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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.
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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.
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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.
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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.
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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.
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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.
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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

[image: ]
RTO-EN-AVT-156	11 - 1
11 - 12	RTO-EN-AVT-156
RTO-EN-AVT-156	11 - 11
image2.tiff




image3.tiff
TAIL LANDING
GEAR YOKE

DAMAGE




image4.tiff




image5.jpeg




image6.tiff




image7.jpeg




image8.emf
ANGLE SKIRT LEG

FILLER

SKIRT

FLANGE

90 90

ANGLE WEB LEG

ANGLE SKIRT LEG

FILLER

A

N

G

L

E

 

W

E

B

 

L

E

G

90

ANGLE SKIRT LEG

A

N

G

L

E

 

W

E

B

 

L

E

G

A

A

SECTION A -A

B

B

SECTION B -B

HL20PB-6-( ) 

HL20PB-5-( ) 

R = 0.12"

R = 0.12"

FILLER

FILLER

FILLER

ANGLE WEB LEG

HL20PB-5-( ) 

HL20PB-6-( ) 

FILLER

ANGLE SKIRT LEG

FLANGE

W

E

B

FLANGE

W

E

B

WEB


oleObject1.bin
90



image9.emf
 


image1.tiff
STABILATOR

TAIL ROTOR
LOADS




image10.wmf

image11.jpeg
}
A NATO
\4% OTAN




