair, the component was tested again for the critical loadcase under environmental conditions and achieved ultimate design load level without local failures in the repair area.


Typical qualification elements that can be derived from these tests are:


· Damage evaluation limits (main load carrying stringer damage)


· Accessibility for repair from single side 


· Manufacturing quality of bolted joints (performed under ABDR environment)


· Load transfer capability for complex in-plane and secondary loading effects in high loaded repair area

· Repair sensitivity to environmental conditions

5.0
ABDR INFORMATION ON REPAIR QUALIFICATION

ABDR information provide an expeditious means of combat damage assessment for deferment or repair. Basic repair information and general instructions and methods for the rapid repair of battle damage. This information is contained in the national general ABDR manuals which are prepared and published by the National Air Forces and are applicable to all weapon systems .


Weapon system specific information such as pre-calculated acceptable damage limits and system degradation information, special repair methods or materials should be based on the qualification program.

Typical materials used in modern air vehicles include aluminium, steel, titanium, magnesium, and composites. Since sheet stock and extruded materials that are not preformed are needed for most repairs, some of these materials can be worked and formed into airframe structures, such as brackets, ribs, bulkheads, extrusions, or even honeycomb-sandwich replacement structures. Fig. 5.0-1 shows a typ. substitution of original design and material by ABDR- elements .



[image: image19]

Figure. 5.0-1 Alternative or substitute repair materials matching original materials

6.0
Summary

In peacetime, the main aim of repair is the recovery of an aircraft to a standard that recovers its design capability over its remaining full service life. This is achieved by the restoration of the structure to meet the requirements of the original design standard. Additionally, the aircraft systems are normally restored to full functionality. In wartime however, service life, and consequently durability considerations, assume a lesser degree of importance, and the functionality of certain systems and/or its parts, is not always essential when the requirements of a particular operational mission are considered. Thus in wartime, the repair aims can be reduced without affecting the operational capability of an aircraft, resulting in a reduced time being spent on repair work and an increase in aircraft availability.


The ABDR concept in general is based on the assumption that actual aircraft battle damage in all its possible combinations will produce effects that are not predictable. Thus, since the damage details are not known in advance, the required repair solution cannot be predicted in detail. Consequently, the detailed procedures normally required for standard repair cannot be prepared beforehand. For this reason a 'flexible  repair’ policy is applied which relies on the judgement of an experienced aircraft battle damage assessor, supported by WS specific ABDR information and general instructions for the repair of battle damage, to assess whether or not repair is necessary and, if required, to formulate an appropriate creative repair scheme to allow for an expedient repair solution. 


Certification of ABDR is therefore not possible and must be substituted by qualification of "typical" damage scenarios and repair processes, adapted to the structural design details and supported by weapon system qualification (and certification data) coming from 


· Ballistic survivability analysis and tests


· "Building Block Approach" test data


· Damage tolerance design approaches in the pristine structure

· Repair qualification test data


This data are transferred to the ABDR assessment information based on:


· Damage tolerance approach


· Analysis


· Read across


· Engineering judgement


ABDAR is a temporary alternative to a full standard repair or repair by replacement, which are considered to be peacetime activities. In case ABD-Repairs are kept operational beyond the original anticipated (restrictive) usage time, they must be closely monitored and replaced by peacetime repair as soon as practicable.

[1] National Aerospace Laboratory NLR "Qualification of Military Aircraft"

[2] MIL-HDBK 17 "Composite Materials Handbook"
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Abstract 


The process of implementing a damage identification strategy for aerospace, civil and mechanical engineering infrastructure is referred to as structural health monitoring (SHM). This process involves the observation of a structure or mechanical system over time using periodically spaced measurements, the extraction of damage-sensitive features from these measurements and the statistical analysis of these features to determine the current state of structural health. For long-term SHM, the output of this process is periodically updated information regarding the ability of the structure to continue to perform its intended function in light of the inevitable aging and damage accumulation resulting from the operational environments. Under an extreme event, such as an unanticipated blast loading, SHM could be used for rapid condition screening. This screening is intended to provide, in near real-time, reliable information about system performance during such extreme events and the subsequent integrity of the structure. [1]

This paper describes the scope of SHM, its general requirements and architecture, and it provides an insight on damage monitoring of repairs. Benefits and obstacles of structural health monitoring of repairs are discussed.


1.0
Introduction

The process of implementing a damage identification strategy for aerospace, civil and mechanical engineering infrastructure is referred to as structural health monitoring (SHM). Here, damage is defined as changes to the material and/or mechanical properties of a structure, including changes to the boundary conditions, which adversely affect the structural performance. A wide variety of highly effective local non-destructive evaluation tools are available for such monitoring. However, the majority of SHM research conducted over the last 30 years has attempted to identify damage in structures on a more global basis. The past 10 years have seen a rapid increase in the amount of research related to SHM and its associated potential for significant life-safety and economic benefits has motivated the need for further development. [1]

In order to increase the mission availability, maintenance-induced downtime must be reduced. SHM offers the opportunity to reduce inspection efforts and optimize maintenance and mission planning. This is in particularly true for monitoring of repairs. SHM offers benefits in view of  being able to continuously monitor the structural integrity of a repaired structure as described in the following sections.


2.0
Structural Health Monitoring

2.1
Definition

The aim of Structural Health Monitoring Systems is to monitor the structural condition of an aircraft or aircraft structure. To ensure the structural integrity of the airframe and structural systems by modern structural health monitoring systems the four main functions, shown in Figure 2.1-1 are essential: event and fatigue life monitoring, including remaining life assessment with interface to logistic support and damage monitoring. [2]
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Figure: 2.1-1: Main parts of a modern SHM-System [2]

In detail, the first function, monitoring of selected structural events, includes real time monitoring of every structural load exceedances, resulting from a usage outside the cleared envelope (for military fighter aircraft mainly due to manoeuvres. This function is related to the requirements of airframe safety and certification.


The second function, fatigue life monitoring, includes the usage monitoring and the monitoring of the life consumption of all fatigue relevant and critical locations. The monitoring of the life consumption against the certified life of the structure is the main task here, in order to fulfil the airframe certification requirements.


The third function, damage monitoring, is the area of continuous and automated inspections at fatigue relevant locations and Structural Significant Items (SSI’s) including all areas which are exposed to a high risk of impacts causing structural damage or an operational impact due to damage (e.g. impact damage on a radome structure). In addition, the monitoring of the long term damage propagation is a special task here, which requires sophisticated diagnostic and prognostic capabilities. This function is again related to the requirements of airframe safety and certification and to the requirements of mission assurance.


The fourth function, logistic support, is based on the capabilities of all three previous functions and uses its results to monitor life time and fatigue life exceedances in real time. It provides the essential life parameter, like remaining useful life, to the logistic and maintenance support system. Sophisticated prognostic capabilities for aircraft usage and damage assessment are required for this task. In addition to the requirements of airframe safety and certification, the main requirements for this function are related to mission assurance and operational philosophy, in connection to logistic concepts like condition based maintenance (CBM).


2.2
General Requirements of SHM Systems

A modern SHM system has to fulfil not less than four conditions, airworthiness, satisfactory defect detection capabilities, cost efficiency, and durability. The last condition establishes probably the hardest restriction. Producers and customers demand that a SHM system must have about the same lifetime such as an aircraft which is in the range of 30 years. This means that the sensor network should be more durable than the structure under investigation. A related issue of SHM systems is to address all the environmental conditions that occur during operations. Outside the fuselage for example, changes in temperature range up to 200 K. These temperature changes strongly influence the accuracy of the SHM measurements. Finally, such as mentioned above, the data obtained from SHM systems must finally be integrated into a structural health management systems. [3]

The implementation of an SHM system has to be accompanied by all the certification procedures that are required if analogous aircraft systems are replaced or modified. 

2.3 
Elements of a Damage Monitoring System


The major elements of a damage monitoring system are shown in Figure 2.3-1. For a robust and efficient monitoring, the monitoring system consists of several design elements with defined interfaces. 


The raw monitoring signals are generated by a sensor with is directly connected or integrated in the structure or repair. In Figure 2.3-1, the design element 1 is showing a surface mounted sensor. The sensor is connected by wires or wireless to the interrogation unit. The interrogation unit collects the raw data from several sensors. Depending on the technologies a first data manipulation and if needed data converting is performed here in order to provided the relevant monitoring data digital to an aircraft bus system. The monitoring data from the bus system are transferred to the next design element (element 4), where an onboard processing and data storage are performed. Modern system will have an integrated health management (HM) system with a central control and  processing unit and data storage for all connected aircraft system. The onboard data are transferred to the ground element of the health management system. The main data processing activities and the detailed data analyses are performed in this design element (element 5) with sophisticated diagnostic and prognostic features. Finally, for data and analysis interpretation the results are provided to the engineering and maintenance staff. [2]
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Figure 2.3-1: Generic overview of elements of a damage monitoring system


2.4
System Architecture

The proposed strategy for an SHM system is to integrate both usage and damage detection in order to emphasise that both aspects are necessary and they complement each other. For this approach a global system architecture is necessary which allows direct interfaces to other aircraft system. 


The core of the proposed integrated health monitoring system is based on an Open System Architecture for Condition-based Maintenance (OSA-CBM)[4,5], as shown in Figure 2.4-1. Each sub-system contains the Data Acquisition (DA), Data Manipulation (DM) and State Detection (SD) layers locally, whilst the Health Assessment (HA), Prognostic Assessment (PA) and Advisory Generation (AG) layers are centralised within the health management core which correlates the health-related messages arriving from each sub-system. After landing, the PA interacts with the aircraft Configuration Management database and the Mission Planner in order to produce an appropriate AG for each aircraft. Then, the AG routine instructs the Command and Control, Mission and Maintenance crews on the combined diagnostic and prognostic assessment of the systems managed within the IVHM such that maintenance activities are planned with minimal interference to the mission schedule. Thus, the implementation of such Condition-based Architecture enhances the Mission Capability Rate by increasing the fleet availability. [6]
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Figure 2.4-1: OSA – CBM System Architecture for SHM

2.5
State of the art of Damage Monitoring

The following table gives an overview on the main applied sensor technology with respect to the damage-related properties. 

		Technology/


Damage

		Acoustic Emission

		Acousto Ultrasonic

		Phased Array Ultrasonic

		Fibre Bragg Gratings

		Comparative Vacuum Monitoring



		Cracks

		MMM


CCC

		MMM


CCC

		MMM


C

		MM


CC

		MMM


CCC



		Delamiantion

		CCC

		CC

		C

		CC

		C



		Impacts

		MM


CC

		

		

		M


C

		



		Corrosion

		

		MM




		MM




		

		M








Table 2-1: Selected sensor technologies in relation to structural damage, C=composite, M=metal


Acoustic Emission


Acoustic Emission (AE) uses the effect of sound waves propagating through a material. A displacement of a material causes Acoustic Emission by stress waves. These stress waves can be measured by special AE-Sensors, which work like microphones. These Piezo-electric sensors listen into the structure and if a stress waves caused by a damage move through the part the sensor is able to measure the sound waves. To localise the defect or the damage a network of these sensors can be used. Installed in a network with known coordinates it is possible to determine the distance between the damage and the sensors around it by triangulation.


Large areas of Structure can be monitored with a network of AE Sensors. Usually a network is installed at areas where Acoustic Emissions are expected. However, this exposes the system to the risk of not detecting all damage. The AE data is recorded during flight. A conventional analysis approach is done on the ground but a Data Acquisition during flight is also possible. 


AE can be applied on metal and composites structures. However, a calibration procedure is necessary.


[image: image4.emf]

Figure 2.5-1 Acoustic Emission Principle

Acousto Ultrasonic (Pitch-Catch)


Acousto Ultrasonic (AU) uses the same principles as AE but with one fundamental difference: instead of just listening into the structure each transducer can act as an actuator whilst another is acting as a sensor. The actuator sends a signal into the structure and the sensor receives  the signal. The communication on undamaged structure between actuators and sensors is known and recorded. The distance between the two sensors is known too and the time the signal needs to propagate through the material can be measured. Every change in communication can be measured and damage can therefore be detect. AU can be organised in a network which is capable of monitoring large structures. The application and analysis is similar to AE. An important benefit is that in-Service no Calibration is strictly necessary. Finally, AE can be applied on metal and composites structures.
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Figure 2.5-2 Acousto Ustrsonic (Pitch-Catch) Principle

Phased Array Ultrasonic (Pulse-Echo)


A Phased Array system for SHM uses the Pitch-Catch idea in another configuration. Sensors and actuators are placed in an array. In this configuration it is possible to use the array to send a guided signal through the structure. In an array every transducer is acting as both actuator and sensor to scan the part and detect the damage. With the known velocity of sound the waves are propagating through the material and the measured time for the detection it is also possible to localise the defect.


The application of Pulse Echo is local and a Sensor Array is usually working autonomously. Applications on metallic structures seem to provide consistent results, whilst application on composites have not reached the same maturity level.
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Figure 2.5-3 Phased Array Ultrasonic (Pulse-Echo) Principle

Fibre Bragg Gratings


Fibre Bragg Gratings (FBG) use UV-Laser light sent through an optic fibre to measure strain. Based on this information damage or delaminations can be inferred. The optic fibre is embedded or bonded to a structure and if the structure is subject to a deformation the fibre elongate. Under this circumstances, the laser is refracted and differences in the measured index of  refraction indicate the presence of a deformation. Depending on the application the fibre is embedded in different forms as coils or spirals to cover potentially large structures. One problem with FBG is the surface application bonding or the low maturity of embedding techniques.
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Figure 2.5-4 Fibre Bragg Gratings Principle

Comparative Vacuum Monitoring


Comparative Vacuum Monitoring (CVM) is a complete different approach.  CVM is a measure of the differential pressure between fine galleries containing a low vacuum alternating with galleries at atmosphere in a simple manifold. If no flaw is present, the vacuum will remain at a stable level. If a flaw develops, air will flow through the passage created from the atmosphere to the vacuum galleries. Sensors may either take the form of selfadhesive polymer "pads" or may form part of the component. A transducer measures the fluid flow between the galleries.


The CVM Sensors work very locally and to monitor a large structure many sensors and equipment are required. Another problem is that a crack can only be detected if it connects to pressure galleries. Cracks which, for example, just move along on gallery or are under the surface can not be detected. CVM can be applied on both metal and composites structures.
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Figure 2.5-5 Comparative Vacuum Monitoring Principle

3.0
 Monitoring of Repairs


Figure 3.0-1 shows the types of maintenance downtime which occur during peacetime operations as well as during wartime deployments. During peacetime operations, the emphasis is on scheduled operations, and overall flight safety objectives dominate the (often very conservative) strategy adopted for scheduled maintenance operations. Unscheduled maintenance during peacetime operations is normally accomplished immediately after a failure occurs, regardless of the seriousness of the failure. In peacetime, the main aim of repair is the recovery of an aircraft to a standard that recovers its design capability over its remaining service life. This is achieved by the restoration of the structure to meet the requirements of the original design standard. Additionally, the aircraft systems are normally restored to full functionality regardless of their importance.


On the other hand, combat maintenance aims at keeping the aircraft in a basic operational condition. This often occurs in operational situations where recovery times may be severely limited, service life, and consequently durability considerations, assume a lesser degree of importance, and the functionality of certain systems and/or their associated components is not always essential when the more immediate requirements of a particular operational mission are considered.


In this context, Structural Health Monitoring (SHM) can play a fundamental role in the monitoring and assessment of the damage as well as in monitoring the quality of a repair. The following sections will concentrate on this latter aspect in which SHM techniques are utilised to monitor the integrity of a repair.
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Figure 3.0-1: Types of Maintenance Downtime

3.1
 SHM for ABDR


The Aircraft Battle Damage Recovery (ABDR) covers the rapid identification, assessment and recovery of battle-type damage to an aircraft, aimed at restoring a level of flight and mission capability as required to fulfil immediate operational requirements at a time of conflict. The ABDR information is intended for use by personnel working in an operational environment, generally with limited facilities and support equipment. Information relating to battle damage and its effect on the aircraft or monitoring of the integrity of repairs can be obtained with appropriate SHM techniques in order to decide if some form of recovery action is necessary (NO-GO) or if the aircraft can be employed as is (GO). Therefore the aim of the SHM system is to identify an absolute minimum standard of aircraft structural integrity, which if not available, precludes any flight by the aircraft. 


3.2
General requirements for Monitoring of Repairs


Because of the different operational nature between peacetime and wartime deployments, the requirements for SHM of Repairs assume different connotations, as described below.


3.2.1
Peacetime requirements for Monitoring of Repairs

In monitoring a repair, in order to justify the use of SHM techniques, an SHM system shall be able to provide a more comprehensive and timely set of information than other classical NDI techniques. This shall be done in order to assess the integrity not only of the repair, but also of the structural component containing the repair. In other words, with reference to Figure 2.1-1, similar SHM techniques should be applicable to both the monitoring and assessment of a damage as well as the monitoring of a repair. Therefore, an SHM system shall:


· pose no health and safety hazards to personnel engaged in maintenance activities


· identify damaged structures


· assess the degree of damage in order to determine which damaged items must be repaired or replaced, which may be left in a damaged state and which can be isolated


· monitor damage growth of repaired items


· support the correlation with other aircraft data in order to estimate the degree of degradation remaining and assess its effect on the operational capability of the aircraft


In particular to SHM of Repairs, an SHM system shall be able to monitor any type of metallic and non-metallic combinations of structures being repaired and the repair material themselves.


3.2.2
Wartime requirements for Monitoring of Repairs

In wartime operations, time is critical and the complexity of the on-ground equipment shall be kept to a minimum. To quickly determine if the integrity of a battle damaged repair can keep the aircraft in its operational readiness, the wartime SHM technique shall be able to gather essential information in a very short period of time using relatively simple equipment. Such essential information shall comprise information on:


· the degradation of the repair


· location and type of the monitored repair


This basic information is then correlated with aircraft-specific information contained in the ABDR (Section 3.3) such as permissible structural damage limits and overall system degradation information in order to determine if action is needed on the monitored repair (NO-GO) or if the aircraft can be operated as is (GO).


Comparing the above general peacetime and the wartime requirements, a fundamental question that can be posed is whether the same SHM system could fulfil both sets of requirements. Although the SHM community has not found a conclusive agreement on this topic, the general trend indicates that because of the very different nature of repairs which are carried out during peacetime and wartime operations, an "SHM solution that fits all" is unlikely to be found. As an example, Figure 3.2-1 shows a wet wing integral tank being hit by a bullet which generates secondary damage effects. This type of damage can only occur in wartime and because the structural integrity margins are still acceptable for wartime operations an essential repair effort of such wing tank is possible before giving the aircraft a "GO" status. The nature of damage occurring during peacetime operations can be significantly different, therefore repair techniques are likely to be very different implying that any SHM monitoring done on a repaired structure as shown in Figure 3.2-1 would not be acceptable in peacetime operations.
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Figure 3.2-1. Damaged Wing Integral Tank

4. 
Remaining Obstacles of SHM for Repairs


In general and specifically for repairs the main shortcomings of existing SHM systems and the obstacles concerning an introduction on the market can be summarised as follows:

4.1
Lack of technical maturity


· Most of the proposed solutions only solve specific problems of a SHM system. The respective focus regards sensor technology, data analysis, signal-damage correlation etc. Operators still miss an integrated large scale demonstrator.

· It is difficult to match all the environmental parameters such as temperatures, loads, electro-magnetic compatibility, chemical contaminants, which occur at operational conditions.


· A complete health monitoring system for one aircraft is difficult to implement given the available level of technology. 


· Part of the challenge is to determine suitable locations and level of needed information.


· Another challenge is the correlation of existing low level monitoring systems in order to perform a general health assessment of the aircraft.


4.2
Lack of acceptance by operators

· Complicated and long-term certification process expected.

· Inertia of current manual inspection interval procedures.

· Scepticism against new technologies with minimal service data.

· Cost implications for new hardware, software and training.

· Pessimistic expectations concerning the return-of-investment.

Although a number of applications are currently operational in a number of special cases, the airworthiness of such systems requires a really long-term reliability of the SHM systems under harsh operational conditions. It is therefore required to have a system where all kind of tests were performed which are typical for in-service tests of usual aircraft components. [7]

4. 3
Remaining Obstacles of SHM for ABDR

For ABDR the main shortcomings of existing SHM systems and the obstacles concerning for application be summarised as follows:

· Application of a SHM System in a battlefield scenario is too complex in view of system complexity, labour effort, installation time.

· Battle damage scenarios are very unpredictable and therefore monitoring such type of damage would require an extensive testing effort for defining a comprehensive system lay-out. 

5.0
Benefits of SHM of RePAIRS


Knowing the integrity of in-service structures on a continuous real-time basis is a very important objective for manufacturers, end-users and maintenance teams. In effect, SHM:


· allows an optimal use of the structure, a minimized downtime, and the avoidance of catastrophic failures, (Figure 5.0-1)

· gives the constructor an improvement in his products, for example offering the capability of estimating the remaining useful life of a repaired component

· drastically changes the work organization of maintenance services: 


· by aiming to replace scheduled and periodic maintenance inspection with performance-based (or condition-based) maintenance (long term) or at least (short term) by reducing the present maintenance labour, in particular by avoiding dismounting parts where there is no hidden defect; 


· by drastically minimizing the human involvement, and consequently reducing labour, downtime and human errors, and thus improving safety and reliability.


[image: image11.emf]

Figure 5.0-1: Benefit of SHM for end-user [8]

6.0
CONCLUSIONs

Most current structural and mechanical system maintenance is done in a time-based mode (scheduled maintenance). SHM is the technology that will allow the current scheduled maintenance philosophies to evolve into potentially more cost effective condition-based maintenance philosophies. The concept of condition-based maintenance is that a sensing system on the structure will monitor the system response and notify the operator that damage has been detected. Life-safety and economic benefits associated with such a philosophy will only be realized if the monitoring system provides sufficient warning such that corrective action can be taken before the damage evolves to a failure level. The trade-off associated with implementing such a philosophy is that it requires a more sophisticated monitoring hardware to be deployed on the system and it requires a sophisticated data analysis procedure that can be used to interrogate the measured data.

In order to satisfy future requirements of mission availability the maintenance effort must be reduced with a higher level of planning. Therefore concepts like Condition Based Maintenance are essential and they ask for SHM. 


In particular for monitoring of repairs the development of robust SHM technologies has many elements that make it a potential ‘grand challenge’. This is particularly true for SHM of ABDR. 


However, performing such type of monitoring presents  tremendous economic and life-safety benefits that justify their continuous improvements.
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Abstract

US Air Force typical aircraft battle damage repair-type temporary and repairs for structures, mechanical systems, fuel systems, pneudraulic systems, and electrical wiring are discussed in broad terms with an emphasis on approach rather than specific instructions for repair.  

1.0 Introduction


US Air Force (USAF) established procedures for typical aircraft battle damage repair (ABDR) are outlined in published ABDR technical guidance.  These general repairs can be applied to any aircraft for damage to metallic structures, mechanical systems, fuel systems, pneudraulic systems, and electrical wiring and connectors.  Simplified descriptions of these temporary repairs are presented in this document.  The USAF ABDR program employs ABDR-trained assessors to develop or design the repair for implementation by trained repair technicians.

It is extremely important to note that the repair procedures described in this document are highly simplified and do not constitute complete repair instructions.  Actual repairs should only be conducted using validated and verified published technical guidance by properly trained repair technicians.  ABDR repairs such as those presented here are temporary in nature and should only be applied during combat operations when degraded aircraft capability is acceptable in light of heightened threat conditions.  These repair techniques may be used by aircraft structural engineers in unusual cases, such as for a one-time ferry flight to a depot repair facility.  These repairs are not alternatives to routine maintenance actions.

2.0 Metallic Structural repairs

2.1
Repair Philosophy

ABDR repairs are performed to restore the strength of damaged aircraft components based on material ultimate loading (MUL) criteria, and not to assure adequate strength for aircraft performance requirements, which would constitute design ultimate loading (DUL) criteria.  DUL repairs are the most accurate and least wasteful of repairs in terms of materials and aircraft performance; however, they require access to manufacturers design data and demand thorough and complex engineering analyses.  An engineer must design DUL repairs.  MUL repairs constitute a straight-forward reverse-engineering approach.  MUL repairs are relatively easy to conduct and only require knowledge of the size and constitution of the damaged aircraft structural materials.  MUL repairs can be conducted with or without an engineer present, depending on the extent of the damage and the complexity of the repair.

2.2
Skin and Structural Repairs


Skin and structural ABDR repairs can be conducted in the following sequence of typical steps:

2.2.1`
Remove Damaged Material


The first step in ABDR is to clean away damaged material until all that remains is viable, undamaged material and a cleaned-up hole.  Torn and jagged material should be completely removed, usually with a hand-held cutting or grinding tool.  Warped or buckled material should be repaired, but the damaged material can be left in-place to provide additional strength to the repair.  Decisions to leave damaged material in-place should consider the benefit of the damaged material to the final repair and whether the damaged material will aid or interfere with the implementation of the repair.


When removing damage for clean-up, care should be taken to avoid increasing the size of the original damage.  It is easy to remove more material than necessary by accident or neglect.  Even small increases in the size of damage can take a reparable damage to beyond reparable limits.  


To avoid stress concentrations in cleaned-up damage, internal corners of damage cut-outs should have the following minimum internal radii: 2.0 inch/5.1 cm or more for high-stress or primary structures; 0.25 inches/7 mm or more for other structures.  

2.2.2 Select Repair Materials

In general, repair material should be identical to the damaged material.  If identical material is not available, repair material should match the damaged material as closely as possible in terms of both strength and stiffness.  Material substitution charts are available to aid in this action.  Strength alone should not be the deciding factor in material substitution because distinct differences in stiffness can alter the load path in a structure considerably.  In general, materials with higher stiffness will bear a greater portion of the load in a structure.  As a secondary consideration in material substitution, understand the impacts of galvanic corrosion in choosing substitution materials for repair.  If the repair is intended to stay in place for the duration of the ongoing conflict, some effort should be made to minimize the impacts of corrosion.

Once an appropriate material is selected, a sheet of appropriate thickness should be selected.  Repair patch or strap thicknesses should be equal to or one gauge thicker than the damaged material.  Repair material thicker than one gauge risks altering the load path as described above for stiffer material.  If the damaged material is thicker than available repair materials, multiple stacks of fastened repair materials can be stacked to create the appropriate thickness.  When applying a stacked repair comprised of varying thickness sheets, the thinnest sheet should be applied directly to the damaged material with the thickest sheet furthest from the damaged material

2.2.3
Repair Dimensions and Fastener Selection

With repair materials selected, the repair material dimensions must now consider fastener pattern and spacing to determine the appropriate size of repair to replace the missing strength and form.  The first step in this process is to determine the size of fasteners necessary.  In general, the fastener diameter should be three-times the thickness of the thickest repair sheet.  The fastener length is determined by the type of fastener chosen and the total thickness of material it must bind.  Fastener layout is described further in the next step.

Typically, non-countersunk, self-plugging fasteners, namely blind “Cherrymax” rivets or “Jo-Bolts” are preferred.  Countersunk fasteners are only used on flush patches applied to critical aerodynamic areas.  Hole size is critical when using blind rivets or Jo-Bolts because the installed fastener must completely fill the hole to realize the maximum strength of the fastener.

2.2.4 Fastener Layout


Determining the appropriate fastener layout is the last step in determining the repair dimensions.  If available, use weapon system specific repair manuals to determine the best fastener layout for the damage in question.  Otherwise, duplicate existing fastener patterns on the aircraft to the maximum extent possible.  This approach requires removal of existing fasteners adjacent to the damaged area and replacing them with longer fasteners to include the thickness of the repair.  Repair fasteners are applied in multiple rows, usually two or three, which will often require drilling additional fastener holes to existing fastener patterns to achieve the necessary fastener layout.

General rules for fastener layouts consider maintaining material bearing and buckling strength as well as optimizing the load transfer from original material to the repair material and back via fasteners.  Fastener edge-distance (ED), which is the distance measured from the center of the fastener hole to nearest material edge, must be two to four times the fastener diameter (D) (ED = 2D – 4D).  ED to the edge of the damage clean-up must be at least twice the fastener diameter (2D).  Fastener pitch (P) is the spacing between fasteners in the same row.  P must be four to ten times the fastener diameter (P = 4D – 10D), though 6D – 8D is preferred.  Row Spacing (RS) is the spacing between multiple fastener rows and should be 75% – 100% of the pitch (RS = 0.75P to P).  Unless specified differently by engineering or published technical guidance, a minimum of two rows of fasteners per edge should be applied. 

2.2.5 Repair Procedures


With the damage cleaned-up, the repair dimensions determined, and the fastener layout loosely defined, the final step is to apply the repair to the aircraft.  The standard USAF ABDR approach is to use transparent, flexible plastic sheet as a template to simulate the repair patch.  Place the plastic template over the aircraft damage to include the adjacent, existing fastener patterns and pilot drill the fastener locations on the template. 


Next, use the plastic template to transfer the fastener layout to the repair material ‘patch’.  Transfer any new fastener locations to the template from the patch using pilot-drilling.  Place the template over the aircraft damage and use “Clecos” in the existing fastener holes to secure it in place.  While holding it firmly in place, final drill the patch fastener layout onto the aircraft.  Remove and discard the template and clean the repair area of all debris. 

With the repair fastener layout drilled into both the repair patch and the aircraft, affix the repair patch firmly in place using Clecos and begin installing fasteners.  Once all fasteners are installed, inspect the final repair for good fit and to assure proper fastener installation.  Sealant may be applied to smooth the repair edges for enhanced aerodynamics and to prevent water intrusion into the repair.

For patches in pressurized fuselage or fuel cell skins, fay and seal the repair patch to the existing skin and apply sealant around each fastener.


2.2.6 Internal Structure Repair Procedures


Internal structures require the same principles and techniques already described.  If repairing damage to a bulkhead, rib, or ring structure, ensure a minimum of four good fasteners tie the repair to the existing structure beyond the damage to properly transfer loads.  Three fasteners are acceptable only if at least one undamaged flange remains in the existing internal structure.  Sandwich repairs using extrusions or formed parts are better choices than simple straps to restore stiffness and buckling resistance.  Beware of interfering with moving parts when installing any internal repair.

3 Mechanical System Repairs

Aircraft mechanical systems reparable by USAF ABDR techniques include push-pull control rods, control cables and pulleys, and levers and bellcranks.  Torque transfer shaft repairs are not discussed here.  Most mechanical systems will require locking out the system before conducting repair to prevent injury due to moving parts; ensure all proper precautions for repairing these systems are undertaken before beginning the repair.  For all internal repairs, beware of creating interference with necessary range of motion of the repaired part or other moving parts.

3.1
Push-Pull Control Rod Repairs


Push-pull control rods are two-force members (purely axially loaded) used to transfer load from actuators, levers, or bellcranks to other levers, bellcranks, or moving components such as control surfaces, landing gear bay doors, etc.  Repair of damaged control rods requires simple restoration of axial load carrying strength.  This can easily be affected by bridging the damage with two L-angle extrusions fastened together through undamaged portions of the existing rod to form a ‘splint’ over the damage.  The L-angle splint should extend beyond the damage far enough to install two bolts or rivets at 90° to one another on each side of the damage.  If the damaged control rod is completely severed, a similar repair can be affected using a smaller piece of solid stock or steel tube stock inserted between the ends of the severed rod and fastened into place in a similar manner as described above.

Severely damaged control rods can be completely replaced by fabricating a new rod from appropriately sized tube stock.  If no single length of available tube stock is adequate to match the original control rod span, a single long tube can be fabricated from two lengths of different diameter tube stock.  The tubes should be sized such that one has an inner diameter roughly equal to or slightly larger than the outer diameter of the other allowing the smaller diameter rod to fit into the other without excessive room for movement.  Determine the required pin center to pin center length of the rod and clamp or hammer the ends of the repair tube to form flat ends.  Drill pin holes in the flat ends and install the repair rod using original hardware.  If tube stock is not available, repair can be made with solid stock of appropriate stiffness measured and drilled to the appropriate length.

3.2
Control Cable Repairs

Control cables connect system actuators to the systems themselves, namely flight controls to control surfaces.  With the exception of throttle system cables, most control cables can be repaired if damaged or severed; throttle cables should always be replaced and never repaired.

Unsevered and severed cables are repaired in similar fashion.  Cut a piece of ‘splice’ cable of equal or greater strength to extend 2.5 inches/6.5 cm beyond the cable damage on both sides.  Secure the splice cable to the original cable using two nicopress swages or U-bolts on each side of the damage.


If the cable damage is near a bulkhead/rib pass-through or a pulley, cut the splice cable of sufficient length to move freely through the pass-through or over the pulley for the full-range of required motion without contacting the splice components.

3.3
Cable Pulley Repairs


Generally, cable pulleys should be replaced and not repaired.  Properly functioning pulleys are critical to flight controls, so any damage that affects the free movement of the flight control system or may allow the cable to slip off of the pulley require replacement of the pulley.

Replacement pulleys can be fabricated from any round stock of appropriate size.  One method to fabricate a new pulley is to cut two 0.25 inch/7 mm thick pieces of round stock and bevel the edges at 45° angles.  Fasten the two pieces together with fasteners spaced 1 – 1.25 inches/2.5 – 3.2 cm apart with the bevels oriented inward to create a cable track.


An alternative method involves cutting a piece of round stock to an appropriate thickness to accommodate the cable in questions and sandwiching it between two round sheets of larger diameter sufficient to create a track capable of retaining the cable on the pulley.  The end sheets should be fastened to the round stock with fasteners spaced 1 – 1.25 inches/2.5 – 3.2 cm apart.

3.4
Control Lever and Bellcrank Repairs


Control levers and bellcranks can be fabricated from a number of available materials, including plywood, phenolic, layered sheet metal, or other suitable stock.  Simply fabricate the levers and bellcranks to match the holes and rough geometry of the original damaged parts and insert appropriately sized metal tubing as bushings in the holes.

4 Fuel System Repairs


Damaged fuel systems can require repair of internal ‘integral’ fuel tanks or external fuel tanks, fuel cell bladders, and fuel lines.  Every fuel system leak must be evaluated as a potential flight hazard.  For example, even a small leak which may seem suitable to leave unrepaired may cause engine fuel ingestion during flight posing the risk of engine fire or explosion.  Small leaks which freely flow out of the aircraft on the ground may accumulate within the internal structure when the aircraft is in a different attitude during flight.  Fuel system damage should be repaired whenever possible and all fuel system repairs should be checked for leaks prior to flight.  Personnel conducting fuel system repairs should use all proper precautions to prevent personal exposure to and inadvertent ignition of fuel vapors.

4.1
Integral and External Fuel Tank Repairs


Fuel tank repairs should be conducted in a similar manner to general metallic structural repairs previously discussed.  In the case of fuel systems, edge distance should equal twice the repair fastener diameter and pitch and row spacing should both equal four times the fastener diameter to help assure a fuel-tight fit of the repair.  Patches should be installed with faying surface seal at the interface and the entire patch should be coated with a fuel-resistant sealant.

4.2
Bladder Fuel Cell Repairs

Rubber fuel bladders with damage less than 3 inches/7.6 cm can be repaired in a manner similar to patching tire inner-tubes using Buna-N-Rubber liner sheet.  The patch can be applied on the inside or outside of the bladder, depending on access, though internal repairs are preferred.  The patch dimensions should extend 2 inches/5 cm beyond the damage in every direction.  The patch should be applied and completely coated with fuel resistant sealant.  Ensure the aircraft structure surrounding the patched area of the bladder is repaired to provide adequate support and prevent further damage to the bladder. 

4.3
Fuel Line Repairs

Damaged fuel lines can be repaired a number of ways depending on the extent of the damage.  For completely severed or severely damaged fuel lines, cut away the damaged section and use a piece of fuel-resistant rubber hose with an inner diameter equal to the existing fuel line outer diameter to replace the damaged section.  Ensure the repair hose extends far enough on each side of the damage to accommodate two hose clamps, oriented 180° from one another.  Flare the ends of the existing fuel line to improve the seal and prevent leakage.  Coat the ends of the repair with fuel-resistant sealant.

If the fuel line has a single-sided penetration damage of less than 0.75 inches/2.0 cm diameter, it can be repaired with a simple patch repair.  Clean up the damage and blend out the hole to assure minimum internal radii of 0.25 inch/7 mm.  Using the same type and thickness of material as the damaged fuel line, cut a patch large enough to extend at least 0.5 inches/1.4 cm beyond the fuel line damage in every direction.  Coat the entire faying surface of the repair with fuel-resistant sealant.  Install the patch and secure with a single hose clamp on either side no more than 0.5 inch/1.4 cm from the damage.  Coat all edges of the patch with fuel-resistant sealant.

If the fuel line has double-sided penetration or damage greater than 0.7 inches/2.0 cm, begin the repair as described above with a separate patch over each damage.  Before installing the hose clamps described on the repair above, apply sealant over the entire surface of the repair extending at least 2 inches/5 cm beyond each side of the patch.  Wrap sheet metal around the damaged area of the fuel line at least 1.5 times and secure with three evenly spaced hose clamps; the outer clamps should be no more than 0.5 inches/1.3 cm from either the edge of the repair patch beneath the sheet metal or the sheet metal itself.  Apply fuel-resistant sealant over the seam and coat the edges at least as far as the hose clamp bands. 


5 Pneudraulic System Repairs


Pneudraulic systems include any system operating with pressurized fluid, to include hydraulic systems, life-support oxygen systems, and engine bleed-air systems.  The repairs described here are not for life-support or oxygen systems of any kind.  Pneudraulic systems should be depressurized in the affected region prior to their repair; ensure all proper precautions for maintenance of these systems are undertaken before beginning the repair.  In general, replacement of damaged pneudraulic tubes and hoses is preferred over repair.  Standard procedures for fabrication and installation of pneudraulic tubes are not covered in this document.  All pneudraulic system repairs should be leak and pressure checked prior to flight.

5.1
High, Medium, and Low Pressure Tubing Insertion Repairs


For insertion repairs, ensure all repair components are rated to meet or exceed the working pressure of the damaged system.  Cut out the damaged tube section and install appropriate flared or flareless fitting to the ends of the remaining existing tube.  If the removed section is no longer than a union or bulkhead length, simply bridge the gap using connector pieces as necessary.  If the removed section is longer than a union or bulkhead length, bridge the gap using a manufactured length of hose or tube between connectors.

5.2
Low Pressure Tubing and Hose Repairs


If the damaged system is rated at 90 psi/625 kPa or less, the following repair is suitable.  Cut out the damaged tube section.  If the damage exceeds 8 inches/20 cm in length, install two of the described repairs with a length of manufactured tube between.  Use a permanent marker or “Sharpie” to mark 2 inches/5 cm from the ends of the existing damaged tube ends.  Slightly flare the existing tube ends, if possible, to improve seal and prevent leakage.  Cut a length of appropriate pressure hose with inside diameter equal to the outside diameter of the tubing and at least 4 inches/10 cm longer than cut out section.  Place 4 hose clamps on repair hose and slide over existing tube ends such that hose ends line up with marks on existing tubes.  Secure the hose to the tube with two clamps on either side of the damage rotated 180° from one another with a minimum spacing of 0.25 inch/7 mm from the tube flare and end of the hose and 0.5 inch/1.4 cm between clamps.  If the ends of the remaining damaged tube are offset, the offset shall not exceed 0.0625 inch/2 mm or 3° between tube centers at the ends.

5.3
H-Fitting Tubing Repair Repairs


This repair is suitable for tubes rated at 3000 psi/20.7 MPa or less with an inner diameter of 0.25 – 1 inch/7 – 25.4 mm and a damage or gap of 0.250 in/6.4 mm or less.  Clean-up tube ends.  Wrap a single layer of tape 0.550 inches/1.4 cm from one cut end of tubing and use a Sharpie to apply a 0.25 inch/7 mm long mark starting 1.15 inch/2.9 cm from the other cut end.  Position H-Fitting components with nut and slide (rounded end toward cut-out) on taped side of damage and union and coupling on Sharpie-marked side.  Position union over the damage/gap until it contacts the tape and the far edge of the coupling  is aligned with Sharpie mark.  Keeping the coupling held stationary, tighten the nut onto the coupling until a significant torque increase is felt.  Back off the nut and inspect the joint: the slide and coupling should be bottomed against the union shoulder, the union should contact the tape, and the edge of the coupling should intersect with the Sharpie mark.  If this all is correct, retighten nut to coupling and check for leakage before flight.

5.4 
Bleed-Air Duct Repairs


This repair is suitable for bleed-air ducts operating at 500°F/260°C or less with a damage diameter of 2 inches/5 cm or less.  First, remove sufficient insulation from duct to access the full extent of damage plus 2 inches/5 cm on either side.  Clean-up the damage.  Clean the exposed duct surface of all debris and insulation.  From a 0.016 – 0.032 inch/0.4 – 0.8 mm thick annealed stainless steel sheet, cut a section wide enough to extend 2 inches/5 cm beyond each side of the duct damage and long enough to wrap completely around the duct without overlapping.  Wrap the stainless steel piece around exposed duct with the seam positioned on the opposite side of duct from the damage.  Up to a 0.25 inch/7 mm gap between the stainless steel edges at the seam is acceptable; overlap is not acceptable.  Wrap the entire area with Teflon tape, tucking the tape ends under the wrapped tape to prevent unravelling.  Install a minimum of five hose clamps to secure the repair, taking caution to not crush the duct.  Leak and pressure check the repair prior to flight; replace the duct if leakage is discovered.

6 Electrical Repairs


Electrical wiring and connector repairs can be affected using a variety of ABDR techniques.  Wire/system identification on each wire is a tremendous assistance to ABDR efforts as identifying individual wires is the most time consuming effort in ABDR.  Empirical data from one USAF repair depot shows that the time required to repair unmarked wires in harnesses of 50 or more wires is four to five times greater than the time required to repair marked wires.  Common wire identification schemes are available.  Marked or not, there are a number of ABDR wire repair options, including in-line splices, terminal lug splices, solder splices, alternate wire repairs, shielded cable repairs, coaxial and triaxial cable repairs, and connector repairs.


6.1
In-Line Splice Repairs


In-line splice repairs are a common wire repair, though not generally allowed for aircraft maintenance in normal circumstances.  To affect an in-line splice, strip 0.25 inches/7mm of insulation from the ends of the wires to be spliced and insert into an in-line splice ‘barrel’ connector, crimp, and insulate with shrink tubing, flexible transparent tubing, or insulating tape..  If multiple splices are required in a single wire bundle, as is often the case, offset barrel connectors by using jumper wires between splices.

6.2
Terminal Lug Splice Repairs


Similar to the procedure described above, terminal lug splices use terminal lugs instead of in-line splice connectors.  Strip the wires to be spliced as described above and find a terminal lug with a barrel diameter sufficient to insert both wires at once.  Cut off the terminal lug tongue flush with the insulation, insert one wire into each end of the barrel, crimp, and insulate with shrink tubing, flexible transparent tubing, or insulating tape.

6.3
Solder Splice Repairs


Strip 1.5 inches/4 mm of insulation from the ends of the wires to be spliced.  Place stripped ends side by side and twist one around the other four times.  Solder wire turns using 60/40 tin/lead rosin core solder and insulate with shrink tubing, flexible transparent tubing, or insulating tape.

6.4
Alternate Wire Repairs


As a last-resort when connectors are unavailable or mission needs are truly time-critical, the “twist-method” can be used to splice wires.  This technique is similar to the solder method, but no solder is used on the wire turns.  Instead, the exposed wires are placed side by side and end to end on the same side, one wire is then twisted around the other, and then the twisted wire bundle is bent back against the wire and secured with shrink tubing, flexible transparent tubing, or insulating tape. 

Terminal lug bolting can be used for large wire repairs.  Strip the ends of the wires to be spliced as usual, insert the stripped ends into separate terminal lugs, bolt the terminal lugs together, and insulate with shrink tubing, flexible transparent tubing, or insulating tape.


6.5
Shielded Cable Repairs


Select the proper sized grounding sheath.  Strip 0.5 inches/1.4 cm of insulation from inner conductors and remove the outer cable jacket to expose 1 inch/2.5 cm of shielding.  Attach a grounding sheath connector to one end of the severed cable’s shield and slide a grounding sheath connector onto the other end, but do not crimp it.  Join the inner conductors with an in-line or terminal lug splice repair.  Connect the grounding sheath wire to loose connector and crimp.  Insulate with shrink tubing, flexible transparent tubing, or insulating tape.

6.6
Coaxial and Triaxial Cable Repairs


Coaxial and triaxial cables should generally be replaced; repair should only be conducted as a last resort.  If repair is required, an experienced electrician should conduct the repair due to the complexity of repair.  Begin a coaxial cable repair by stripping away 1.5 inches/3.8 cm of outer insulation from each cable end, fold the shielding braid back, and strip 1 inch/2.5 cm of inner conductor insulation from each cable.  Install an appropriate sized plug on one cable and a matching jack on the other.  Connect and lock the plug into the jack and insulate with shrink tubing, flexible transparent tubing, or insulating tape. Triaxial cable repairs are conducted in a similar manner.

6.7
Connector Repairs


Connector repairs are determined by the extent of the connector damage and the availability of spare pins in the connector.  If sufficient functional spare pins exist in a connector with broken pins, simply rewire broken pins into spare pins.  If there are insufficient spare pins in the connector, simply splice the necessary wires around the connector using a jumper wire outside of the connector.  Protect the splice with shrink tubing, flexible transparent tubing, or insulating tape. 


In the case of a connector being damaged beyond use, cut away the damaged connector and prepare pigtails for replacement connector ensuring different lengths for staggered splices with the shortest pigtail being at least 6 inches/15 cm long.  Solder, crimp, and pot pigtail wires as required into new connector and splice the pigtails to the existing wire bundle using one of the splice techniques discussed earlier in this section.  Protect the splices with shrink tubing, flexible transparent tubing, or insulating tape.

7.0
Conclusion

USAF ABDR manuals outline a number of common system repair techniques, as discussed in this document.  ABDR techniques are presented here for structural, mechanical system, fuel system, pneudraulic system, and electrical temporary repairs.

8.0
REFERENCES


This paper draws extensively the USAF ABDR technical manual, TO 1-1H-39, as well as my own personal experience.  As such, there are no specific references annotated in the body of text for the reference below.
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United States Air Force. Technical Order 1-1H-39. Aircraft Battle Damage Repair.15 Sep 2002
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The motivation for the Lecture Series springs from a number of interwoven issues. Prominent among them are: 

a) NATO has been engaged in several, disparate theaters of low-level, unconventional  conflicts, 

b) damage to air platforms due to ground fire is an increasing menace, and 

c) repair of aircraft albeit temporary of both fixed- and rotary-wing types, if at all possible, needs to be carried in make-shift bases far from logistics centers at home and under severe time constraints.

The focus of the Lecture Series will be on airframes, engines and wiring, specifically the flight-safety-critical elements.  The syllabus for the lectures covers epidemiology of ABDR, procedures for assessing damage including diagnostic tools, selection of materials used for repair, selection of appropriate design to carry out repair, modeling and simulation tools used as adjuncts, fabrication procedures, certification and continued airworthiness issues and assuring safety through monitoring.
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