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Aging Aircraft Fleets: Structural and Other
Subsystem Aspects
(RTO EN-015 / AVT-053)

Executive Summary

Aging aircraft concerns have dramatically escalated in the military community during the past decade.
The percentage of aircraft, operated beyond their original design life both in terms of flight hours
and/or calendar years is steadily increasing. Some models, which have already been in service for more
than 30 years, will need to be retained for another two decades or longer, often serving in roles and in
theaters very different from what was envisioned when they were originally designed.

Aging Aircraft has several connotations. Among them: (a) technological obsolescence, (b) the need for
system upgrading, (c) changing mission requirements, (d) the specter of runaway maintenance costs,
(e) concern about safety, (f) impairment of fleet readiness and (g) possible unavailability of home
depot facilities. However, if there is one thread that runs through the above list, it is the adverse impact
on sustainment of the fleet.

There are other considerations when dealing with the Aging Aircraft issue; for example, availability of
spare parts, processes and tooling may no longer be available, logistic procedures may have changed
and suppliers may be out of the business. Budgetary limitations and higher fleet utilization will
increase the demand to cope with aging aspects for the structure and major subsystems like engines
and avionics. Awareness in the user community about typical challenges and technical solutions can
ameliorate some of the concerns. New technologies are now available for dealing with many of the
aging aircraft concerns. They relate to inspection, repair and corrosion-resistant materials, structural
modeling and more sophisticated maintenance scheduling. Thus a Lecture Series (LS) under the
auspices of the NATO Partnership for Peace (PfP), is proposed, the main emphasis of which will be an
in-depth discussion of these new technologies and methods. The LS will cover aspects of systems
upgrades and structural airworthiness linked to fixed wing and helicopter fleets with emphasis on life
enhancement strategies used by NATO nations.

The material in this publication was assembled to support Lecture Series 218 bis under the sponsorship
of the Applied Vehicle Technology Panel (AVT) and the Consultant and Exchange Programme of RTO
presented 13-16 November 2000 in Sofia, Bulgaria.
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le Vieillissement des flottes d’avions militaires :
aspects structures et autres sous-systèmes

(RTO EN-015 / AVT-053)

Synthèse

Le problème du vieillissement des aéronefs militaires s’est considérablement amplifié au cours de la
dernière décennie. Le pourcentage d’aéronefs en exploitation au-delà de leur durée de vie théorique,
tant du point de vue d’heures de vol que d’années de service, augmente régulièrement. Certains
modèles, déjà en service depuis plus de 30 ans, devront être maintenus pendant encore deux décennies
au moins, souvent pour des missions et des théâtres très différents de ceux qui étaient envisagés à
l’origine.

Le terme “aéronefs vieillissants” a plusieurs connotations différentes, parmi lesquelles l’on peut
distinguer : (a) l’obsolescence technologique, (b) la nécessité de procéder à la mise à niveau d’un
système, (c) l’évolution de la mission, (d) le spectre des coûts de maintenance incontrôlés, (e) des
considérations de sécurité, (f) l’atténuation de l’état de préparation de la flotte et (g) la non-
disponibilité des dépôts de base. Mais tous ces aspects ont un facteur commun : l’impact négatif sur le
maintien de la flotte.

Il y a aussi d’autres considérations à prendre en compte; par exemple la disponibilité de pièces de
rechange, de processus et d’outillage, les procédures logistiques qui peuvent avoir changé et les
fournisseurs qui peuvent avoir fait faillite. Les limitations budgétaires et l’utilisation accrue des flottes
aériennes nécessiteront de porter plus d’attention aux aspects de vieillissement de la structure et des
sous-systèmes principaux des aéronefs, tels que les moteurs et l’avionique. Une meilleure
sensibilisation des utilisateurs aux défis et aux solutions techniques typiques pourrait pallier certains de
ces problèmes. De nouvelles technologies, qui permettront de résoudre bon nombre de ces questions,
sont désormais disponibles. Elles concernent l’inspection, la réparation, les matériaux résistants à la
corrosion, la modélisation structurale et l’amélioration de la programmation de la maintenance.

Par conséquent, il est proposé d’organiser un Cycle de Conférences (LS) sous l’égide du programme
OTAN de Partenariat pour la paix (PfP), dont l’objectif principal sera de permettre une discussion
approfondie de ces nouvelles technologies et méthodes. Le Cycle de Conférences couvrira tous les
aspects de la modernisation des systèmes et de l’aptitude au vol du point de vue structural des flottes
d’avions à voilure fixe et d’hélicoptères, l’accent étant mis sur les stratégies d’extension de la durée de
vie adoptées par les pays membres de l’OTAN.

Cette publication a été rédigée pour servir de support de cours pour le Cycle de conférences 218 bis,
organisé par la Commission de AVT dans le cadre du programme des consultants et des échanges de la
RTO du 13-16 novembre 2000 à Sofia, Bulgarie.
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SNECMA Moteur SA EADS Germany GmbH
Regional Export Military Engines Sales Military Aircraft Division
BP No 83 Postfach 80 11 60
91003 Evry Cedex 81663 Munich
FRANCE GERMANY

Dr. J.W. LINCOLN Mr Hugo PFOERTNER
ASC/EN MTU Aero Engines GmbH
2530 Loop Road West Dept. TPKF, Structural Mechanics
Wright Patterson AFB Dachauer Str.665
OH 45433-7101 80995 Muenchen
UNITED STATES OF AMERICA GERMANY

Dr M.M. RATWANI
R-Tec
28441 Highridge Road
Sug M 530
Rolling Hills Estates
CA 90274
UNITED STATES OF AMERICA

CO-AUTHORS

Dr. M. NEUBAUER
EADS Germany GmbH
Military Aircraft Division
Postfach 80 11 60
81663 Munich
GERMANY

LECTURER

Mr F. LIMPENS
Manager, Public Relations
Techspace Aero SA
Route de Liers, 121
4041 Herstal (Milmort)
BELGIUM

vi



1-1

LOADS MONITORING and HUMS

G. Günther
DaimlerChrysler Aerospace GmbH

Military Aircraft, MT22, Postfach 80 11 60
81663 Munich, Germany

SUMMARY
The fatigue life of aircraft’s in service is different from the design life for many weapon systems not only due to the
extended need for the airframe as a platform for new/upgraded systems (life extension), but also due to different usage
compared to the initial design spectrum. Monitoring of the life consumption is therefore essential to assess practicability
and cost effectiveness of planned upgrades and modifications. Methods and concepts to establish the "used life" are
described for two different types of fixed wing aircraft’s and the influence of aircraft missions and -equipment as well as
structural weight increase over time are discussed.
New integrated health monitoring systems with intelligent data processing and software capable comparing actual events or
accumulated damage / wear with predefined limits, evaluate their criticality and provide information to other systems are
presented.

0. BACKGROUND
The effectiveness of military force depends in part on the operational readiness of aircraft which itself is largely dependent
on the condition of the airframe structure. This condition again is affected by a number of factors among those the physical
loads in various forms together with the used life of the airframe are important. With increased and extended usage of
airframes in all airforce inventories and the requirement for various role changes the subject of airframe loads-monitoring
becomes more important, not only for flight safety but also and with an increasing tendency for economic reasons.

1. LOADS MONITORING AND “FATIGUE LIFE” OF AIRFRAMES

1.1 Historical Overview
Fatigue management requirements and techniques have evolved over a period of more than 40 years, originating from
simple cg-acceleration-counters to multi-channel systems with on-board processing capabilities. Originally a driving factor
for load measurements was the generation of databases for design purposes, especially the wing loads and the wing to
fuselage interface was of interest for subsonic and aerodynamically stable A/C- configurations. Combining the data with
parameters, easy to retrieve like speed, altitude, weight and time this transformed later into the bases for a first set of
"fatigue meters", used as a tool to record repeated service loads on the airframe.
During 1960 and 1970 the fact that loads on many parts of the structure could not be related in any way to c.g.- acceleration
and the simplified approach of the fatigue meters led to improved methods of fatigue monitoring. The first approaches to
monitor on a fleetwide basis evolved and the philosophy of monitoring local fatigue sensitive areas, using mechanical strain
recorders, see Fig. 1.1-1.

Fig. 1.1-1    Princip of Mechanical Strain Recorder
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Later calibrated strain gages on the structure were introduced to record strain histories and calculate fatigue damage, either
locally on so-called “hot spots” or for the overall component via load calibration processes.
In 1968 the NATO Military Committee required an AGARD-SMP-Study on "Fatigue Load Monitoring of Tactical
Aircraft" which subsequently presented agreed conclusions and recommendations for efforts to:

* Establish statistical relationships between   movement parameters and structural loads
* Develop simple strain recording techniques
* Establish fatigue life monitoring techniques for all NATO countries

Within the last two decades a number of concepts for aircraft loads monitoring with either fleetwide data recording,
supplemented by additional data from limited number of aircraft representative for squadron usage or individual aircraft
tracking methods have been developed (1).

1.2 Loads Monitoring and Damage Rate Assessment
Monitoring of the airframe loading  scenarios and technologies to assess the "Used Life" or "Damage Rate" of airframe
structures are key elements to the management of an ageing aircraft fleet. The term Ageing Aircraft can be defined in many
different ways, among them are flight hours (or equivalent flight hours) approaching the designed service life; number of
flights reaching the projected number of  ground-air-ground cycles; or even pure age in the form of calendar years.
From a structures point of view the governing factor for ageing airframes is the degradation of strength and rigidity of
structural components with time and usage, applied to the aircraft as  damage of different nature, the most obvious ones
being fatigue cracks and corrosion.This degradation will continue, increase and finally form a threat to safety of flight
without appropriate actions in the form of prevention, detection and  repair through scheduled  maintenance efforts.
Therefore terms like "Damage Rate", “Fatigue Life Expended” or “Fatigue Index” have been identified as an indicator for
the structural status of an aircraft, where a rate of 100% or 1.0 identifies the end of the designed fatigue life of a component
or the limit for economic repair and usage of the aircraft.

1.2.1 The Object of Fatigue Monitoring Programs
In service individual aircraft’s are subject to different operational loading causing different damage rates in their fatigue
prone areas. Dependent on how an aircraft is used, it may have an expended life significantly different from what is
predicted at the time of service entry.
The simple fact is that aircraft are often not used the way they were intended to be used during design and aircraft are used
differently even when flown for similar missions.
Fig. 1.2.1-1 shows an example for consumed fatigue life of TORNADO lower wing skins for aircraft with comparable
missions, Fig. 1.2.1-2 the wing root bending life-consumption for Canadian CF-18`s from one squadron.  Factors of up to 5
for the damage rate have been identified between the most and least severe flown aircraft. If no fatigue monitoring program
for individual aircraft is carried out, maintenance actions, modifications and finally retirement of the equipment is based on
the number of flight hours which the most severe flown aircraft is allowed to accumulate.

Fig. 1.2.1-1    Lower Wing Skin Life Consumption for Similar Missions, TOR



1-3

Fig. 1.2.1-2    Wing Root Bending Life Consumption, CF-18

Hence, a sound and comprehensive operational loads data acquisition and evaluation will be an effective tool for cost
savings during the operational life of an aircraft.
With consideration of the life already consumed and with predictions about further usage the remaining service life of
components can be determined and actions to adopt fatigue enhancement policies can be initiated at least for loads initiated
damage, i.e. aircraft’s with high damage rates can be allocated to fly less severe missions/configurations or structural
modifications can be introduced before fatigue damage occurs.

Any monitoring and fatigue assessment program is therefore set up to answer the question:

"What is the fatigue life ratio of the operational stress spectrum rated against the design/test spectrum on the different
airframe locations?"
or:

"How many operational flight hours are equivalent to a simulated flight hour during fatigue testing ?"
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1.2.2 Structural Monitoring Concepts and Systems
The main activities during a structural monitoring concept to determine the consumed life of each individual airframe are
shown in Fig. 1.2.2-1.

Fig. 1.2.2-1    Structural Monitoring Activities

The initial step of Loads and Component Data Aquisition  is performed using flight data recorders for overall aircraft load
parameters and local sensors for fatigue critical areas together with aircraft identification information ("Tail-No.-Tracking")
or component information for exchangeable items (i.e. horizontal stabilators).
Special post-processing is needed to separate, correct or replace faulty data.
The Damage Calculation is performed with respect to the design philosophy of the aircraft:

* For Safe Life - structures the calculation is based on S/N-curves and Miners rule to determine the accumulated
damage.

* For Damage Tolerant designed structures initial flaws are assumed and crack growth analysis is performed for each
fatigue critical part of the structure, ensuring that the initial flaw of a given size (i.e. 0.005 in or 0.127mm) will not
grow to a functional impairment size within a given lifetime.Inspections, replacements or repair actions are scheduled
by durability analysis using the flight loads data in the form of cycle by cycle stress histories coupled by probability of
detection (POD) data.

From the registered loads data, a Derivation of Standard Load Sequences or Spectra (SLS) is extracted to create specific
parameter or load histories. They should fulfil the following criteria:

* The mean damage of the registered load sequence of individual A/C should be equal to the mean damage of the SLS
* The distribution of actual missions,   configurations and other relevant operational parameters should be characteristic

for the A/C operational usage. In some cases different SLS or spectra have to be generated for one A/C, i.e. Training-,
Air-to-Air or Air-to-Ground dominated usage.

The Fatigue Life Substantiation is demonstrated through fatigue analysis and a qualification process including component
and full scale fatigue tests in the development phase, validation of loads within flight envelope tests as well as operational
experience during A/C-usage.
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Since the tests are usually carried out within or in direct sequence with the design phase and based on the loads and
structural configuration status of this time, deviations during the operational usage phase are normally scaled to the fatigue
test, determining  the so-called "Usage Factor".
Assessment of the allowable fatigue life depends on the results of the fatigue life substantiation (in most cases the full scale
test) and the design philosophy. Demonstrated fatigue test hours divided by the scatter factor and linked to the standard
load-spectrum are the limit for a safe life designed structure, whereas for damage tolerant structures the test hours leading to
cracks that impairs function of the structure divided by a factor are considered for the Calculation of Fatigue  Life.
The Consumed Life or Damage Rate for each component is the relation of the actual individual A/C damage calculation
and the allowable life and is used to schedule inspections, replacements or repair actions in order to ensure structural
integrity.

1.2.3 Aircraft Fatigue Tracking Systems for the GAF-TORNADO
The TORNADO Multi Role Combat Aircraft was designed in the early ´70 and followed the safe life design principal for
durability with a scatter factor of 4, used on the design life of 4000 FH. The fatigue tracking concept of the A/C is divided
into three sectors with different numbers of aircraft’s from the fleet involved and different amount of data (parametric and
strain gages) gathered, as shown in Fig. 1.2.3-1.

Fig. 1.2.3-1    Aircraft Tracking Segments, TOR

Monitoring  is based essentially on flight parameters, which are available through the existing flight recorder unit and
defined as Recorder Parameter Set (RPS).
An extended Full Parameter Set (FPS) is generated through differentiation’s and conversions of existing data. The flight
recorders are distributed on a statistically representative basis throughout the squadrons and register the spectrum of
selected aircraft. Additionally, strain gages in various fatigue critical areas of the structure are monitored on a limited
number of aircraft, the results are evaluated by regression techniques to produce a realistic correlation between operational
strain on the structure and the flight parameters causing it.
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A reduced Pilot Parameter Set (PPS) is collected from each individual aircraft through the Nz-counter plus aircraft weight
and configuration data, see Fig. 1.2.3-2 on a flight by flight bases.

Fig. 1.2.3-2    Reduced Parameter Set (PPS) for IAT

Thus, a "multi-level" tracking is performed:

* Individual Aircraft Tracking with Pilot Parameter Set
* Temporary Aircraft Tracking with Recorder Parameter Set + Strain gages
* Selected Aircraft Tracking with Full Parameter Set

Fig. 1.2.3-3 lists the recorder parameter set and strain gage sampling rates for the Temporary Aircraft Tracking level.

Fig. 1.2.3-3    Recorder Parameter Set Data and Sampling Rates
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From a conception point of view, the individual aircraft tracking permits optimum utilisation of the structural life of a fleet.
This naturally requires appropriate sensors existing in the individual aircraft for the acquisition of local stress history data.
Since not all of the TORNADO aircraft’s are equipped with strain gages, PPS acquired by IAT are converted via the
regression table from TAT-A/C into stress spectra for the fatigue critical areas.
Monitoring of the TORNADO´s fatigue critical areas uses the local strain concept, too. For this, a suitable local strain
measurement location was established for every area during the Full Scale Fatigue Tests. Fig. 1.2.3-4 shows an example for
a critical area in the engine duct , where "reference" strain gages are located at the wingbox shearlink to the fuselage for on-
board monitoring.

Fig. 1.2.3.-4   Reference Strain Gage on Wing Attachment

The damage in the duct location is traced to the wing bending moment. By applying the transfer functions for inner wing
shear force and bending moment to the recorder parameter set and the correlation equation for the reference gage from
fatigue test, the stress history for this area is generated.

1.2.4 On-Board Loads Monitoring System of Canadian Forces CF-18 Aircraft (2)
Usage characterisation of the CF-18 fleet is also a key element of fatigue life management of the CAF F-18 fleet. In
contrary to the TORNADO, all of the CF-18 aircraft are equipped with strain gage sensors at different locations during
production, see Fig. 1.2.4.-1.

Fig. 1.2.4-1    CF-18 Strain Gage Locations
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Flight parameters are recorded together with the strain gage signals on a flight by flight bases within the Maintenance
Signal Data Recorder (MSDRS) and allow individual aircraft tracking throughout the service life of every aircraft.
Location of the strain gages were selected by the manufacturer based on criticality of the structure, its accessibility and the
degree of protection from accidental damage. Prime and spare gages are applied for redundancy. Use of the direct strain
measurements inherently accounts for parameters like airspeed, altitude, weight, store configuration and cg-variations
during flight. However, the accuracy of the fatigue calculation is dependent upon the reliability and proper installation of
the sensor.
Data are stored on magnetic tape and downloaded to a ground station. Different level of data reduction and reporting can be
generated from limited fatigue analysis codes at operating bases to assess severity of individual flights or mission profiles to
annual reports for long-term trend analysis.
Since the F-18 was also designed to a safe life philosophy, fatigue consumption is calculated in terms of Fatigue Life
Expended (FLE) against the 6000 FH life of the design usage spectrum. This linear relationship was established using the
information collected during full scale fatigue test conducted by the manufacturer and is scaled for CF in-service usage and
structural configuration changes between test article and fleet.
For the purpose of fatigue calculations, crack initiation was defined as formation of a crack of 0.25 mm or 0.01inches.
Cracks usually originate at locations of tensile stress concentrations, where material strength is exceeded when high load
magnitudes are frequently encountered in-service.
From  the in-flight MSDRS recorded strain peaks and valleys, a representative loading spectrum is generated, and by using
the individual material stress-strain relationship of the components, the corresponding stress spectrum is obtained.

From this spectrum the amount of damage per cycle and afterwards the crack initiation life can be calculated by using
material dependent S/N-curves, Fig. 1.2.4-2.

Fig. 1.2.4-2    Crack Initiation Concept

The FLE is then expressed as the total damage accumulation to date divided by the total structural fatigue damage required
to initiate a 0.25 mm crack under the design loading spectrum.
After initiation, remaining life of the component is used by crack growth up to the critical crack length. Currently, the
fatigue analysis program does not contain a crack growth prediction model.
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Together with fatigue awareness and control programs, reducing configuration severity for missions, within 2 years of
implementation, the CF was able to improve fleet attrition trends already by approx. one year of service, Fig. 1.2.4-3

Fig. 1.2.4-3    Life Improvement of CF-18 Fleet

Some of the experiences with the system of individual aircraft tracking through strain gage sensors are:

* Fatigue damage calculations are improved by direct strain measurements due to elimination of A/C flight parameters
from the equations

* Accuracy of the measurements are vital and gage drift over time is a concern
* In flight-calibration of gages through reference manoeuvres during maintenance test flights can be a solution to gage

drift
* Reliability of the strain sensor is vital, since drop-outs must be replaced with conservative "fill-in"-algorithm, leading

to artificially higher FLE data.
* Timely reporting schedules are essential for feedback of damage accumulation and on the effects of role

changes/aircraft usage to the operational squadron as well as to the fleet manager.

2. INFLUENCE OF THE STRUCTURAL CONFIGURATION STATUS
An aircraft in service or produced over an extended period of time will change its structural and system configuration in
many areas due to structural modifications, additional systems installed, improved engine performances etc.
While major structural modifications are usually covered by either extensive analysis, accompanied by component testing
and sometimes even full scale tests, the smaller modifications and "updated" system installations are well documented in
production configuration control files, but mostly "neglected" for internal loads influence for some time.
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Fig. 2.0-1 shows the increase of  the TORNADO structural mass aft of the rear transport joint, including vertical and
horizontal tail components for the different batches within a production period of 14 years together with the design weight
used in the unified analysis in 1976.

Fig. 2.0-1    Historic Structural Mass Increase of TOR Aft Fuselage

The "immediate solve" for weight increase of reducing internal fuel and keeping the Nz-level (Nz x m = constant) will
obviously not work for this problem, based on the fuel sequence the wet wing mass definition is no longer valid and leads
to higher wing loads. The same effect is also valid for the front fuselage, as explained in the previous paper “AIRCRAFT
LOADS” .
At the same time engine thrust has been raised also by 16%, although only a fraction of it is used during peacetime
operations, the heavier engine contributes to the mass increase. More important, in contradiction to a special role
equipment, which may be cleared with restrictions like "Not for peacetime training missions", this mass increase influences
the fatigue life consumption permanently during every flight hour and every manoeuvre.

The influence of the higher loads can be clearly seen on the structural transport joint loading leading to vertical shear load
increase of approx. 20 kN or 4500 klbs and vertical bending of 30 KNm or 265000 inlbs respectively  an additional 6.5 %
based on the design limit loads, Fig. 2.0-2.

Fig. 2.0-2    Interface Load Increase at Rear Transport Joint
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A regular check of the present inertia loads status after modifications and system upgrades is therefore mandatory to make
loads monitoring concepts, based on parametric data, work.

3.  HEALTH AND USAGE MONITORING SYSTEMS (HUMS) FOR AGING AIRCRAFTS
The major research in the area of smart vehicle technologies including integrated health and usage monitoring systems
for inherent or onboard diagnostic of the structural status is directed towards future aircraft to improve performance,
reliability and survivability or reduce pilot loads. Some of this technology will also be applicable to existing fleets of
fixed and rotary wing aircraft’s and help to improve flight safety and reduce maintenance cost.
While onboard computing devices already offer means to process strain gage readings and flight parameter data during
flight or at the end of every mission, the subsequent analysis of this ever increasing data base require careful
consideration for fleet management and maintenance planning. The need for automation of the data reduction including
diagnostic software to support the decision making process is vital for the future.
At the same time care needs to be taken in defining analysis and handling techniques for the enormous amount of data
that is generated and becomes the basis for decisions, affecting flight safety and maintenance procedures, thus becoming
a certification item itself.

3.1 The HUMS Procedure
The key elements of  any HUMS are the real time diagnostic of the structural status of the aircraft using a sensor, linked
to a processor and display unit and an intelligent software to compare actual events or accumulation of damage / wear
with predefined limits, evaluate the criticality and provide information to other systems like pilot alert or maintenance
recording units for later retrieval.
Sensors used must have the capability to detect the type, extent and location of the damage within the component
without being disturbed by the in flight environment (noise, vibration, temperatures etc.) and should have the robustness
to endure the airframes  life, not creating an additional / critical maintenance issue.
Processors obtain, verify and process the sensor data through software routines and perform the health assessment for
the component. The output is either stored for subsequent usage within a maintenance data recorder unit or displayed
onboard during flight for event alert.
Software includes data collection, analysis algorithm and expert systems to initiate the “decision making process”. In
some cases Neural Network technology has been promoted to link loads and fatigue data to flight parameters, especially
for rotorcraft where direct measurement of local data through strain gages are difficult or inappropriate (i.e. on rotating
elements for vibration loads). However, these Neural Networks require training and validation  (especially when HUMS
is used within the certification process) which again can only be measured using direct techniques.

Fig. 3.1-1 gives a schematic overview of  a HUMS architecture for structural applications.

Fig. 3.1-1    Schematic overview of HUMS architecture
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3.2 Sensors
The following table gives an overview of sensors commonly evaluated in HUMS programs:

Sensor Type Structural Application

Acoustic Emission Damage Detection, Cracks, Delaminations, Impacts

Acousto Ultrasonics Damage Detection, Cracks, Delaminations, Impacts

Modal Analysis Vibration modes, Damage Detection

Strain Gage Strain Measurement

Fibre Optic Strain Temperature Pressure

Crack Gage Crack Growth

Accelerometer C.G. or Local Acceleration, Vibration, Buffet

Pressure Transducer Pressure

Displacement Transducer Structural Deformation

Electro Chemical Corrosion, Environment

Thermocouple Temperature

While strain gages, accelerometers and thermocouples are well known sensors used in existing fatigue monitoring
programs, fibre optics and acoustic emission sensors have found recent  application in research programs for health
monitoring of structures. While isolated sensor  function and data collection on coupon level is well understood, the
sensor array, the distribution architecture and the method to collect and analyse data on complex structures is still being
developed.

Since for metallic structures the dominant mechanical damage are fatigue cracks, the sensor must be able to identify
damage as small as 2.5 mm in areas like sharp radii, around fasteners or in build-up structure without knowing the
precise location up-front.

3.3 Structural Application of HUMS
Application of  HUMS to detect and monitor fatigue damage in metallic structure has been successfully demonstrated
during ground testing on coupons, complex sub-elements and full scale structures. Fig 3.3-1 shows the application of
acoustic emission sensors located in the web of a typ. machined bulkhead in an array around the critical location of the
hole. During the monitoring phase, the major tasks of the systems is to identify and “filter” structural noise from damage
events, identify crack initiation and monitor crack growth.
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Fig. 3.3-1    Acoustic emission sensors in web area of frame

While in simple structures the distance from crack location to sensor to detect events can be as far as 450 mm, a more
complex structure with joints or geometric discontinuities requires the sensors much closer to the expected failure
location to obtain reliable results.
Fig. 3.3-2 shows monitoring locations on a full scale testarticle, were “hot spots” were monitored during a 9000
spectrum flight hour fatigue test. Failure occurred in Zone No. 4 just prior to the 9000 h inspection and the system was
able to discriminate signals due to crack growth from background noise, starting at app. 7000 spectrum flight hours.

Fig. 3.3.-2    Full scale test article with monitoring loactions
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Fig. 3.3-3 shows sensor location in Zone No.4, the signal versus time and frequency band for both, background noise
and the crack growth event.

Fig. 3.3-3    Zone 4 sensor location and results
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A different method of monitoring structural health is shown in Fig. 3.3-4, a fibre optic array embedded in the composite
structure during manufacturing of the part. This technology has been mainly applied to advanced composites on research
and test bench level. Issues like the effect of the fibre on the basis material, robustness and long term stability of the
fibre and the sensor interface, repairability, sensitivity of the sensor and degradation with damage occurring are a few
areas for continuos research.

Fig. 3.3-4    Fibre Optic monitoring array embedded in structure

The two major tasks of structural health monitoring:

- Identification of events / damages
- Continuous monitoring of loads within the structure could be achieved within one system and using one sensor only,

if the system is designed accordingly.

The fibre would have adequate sensitivity to measure strain levels  and detect anomalies that might indicate the
development of structural weakness through fatigue and/ or local damage, while impact damage above a predefined level
would lead to a radical signal response change and in-flight or post mission actions would be triggered.

While today’s existing and ageing fleets of fixed wing aircraft and helicopters still rely on direct monitoring methods
and these technologies need to be refined  for future applications, the fully integrated HUMS on individual component
level will lead to higher exploitation of  structural life for existing structures, an option for on condition maintenance if
cost effective and the reduction of some conservatism in the design process of new weapon systems.
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Summary

Fatigue is a failure mode in aircraft  that emerged in the f if t ies and sixties as a significant
threat to their  structural integri ty.   Since that t ime, the research community has
extensively studied the phenomenon and has developed the technology to describe the
propagation of fat igue cracks in a structure.   This paper describes an approach that,  when
followed, will  vir tually el iminate catastrophic fai lures from this mechanism.

Introduction

Most engineering structures,  part icularly metall ic components,  when subjected to cyclic
loading have the potential  for fail ing below their  pristine strength.  Such a fai lure is
referred to as a fatigue failure.   There is a progressive degradation of the strength from
cracks emanating from manufacturing damage, in-service induced damage, or intrinsic
defects in the material .   Constant amplitude test ing is  used to characterize the residual
strength of a structural  member after  i t  has been subjected to a specified number of
loading cycles.   This paper examines the approaches that researchers have used to prevent
catastrophic structural fai lure result ing from cyclic loading.

Except for those fai lures result ing from exceeding the operational envelope of the aircraft ,
s tructural failures prior to the mid-forties were rare.   One reason for this  is  that before the
mid-forties,  aircraft  rarely accumulated sufficient  f l ight t ime on their  aircraft  to suffer
from fatigue failures.   Further,  the ductile materials and conservative methods used for
analysis tended to preclude failures.   Experience has shown that  early aircraft
manufactured with ducti le materials  and designed based on stat ic strength only are
typically safe from failure caused by fat igue for  at  least  1000 fl ight hours.   I t  was rare for
a combat aircraft  in World War II ,  for  example,  to remain operational for more than 1000
hours.   The demand for improvements in performance in the late fort ies;  however,
introduced new materials  with high strength,  but few other virtues.   Further,  the demand
for performance improvements reduced analytical  conservatism and introduced designs
that  were to operate at  high alt i tudes.   The design community appeared oblivious to the
consequences of their  actions.   Even before the t ime of the first  f l ight  by the Wright
Brothers,  fat igue was a major issue in many industries.   In the rai lway industry alone,
fatigue failures of wheels caused numerous deaths.   These failures seemed to make no
impression on aircraft  designers.   The success they had stemming from the days of the
Wright Brothers appeared to continue without interruption although fat igue failures in
aircraft  can be traced back to the late twenties.

The reali ty of the consequences of aging came sharply into view for the United States Air
Force (USAF) on March 13, 1958 [1] when they lost  two B-47 aircraft  because of fatigue
cracking in the wing.  I t  was on this day that  the aging aircraft  research effort  started for
the USAF.  The USAF did not  specify a service l ife for the B-47.   Consequently,  they
based the design on the assumption that fai lure from overload was the only threat to i ts
structural integri ty.   This was common practice for aircraft  designed in the late forties
such as the B-47.  Review of the then current l i terature on structural design provided no
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hint  fat igue was a serious consideration.   However,  the USAF intended to maintain the
aircraft  in service unti l  1965.   The technical  basis for maintaining the aircraft  in service
for that length of t ime did not exist .

The 1958 failures motivated the USAF to establish the USAF Aircraft  Structural  Integrity
Program (ASIP).   The USAF designed this program for use with new weapon systems
acquisit ion for their  inventory.   The program as originally conceived defined a sequence
of tasks that progressively reduced the risk.   These tasks,  composed of analyses and tests,
included all  efforts for the qualif ication of USAF aircraft .   This concept is just  as valid
today as i t  was in 1958.  The approach,  al though sound in i ts concept,  had a fatal  defect .
The original program incorporated a rel iabil i ty  concept called safe l ife to qualify the
structure for the loads environment expected in operational service.   The USAF
determined the safe operational l ife from the results  of a full-scale fatigue test  of the
structure.   They conducted this test  in a laboratory environment.   They divided the number
of successfully tested fl ight hours by a factor called the “scatter  factor.”  The scatter
factor (usually in the interval  from two to four) supposedly accounted for material
property and fabrication variat ions in the population of aircraft .   The trouble with this
approach was that  i t  did not preclude the use of low ducti l i ty  materials operating at  high
stress.   Unfortunately,  i t  was at  this t ime that aluminum companies were introducing high
strength al loys in response to the insatiable desire for  improved aerodynamic performance.
Consequently,  the “safe l ife” concept did not el iminate the in-service failures the USAF
designed i t  to prevent.   The “safe l ife” approach adopted by the USAF in 1958 proved to
be ineffective in eliminating fat igue cracking as evidenced by the fai lures in operational
aircraft .

Probably the most significant in-service event since 1958 that  changed the original
version of the ASIP was the fai lure of an F-111 in December1969.  F-111A number 94 (SN
67-049) fai led on 22 December 1969 as a result  of a wing failure in the lower plate of the
left  wing pivot fi t t ing.  At the t ime of fai lure,  the aircraft  had approximately 100 hours of
fl ight t ime.  Catastrophic loss of this F-111 demonstrated the fatal  defect in the "safe l ife"
method.  That  is,  the safe l ife method did not preclude designs that were intolerant to
manufacturing and service-induced defects.   Other losses (e.g. ,  F-5,  B-52,  and T-38) and
incidents of serious cracking (e.g. ,  KC-135) during this period confirmed this
shortcoming.  These failures lead to a new approach for the protection of USAF aircraft
safety,  a damage tolerance approach.  The approach selected by the USAF was damage
tolerance.   The concept of damage tolerance is  discussed in detail  in Section 2.   The basis
for the process is  to assume the structure has a flaw, a sharp crack,  that  is  the least  upper
bound of the expected flaw distr ibution.   The operator makes inspections such that  the
crack does not reach the point  of rapid propagation before i t  is  detectable.   The damage
tolerance approach is in a state of continual improvement because research and
development has lead to better  methods in fracture mechanics methods and stress analysis
over the last  thir ty years.   The introduction of damage tolerance principles by the USAF in
their  structural inspection program in the early seventies vir tually el iminated fat igue as a
safety issue in their  aircraft .

The USAF incorporated the damage tolerance approach in the ASIP, and in 1975, they
published the process.   This program, for a new acquisi t ion,  provides a series of t ime
related tasks that will  provide progressive risk reduction in the progression of the
engineering and manufacturing development phase of procurement.   The current version of
the ASIP includes f ive separate tasks that cover all  aspects of the development and
support  of an aircraft  structure.   For any given program, if  the USAF does not plan to
include a specific element,  then they must  establish the rat ionale and potential  impact on
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the structural integri ty of the weapon system for the exclusion.  The main tasks of ASIP
[2] are as follows:

 I.  Design Information
 II.  Design Analyses and Development Tests
 III.  Full-Scale Testing
 IV.  Force Management Data Package
 V.  Force Management

The original goals of ASIP were to (1) control structural failure in operational
aircraft,  (2) devise methods of accurately predicting service life, and (3) provide
design and test approach that will avoid structural fatigue problems in future
weapon systems.

The ASIP is also the standard by which the USAF can evaluate aging aircraft  issues for
structural components.   For this purpose,  the USAF normally emphasizes a subset  of the
elements of ASIP.  For example,  they extracted the appropriate elements of this program
to perform the damage tolerance assessments (DTAs) during the seventies and eighties.
The Air Force invested approximately one mill ion man-hours in that  effort  to provide an
inspection and modification program that  greatly enhanced the safety of aging aircraft .
Aging aircraft  for many years have had a significant influence on the USAF research and
development programs and have been a major driving influence on the elements of the
ASIP.

Two of the main products of the ASIP process are development of the report  on strength
and operating restrict ions and the development of the Force Structural  Maintenance Plan
(FSMP).  If there is a need to change ei ther of these documents because of f l ight beyond
design usage that could introduce new cri t ical areas,  corrosion, WFD, or repairs,  then the
aircraft  is  said to be in a state of aging.

Experience with operational  aircraft  has shown they rarely fly according to their  design
spectrum of loads.   Data from fl ight load recorders have typically shown there are
considerable differences in usage severity among aircraft  with the same designation.   The
USAF often finds the average aircraft  usage is more severe than originally perceived early
in the design process.   This f inding is made more significant by the fact the damage
tolerance analysis may have not identif ied an area that  would be a concern for aircraft
with usage more severe than that assumed for design.   Experience has shown the mass of
an aircraft  increases because of addit ional equipment or modification after  an aircraft
enters operational service.   In addit ion,  there are differences because there are changes in
pilot  techniques as they become more familiar with the aircraft ,  and mission changes
because of new weapons and tactics.   The aircraft- to-aircraft  variabil i ty  comes from
several  sources such as base to base variations in distance to test  ranges and training.
These experiences tend to degrade the capabil i ty  of the full-scale durabil i ty test  that
consisted of two lifet imes of average usage to identify al l  the areas of the aircraft  that
could potentially  cause a loss of safety.   In most cases,  an update of the DTA can account
for any change needed in the inspection or modification program.

For the past forty years,  the United States Air  Force has used the USAF Aircraft
Structural  Integrity Program (ASIP) to maintain safe and economical operation of aging
aircraft .   This program has been supported over the years by USAF laboratory programs in
the areas of fracture mechanics,  corrosion prevention,  fl ight loads,  nondestructive
evaluation,  human factors,  and maintenance and repair .   These efforts provided the Air
Force with the technology required to support  the operational aircraft  maintenance
programs based on damage tolerance.
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As indicated above, the USAF significantly changed this program because of the failure of
an F-111 in 1969.  This event ushered in the era of damage tolerance in the USAF [3].
The first  assessments performed on the C-5A and the B-1A in 1971 and 1972 help derive
the original DTA requirements for the USAF.  These requirements were derived for
monolithic ( i .e. ,  s low crack growth) structures.   The failure of an F-4 wing on 23 January
1973 in a structural location the USAF considered fai l-safe demonstrated to them that  a
structure could not be fai l-safe without an inspection program.  This failure strongly
influenced the damage tolerance requirements as ini t ial ly established first  in MIL-A-
83444 and subsequently in AFGS-87221A.  The technology for the analysis of fai l-safe
designs has evolved slowly,  primarily because of the need for extensive finite element
programs supported by expensive test  programs.  The change to a damage tolerance
approach prompted considerable research and development in the area of fracture
mechanics.   The then Air Force Flight Dynamics Laboratory was the focal point  for much
of this research.   In the sixties and seventies,  they developed much of the fracture
technology that is st i l l  in use today.  In addit ion,  since the damage tolerance approach
forced the engineer to better  understand the stresses in the structure,  f inite element
techniques emerged as the method of choice for the stress analysis.   These capabil i t ies
permitted the USAF to perform a DTA of all  the major weapon systems in the inventory in
the seventies and eighties.   This effort  required over one mill ion man-hours to complete
and every major manufacturer was involved with this activity.   Because of this  activity,
industry was able to develop the technology required for this type of analysis.   This
technology is also suitable for application to new aircraft  developments.   Consequently,
the USAF was able to include damage tolerance requirements in the specification for new
aircraft  procurement.

After  completion of the DTA on every major weapon system [4],  the USAF laboratories
continued research in other areas associated with aging aircraft .   One of these was to make
a better  determination of the durabil i ty  of aircraft .   For this purpose,  they sponsored
research in the determination of init ial  crack distr ibutions in aircraft  s tructures.   Much of
this effort  was concentrated on the interpretat ion of the cracks found in the teardown
inspection of the F-16 wing after  completion of the durabil i ty  test .   Another effort  related
to aging aircraft  was the development of the procedure for the evaluating the probabil i ty
of failure for a population of aging aircraft .

The need for nondestructive inspection technology to enable the damage tolerance driven
inspections has been a major thrust  of the Air Force for many years.   Among these
technology programs was a major effort  to determine the probabil i ty  of crack detection in
an operational  environment.   Both the USAF and the FAA recognize the need for
continuing the effort  to quantify the capabil i ty  of inspection techniques since this
capabili ty is cr it ical to fl ight safety.

There are significant research and development efforts currently underway in the area of
nondestructive evaluation of aging aircraft .   NASA LaRC and several  academic
insti tut ions including Iowa State Universi ty and Johns Hopkins University are doing much
of this work.   The USAF is working with these inst i tutions and the FAA Technical  Center
to ensure these efforts  meet the their  requirements.

The USAF research and development program for aging aircraft  has provided the
technology base for safe and economic operation of mili tary aircraft  through the ASIP.
As an indicator of this success,  the fai lure rate for all  systems designed to and/or
maintained to the current policy is one aircraft  lost  due to structural reasons in more than
ten mill ion fl ight  hours.   This is  significantly less than the overall  rate of aircraft  losses
from all  causes by two orders of magnitude.   I t  has also,  at  t imes,  given program managers
a false sense about the remoteness of structural fai lures.   This success,  however,  should
not be used to indicate there is  no need for continued research on the structure of aging
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aircraft .   The return on the investment in this research is reduced cost  and downtime with
inevitable structural  problems.

As indicated above,  the materials in many aircraft  were the result  of the desire for
improved performance with l i t t le attention given to the potential  for corrosion and stress
corrosion cracking damage.  Further,  at  the t ime of manufacture of many of these aircraft ,
the focus on corrosion protection was not what i t  is  today.  Many of these early  corrosion
protection systems have broken down.  In the open areas,  the operator can readily renew
them.  There is,  however,  no easy way to renew the corrosion protection system in the
numerous joints.   Experience with modification and repair  of  aging aircraft  has revealed
that  joints without proper protection experience significant damage that  results in costly
part  replacements.

The corrosion concern is now becoming more acute in that the environmental  protection
laws have eliminated the use of some of the standard corrosion inhibitors.   Another issue
is that the nondestructive evaluation techniques are marginal .   The standards for corrosion
damage are so poorly defined that i t  is difficult  to properly characterize the damage
found.  This deficiency creates a real  problem in the future years cost  projection for
structural maintenance.

The Damage Tolerance Assessment (DTA) Process

The definit ion of damage tolerance is  the following:

Damage tolerance is the at tr ibute of a structure that permits i t  to retain i t  required
residual strength for a period of unrepaired usage.  I t  must be able to do this after  i t  has
sustained specified levels of fat igue,  corrosion, accidental ,  or discrete source damage.
Examples of such damage are (a)  unstable propagation of fat igue cracks,  (b) unstable
propagation of init ial  or service induced damage, and/or (c)  impact  damage from a
discrete source.

Figure 1 shows the steps in the DTA process.   This description applies primarily to the
process used by the USAF.  The procedure used by commercial  operators is  quite similar. .
The DTA is an integral  part  of the aging aircraft  program for both mili tary and
commercial  aircraft .   The concept is simple.   The fl ight t ime to the first  inspection is
based on the t ime required for the largest  defect expected in a fleet of aircraft  from
manufacturing or in-service damage to grow to cri t ical  crack length.   Subsequent
inspections are based on fl ight t ime for the NDI detectable defect  size to grow to crit ical
crack length.   A crack growth function i l lustrat ing this process is shown in Figure 2.
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The ordinate of the point A is  the init ial  f law assumed for the analysis.   The abscissa of
the point B is half  the t ime needed for the init ial  f law to grow to crit ical.   The ordinate of
the point C is the NDI detectable crack length.   This crack is  then grown to the point D
whose abscissa is half the t ime required for crack to grow from B to cri t ical crack length.
The process is repeated until  the inspections reveal  an actual crack or  the structure needs
to modification for WFD.

The process evolved over a period of several  years after the USAF applied i t  init ial ly  to
the B-1A and the C-5A.  I ts  successes include the F-4,  an aircraft  that did not  have a
requirement for l i fe when the U.S. Navy procured i t .   The USAF purchased this aircraft  in
large quanti t ies,  and i t  became an essential  ingredient of their  fighter f leet .   After a crash
at Nell is Air  Force Base in 1973 caused by fatigue,  the USAF found themselves in a
difficult  si tuation.  They init iated a recovery program that included a DTA and fatigue test
conducted in their  laboratory at  Wright-Patterson Air Force Base.   Because of this effort ,
the F-4 remained in operational service unti l  the nineties without further incident.   During
the seventies and eighties,  the USAF performed a DTA of every major weapon system in
their  inventory [17].   These successes motivated the USAF to apply this technology to
engine structures with similar results.   The discussion below describes the method used
for damage tolerance with examples on how the USAF applied i t .

The first  task of the DTA is the identification of crit ical areas of the structure.   A crit ical
area is  a location or part  of the structure that  could affect fl ight safety and may need
maintenance in the form of an inspection or modification during the l ife of the aircraft .
There are several  techniques for identif ication of these areas.   Actual  cracking experience
through service operations or durabil i ty  testing is  usually the most important
consideration.  Areas that have high predicted or measured stress and details that  make
them prone to cracking are,  of course,  prime candidates for the assessment.   Another
consideration in the selection of cri t ical  areas is i ts  ease of inspection.   In general ,  the
analyst  gives higher priori ty  for selection on cri t ical  areas difficult  to inspect.   I t  has been
extremely helpful  to use the accrued knowledge of the original  aircraft  contractor in
identifying potential ly cri t ical areas.   On some of the assessments,  preliminary est imates
were made of the flaw growth in the candidate cri t ical areas.   When this of inspection.   In
general ,  the analyst gives higher priori ty  for selection for areas that are difficult  to
inspect.   I t  has been extremely helpful to use the accrued knowledge of the original
information was available,  i t  was much easier to make a decision on which of the
candidate areas the analyst  should subject  to a f inal  analysis.   For small  aircraft ,  the
number of candidate areas generally was of the order of 40 to 70.   The analyst  would
normally be able to screen these down to 10 to 30 for final  analysis.   For larger aircraft ,
the number of candidate areas generally was of the order of 60 to 150.  The analyst  would
screen these down to 30 to 60 for final analysis.

The second task of the DTA is the development of the stress spectrum for each area
identified for a f inal analysis.   This is one of the more demanding aspects of the DTA
process.   The reason is there are significant changes in the rate of f law growth due to
relatively small  changes in the cyclic stresses.   To perform this task properly,  generally
three data i tems must be available to the analyst .   First ,  he must have operational
experience available in a usable form.  This operational data must provide a basis for
establishing a fl ight-by-flight sequence of points in the sky (i .e. ,  al t i tude,  weight,  and
aircraft  motion parameters) .   This was usually available from multi-channel data on
fighter or attack aircraft .   For transport  category aircraft ,  the USAF usually derived the
sequence from fl ight log information supported by multi-channel data to define the
maneuver and gust  environment.   In all  cases except one,  there was a sufficient database
to derive the sequence.   This exception was the A-7D, which was equipped with counting
accelerometers only.   Consequently,  as a part  of the A-7D DTA, an operational data base
was derived from collecting 1,250 hours of multi-channel data from aircraft  located at  two
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bases.   The second data i tem necessary for the derivation of the stress spectra is the set  of
equations needed to determine the external  loads ( i .e. ,  shear,  bending moment,  and
torsion) for a given point  in the sky.   For USAF aircraft ,  the manufacturer usually
determined the external loads through analyses,  wind tunnel test ing and in-fl ight  strain
surveys.   For all  aircraft  except the F-4,  there was sufficient confidence in the exist ing
data to perform this task.   The USAF elected to perform a f l ight  loads survey on this
aircraft  during the course of the DTA.  This turned out to be very beneficial  because the
pre-exist ing data would have produced a pessimistic view of the maintenance burden for
this aircraft .   The final data i tem needed for the generation of the stress spectra is  the
external loads to stress transformation.   For all  of the aircraft  studied,  there were at  least
some experimentally derived stresses from previous stat ic and durabil i ty  tests .   However,
in all  cases i t  was necessary to conduct addit ional stress analyses.   The contractor
performed these addit ional analyses typically using the finite element method.  The scope
of this f inite element effort  ranged from evaluating stresses at  local  details  to f inite
element models of the complete airframe.  The finite element effort  varied significantly
from aircraft  to aircraft  because of differences in the test  database and the complexity of
the crit ical details.   Simplification of the stress spectra effort  would have been possible if
direct  strain measurements had been available.   In general ,  these data were not available.
In a few cases,  such as the C-5, this kind of information was available and was invaluable
for determining the environment from maneuver,  turbulence,  and aerial  refueling.

The techniques used in deriving the stress spectra for the assessments varied quite widely
from aircraft  to aircraft .   Part  of the reason for this difference was due to available
database.   For example,  for the F-4,  the data collected from the VGH recorder provided
the number of occurrences of combinations of Mach number,  load factor,  and alt i tude in
predetermined bands.   Consequently,  the assessment of areas of the aircraft  sensit ive to
asymmetrical  loading required data from other aircraft  or from pilot  interviews.  For the
F-15, however,  the Signal Data Recorder provided a t ime history of both symmetrical and
unsymmetrical  parameters for use in developing the stress spectrum.  The F-15 database
more accurately accounted for the unsymmetrical  loading.   Moreover,  i t  permitted a more
realist ic assessment of the minimum stress excursion that followed a maximum stress
excursion.   For the F-4, the conservative assumption had to be made that after a maximum
stress there followed either a stress corresponding to one-g fl ight or a stress
corresponding to less than one-g fl ight.   The database on the F-15 enabled the analyst  to
remove this conservatism.

The USAF performed all  of the fighter and attack aircraft  assessments by reconsti tuting
the individual f l ights from the databases except for the F-111.  For this aircraft ,  the multi-
channel recorder data was used directly to randomly generate a "block" of f l ights of
approximately 500 hours.   This is a very effective approach if  one can be sure the selected
fl ights are representative of the aircraft  usage.   For the F-111, they used the counter data
for load factor as a guide for this selection.  There was no at tempt made to maintain the
original  order of the individual f l ights since previous studies for the F-4 and other aircraft
showed sequence effects were insignificant if  the f l ights were randomly selected.

As indicated earl ier,  the VGH recorder was the basis for the F-4 usage database.   A
sampling technique based on VGH recorder data provided the approach for the derivation
of the stress exceedance function.   In this method, the analyst  computed the stress for a
representative set  of Mach number,  load factor,  weight,  and alt i tude combinations.   The
surface derived from the representative points provided the means to determine the stress
at  the fl ight-measured points.   Thus,  the recorder data determined the stress exceedance
function accounting for "all  points in sky.”  The USAF used a modification of this
approach in the development of the stress exceedance function for the A-7D DTA.  For the
A-7D, the approach involved a regression equation to interpolate based on the stresses
computed for a representative set  of aircraft  fl ight  condit ions.
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The environmental data that augmented the fl ight log data for the large aircraft  were
extremely important.   The USAF refers to these data,  used in the ASIP, as the
loads/environmental spectral  survey (L/ESS) data.   I t  provides the means to quantify the
three dimensional nature of wing gust  loads, the phasing of shear and bending moment,
and the aerial  refueling loads on the C-5.   These data were also very helpful for evaluating
the low-level turbulence on the B-52, C-141, and C-130.  In many cases,  such as the f ire-
fighting mission for the C-130, special  mission maneuver data needed quantification.   I t  is
the intent in the derivation of the stress spectra to determine the "baseline usage" as an
average usage for the force.   For aircraft  where there were significant usage changes
during their  l ife or there were possible changes in their  future usage, the baseline usage
reflected these changes.   For some aircraft ,  such as the F-111, with different Mission
Design Series (MDS),  the USAF derived a separate baseline usage for each MDS.  In
addit ion to the baseline usage,  there is  a need to derive stress spectra that represent
potential  variat ions from the baseline.   The test ing of these variations develops confidence
the procedure for tail  number tracking by fracture mechanics methods is  valid.   For the
older aircraft  assessments,  the usual procedure was to define a spectrum more severe than
the baseline and a spectrum less severe than the baseline.   Changing the baseline mission
mix generally accomplished this.

For the larger tanker,  transport ,  and bomber aircraft ,  the main source of data was the
fl ight logs.   In general ,  these logs had sufficient  detail  such that  engineers could divide
the usage among a relat ively few missions (of the order of ten).   Typically,  the assessment
had to include two or more distinct usage changes.  For example,  for the B-52Gs there
were differences in usage prior to,  during,  and after  their  Southeast  Asia operations.   In
addit ion,  the USAF anticipated the usage of the aircraft  in the future to be different from
all  the previous usage.

The third task of the DTA is to establish the init ial  f law size for the fracture analysis.
Because of their  inherent stress concentration,  fastener holes were predominant as
candidates for cri t ical  areas of the airframe.  The USAF noted there had not been a
structural fai lure in the number of f l ights i t  takes for a 1.27 mm corner f law in a fastener
hole to grow to cri t ical  crack length.   By 1975, they believed there was sufficient data to
make the judgment that  this size was sufficient to ensure aircraft  safety.   They derived
this belief  partially  from teardown inspections of full-scale fat igue test  aircraft ,  but
primarily from observing operational aircraft  such as the F-4,  C-5A, and the KC-135.
There has never been a r igorous substantiat ion of this  belief.   However,  experience in
subsequent years supports use of this size defect as being adequate to protect  f l ight safety.
The remaining task then was to determine the f law size for holes that were cold worked or
fi l led with an interference fit  pin.   The USAF determined this f law size on ad hoc basis .  In
some cases,  where there was a question of the adequacy of the installat ion of the
interference fit  pins,  there was no reduction al lowed.  In other cases,  where there was
confidence the installat ion was proper,  the USAF reduced the init ial  f law size to 0.127
mm.  The primary considerations in making this judgment were durabil i ty  test
performance and manufacturing procedures.   For example,  the C-141 durabil i ty  test
showed that the tapered fasteners did extend the l ife of that  aircraft .   However,  there was
some concern about the quali ty  of the hand held dri l l ing operations in some areas of the
wing.  Consequently,  the DTA did not account for the benefit  of the tapered pins.
However,  machines with controlled feed and speed dril led many of the wing fastener
holes.   For these holes,  the USAF made a decision to reduce the init ial  f law by
approximately a factor of two.

The identif ication of the stress spectra for each cri t ical area and the init ial  f law permits
the init iat ion of the task of establishing operational l imits.   This combined analysis and
test  effort  uses the disciplines of fracture mechanics to find the safety l imit  for each
crit ical  area.   The fracture mechanics technology has improved significantly  from the
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early 1970 period.   However,  even with the analytical  capabil i ty  available today, the
process would be meaningless without test  substantiat ion.

There are two main reasons for fracture test ing.   First  is analysis verif ication.   The aim is
to accomplish this  with the least specimen complexity possible in order to isolate the local
detail  (e.g. ,  a fastener hole) and evaluate the spectrum retardation.  The specimens used
for this purpose were generally dog bone specimens with the proper material ,  thickness,
size of fastener,  and load transfer .   The second reason for testing is  to establish high and
low side truncation levels.   The low side truncation is  primarily an economic
consideration.   The object  is  to eliminate as many cycles as possible with a small  stress
range without significant change in the crack growth.   The removal of the high stresses (or
clipping) eliminates those cycles that  make a crack grow slower and retain those which
make a crack grow faster.

In the early 1970 period,  there was a belief that  crack growth was quite sensit ive to the
loading sequence within a fl ight .   Therefore,  as part  of the DTA, the USAF required tests
to evaluate these effects.   I t  was learned that if  they simulated loading on a fl ight-by-
fl ight basis,  then the ordering of loads within a f l ight  was of secondary importance.
Consequently,  they discontinued this type testing.  For almost al l  of the aircraft ,  the fact
that  the cri t ical  crack sizes were sufficiently small  such that there was l i t t le if  any
redistr ibution of stresses during crack growth simplified the fracture analysis.   Further,
the primary structural  issue was crack growth from a fastener hole or an open hole.
Therefore,  the analyst  needed to concern himself with the part  through flaw in mode I
cracking from both fi l led and unfi l led holes,  load transfer  on the fasteners,  and retardation
effects.   For simulating the retardation effects,  the analysts generally used the Wheeler
model,  the Willenborg,  the modified Willenborg,  or some form of a contact  stress model.
The T-38 analysis used the Vroman model for part  of i ts  DTA.  This model was not used
for any other assessment.

Analysts learned that  proper counting of the stress cycles in the spectrum was essential
for obtaining accuracy.   The so-called rain flow procedure is now commonly accepted as
an adequate procedure for counting the stress cycles in the spectrum [30].

After the verif ication of the crack growth analytical  model through coupon and in some
cases,  component test ing,  the effects of the chemical environment entered the analysis
process.   For the early assessments,  the tendency was to take a conservative view of the
environment.   That is ,  the USAF required the selection of an environment more aggressive
with respect to crack growth than actually expected.   This posit ion was relaxed in the late
1970s and they placed emphasis on selecting a realist ic environment.   Constant  amplitude
crack growth tests performed in the desired environment provide the basis for the
quantification of these effects.   The crack growth analysis includes the environmental
effect in the data used for the crack growth rates.   The procedure is subject  to crit icism
because i t  may not accurately account for the effects of cyclic frequency and load
interaction effects with the environment.   There is no indication from the inspections
performed on operational aircraft  the error is significant.

The crack growth analysis plays a dominant role in damage tolerance approach.  The tool
must be usable for different chemical as well  as loading environments.   In other words,  i t
is  the mechanism for tracking the crack growth on each tai l  number in the force and
thereby ensuring aircraft  safety.   Therefore,  i t  is extremely important to validate the
analysis for the expected range of service operations.   After  the analyst establishes the
safety l imits for all  the cri t ical  areas of the structure,  the development of the Force
Structural  Maintenance Plan (FSMP) can proceed.  The FSMP provides the how, when, and
where for  structural inspections or the when and where for modifications.   In many cases,
i t  was found, based on either economic or safety considerations,  that  modifications were
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preferable to continued inspections.   This situation existed for the C-5,  T-38,  F-4,  and
KC-135, for example.   Of course,  the DTA process should include the modifications.

One of the more important tasks in the damage tolerance approach was to establish the
NDI capabil i ty .   This was done with the help of the NDI experts  from the now Air Force
Research Laboratory (AFRL) Materials Directorate,  the appropriate Air Logist ics Center
(ALC),  and the contractor.   In some cases,  such as the EF-111, they conducted an NDI
reliabili ty program to determine the f law size corresponding to 90 percent probabili ty of
detection with 95 percent confidence.   However,  these cases were in the minority and,
consequently,  the USAF based most of the NDI detection capabil i ty  on judgment.   When
possible,  they avoided inspections that  involved removal of fasteners.   In addit ion,  the
USAF rejected the concept of sampling inspections rather than inspecting 100 percent of
the force.

The FSMP covered the period of the planned operational usage of the aircraft .   Thus,  the
FSMP permitted the ASIP manager at  the ALC to determine the out years maintenance
cost .   The accuracy of these costs was suitable for budgetary estimates.   The accuracy for
any given tai l  number is;  of course,  dependent on how closely that aircraft  f l ies to the
baseline.

USAF structural  engineers have long recognized the need for tai l  number tracking of
aircraft .   This is evident from the emphasis given to i t  in the 1959 version of ASIP.  The
only significant change from the original  version is  the tracking process is for crack
growth rather than fatigue damage.  The USAF developed the first  t racking program based
on fracture for the F-4 during i ts  DTA.  Now all  aircraft  that  have had a DTA have a
tracking program based on fracture mechanics.   For many of these aircraft ,  the ASIP
manager has the computer programs to provide an immediate view of the maintenance
status of his aircraft .   This provides him with both near and far term planning and decision
making capabili ty .   I t  provides him with the capabil i ty to determine the consequences of a
mission change.   There is  also a need for commercial  aircraft  to have a periodic
reassessment of their  usage.   The availabil i ty  today of excellent digital  recording devices
has made this task considerably more manageable than in the past .

The damage tolerance approach has led to a greatly improved understanding of aircraft
structures and their  performance.   I t  is the foundation for maintaining fl ight safety in
aging aircraft .   I t  has also led to a greater recognition that  addit ional research and
development in the areas of materials ,  structures,  and nondestructive evaluation were not
only needed, but could further increase the reliabil i ty  of systems.  Consequently,  over the
last  several  years,  many programs have focused themselves on increasing the knowledge
base available to enable longer l ives and more reliabil i ty from airframes and engines.
Overall ,  the damage tolerance experience has been good.  The cri t icism, which is rare,  has
come from people who believe the approach is too conservative when they perform an
inspection,  and find no cracks.   On the other hand, the DTA process has correctly directed
inspections to areas that full-scale test ing did not indicate they were crit ical.   Figure 3
shows the DTAs performed by the USAF during the seventies and eighties.
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Figure 3  Damage Tolerance Experience in the USAF

Conclusions

Operational aircraft  failures from fatigue in the fif t ies and sixties motivated a
fundamental  change in the approach for ensuring safety of f l ight  for aircraft .   In the
seventies,  many cert if ication authorit ies endorsed the damage tolerance process for design
and maintenance of safety cri t ical  structure.   The process uses stress analyses,  loads
analyses,  and fracture mechanics to determine inspection intervals or modification t imes
to the in-service maintenance program.  This disciplined process has proven to be
successful  in preventing structural  fai lures from fatigue.
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Snecma ATAR Engines Cost Effective
Maintenance in a 1960-2020 Life time

Michel COQUELET
Snecma Moteurs – Military Division

RN7 BP 81 - 91003 Evry Cédex
France (European Union)

1. Introduction :

Today, 47 airforces are operating more than 6000 engines sold by Snecma or by CFMI, the joint
company (50/50) of Snecma (France) and GE (USA) – (fig1).

Among those engines, some have been operated for more than 30 years (fig.2).
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Snecma’s target is to have all our customers satisfied. Therefore, we have developed a philosophy of
product and service continuous improvement, covering in in particular:

•  Life extension and maintenance cost reduction programs.

•  Modification proposals triggered by mission profile evolution.

•  Better of involvement of customers national industry (fig 3).

The following paragraphs of this paper will explicit how those principles have been implemented on
the ATAR engine program between Snecma and the operators.

2. The Snecma commitment.

- ATAR 9C engines are installed on Mirage 3s and Mirage 5s

- ATAR 9K50 are installed on Mirage F1 and Mirage 50.

The present operators base (fig 4) includes a large number of operators with limited resources and
who have planned to operate the engines up to 2020.

Snecma is committed to support the ATAR customers
until the end of service of the ATAR engines.
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The traditional way to maintain ATAR engines is to send the complete engines to the Depot Level
maintenance shop once the operating life limit has been reached and then perform the DLM overhaul
and repair.

This scheme fits well the needs of large fleet operators. However, it was found a little too expensive
by some operators with smaller fleets and more limited resources. This is the reason why Snecma has
developed the following tools:

- Long term support contracts

- Modular maintenance

- Second hand hardware availability.

- Standard exchange instead or repairs.

3. The ATAR Plus program

France, South Africa and Spain have jointly determined that one of the ways to limit ATAR 9K50
maintenance costs was to introduce a series of modifications known as the “ATAR Plus” program,
including

- Compressor OGV upgrade (fig.5)

- HP turbine NGV upgrade (fig.6)



3-4

The ATAR Plus program has been launched by a consortium of three companies:

- Snecma (France)

- Industria de Turbopropulsores (Spain)

- Denel Aviation (South Africa)

and is now entering production.
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4. Long term support Contracts Initiative

Cost limitation implies cost control.
Snecma has identified the need, voiced by some customers, to have a complete support contractual
package based on the following principles:

•  The operator performs maintenance operation only at the airfield location.

•  Snecma Moteurs performs all the rest of the engine maintenance and support on a design to cost
basis.

This leads to contracts between Snecma and the customers with the following typical features:

- Time of the contractual package : 5 years

- Fixed yearly price for general support (engine, test cell, GSE) and Technical assistance - training -
documentation.

- Snecma commitment to maximize the involvement of the customer’s national industry.

5. Modular maintenance.

ATAR engines family was designed between 1946 and 1960s at a time where performance was found
more important than cost and particularly maintenance cost.

The engine maintenance could be split into modules only at the Depot Level.

Some years ago, Snecma has proposed to some customers to split the engines into modules (fig.7) at
the airfield level in order to:

- Improve drastically the engine availability in the fleet

- Reduce the overall maintenance cost by about 30 %.
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6. Second hand hardware Resources

French Air Force has progressively retired its Mirage 3 and ATAR 9C in the 1980s time period.
A large number of modules and parts, either stored but not used, or operated for a certain time, but
still with an interesting life time have become available.

Snecma has installed recently a “ATAR Second Hand Resource Center” (fig.8).

Snecma regularly publishes the list of the available second hand parts and modules and when a
request for proposal is received at Snecma, the response mostly includes a mix of new parts and
second hand parts.

This approach allows the customer to optimize its ownerships cost of the parts, while maintaining a
high level of quality on its engines since

Snecma grants any second hand hardware the same level of quality
and guarantee  than the one granted for  new parts

7. Standard exchange vs repair approach

The availability of low cost engine modules with an interesting remaining life time (paragraph 6)
allows Snecma and customers to consider module standard exchange, at a cost substantially lower
than a module repair.

This standard exchange can be done either at the airfield level or at the Depot Level, according to the
customer’s choice.

In any case, Snecma supports the customer and is assisting him in the implementation of his decision.
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8. Critical parts management

Second hand hardware allows to reduce maintenance costs, but all the customer’s needs are not
fulfilled by to second hand parts.

Some ATAR parts still need to be manufactured by Snecma and subcontractors.

As the manufacturing quantities are declining, manufacturing prices are rising.

Because Snecma wants to have ATAR operators satisfied until the end of their operation, we have
initiated a Critical Parts Management dialogue with our customers as follows:

Step 1 : The operators have provided Snecma their critical parts needs evaluation covering operations
until the end of their ATAR operation.

Step 2 : On this basis, Snecma has issued a preliminary possible critical parts production plan
explaining what parts are likely to stay on the production line.

Step 3 : Snecma will issue last batch production offers including prices, schedule and launching
conditions.

Step 4 : For the parts where launching conditions are met, Snecma will launch critical parts last
batches manufacturing and subsequent deliveries.
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REPAIR OPTIONS FOR AIRFRAMES
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1. INTRODUCTION

Maintaining the airworthiness of in-service aircraft and at the same time keeping the maintenance cost low is of prime
concern to the operators and regulatory authorities. In order to keep maintenance cost low, right decisions need to be made
regarding replacing or repairing the in-service damaged components. The choice between replacing or repairing a
structural component is governed by a number of factors such as the availability of spares, duration a structural
component is expected to be in service, feasibility of repair, repair meeting structural integrity requirements, and
inspection requirements for the repair. If it is economical to repair the component then the optimum repair design needs to
be selected.

This paper discusses structural life enhancement techniques along with the state-of-practice methods of repairing metallic
and composite structures. Applications of advanced repair methods such as composite patch repair of cracked metallic
structures are discussed. Available computer codes for designing repairs are briefly described.

2. STRUCTURAL LIFE ENHANCEMENT OPTIONS

Stress levels, load spectrum, environment, structural details and the material of the structural component, govern the life
of an aircraft structure. Under certain loading and environmental conditions a crack may initiate and propagate in a
metallic structural component or environmental conditions may cause severe corrosion in the component. Depending on
the structural details, the crack or corrosion damage may result in a catastrophic failure or costly repairs. A logical
preventive method is to retard the initiation and growth of the cracks by pre-stressing so that the cracks do not result in
catastrophic failure before the useful life of the structure. In certain cases this may not be feasible and a structure may
have to be repaired to meet the useful life requirements. In addition, the in-service damage due to foreign objects in both
metallic and composite structures frequently requires repairs so that the structure is able to carry the required load. Two
commonly used techniques of structural life enhancement (Reference 1) by prestressing and repairs are summarized in
Figure 1.

Figure 1. Life Enhancement Techniques

STRUCTURAL LIFE ENHANCEMENT

Pre-Stressing Techniques

. Cold Working

. Shot Peening

. Interference Fit Fasteners

. Laser Shock Processing

. Rivetless Nutplates

. Stress Wave Riveting

. Stress Coining

Repair Techniques

. Conventional Repairs
   - Mechanically Fastened
   - Adhesively bonded
. Advanced Repair Methods
   - Composite Patch Repair of
      Metal Structures
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Prestressing techniques to enhance structural life are generally used before a problem has occurred. In the design and
analyses process, if a component or some parts/areas of a component are not able to meet design life requirements,
prestressing process may be used for these locations to meet service life requirements. In case of in-service aircraft, if fleet
data indicates cracking problems in certain areas, these areas may be subjected to prestressing process to enhance life
before cracks initiate.

Life Enhancement Through Pre-stressing Techniques

In this technique a residual compressive stress field is created at highly stressed locations such as holes where cracks are
likely to initiate. Subsequent inflight loads have to overcome the compressive stresses in order for the cracks to initiate
and propagate. Some prestressing techniques have been fully developed while others are still in the development stage and
have shown good promise to enhance structural life. The applications of these techniques to in-service aircraft are shown
in Figure 2. The figure also shows the locations where these techniques are applied (e.g. whether the technique can be
used at the manufacturing line, depot or field). The analysis methodology that can be used for life predictions is also
shown in the figure. The level of verification testing required for successfully implementing the technique is also given in
the figure. The extent of life enhancement achieved through these techniques is discussed in Reference 1.

PRE-STRESSING
TECHNIQUE

IN-SERVICE
APPLICATIONS

LOCATION WHERE
PERFORMED

ANALYSES
METHODS

REQUIRED
TESTING

COLD WORKING T-38, F-5, F-16, JSTARS
F-18, F-111, C-141, 747

MANUFACTURING LINE,
DEPOT AND FIELD

EQUIVALENT
INITIAL FLAW(EIF),
FATIGUE LIFE
FACTOR(FLF)

MINIMUM

SHOT PEENING T-38, F-5, F-18, F-14,
737,747,C-130,B-1

MANUFACTURING LINE,
DEPOT AND FIELD

EIF, FLF MINIMUM

INTERFERENCE
FIT FASTENERS

T-38, F-5, F-18, 747 MANUFACTURING LINE,
DEPOT AND FIELD

EIF, FLF MEDIUM

LASER SHOCK
PROCESSING

NONE KNOWN MANUFACTURING LINE DEVELOPMENT
REQUIRED

SUBSTANT-

IAL

RIVETLESS
NUTPLATES

F-22, T-38 MANUFACTURING LINE,
DEPOT AND FIELD

EIF, FLF MEDIUM

STRESS WAVE
RIVETING

F-14, A6E MANUFACTURING LINE
AND DEPOT

EMPIRICAL MEDIUM

STRESS COINING F-18, DC-8, DC-9,
DC-10

MANUFACTURING LINE
AND DEPOT

EMPIRICAL MEDIUM

Figure 2. Prestressing Life Enhancement Techniques Applications

Life Enhancement Through Repairs

Structural life enhancement techniques through repairs for in-service fatigue, corrosion and foreign object damage (FOD)
have been well established for metallic aircraft. With the increasing use of composites for improved structural efficiency,
these methods have been developed for composite materials. However, there are basic differences between the damage
types and their behavior in composite and metallic materials (Ref. 2-4). The basic differences between the behavior of
metals and composites need to be understood so as to design proper repairs for metallic and composite structures. Figure 3
shows a comparison of typical metal and composite fatigue behavior under fighter aircraft wing spectrum loading. The
data are plotted for each material’s most sensitive fatigue loading mode, which is tension-dominated (lower wing skin) for
metals and compression-dominated (upper wing skin) for composites. The figure shows that composite fatigue properties
are far superior to those of metal.
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Figure 3. Comparison of Fatigue Behavior of Metallic and Composite Materials

A major consideration in the design of composite structures is the in-service impact damage. Impact damage occurs
during ground handling, take-off and landing, and in-flight due to foreign objects. Hard objects (e.g. tool drops and
runway debris) may cause impact damage and soft objects (e.g. bird impacts that occur at low altitude during take-off and
landing). The impact damage caused by tool drops, etc. is termed as low velocity damage. Considerable reduction in
compression strength may occur due to low velocity damage that is not visually detectable on the impacted or other
external surfaces. The non-visual damage may cause internal damage in the form of delaminations between plies, matrix
cracking, and fiber breakage. The longitudinal cross-section of an impact-damaged panel is shown in Figure 4. The
damage due to impact is influenced by the factors such as laminate material properties, size of the laminate, support
conditions, substructure, impactor size and shape, impactor velocity, impactor mass, impact location, and environment
(Reference 5).

Figure 4. Impact Damage in Composites
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Experimental data have shown (Figure 5) that impact damage can cause significant loss in strength. The degradation in
compression strength is more severe than tension strength due to the delaminations between the plies caused by the impact
damage (Reference 4).

Figure 5. Strength Degradation Caused by Impact Damage

3. DAMAGE EVALUATION AND REPAIR CONCEPT SELECTION

The first step in designing any repairs is to evaluate the extent and nature of damage. Commonly occurring in-service
damages in metallic and composite structures are shown in Figure 6. The overall process involved in damage evaluation
and making repair decisions for a metallic and composite structure is outlined in Figure 7. Once the nature and extent of
damage is found it is important to determine the effect of damage on structural integrity. If in a metallic structure, the
damage found is a small crack that is much smaller than critical crack length, the repair may be performed by enlarging
the hole to remove the crack and using an oversize fastener. In such cases, a revised damage tolerance analysis needs to be
performed and new inspection requirements imposed for that location.

The type of repair to be performed will be determined by the following factors-
1. Type of structural material to be repaired (metal, composite, sandwich construction)
2. Type of structural component to be repaired (skin, spar, rib, longeron, etc.)
3. Type and extent of damage (e.g. fatigue cracks, corrosion, impact damage, etc.)
4. Load levels and fatigue spectrum experienced by the structure
5. Material thickness to be repaired
6. Skill of the available labor
7. Availability of repair materials
8. Repair facility

                    Metallic Structures                                                 Composite Structures

                    Fatigue Cracks                                                          Delaminations
                    Corrosion                                                                  Impact Damage
                    Stress Corrosion                                                        Foreign Object Damage
                    Foreign Object Damage

Figure 6.  In-service Damage Types in Metallic and Composite Structures
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Figure 7. Damage Evaluation and Selection of Repair Methods

4.  REPAIR OPTIONS

4.1 Repair of Composite Materials

Repairs of composite materials are similar to those for metallic materials if mechanically fastened repairs are to be used.
However, the repairs of composite materials are different from those of metals if the repairs are to be bonded. The damage
must be evaluated and classified. If the damage is repairable, a decision has to be made whether to repair or replace a part.
If the structure is to be repaired, additional decisions have to be made regarding maintenance level, where work will be
done, kind of repair materials, and repair configuration. The first step in the repair of composite materials is to remove the
damage area including the delaminated area in the impacted region. The next step is to clean the surface to be repaired and
apply a bolted or bonded patch. These repair concepts are discussed in the following paragraphs.

BOLTED REPAIRS

Bolted repairs for composite structures are similar to those for metallic structures. The major differences between the
repairs for composites and metals are:
a) Different tools are used for drilling fastener hole in composites.
b) Special care is needed in drilling holes in composites to prevent splintering on the exit side of the hole. A back support

is desirable.
c) Matrix in composite is brittle compared to metal, hence the fasteners that expand to fill the hole (e.g. driven rivets) are

not suitable for composites.
d) Sharing of loads in different fasteners in composites is not uniform because composite materials do not yield as metals

where the load distribution tends to be more uniform.
Three commonly used bolted repair concepts are shown in Figure 8 and are discussed here.
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Figure 8.  Bolted Repair Concepts

External Patch with Backup Plate- This concept uses an external chamfered metal patch bolted to the panel being
repaired as shown in Figure 8. The bolts thread into nut plates mounted on metal backup plates that are on the side of the
repaired panel. The backup plate can be split into two or more pieces and slipped through the opening as shown in the
figure.

External Patch with Blind Fasteners-This concept is similar to the previous one, except that the backup plates are not
used as shown in Figure 8. Blind fasteners are not as strong as bolts and nutplates, but if acceptable strength can be
restored, this concept is easier to use.

Bolted Internal Doubler-This concept has been used as a standard repair for metal structures. Access to the backside is
required to install the doubler as shown in Figure 8. The doubler cannot be installed through the hole as a separate piece
because the doubler has to be continuous to carry loads in all directions. Filler is used to provide a flush outer surface, and
is not designed to carry loads.

BONDED REPAIR CONCEPTS

Bonded repair concepts can restore greater strength to a damaged composite structure as compared to bolted repairs.
External repair patches are suitable for thin skins, however, for thick skins the eccentricity of the external patch reduces its
strength. Flush patches are preferred for thick structures, heavily loaded structures, or where aerodynamic smoothness is
required. Commonly used repair concepts are step-lap and scarf repairs.

Step-Lap Repair- This repair concept is shown in Figure 9. The steps allow the load to be transferred between specific
plies of the patch and parent material. This advantage tends to increase the strength of the joint; however, it is offset by the
peaks that exist in the adhesive shear stress at the end of each step.
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Figure 9. Step-Lap Repair

Scarf Repair- This repair concept is shown in Figure 10. 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. In practice, well-
made step-lap and scarf joints have approximately the same strength. A disadvantage of step-lap joints is the difficulty in
machining the step to the depth of the exact ply that is desired on the surface of the step.

Figure 10. Scarfed Repair
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4.2 Repair of Sandwich Structures

A typical in-service damage to a sandwich structure with composite face sheets is shown in Figure 11. The damage to
composite face sheets is visible damage with surface indentation. Delaminations are seen in the composite face sheets as
well as disbonding between the face sheets and honeycomb core. In addition, core buckling is seen.

Figure 11. Typical Impact Damage in Sandwich Structure with Composite Face Sheets

The repair of a sandwich structure will depend on the extent of the core damage. Full depth and partial through the depth
repair concepts are shown in Figure 12. The core damage has to be machined out and a plug prepared before performing
the repairs. Various steps involved in the repair are illustrated in the figure.

Figure 12. Repair Concepts for Sandwich Structure with Composite Face Sheets
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4.3 Repair of Metallic Structures

4.3.1 MECHANICALLY FASTENED REPAIRS OF METALLIC STRUCTURES

Repair concepts for metallic structures are well established. The bolted repair concepts, discussed earlier for composites
are applicable to metallic repairs. Standard repairs are generally given in repair manuals. However, in many cases in-
service inspections show damages that are not covered by standard repair manuals and special repairs have to be designed.
For such cases detailed static and damage tolerance analyses have to be carried out. An example of cracked frame in a
transport aircraft (Figure 13) is shown in Figure 14. The flange and the web of the frame are cracked as shown in Figure
15a. Standard repair manuals generally do not cover a repair for the damage shown in Figure 14. The cross-sections of the
flange and web repairs are shown in Figure 15b. The details of the frame repair are shown in Figure 16.

Figure 13. Cracking Location in Transport Aircraft Fuselage

Damage Location
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Figure 14. Cracked Frame

Figure 15a. Cross-section of Cracked Frame   Figure 15b. Cross-section Showing Flange and Web Repair

Figure 16. Details of Frame Repair
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4.3.2 BONDED REPAIRS OF METALLIC STRUCTURES

The conventional mechanically fastened repair concept has disadvantages 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. In most cases if the thinning due to corrosion is more than
10% of part thickness the parts are replaced. The development of bonded composite repair concept has provided excellent
opportunities to design more efficient repairs (References 4, 6-13) 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 fact,
in many cases the composite patch repairs can be designed such that the cracks in metallic structures underneath the
repairs will not grow thereby eliminating inspection requirements, except those imposed by Integrated Logistics Supports
(ILS) plan.

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 graphite/epoxy patch bonded to an aluminum sheet is shown in Figure 17.

Figure 17. Cross-section of a Typical Composite Repair Patch

The critical parameters for this type of repair are 1) Surface preparation, 2) Adhesive material selection, 3) Composite
repair material selection, and 4) Bonding operation.

Surface Preparation

Proper surface preparation is one of the most important considerations in bonded structures. The surface preparation
process consists of paint removal, anodizing and priming. Liquid chemical paint strippers are not recommended, as they
may become entrapped in cracked areas and faying surfaces of adjoining structures, thereby causing a corrosion problem.
Aluminum oxide abrasive cloth has been found to be suitable for small repair areas.

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. However, from the point of view of long term durability of repairs, the PANTA
process may be desirable, as sufficient test data is available on this process.
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Primer is applied to the aluminum surface after anodizing with PANTA to prevent contamination and improve long-term
durability. BR-127 primer has been found to be suitable for FM-73 adhesive.

Adhesive Material Selection

Room temperature cure adhesives are not considered suitable due to service temperature requirements of 180F (82C) in
the majority of aircraft repair applications.  Also, room temperature cure adhesives are paste adhesives and generally do
not result in uniform bond line thickness in the repair. Thus, affecting the load transfer to composite patch. Hence, high
temperature film adhesives are preferred. Also, long term durability of room temperature adhesives is not well
characterized. A 350F (177C) cure film adhesive is not considered desirable, as the curing at such a high temperature is
likely to cause undesirable high thermal stresses. Also, an aluminum structure exposed to a 350F (177C) temperature will
undergo degradation in mechanical properties. A 250F (121C) 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 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 patch.

Composite Repair Material Selection

Both boron/epoxy and graphite/epoxy composites are suitable for the repairs. The choice between boron or graphite fibers
should be based on availability, handling, processing and the thickness of the material to be repaired. Boron has higher
modulus than graphite and would result in thin repair patches. Thin patches are more efficient in taking load from
damaged parts as compared to thick patches. For repairing relatively thick parts, boron may be preferred over graphite. 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.

The composite patches may be precured, prestaged or cured in place. For locations where vacuum bagging represents 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.

Bonding Operation

Bonding of repair patches requires a proper temperature control within +10F and -5F in the repair area. Thermal blankets
are available to provide temperature in excess of 1000F (538C). A proper temperature control within tolerances is
necessary for bondline to achieve desirable 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.

Crack Growth Life Enhancement with Bonded Composite Repairs

The crack growth data obtained from a repaired center-crack panel (7075-T6 aluminum, 0.063-inch (1.6-mm) thickness)
are shown in Figure 18. It is seen that starting with the same initial crack length, the panel without a repair patch fails after
about 870 missions (0.92 lifetime) at a crack length of 1.36-inch (34.6-mm). The panel with the repair patch did not fail
even after 2350 missions (2.5 life times) at a crack length of 1.93 inches (49 mm). Thus, a considerable extension in life
was obtained with the composite repair patch.
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Figure 18. Comparison of Crack Growth in Specimen With and Without Repair Patch

Comparison of Analytical and Experimental Results

The crack growth behavior of the cracked panel with a composite patch was predicted using analytical stress intensity
factors (Ref. 14-15) for the patched structure and the crack growth data, obtained on an unpatched center crack specimen.
Comparison of observed and predicted fatigue crack growth behavior in a 7075-T6 aluminum 0.063 inch (1.6 mm)
thickness repaired with a 3 inch (76 mm) square 12 ply graphite/epoxy patch, moisture conditioned to one percent
moisture, is shown in Figure 19. It is seen that the correlation between predicted and observed crack growth is excellent.
The specimen did not fail even after two life times of spectrum loading.

Figure 19. Comparison of Observed and Predicted Crack Growth

Repair Design for No Damage Growth

It is possible to design composite repair patches so that the damage in the repaired structure will not grow. Of course, the
feasibility of such a design depends on the stress level, the type of material to be repaired, material thickness, the crack
length to be repaired, and spectrum. In the majority of transport aircraft where design stress levels are relatively low, it is
possible to design repairs such that the damage does not grow. This is particularly true for fuselage structures where
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material is predominantly 2024-T3 aluminum and gauge thicknesses are small. Crack growth behavior in 2024-T3
material 0.032-inch (0.8-mm) thick specimen, repaired with 12-ply Gr/Ep patch is shown in Figure 20. No crack growth
in two lifetimes of spectrum loading is seen. Thus, the repairs can be designed for no damage growth and there by
eliminating inspection requirements.

  

Figure 20. Crack Growth in 2024-T3 Aluminum, 0.032 inch (0.8 mm) Thick With 12-Ply Gr/Ep Patch

4.3.3 IN-SERVICE APPLICATIONS OF COMPOSITE PATCH REPAIRS

Applications of composite patch repair to in-service aircraft are found in T-38 lower wing skin (References 16-19), C-141
weep holes (Reference 20) and F-16 fuel access hole (Reference 21). T-38 lower wing skin has developed in-service
cracking problems at “D” panel attachment holes and at machined pockets between 39% and 44 % spars and 33% and
39% spars as shown in Figure 21. Composite patch repair concepts were developed for these locations.

Figure 21. Cracking Location in T-38 Lower Wing Skin

Cracking Locations
in Pocket Areas

Cracking Location
in “D” Panel
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Conventional mechanically fastened repair concepts at the location of “D” panel are not possible due to the limited space
available for drilling the fastener holes. Bonding of an aluminum doubler will provide only limited doubler stiffness and
will not result in an efficient repair. A bonded boron repair is ideal for this location. An external boron patch could not be
applied as the door has to fit in the area and has to be flush with the outer mold line. Hence, an internal repair patch was
designed as shown in Figure 22. A pre-cured boron repair patch was secondary bonded through the ‘D’ panel door.

Figure 22. T-38 Lower Wing Skin Composite Patch Repair

Lower wing skin pockets in T-38 aircraft between the 39% and 44% spars and 33% and 39% spars at Wing Station (WS)
78 have shown a propensity for crack initiation and propagation during service. The cracks have initiated at the pocket
radius in the inner moldline of the wing skin. This cracking has been occurring primarily under Lead-in-Fighter (LIF)
spectrum loading. These areas are ideal for composite reinforcement to reduce stress levels and enhance fatigue life. As
there is no access for bonding reinforcement on the inner moldline, a one sided reinforcement bonded onto the outer
moldline of the wing skin was selected. Due to the complexity of the structure in the area, it was considered necessary to
verify the reinforcement design by structural testing. The test program was devised in two parts. In the first part of the test
program, testing was performed on specimens that simulate the configuration and load environment in the pocket areas of
the wing. The results of this study are reported in Reference 18. The second part of the test program involved bonding of
the reinforcement to a T-38 wing (Figure 23) subjected to durability testing at Wright Patterson Air Force Base
(WPAFB), Ohio, as a part of Air Force Contract F33615-90-C-3201, entitled “Advanced Technology Redesign of Highly
Loaded Structures (ATROHS)”.  The wing with composite reinforcement has undergone 3,500 hours of testing under LIF
spectrum loading (Reference 17).



4-16

Figure 23. Composite Reinforcement in Lower Wing Skin Pocket Areas

Vacuum-bagged composite reinforcement assembly on T-38 test wing is shown in Figure 24 and bonded reinforcement
assembly is shown in Figure 25.

Figure 24. Vacuum Bagged Reinforcement Assembly on T-38 Test Wing
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Figure 25. Bonded Reinforcement Assembly

Composite patch repair application to C-141 lower wing skin at weep holes is shown in Figure 26. Figure 27 shows
composite reinforcement application to lower wing skin splice area.

Figure 26. C-141 Composite Patch Repair at Weep Holes
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Figure 27. Composite Patch Repair at C-141 Lower Wing Skin Splice

5.  SOFTWARE FOR REPAIR DESIGN AND ANALYSES

A number of software programs have been developed for designing repairs for aircraft structures. Some of these programs
are briefly described here.
1. RAPID- This program has been developed under FAA and US Air Force sponsorship and is primarily for

mechanically fastened repairs of transport aircraft. The program has capability to perform analysis under spectrum
loading.

2. RAPIDC- This program has been developed under FAA sponsorship and is primarily for mechanically fastened
repairs of commuter aircraft.

3. AFGROW- This is US Air Force developed code for durability and damage tolerance analyses of aircraft structures
under spectrum loading. This code has capability to design composite patch repairs.

4. CalcuRep- This code has been developed by Dr. Rob Fredell during his stay at US Air Force Academy in Colorado.
This code is for designing bonded repairs, using GLARE, for fuselage type of structures.

5. FRANC2D- This is a finite element code and can be used for damage tolerance analysis and composite patch repair
design under constant amplitude loading.

6. COMPACT3D- This is a finite element code for designing composite patch repairs under constant amplitude loading.
7. NASGRO- This program has been developed by NASA Johnson Space Center and is available in public domain. The

program is primarily for damage tolerance analyses.

6.0 CONCLUDING REMARKS

The life enhancement technologies have provided excellent opportunities to fulfill aging aircraft needs such as:
1) Reduced life cycle costs
2) Reduced/eliminated repairs
3) Reduced/eliminated inspections
4) Simplified maintenance
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5) Reduced support requirements
6) Fulfilled severe usage requirements
7) Extended airframe life
8) Improved payload
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Risk Assessments of Aging Aircraft

John W. Lincoln
Aeronautical  Systems Center
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2530 Loop Road West

Wright-Patterson Air Force Base,  Ohio 45433-7101
USA

Summary

The USAF believes the damage tolerance approach incorporated in ASIP process in the
seventies is  st i l l  the cornerstone for protecting the safety of our aging aircraft .   This
process is primarily determinist ic in that  the calculat ions do not quantify the rel iabil i ty of
the process.   As indicated above, however,  the rel iabil i ty  achieved is consistent  with the
new aircraft  guidance identified in USAF structural  specification.  The USAF derives the
Force Structural Maintenance Plan (FSMP) from the damage tolerance assessment (DTA).
The FSMP prescribes for the maintainer how, when, and where to perform inspections to
maintain safety of f l ight .   There are cases,  however,  where probabil ist ic methods need to
be used.   I t  is the purpose of this paper to i l lustrate the use of probabil ist ic methods to
ensure structural  integrity.

Figure 1  Damage tolerance approach
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Role of Probabil ist ic Methods

In the seventies and eighties there was considerable activity associated with the
performance of DTAs on older aircraft .   The USAF sometimes found the DTA revealed
crit ical  locations that  were over the safety l imit .   In these cases,  the USAF policy is to
ground (or  severely restrict)  these airplanes unti l  they made an inspection.  In some of
these cases the inspection was so onerous they grounded the aircraft  for a long t ime thus
hindering training operations.   Such a case occurred on the F-5 dorsal  longeron.   The
inspection required approximately 1350 work hours on each aircraft .   The USAF decided
to modify the structure to el iminate this  inspection burden.   To determine the feasibil i ty
of continued use of the aircraft  before the modification the USAF performed a r isk
assessment based on the method described in [3].   This method considers the crack length
distr ibution and the stress distr ibution as random number sets.   The procedure further
assumes the crack growth and the residual stress functions are determinist ic.

Another opportunity for a r isk assessment arose when the USAF needed to keep the T-37
in operational service after  the cancellat ion of the T-46 program.  The USAF subjected the
T-37 to a damage tolerance assessment.   They found several  areas,  in part icular ,  the wing
to fuselage attachment area,  where the fl ight hours on the aircraft  exceeded the safety
limit.   The USAF performed an extensive risk assessment to allow these airplanes to
continue in their  training role unti l  they could modify them.

Figure 2  Damage tolerance experience - aircraft
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In al l  of these cases such as those cited above, the risk assessment did not include the
possibil i ty  of a “rogue defect” (as assumed in the damage tolerance assessment).   Rather,
they derived the flaw distribution from extrapolation of defects found in typical structural
details.   Therefore,  in these cases the structural  engineers made i t  clear to the aircraft
operators they had not accounted for the rogue defect .

Another problem where the r isk assessment is valuable is  in the case where the structure
is  in a state of generalized cracking.   In this si tuation the inspection intervals derived as
indicated above from the determinist ic DTA may be unconservative.

The USAF had an opportunity to address such a situation for the wings of the T-38 aircraft
operating in the Air Training Command.  In the mid-seventies,  the USAF performed a
damage tolerance assessment for the trainer discussed above in Air Training Command
usage [3].   This study concluded they should inspect the wing center section at  intervals
of 1350 fl ight hours.   They based this on an inspection capabili ty for a corner crack of
2.54 mm and an inspection at one half of the safety  l imit.   This was the t ime required to
grow a crack of 2.54 mm to a cri t ical size crack length of 5.5 mm.  In the late seventies,  a
usage change took place that made the loading environment more severe.   The USAF made
a damage tolerance reassessment for this new usage.   They found under the same ground
rules the recurring inspection interval should be 430 hours.

To provide an evaluation of the necessi ty of performing inspections at  an increased rate,
they performed a r isk assessment for the new usage, but old inspection schedule.   The
assessment based on an inspection interval  of 1350 fl ight hours showed the risk was
unacceptable.   When they reduced the inspection interval  to 300 hours,  they found an
acceptably low probabili ty  of failure.   Therefore,  they concluded they had to improve the
inspection reliabili ty or  decrease the inspection interval  from that derived from the
deterministic DTA.

There are other cases where probabil ist ic methods can complement the DTA.  These cases
typically involve difficulty with the performance of the DTA.  One can find examples of
this in the assessment of mechanical  subsystems.  Many of these parts are not tolerant to
the size defects assumed for  airframe structure.   Also, the loading environments are
difficult  to simulate analytically.   One finds another example in the high strength steel
structures such as gears.   In these cases some of the classical  reliabil i ty  approaches may
be useful .   As indicated in [4],  W. Weibull  from Sweden performed a number of fat igue
experiments in the middle of the f ift ies.   He found the results of these experiments
conformed to a probabil i ty  distr ibution, known today as the Weibull  distr ibution.

Figure (3) shows Weibull  distr ibutions that  cover the range normally found in the fat igue
of aircraft  structural  components.   One notes the coefficients of variation ( the standard
deviation divided by the mean) of these distr ibutions are typically much higher than found
for stat ic strength.   Figure (4) shows the rel iabil i ty  with 95 percent confidence as
dependent on the number of test  l ifet imes.   The results  shown are for several  Weibull
shape numbers.   This calculat ion assumed there were no more than two like features in the
aircraft .   One sees a high reliabil i ty  structure is difficult  to achieve when the Weibull
shape number is  of the order of two or three.
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Figure 3  Weibull probability density functions

Figure 4 (1 - reliability) with 95% confidence

One of the problems associated with the early applications of the safe l ife approach was
that  i t  did not account for the fatigue characterist ics of the individual materials in the
structure.   Therefore,  the USAF used the same scatter  factor independent of the structural
material  or the stress spectra.   The structural analyst  knows today there are considerable
differences between the Weibull  scale numbers depending on material  and spectra.

The currently acceptable structural rel iabil i ty  as reflected in [2] is  for a single fl ight of an
aircraft  from a given population the probably of fai lure should be no greater than 10- 7 .
This means the desired rel iabil i ty of the structure should be of the order of 0.999.

Typically,  one determines the Weibull  shape number through test ing of multiple similar
parts.   An analytical  example serves to i l lustrate how accurately one could determine the
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Weibull  shape number.   For this purpose,  one may sample a population with a known
Weibull  shape number.   In the first  case under consideration the Weibull  shape number is
two and the analyst  selected ten random samples to simulate the test ing of ten specimens.
A simple transformation permits plott ing these ten sample points on a graph where the
Weibull  distr ibution is a straight l ine.   Further,  on this graph the negative of the slope of
that  l ine is  the Weibull  shape number.  Figure (5) shows the comparison of the original
distr ibution and the sampled distr ibution.   Figure (6) shows these distr ibutions in the
usual manner.   One may use the same process to sample a distr ibution where the Weibull
shape number is  four.   Figure (7) and Figure (8) show these results.   One sees for small
samples such as used here,  the potential  for error in the assessment of the Weibull  shape
number may be significant .   In these cases the judgment on the reliabil i ty  of the structural
component could be in considerable error.   However,  if  one adequately interrogates the
population the results  are useful .   Because of the difficult ies ci ted,  the USAF recommends
the application be l imited to structures that are fai l-safe.

Figure 5  Weibull approximation for � = 2 and 10 samples

Figure 6  Weibull sample comparison for � = 2
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Figure 7  Weibull approximation for � = 4 and 10 samples

Figure 8  Weibull sample comparison for � = 4

Widespread Fatigue Damage

A phenomenon occurring more frequently than generalized cracking is widespread fatigue
damage (WFD).  WFD is a major concern in aircraft  that  rely on fail-safety  for structural
integrity.   The USAF has learned WFD can degrade the fai l-safe capabili ty  of a structure
with cracking that is of the order of one to two mill imeters [5].

A deterministic definit ion of WFD is the following: The onset of WFD in a structure is
characterized by the simultaneous presence of cracks at  multiple structural  details  which
are of sufficient  size and density  whereby the structure will  no longer meet i ts damage
tolerance requirement ( that  is,  maintaining required residual strength after  part ial
structural failure).
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In many cases this definit ion is difficult  to apply because of the complex cracking
scenarios.   Further,  this definit ion may lead to an excessively conservative determination
of the t ime of WFD onset.   An alternate definit ion that removes these problems is the
following: The onset  of widespread fatigue cracking is that  point  in the operational l ife of
an aircraft  when the damage tolerance or fail-safe capabil i ty  of a structure has been
degraded such that after part ial  structural fai lure the probabil i ty  of failure of the structure
falls below the thresholds specified by the procuring (or certif ication) agency.

For the USAF, the threshold single f l ight probabil i ty  of failure for the intact structure is
10- 7 .   The USAF has determined the threshold for the acceptable conditional single f l ight
probabili ty of fai lure through their  perception of the discrete source damage threat.   In the
case of the C-5A they assumed the probabil i ty  of discrete source damage was 10- 3  [6].   For
the case of the 707 they assumed i t  was 10- 4  [7].

One of the primary inputs to the r isk assessment approach to determine the onset of the
time to WFD is the distr ibution of cracks in the structure.   The USAF has determined this
distr ibution through teardown inspections of full-scale fat igue test  art icles or operational
aircraft .   They believe this is  the best method currently available to obtain the data
required to derive the probabil i ty distr ibution function for equivalent init ial  cracks in the
crit ical  areas of the structure.   The word "cri t ical" here refers to an area that  could
significantly contribute to the probabil i ty  of fai lure.

The probabil ist ic approach also requires that the analyst  determine the stress density
function for each cri t ical .   The USAF derives this function from the available usage
information generated by their  individual aircraft  tracking programs.  The desired stress
density function is  the one for a single f l ight of an aircraft  selected at random.  The
structural analyst  can easily derive this function from the stress exceedance function
developed as a part  of the determinist ic damage tolerance analysis.   One can then compute
the joint probabili ty distr ibution of cracks and stress and integrate this function over the
point set  where the crack size has reached cri t ical  length.   The result  of this calculation is
the single fl ight probabili ty  of fai lure.   The t ime at  which the probabili ty of fai lure is
unacceptable is the onset of WFD.

Therefore,  the USAF considers the cracks in the structure and the stresses at  the cri t ical
locations as random number sets.   The crack growth function and the residual strength
function are also treated as random functions because of the intrinsic variabil i ty  of the
material  properties.   Unfortunately,  for a given population of aircraft  these random
number sets are not easily quantifiable.   Fortunately,  the variabil i ty  of these functions
does not appear to have a major impact on the risk of fai lure.   Therefore,  the analyst  uses
his best  est imate of the mean of these functions in the risk assessment.

The damage scenarios in an airplane that could consti tute WFD differ depending on
location in the aircraft .   However,  typically,  they fal l  into two categories.   The first  of
these is mult iple-site damage -  characterized by cracks in multiple detai ls in the same
structural element.   The second is multiple-element damage where there are cracks in
multiple structural  elements.

Previous efforts have shown the analyst  can readily apply this type of analysis to the
structures where the concern is  multiple-element damage.  This was the case,  for example,
for the KC-135 and the C-5A.  The application of the risk assessment technology to the
case of multiple-si te damage is very much the same as i t  is  for the case of mult iple-
element damage.  In the case of multiple-si te damage there will  typically be a "boundary"
that  wil l  determine if  the cracking has the potential  to become catastrophic.   For example
in the case of the fuselage lap splice,  the boundary would be the crack stopper buil t  into
the structure at  the frame or between the frames and i ts surrounding structure.   This crack
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arrest  feature protects the integrity of the structure.   The condit ion of the crack stopper
and i ts  surrounding structure ( that  is,  the boundary) will  determine if  the damage could
propagate to catastrophic failure.   Therefore,  the interest is  primarily in the degradation of
the boundary with t ime and not the growth of the holes in the lap splice to l ink-up.   When
one thinks of the problem in this manner,  then i t  may be solvable in a manner similar  to
that  used for the multiple-element damage problem. Lockheed [8] demonstrated an
example this of this in their  r isk assessment on of the inner to outer wing joint of the
C-141 aircraft .

There must be emphasis placed on the detection,  through nondestructive evaluation,  of
cracks that  could be significant for determination of the onset  of WFD.  As indicated
above,  there is  a need to make an estimate of this onset  based on probabil ist ic assessment
of cracking data derived from the teardown inspection of fat igue test  ar t icles or
operational aircraft .   One must recognize,  however,  that this is  only an estimate.   I t  is  not
realistic to expect  the analyst could determine this t ime with great accuracy even with the
most sophisticated fracture mechanics programs.  The actual  t ime may be either somewhat
earl ier  or later  than this est imate.   I t  is  important,  therefore to be able to validate this
prediction with nondestructive evaluation.   This is  difficult  because the size of defect  the
inspector must f ind is quite small .   The experimental evidence to date indicates cracks of
the order of two mill imeters can significantly lower the fai l-safety capabil i ty of certain
structural configurations.

Weapon System Risk Assessments

C-5A Risk Assessment

One of the early technical challenges for this program was how long to leave this aircraft
in service with the original wing design.  By the mid-seventies,  the USAF established the
damage tolerance init ial  f law size for slow crack growth structure for fastener holes as
1.27 mill imeters [9].   On the basis of this f law size the safety l imit  was 7,000 fl ight hours
of the so-called 14 mission fl ight  profiles.   In this case the t ime for the 1.27 millimeter
flaw to grow to the cri t ical  crack length was the safety l imit.   Since the wing was not
inspectable,  this was also the l ife l imit  for  the wing.  The USAF made a final  validation of
the l ife of the wing through a teardown inspection.   They took this wing from service
when it  had accumulated 7,000 hours equivalent to the 14 mission fl ight  profiles.   In the
teardown inspection,  Lockheed examined 44,641 fastener holes in detail  for cracking.
They did this work in the late seventies.   From the population of cracks found in this
teardown inspection the USAF performed an assessment to determine the probabil i ty  of
catastrophic failure and the t ime the wing lost  i ts fai l-safety .   The USAF found that  at

7,000 hours the wing had init ial ly  exceeded the acceptable 10-7 single fl ight failure
probabil i ty.   Further,  they found the wing had lost  fai l-safety based on a condit ional

single f l ight fai lure probabil i ty  of 10-4.   This effort  confirmed the USAF should take this
structure out of service no later  than 7,000 fl ight hours of equivalent 14 mission profi le
usage.  They decided to al low the aircraft  to fly  to 7,000 hours with fail-safety
compromised at  4,500 hours.   The replacement wing box will  easily meet the original l ife
requirement of 30,000 fl ight hours.

C-141 Risk Assessment

The USAF found a major WFD problem in the wing at  Wing Station 405 joint  [8].   The
USAF observed first  cracking on an operational aircraft  in late 1984.   In early 1989, they
found an aircraft  with a severed beam (or spar)  cap.  The USAF recommended that
Lockheed perform a risk assessment based on operational aircraft  cracking data to assess
the l ikelihood of catastrophic failure of the aircraft .   The risk assessment,  as expected,
indicated the joint  was extremely cri t ical . .   The USAF had found numerous cracks in the
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area of the rear beam on many airplanes.   In addit ion,  they found a number of spar cap
failures.   Also, there have been mult iple cracks discovered in the area of the forward beam
on many airplanes.   The risk assessment performed by Lockheed showed although
inspections were somewhat effective in reducing the r isk,  the best al ternative was to
perform a modification on the joint.   The USAF init iated aircraft  restrictions,  an
inspection program, and an accelerated modification program to al leviate this problem.
The action to remove WFD by a modification is  similar to the earl ier actions taken on the
KC-135 and C-5A [6].   In the case of the KC-135 and C-5A the emphasis was on the
elimination of the WFD problem rather than trying to manage i t  through an inspection
program.

The USAF found another major WFD problem in wing lower surface fuel transfer  holes
(weep holes).   There are more than 1500 such weep holes in each wing (both sides).   The
cracking experiences with the weep holes dates back to the original  fatigue test .   After
90,000 hours of block test ing on the test  ar t icle,  Lockheed found cracking in many of the
weep holes.   Lockheed cold expanded these holes before they resumed testing with fl ight-
by-fl ight loading.   The additional 28,468 hours of test ing showed the cold expansion was
effective in controll ing the weep hole cracking.  Lockheed made a recommendation to
WR-ALC in September of 1983 to perform the cold expansion on C-141 aircraft  with
30,000 hours.   In January 1993 the USAF Scientif ic Advisory Board (SAB) reviewed the
potential  for a service l ife extension of the C-141.  They found the USAF had cold
expanded weep holes on only six operational aircraft .   They also found the weep hole
inspection results were difficult  to understand.   One aircraft  the USAF had found ninety-
nine weep hole cracks,  the longest of which was approximately 12 mill imeters.   They
found other aircraft  relat ively free of cracks.   However,  there had been several  cases
where the weep hole cracks had progressed through the skin and had caused in-fl ight
evident fuel loss.   To understand this apparent anomaly, the SAB recommended a
teardown inspection of an aircraft .   The USAF tore down aircraft  number 66-0186, in
which the USAF had found ninety-nine cracks.   I t  had 23,824 fl ight  hours of relat ively
high damage usage,  which converted to 44,539 damage hours ( that  is,  hours of equivalent
SLA-IIB spectrum usage) on the lower inner wing skin.   The teardown inspection on
aircraft  number 66-0186 has revealed numerous holes with poor quali ty  and a total  of 255
cracked holes.   Subsequently,  WR-ALC performed an addit ional inspection and a l imited
teardown inspection on 66-9410, which had 45,202 equivalent  damage hours on the inner
wing lower surface.   The results  of the addit ional inspection have shown there was
extensive cracking in the weep holes of this aircraft .   Consequently,  the USAF concluded
the cracking observed in these two is representative of the aircraft  with that  number of
equivalent  damage hours.   They concluded the early inspection results  were unreliable.
They changed the inspection procedure and validated i t  on a teardown inspection aircraft .
The size of the cracks found led them to the conclusion there was severely degraded fai l-
safe capabil i ty  in the wing.  Also as indicated by the distribution of cracks,  the cracks
tend to l ine up which contributes to the loss of fail-safety.   These airplanes were in a state
of WFD.  Therefore,  the USAF placed the airplanes on restrict ions and an inspection
program.  They developed an inspection program designed to preclude the cracks from
reaching cri t ical  length and fail ing a wing panel.   In addit ion,  they developed a
modification program to eliminate this problem.  The modification program consisted of
three parts.   They found they could remove, or nearly remove, most of the cracks by
reaming them.  They elected to cold expand these holes.   In many airplanes there were
only approximately ten locations where cold expansion was not an alternative because the
cracks were too large.   Fortunately,  at  this t ime,  the Wright Laboratory was completing a
major program that would give the USAF the technology for patching metall ic structures
with composites.   This appeared to be a more at tractive al ternative than the conventional
metallic patches that required addit ional fastener holes in the lower surface of the wing.
Therefore,  the modification for those airplanes with a small  number of large cracks would
be composite patching.   For aircraft  that  had a large number of large cracks the only
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alternative was replacement of wing panels.   Lockheed performed a risk assessment to
better  understand the severity of the weep hole cracking problem.  After reviewing the
results of this assessment,  the USAF made recommendations for subsequent actions.   They
decided not to f ly  any aircraft  that  had in excess of 40,000 damage hours on the lower
inner wing surface unti l  they performed a weep hole inspection.   They would inspect the
remainder of the aircraft  and modify them based on a one year schedule.   They found weep
hole cracking in practically al l  of the aircraft .   The nondestructive inspection program
revealed a total  of 11,000 cracks in the weep holes in the entire f leet .   The USAF found no
cracks in the weep holes that  had been cold expanded.  WR-ALC, with the support  of the
Wright Laboratory [9],  accomplished the tremendous task of restoring these airplanes to
fl ight status.   They repaired the wings carefully with composite patching to ensure they
had not degraded structural  integrity of the aircraft .   They returned these airplanes to
unrestr icted usage when they placed them back into service.

The USAF believed that  WFD of the inner wing spanwise splices was a significant factor
in the C-141 continued airworthiness.   They had learned this from the loss of fai l-safety  in
the C-5A wing.  In 1990 the USAF [11] estimated they could expect WFD in the spanwise
splices in inner wing lower skin at  about 45,000 SLA-II equivalent fl ight hours.   They
based this est imate the teardown inspection of the C-141 fatigue test  art icle (Specimen
A)..   The size of cracks that  could cause loss of fail-safety in the C-141 inner lower wing
is in the order of 1.5 millimeters.   Lockheed performed an additional assessment of the
risk based on teardown inspections of wing panels taken from operational  aircraft .   They
found significant degradation of fai l-safety at  37,000 hours.   The USAF made the decision
to manage the safety of those airplanes above 37,000 hours by slow crack growth.   This
decision resulted in a very difficult  inspection program [7].

707 Risk Assessment

The USAF elected in the eighties to use the 707 aircraft  for Joint Stars (Joint Surveil lance
Target Attack Radar System).   When Northrop Grumman, the contractor for Joint  Stars,
selected the aircraft ,  the configuration was the primary concern -  not  the age.   Many of
the airplanes selected were close to (or above) the original l ife goals of sixty thousand
flight hours and twenty thousand fl ights established by Boeing for the 707.

The largest concern about the structure of this aircraft  was the potential  for the
degradation of fai l-safety because of WFD in the wing.  Boeing performed a teardown
inspection on a relat ively high t ime aircraft  in the mid seventies.   The inspection
performed by Boeing,  completed in 1976, revealed numerous cracks in the aircraft .   The
cracks that  caused the most concern were in the lower wing splicing str ingers and the
large str ingers around the lower wing inspection holes adjacent to the splicing str ingers.
Boeing published several  Service Bulletins as a result  of these wing crack findings.   These
Service Bulletins called for either a high frequency eddy current inspection inside of the
wing or an external low frequency eddy current inspection.   These inspections have
revealed major damage including a severed stringer and skin cracks in excess of 44
mill imeters.   The Boeing database,  however,  was not definit ive enough to be usable in an
assessment of the risk of failure.   Consequently,  the USAF contracted with Boeing to
examine higher t ime aircraft  parts taken from retired aircraft  at  Davis Monthan Air Force
Base to quantify the risk associated with WFD [7].

Boeing performed a teardown inspection on a 707-300 wing from an aircraft  at  Davis
Monthan Air Force Base.   This aircraft ,  representative of the Joint Stars aircraft ,  had
experienced 57,382 fl ight hours and 22,533 fl ights.   They performed the teardown
inspection on the wing lower surface and the wing str ingers.   Stringers and skins where
Boeing used steel  fasteners contained most of the cracks found.  This was typically in the
area of the wing skin splices and the large adjacent str ingers.   The beneficial  effects of
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the aluminum rivets at taching the other str ingers to the wing skins apparently reduced the
amount of cracking there.   There was,  however,  some cracking found in these locations.

Boeing found that cracking in the aircraft  in the area of the steel fasteners was quite
extensive.   They found a total  1915 cracks found in f ive sections removed from the
aircraft .   Most of the cracks found were small .   However,  they found a significant
population cracked to the point  of considerable concern.   They found that  increasing the
size of the holes in the splicing str inger and the large adjacent str inger would not remove
all  of the cracks.   About twenty percent of these holes would st i l l  have str inger cracks.
Further,  they found significant cracking outboard of the Wing Station 360 production
joint .   Therefore,  the problem involved most of the wing.  Typically,  the large adjacent
str ingers had more large cracks than the splicing str ingers.   The largest  crack found in a
stringer was approximately 38 millimeters in length.   I t  was near the point of rapid
fracture.   There were,  however,  many cracks found that would have gone to failure in the
planned l ife span of the Joint  Stars aircraft .   There was a concern about cracking that
would degrade the capabil i ty  of the structure to sustain discrete source damage.  There
was also a concern about the fat igue failure of the str ingers and subsequent catastrophic
loss of the aircraft  after  a skin fai lure.

Boeing calculated the stress intensity of each of the cracks found.  They then determined
for each of them the size of the corner crack with the same stress intensity.   From these
cracks,  the USAF derived the crack distr ibution function.   They used a population taken
from the largest of  them to approximate the crack distr ibution with a two parameter
Weibull  distr ibution function.   I t  is typical  that a single Weibull  distr ibution function will
not approximate the longer cracks as well  as the shorter cracks.   This is  not a problem
since only the longer cracks will  have a significant effect on the r isk of fai lure.

The USAF needed two stress distr ibution functions for the assessment.   The first  is the
stress distr ibution function for the intact  structure.   Boeing derived this in the usual
manner from the intended usage of the aircraft ,  the external load analysis,  and the stress
analysis of the wing.  Second, for the cases where discrete source damage was present
they determined the local  stress increase from the damage.  In many cases the local stress
increased to the point where there was significant plastic deformation of the structure.
When this occurs i t  is essential  the plastic deformation be included in the analysis.   A
linear analysis in these cases would l ikely lead to serious errors in the determination of
risk.

For the cases of discrete source damage the maximum single fl ight fai lure probabil i ty
allowed was 10- 3  and for the intact  structure case the maximum single f l ight fai lure
probabili ty allowed was 10- 7 .   For the stated criter ia for discrete source damage, the USAF
found significant degradation of fai l-safety beyond 50,000 fl ight hours of commercial
usage.  Therefore,  for some aircraft ,  there will  be unacceptable fail-safety degradation
before the end of the planned 20,000 hours of Joint  Stars usage.   This will  occur for Joint
Stars aircraft  with more than 36,000 commercial usage hours.   Further,  for the case of no
discrete source damage, there wil l  be safety degradation beyond 58,000 hours of
commercial usage.   Therefore,  aircraft  with ini tial ly more than 44,000 hours of
commercial  usage will  have a high probabili ty  of failure before operationally flying
20,000 hours.

There are two possible approaches for solution of this problem.  The first  is to remove the
steel fasteners in the area of concern in the lower wing surface and perform an eddy
current inspection.  If the inspector finds no indication of a crack or if  increasing the size
of the hole would remove the indication,  then this hole would be cold expanded.  For
cracks that  are too large for this remedy, the USAF could uti l ize a repair  such as
composite patching.   This approach appears to be viable for aircraft  with less than 45,000
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commercial  usage fl ight hours.   I t  also may be viable for aircraft  in the 45,000 to 55,000
flight hour range.   A second alternative would be to replace the wing panels and str ingers
in the area of concern.   This may be the only al ternative for aircraft  with more than
55,000 commercial  usage fl ight hours.

Widespread Fatigue Damage Example Risk Assessment

The following example i l lustrates some of the essential  features of the risk analysis
process.   The example determines the r isk of catastrophic failure for both the intact and
partial ly  fai led structure of a hypothetical  aircraft  designed for a 30,000 hour l ife.   The
aircraft  is to fly  only one mission that is  two hours in length.   The aircraft  has one cri t ical
area with 500 fastener holes.   The init ial  crack distribution is  the crack distribution
function derived from a teardown inspection.  Figure (9) shows the corresponding crack
density function.   Figure (10) shows the corresponding crack distr ibution function.   For
the intact  structure,  Figure (11) shows the stress exceedance function for each of these
holes.  Figure (12) shows the corresponding stress probabil i ty  distr ibution function,
derived from the exceedance function.  Figure (13) shows the stress density function.   The
threat  of discrete source damage is  10- 3 .   For the part ial ly fai led structure,  only ten of the
500 fastener holes have their  stress increased to 1.5 t imes the stress for the intact
structure.   Figure (14) shows the residual stress function.   The crack growth function
modifies the init ial  crack distr ibution function so the crack probabil i ty  distr ibution has
the correct  t ime dependence. Figure (15) shows the crack growth function.  Figure (16)
shows the final function needed for the calculation of r isk.   This is the inspection
probabili ty of detection function.

Figure 9  Crack density function from the A-7D
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Figure 10  Crack distribution function from the A-7D

Figure 11  Stress exceedance function
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Figure 12  Stress probability distribution function

Figure 13  Stress probability density function
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Figure 14  Residual stress function

Figure 15  Crack growth function
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Figure 16  Probability of detection function

Figure (17) shows the single fl ight probabil i ty  of fai lure for the intact  structure without
inspections.   From this figure,  one sees the risk exceeds the 10- 7  threshold of acceptabil i ty
at  about 22,000 fl ight hours.   From Figures (14),  (15),  and (16) the analyst  can determine
the damage tolerance inspections.   The first  inspection is at  7600 fl ight hours and the
inspection interval following the first  inspection is 5000 hours.  Figure (18) shows the
single f l ight probabil i ty  of fai lure for the intact  structure with inspections.   One sees
these inspections are quite effective in reducing the r isk of failure and containing the risk
within acceptable l imits to 30,000 fl ight hours.   I t  is  clear from this f igure that  on the
basis of the inspection capabil i ty assumed and the inspection interval  derived from the
damage tolerance methodology the r isk is increasing significantly.   Therefore,  one must
make a reduction in the inspection period if one intends to f ly the aircraft  s ignificantly
beyond i ts  original l ife of 30,000 fl ight  hours.

Figure 17  Intact structure with no inspections
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Figure 18  Intact structure with inspections

Figure (19) shows the single fl ight fai lure probabil i ty  for the part ial ly  failed structure
without the effect of inspections.   This is the condit ional  probabil i ty  for the structure
damaged from an external source.   One sees the risk crosses the threshold of acceptabil i ty
for this case ( that is ,  10 - 4)  at  approximately 16,000 fl ight hours.   The aircraft  has
degraded fail-safe capabil i ty  long before the t ime the intact  structure has reached the
unacceptable r isk threshold.   Figure (20) shows the influence of inspections on the
probabil i ty of failure.   One sees the inspections are essentially  ineffective in reducing the
risk for this case.   This example clearly i l lustrates the damage tolerance derived
inspection program may not adequately protect the fail-safety of an aircraft  in the
presence of widespread fatigue cracking.

Figure 19  Damaged structure with no inspections
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Figure 20  Damaged structure with inspections
Conclusions

As indicated above,  the cornerstone for protecting the safety of USAF aircraft  is damage
tolerance.  There are some cases,  however,  where probabilistic methods find an important
use.   One approach that appears to be attractive especial ly for mechanical  subsystems is
the use of rel iabil i ty  analyses based on test ing.   In some cases these methods can provide
satisfactory solutions where a damage tolerance assessment may be impractical.   The
USAF believes the process may apply to mechanical  subsystems since they are typically
fai l-safe by design.

A major problem in aging aircraft  is WFD.  I t  is essential  to establish an estimate of the
time of onset of  this  problem.  The USAF does this through the analysis  of data derived
from teardown inspections of fat igue test  art icles and of operational aircraft .   They will
need to corroborate these estimates through the use of detailed inspections of suspect
structural elements.   In some cases the nondestructive inspection capabil i ty does not exist
to economically find WFD size cracks.   The USAF must continue their  effort  to at tain this
capabili ty.   Once the aircraft  operator determines the aircraft  has reached the t ime of
onset  of WFD, he needs to make modifications of the structure to remove this problem.
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1. SUMMARY
Degradation of the mechanical properties of a material interacting with the environment is probably the best
and widest definition for corrosion. In particular, as mechanical properties are the driving forces in the design
of military aircraft, corrosion in airframes must be considered as a major problem because it directly affects
safety, economic and logistic issues.
Considering the variety of materials, environments and mechanical stresses involved in the aeronautical field,
it represents one of the areas where the largest spectrum of corrosion types is observed.
Many classification can be used to categorize aircraft corrosion phenomena: wet or dry corrosion depending
on the environment, time dependent or time independent phenomena, mechanically or not mechanically
assisted corrosion failures, etc.; all of them are useful to understand the main cause of the observed corrosion
case and consequently to apply the most adequate corrective actions.
The purpose of this lecture is to provide an overview on the most common forms of corrosion experienced in
the past, in order to present a wide range of severity arising from cosmetic to catastrophic failures.
Particular attention will be given to the corrosion aspects related with aging aircraft issues.

2. INTRODUCTION
Although aircraft corrosion is an old matter and many advances have already been done in corrosion
prevention and materials selection science, nevertheless it seems far to be solved.
For instance, corrosion matter, that is a serious problem for every high engineered system, in airframes
became more and more important in this last decade when aging aircraft subject was promoted by many
different factors, most of them afferent to economic constraints1.
Recently, corrosion contribution to the aging aircraft related costs has been estimated  up to 80%.
On the other hand corrosion problems also have an heavy impact on safety and about 45% of the observed
component failure can be ascribed to  corrosion, when both direct and initiation effects are considered.

Corrosion in airframes is mainly an electrochemical matter, where an electrically conducting solution assists
the transfer of metal ions, dry corrosion being almost always limited to engine components.
In spite of this limitation, a lot of different forms can be observed and one of the most useful theory that can
be used to categorize them is the Structural-Electrochemical one2.
In agreement with this theory, the driving force of  an electrochemical corrosion process must be considered
the presence of heterogeneity on the metal surface.
Depending on the nature and the dimension of this nonuniformity three different categories of corrosion must
be experienced:
Uniform corrosion, in presence of sub-microstructural heterogeneity from 1 to 1000 Å, comparable to the
cristallographic lattice dimensions  (i.e. differences in the position of atoms, thermal fluctuations of metal ions
in solution, etc.).
Selective corrosion, in presence of microscopic inhomogeneities from 0,1 m to 1 mm, comparable to the size
of the cristallographic structure of the metal (i.e. grain boundaries, second phases in alloys, etc.).
Localized corrosion, in presence of macroscopic inhomogeneities greater than 1 mm, comparable to the size
of the component (i.e. galvanic coupling, differential aeration, etc.).

3. UNIFORM CORROSION
Here, the inhomogeneities on the metal surface interacting with an aggressive environment, are so small in
dimension and potential that the same area will change, playing continuously a different anodic and cathodic
role.
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The total effect is an attack on the whole surface leading to a uniform or quasi-uniform lost in  depth of the
metal.
Although this is a very common mechanism in many corroded systems, it is not so often observed on
airframes because the chosen aeronautical materials are always less prone to it.
Uniform corrosion is usual for non-stainless steel and iron where it can be easily recognized by red rust.
Being easily detected and forecasted uniform corrosion can’t be considered as a very dangerous form of
corrosion.
Usually  general attack occurs on parts where the original protective coating  has failed for any reason. The
most typical case is certainly observed on cadmium plated steels after the anodic coating has been totally
sacrificed (Fig. 1).

Fig. 1 – Uniform Corrosion on a cadmium plated AM-X Air Combustion Chamber

Erosion, caused by the action of a fast moving fluid, can also lead to a uniform or quasi-uniform attack. This
specific mechanism, called erosion-corrosion, becomes more severe in aircraft operating in hot desert
climates, where an high humidity content, especially in night time, is associated with sand: the solid particle
content, furthermore rich in salt, acts as an extremely abrasive media, removing paint, surface finish and
corrosion products, offering continuously new metal surface.
Aging aircraft issues exacerbate uniform corrosion problems on electrical and avionics equipment where, in
order to obtain the requested performance, materials are often inferior in terms of corrosion resistance.

4. SELECTIVE CORROSION
In this category are included all the phenomena depending on the presence of heterogeneities in chemical
composition. In this sense we can also talk about this electrochemical attack as caused by an intrinsic
heterogeneity of the material.

4.1 Intergranular Corrosion
On airframes, intergranular corrosion (Fig. 2) is the more often observed mechanism of this class because it is
characteristic for the aluminum alloys, both the Al-Cu (2xxx) and the Al-Zn (7xxx) alloys, where the driving
force for the electrochemical process is the difference in potential between the second phases (richer in copper
- more noble -, or richer in zinc – less noble -) and the aluminum matrix.
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Fig. 2 – Intergranular Corrosion on AA2024 (160x)

In this case corrosion profile follows the shape of grain boundaries (Fig. 3), where second phases are
precipitated, and must be considered very dangerous because, in spite of a minimum material lost, mechanical
properties fall dramatically down3. Furthermore, intergranular corrosion is frequently hard to detect also by
means of NDE.

Fig. 3 – Intergranular Corrosion on Mg Alloy AZ-91C (250x)
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When intergranular corrosion occurs on heavily rolled or extruded parts having elongated grains in the
direction of working, the produced phenomenon has the very characteristic aspect of an exfoliation (Fig. 4).

Fig. 4 – Exfoliation on a Breguet Atlantic Br.1150 AA2024 spar

Intergranular attack can also be observed on austenitic stainless steel. On these materials an incorrect cooling
procedure after an heat treatment can lead to a sensitization of the part, caused by the  grain  boundary
precipitation  of  chromium carbide (Cr23C6) and according to this the strong  depletion in chromium content
of the contiguous areas. This can be the case of wrong welding procedures (Fig. 5).

Fig. 5 – Low Temperature Sensitization on a PH 17-7 Stainless Steel

4.2 Crystallographic Corrosion
Although much less common on airframes, another kind of selective attack to be mentioned is the
crystallographic corrosion which can be generated when whole grains or volumes are each other
electrochemically different enough.
This is the case of some brasses where parts richer in zinc leave the metal leading to a spongy structure.
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5. LOCALIZED CORROSION
This is certainly the class where the widest number of corrosion mechanisms are observed.
The common factor among the different forms of corrosion in the case of a localized attack is the presence of
stable and clearly separate cathodic and anodic areas.

5.1 Pitting Corrosion
Pitting corrosion is a dangerous attack which occurs on passive materials when the protective oxide layer
breaks.
It is often observed on stainless steel and aluminum alloys that spontaneously form a protective film: as a
result of small damages on the passive layer, the damaged areas will work as anodes immersed in a very large
cathodic area and will suffer in consequence of this a very localized attack which leads to the formation of
deep and narrow cavities.
Pitting corrosion is particularly common on aircraft structures operating in marine environments, since the
chloride ions and halide ions in general promote the local dissolution of protective oxide films.
Here following (Fig. 6 and 7) some cases occurred in the recent past are shown.

Fig. 6 – Pitting Corrosion on a HH-3F Compressor Blade

Fig. 7 – Pitting Corrosion on MB-326 Balance Tabs

Some authors4 include in pitting corrosion mechanism also those corrosion phenomena that take place on
active metals, previously protected by a suitable external coating, when the protection is locally damaged.
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In any case pitting must be considered very insidious since it tends to accelerate its corrosion rate because of
the increasing acidity and chloride content inside the cavity; furthermore, in highly loaded structures, the
stress concentration at the base of a pit is often sufficient to promote fatigue or stress corrosion cracking.

5.2 Crevice Corrosion
This form of attack (Fig. 8) is originated by the difference in the concentration of dissolved oxidant agent
(usually oxygen) inside and outside a crevice. In this case the area inside the crevice will act as anodic and
there a pit will develop.

Fig. 8 – Crevice Corrosion on Tornado

In airframes, corrosion crevice is frequently observed on lap joints or under surface deposits in presence of
stagnant solution. It is usually associated with a poor performance of the sealant or sometimes can be caused
by a defect of design (i.e. poor drainage conditions).

Its nature makes it dangerous because often occur on unexpected areas and can’t be detected by visual
inspection if not disassembling.

5.3 Galvanic Corrosion
Galvanic corrosion is the most evident form of localized attack, where anodic and cathodic areas are very
clearly identified.
It occurs when two metals of different electrochemical potential are in contact in a corrosive medium and the
resulting damage to the less noble metal will be more severe than if it was exposed alone to the same medium.
The extension of the corroded area on the anode as far as the corrosion rate will depend on the difference in
the electrochemical potential between the metals and the conductivity of the aggressive medium. Anyway, the
corrosion attack will be more concentrated in the part of the anodic metal closest to the cathode.
In aircraft structures is often necessary to use different metals and galvanic corrosion can’t be completely
avoided. In this case is important to take care about the ratio between the cathode and the anode: increasing
the ratio the corrosion will tend to be superficial.
This is the typical example occurring at fastener holes in aluminum alloy skin when steel bolts or rivets are
used.
Looking at the galvanic series it’s easy to realize that magnesium alloys are very susceptible to suffer galvanic
attack when used in junction with any other metal (Fig. 9-11).
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Fig. 9 – Galvanic Corrosion on a Mg Alloy Spacer,
coupled with a steel beam in the MB-326 Central Section

Fig. 10 – Galvanic Corrosion on the MB-339 between Mg Alloy Trim and Aluminum rivets
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Fig. 11 – Galvanic Corrosion on the MB-339 Attach Fitting

5.4 Filiform Corrosion
Filiform corrosion (Fig.12) can be found under organic coatings such as paints, due to penetration of moisture
through the coated surface under specific temperature (T ≥ 30 °C) and humidity conditions (Hr ≥ 85%).

Fig. 12 – Intergranular Corrosion on Aluminum Alloy

This mechanism is not particularly dangerous on itself since it propagates creating blistering “wires” of
corrosion products on the surface of the metal, actives just on the tip of each wire, but can degenerates in more
serious attacks if not detected and removed in an early stage.

5.5 Stress Corrosion Cracking (SCC) and Corrosion-Fatigue
These two dangerous localized corrosion mechanisms are often unfortunately observed on airframes.
Both produce cracks, different in shapes and patterns, whom growth is caused by the synergetic action of a
moderate corrosive environment and a mechanical stress: a static load (lower than the material’s yield tensile
stress) in the case of SCC (Fig. 13), or a cyclic load in the case of corrosion-fatigue (lower than the material’s
fatigue limit).
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Fig. 13 – Stress Corrosion Cracking on a Br.1150 bomb bay guide rail

Many models have been proposed5 to explain the crack growth process for these attacks, all of them
coinciding that just the crack tip is anodic while the rest of the metal (including the walls of the crack) act as
cathodic.
Once the crack has formed it will continue to grow, stopping only when the static (SCC) or the cyclic
(corrosion-fatigue) load has fallen below the critical value, or alternatively excluding the corrosive
environment.
These forms of corrosion must be considered as a major problem in aging airframe related issues, particularly
corrosion-fatigue at low frequency cyclic stresses, where the time dependent corrosion process has the
opportunity to explicate its action.
In effect Multiple Side Damage, a phenomenon under intensive investigation since the last ten years, can often
be seen as an extension of the corrosion-fatigue mechanism.

5.6 Hydrogen Embrittlement
Hydrogen embrittlement is often considered as a special case of the more general SCC mechanism6.
Its effect is to lower the ductility in metals when penetrated into the material7 by means of a natural corrosion
reaction or, more often, during a plating or a pickling process.
High strength steel and austenitic stainless steel are the most commonly affected aerospace materials, their
susceptibility also depending on the metal composition8.
Parts more often failed for hydrogen embrittlement are bolts and main landing gear items.

5.7 Fretting
Fretting is an insidious form of corrosion that occurs when the environmental action is assisted by material
wear under low vibratory relative mote of parts.
The abrasion of the surface finishing, and after that of the corrosion products, continuously offer new metal
surface to the environmental aggressive attack: because of the abrasive nature of the corrosion products, this
mechanism is rate increasing, usually leading to hemispheric pits where fatigue marks are often found on their
bottom (fig. 14).
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Fig. 14 – Fretting Corrosion on the MB.339 Landing Gear spine

6. CONCLUSIONS
This lecture has given a compendium of the deterioration phenomena induced by corrosion most frequently
observed on airframes.
The scheme followed in the presentation of the corrosion forms was derived from the Structural-
Electrochemical theory, in order to clarify some aspects common to different corrosion mechanisms.
An always increasing knowledge of the corrosion problems, based on the past experiences and on a
multidisciplinary approach comprehensive of design philosophy, condition based maintenance and NDE
development, is then essential to win the new economic and safety challenges offered by the aging concerns.

1 R. Kinzie, “Cost of Corrosion Maintenance” – 2nd Joint NASA/FAA/DoD Conference on Aging Aircraft,
Proceedings (Williamsburg, VA –USA 31 August – 3 September 1998), 193-202.

2 N.D. Tomashov, “The Development of the Structural Electrochemical Theory of the Corrosion of Metals
and Alloys” – Protection of Metals English Version Vol. 22 No 6 (Nov.-Dec. 1986), 679.

3 E. Lee, “Shipboard Exposure” – 2nd Intl. Aircraft Corrosion Workshop, (Solomons, MD -USA
24-26 September 1996).

4 W. Wallace, D.W. Hoeppner “AGARD Corrosion Handbook Vol. I – Aircraft Corrosion: Causes
and Case Histories” – AGARDograph N° 278, (July 1985), 79.

5 A.J. Mc Evily, “Atlas of Stress-Corrosion and Corrosion Fatigue Curves” – ASM, (1990), 17 ss.
6 G.E. Kerns, M.T. Wang, R.W. Staehle “Stress Corrosion Cracking and Hydrogen Embrittlement

in High Strenght Steel” – Stress Corrosion Cracking and Hydrogen Embrittlement of Iron Base
Alloys, NACE Pubbl., (June 1973), 700.

7 R.D. Mc Cright, “Effect of Environmental Species and Metallurgical Structure on the Hydrogen
Entry into Steel” – Stress Corrosion Cracking and Hydrogen Embrittlement of Iron Base Alloys,
NACE Pubbl., (June 1973), 306.

8 R.W. Stahele, M.G. Fontana “Advances in Corrosion Science and Technology” – Vol. 7, Plenum
Press (New York, 1980), 53-175.



7-1

Human Factors in Aircraft Inspection

Colin G. Drury
State University of New York at Buffalo

Department of Industrial Engineering
342 Bell Hall

Buffalo, NY 14260, USA
716-645-3624, fax 716-645-3302

drury@buffalo.edu

Abstract:  Inspection of both airframes and engines is a key activity in maintaining continuing airworthiness.
Unless structural defects are detected at the appropriate time, structural failure may result.  The reliability of
the inspection system must be known in order to schedule safe inspection intervals. However, inspection
reliability necessarily includes human inspector reliability so that knowledge of human inspection performance
is vital to safety.  This paper describes models of the major functions of the human inspector, and applies these
within a framework of inspection reliability.  From these models, and field experiments on inspectors a set of
factors known to affect inspection reliability is derived.  These can be used to define good practices necessary
to continuously improve inspection performance.

1. Introduction:  Inspection plays a critical role in airworthiness assurance.  It is used as the detection system
for required maintenance procedures and as a final check that the maintenance has been performed correctly.
Inspection failure at either stage can compromise public safety.  A critical defect may remain undetected and
thus unrepaired, or on aircraft with a procedural error (e.g. a missing lock-wire) may be released for service.

These issues have been demonstrated in dramatic fashion in aircraft accidents.  In 1988 an Aloha Airlines B-
737 aircraft suffered fuselage failure from undetected multi-site damage.  In addition to aircraft structures,
inspection errors have caused engine failures, for example the JT8-D failure on takeoff on a Delta flight from
Pensacola in 1998.  In both instances the inspection technique was technically capable of detecting the defect
(a crack) but the overall system of technology-plus-human inspector failed.  These incidents focused attention
on the role of the human inspector in the technology-plus-inspector system.

For many years (see Swain, 1990) human factors engineers had been quantifying human reliability using
techniques derived from system safety.  Fault tree analysis (FTA) and Failures Modes and Effects Analysis
(FMEA) had been employed to determine how failures in the human components of a system affected overall
system reliability.  This set of techniques was first applied to aircraft inspection by Lock and Strutt (1985),
who used their detailed task description of inspection to derive potential systems improvements.

Two parallel lines of research also impact on improving human reliability in inspection. First, for many years
it has been traditional to measure inspection system reliability in terms of the probability of detecting defects
with specified characteristics under carefully controlled conditions.  This set of techniques is used to define the
inspection system capability, particularly for non-destructive inspection.  The second research thread has been
the on-going study of human factors in industrial and medical inspection.  Early realization that industrial
inspectors were not perfectly reliable led to many hundreds of studies aimed at modeling and improving
inspection performance.

This paper covers the modeling and improvement of aviation inspection performance, treating human factors
as an explicit aspect of inspection capability.  Parts of the text that follow are modified from a recent report on
one inspection technique, Fluorescent Penetrant Inspection (FPI), published in Drury (1999).

2. NonDestructive Inspection (NDI) Reliability:  Over the past two decades there have been many studies of
human reliability in aircraft structural inspection.  All of these to date have examined the reliability of
Nondestructive Inspection (NDI) techniques, such as eddy current or ultrasonic technologies.

From NDI reliability studies have come human/machine system detection performance data, typically
expressed as a Probability of Detection (PoD) curve, e.g. (Rummel, 1998).  This curve expresses the reliability
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Summary

After providing some commonly used definitions of fracture critical parts, the influence of improved calculation
methods on the design of such components is shown. Various approaches to the determination of usable fatigue life are
discussed, particularly the classical safe life philosophy and approaches exploiting the damage tolerance of compo-
nents. Within this general framework there exist various possible lifing policies, that have to be discussed and agreed
between the engine manufacturer, the users and the regulatory agencies. The methods for life usage management may
be adapted to changing environments, taking into account the experience gained during operational usage. The intro-
duction of recording or monitoring systems makes it possible to calculate the actual life usage of individual compo-
nents or at least to determine the scatter of usage within an aircraft fleet. These results enable a specific exploitation
of the life potential of the parts without giving rise to an increased risk. The use of the life potential beyond the safe
crack initiation life requires experimental and computational methods to gain insight into the fracture mechanical
processes governing crack propagation. The corresponding results can also be used to determine inspection intervals
that ensure a detection of cracks before those cracks start uncontrolled growth. Results from an on-board life usage
monitoring system used by the German air force are presented. An outline of the tasks of usage monitoring is given.
Finally some remarks on fleet management are presented.

Introduction

A considerable percentage of the military aircraft and engines now in use have experienced operation over usage times
not foreseen when those engines were designed. In Germany we have the F-4F (Phantom II), designed around 1965,
that entered service at the German air force in 1974 with its J79 engine. The same engine also powers the F-104S-ASU
(Starfighter) still in use at the Italian air force. Both types will continue to fly until being replaced by the Eurofighter.
The French air force continues to use the Alphajet and the Mirage F1, both with engines designed in the early 70’s.
Although many of the older MiG and Su types have been withdrawn from service in the last years, there remains a
large amount of  aircraft that have seen more than a quarter of a century of operation in the air forces of Eastern
Europe. The vast majority of aircraft operated by the NATO nations is more than 15 years old. As engines typically
contribute 30% of the life cycle cost of an aircraft, methods aiming at an extension of their usable life attract a
widespread attention. There have been various conferences and working groups on this topic initiated by the RTO
[RTOMP17, RTOTR28]. All topics of this  presentation are addressed in great detail in unclassified sources, some of
which are put together in the references, and I strongly recommend to retrieve at least some of the available material
from the world wide web.

Definition of fracture critical parts

A typical definition used by regulatory agencies in civil aviation is the one given in  [JAR-E]: “Where the failure
analysis shows that a part must achieve and maintain a particularly high level of integrity if hazardous effects are not
to occur at a rate in excess of Extremely Remote then such a part shall be identified as a Critical Part”.  “Extremely
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Fig. 1 : Largest fragment of fan hub after burst (Pensacola accident)

Fig. 2:  Disk driven to burst during overspeed spin test

Remote” probability means [JAR1] “unlikely to occur when considering the total operational life of a number of
aircraft of the type in which the engine is installed, but nevertheless, has to be regarded as being possible (10-7 - 10-9 per
hour of flight)”. In the glossary of [RTOTR28] the following definition is given: “A part which will physically break,
causing catastrophic damage, after experiencing a statistically described number and mix of missions. Such compo-
nents are identified at design time, and removed from  service before failure occurs.”
The engine parts most likely to cause severe damage to the aircraft are the components of the rotors, the most massive
ones being the compressor and turbine disks, but also including spacer rings or rotating air seals, that may sometimes
also penetrate the engine casing when a failure occurs. Engine design usually is required to ensure containment of
broken single blades, but also numerous incidents with uncontained fan or turbine blades have been reported (e.g.
[WB96, JSSG2007]). Although the focus will be on disks, many aspects of the following presentation are applicable
to blades as well. Unfortunately, actual disk failures are not limited to experiments performed in the test beds of engine
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manufacturers (see example in Fig. 2), but they also happen in the engines of commercial passenger jets with hundreds
of passengers aboard.  Fig. 1 shows a fragment of the fan hub, whose failure killed two passengers aboard a MD-88
in Pensacola, Florida, in 1996 [NTSB98]. There is a not too short list of other uncontained disk failures in the engines
of civil aircraft. Many of them occurred during the run-up to takeoff power of the engines on ground, thus limiting
somewhat the possible consequences, but aircraft have been destroyed by subsequent fires, as in the Valuejet accident
in 1995 [NTSB96], and there was one catastrophic in-flight failure of a fan hub, claiming the lives of 111 persons. The

direct cost of that crash of a DC-10 in Sioux City in 1989 totaled  over 300 million US$ [Hall97].
A recent (June 2000) uncontained failure of the HP compressor spool of a GE CF6-80, that happened during takeoff
of a Boeing 767 in Sao Paulo, Brazil, led to the recommendation to remove certain  engines from service to perform
inspections to detect possible cracking.
The military flying community is affected by failing fracture critical parts as well. The following description, which
gives a typical example for the consequences of an uncontained disk failure during flight is cited from the Flying
Safety Magazine of the United States Air Force [Woo96]:
“The one T-38 engine-related Class A mishap was from another known problem, compressor disk corrosion. A crack
propagated from a corrosion pit in the No. 1 engine's eighth stage compressor disk. When the disk eventually failed, it
penetrated the case, severed several fuel and oil lines, and caused an in-flight fire. The shrapnel and fire affected the
mishap aircraft's flight controls, forcing the crew to eject. The aircraft crashed in an apartment complex, killing two
and injuring several other civilians. The source of the corrosion is still unknown. Oddly enough, no other users of the
J85 engine have reported corrosion, including the Navy. Regardless, life limit reductions are being implemented to
reduce the risk. Corrosion-resistant coatings and materials are also being explored.” This short report bears nearly all
ingredients of what may happen and what consequences are typically deduced. It also highlights the problem of
corrosion, that may invalidate the results of  sophisticated life extension schemes.
Disregarding disk failures due to overspeed which might occur after a total malfunction of the control or fuel system
or due to a broken shaft in the engine, disk failures usually are the final consequence of underestimated and undetected
material fatigue. Even in initially defect-free parts cracks may start to grow at highly loaded areas of the rotor
structure. If cracks remain undetected and operation of the part is continued, even normal cyclic loading will eventu-
ally lead to an unstable crack growth. The final burst, that results from insufficient residual  strength of the heavily
cracked disk under high load will produce a few (typically 3 - see Fig. 2 and [DK99]) high energy fragments, that will
inevitably penetrate the engine casing, with a high chance for mission abort, air vehicle loss, and fatalities.

Evolution of the design process

The tools available for  the design of aero engine components have seen a dramatic evolution during the past 30 years.
The finite element (FE) method is now used to determine (and avoid) in advance the locations of high stress concentra-
tions. For most of the old engines, that were designed before 1970, such computer based tools were only available to
a very limited extent. At that time the design of rotors was largely based on empirical methods, supported by experi-
ments (e.g. photoelastic strain analysis). The limited accuracy of the available computation methods for temperatures
and stresses had to be compensated by the selection of larger safety margins. Only since the middle of the 70's FE
programs were used for the stress calculation of rotor components. It became possible to design disks which were
stressed more evenly, than it was possible with the classical empirical procedures. Modern design methods try to
minimize weight and to fully exploit the available strength of materials. “Old” rotor components often have only a few,
clearly identified critical life-limiting areas, whereas a larger number of potentially life-limiting areas has to be taken
into consideration for newly designed “fully stressed” components.
The evolution of computational methods within the last 20 years is illustrated in Figs. 3 and 4. Fig. 3 shows a finite
element mesh that was used for the axisymmetric stress analysis of the IP compressor rotor of the RB199 engine
during rotor design in the year 1979. The same component has been reassessed in 1999 to check for possible life
extensions. The refined mesh shown in Fig. 4 partially removes the necessity to apply empirical stress concentration
factors to take into account geometric details not resolved by the coarse mesh. In 1979 stress engineers had to wait
days for the computation results. With modern workstations a time dependent stress analysis, including thermal
stresses and a life assessment for the whole design mission can be run within a few minutes. Fig. 5 shows an example
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Fig. 3:  Compressor rotor, finite el-
ement mesh for axi-symmetric
stress calculation in 1979

Fig. 4: Compressor rotor, finite el-
ement mesh used for recent re-as-
sessment of stresses
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Fig. 5: Design mission: Results of finite element calculation for one critical area

of the calculated temperature and stress at a critical area, together with the spool speed for the design mission. Per
definition, the largest stress cycle of this mission is used as reference for LCF life counting for a certain critical area.
The life usage of this cycle is set to a value of 1.0. Life releases are expressed as multiples of this cycle.

Safe life versus damage tolerance design

Currently the most widely used lifing policy is that of “Safe Crack Initiation Life”. This is the classical method for
lifing in the low cycle fatigue regime. The idea of the concept is as follows: It is assumed, that a new part is free of
defects. Under operational loading a defect (e.g. a fatigue crack) is generated. When the defect has been generated, the
part’s life is expired. The life end criterion is a certain predefined crack depth (e.g. 0.4 mm). The usable life is defined
as the life of the weakest individuum of a population of parts. As a result of experiments and experience, a lognormal
distribution of lives to first crack (LTFC) with a ±3sigma scatter factor of 6 is assumed for conventional disk materi-
als. The method is illustrated in Fig. 6, showing schematically the scatter band of the S/N curves of a large number of
similar parts. Due to the requirement for an acceptably low statistical probability (e.g. 1/750) for the existence of a
crack with the predefined depth, only a fixed portion of the average life is available for operational use. There is no
check for the presence of the life limiting crack, when parts are retired. Details of the method are discussed in [BLH98].
One shortcoming of this method is its inability to predict a failure margin. The method tacitly assumes, that a 0.4 mm
crack is sufficiently far away from growing in an uncontrolled manner. This is the starting point for the so-called
damage tolerance concepts. It is assumed, that even a new part may have an initial defect, which behaves like a crack
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Fig. 6:  Distribution of cycles to crack initiation

Fig. 7:  Life extension into the crack propagation regime

of a certain depth. This crack propagates under operational loading. When the crack enters a phase of unstable
growth, the part’s life is expired. The application of a damage tolerant lifing policy requires an understanding of the
crack growth process. Experiments and fracture mechanical methods have to be combined to determine the number of
load cycles needed to propagate cracks at the critical areas from the assumed initial size to a size implying the risk of
disk burst (dysfunction). There are various criteria for dysfunction of a part [BB98]: Unstable crack growth under
basic operational loading, onset of continuous crack propagation due to superimposed  vibratory stresses, loss of
overspeed capability (insufficient residual strength), unacceptable out-of-balance conditions.
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The information about crack growth can be used in different manners. The first method is an extension of the “Safe
Initiation Life” concept, called the “Safe Crack Propagation Life”. This method is described in [BB98]. The “Initia-
tion Life” criterion (e.g. occurrence of a 0.4 mm crack) is replaced by the “2/3 Dysfunction Life” criterion. For crack
tolerant components having a long crack propagation life, significant life extensions compared to “Initiation Life” are
possible. On the other hand the application of the “2/3 dysfunction life criterion” to components with low damage
tolerance may even require a reduction of the life figures derived from the “Initiation Life” criterion. This is necessary
to ensure a consistent safety margin.
All of the methods described so far do not exploit information from inspections. Parts are scrapped when they have
reached their released lives irrespective of the actual presence of cracks. If reliable nondestructive inspection (NDI)
methods are available, that are able to guarantee defect sizes below prescribed limits, then the method illustrated in
Fig. 7 is applicable. A part can be returned into service, if it is found defect-free or the defects are so small, that the
expected crack propagation period is longer than the planned inspection interval.

Lifing policies

The lifing policy that will be applied to a new engine is usually discussed and agreed by the contractors. As already
mentioned, the most commonly used lifing policy in Europe is the "Safe Life" approach. In this method only a chosen
percentage (e.g. 50%) of the calculated expected life is released at entry into service of a new engine. This applies also
to the introduction of engine or component modifications, that are judged to significantly influence the life of the
affected components. Evidence has to be provided by performing spin pit tests with full scale components, by which
the component is subjected to a series of cyclic load changes. The load levels are chosen to exceed the expected
operational loads by a chosen, usually moderate percentage. This overload provides some safety margin against
uncertainties in the stress calculations and it also serves to shorten test times, that are a substantial cost factor during
component qualification. Spin tests are continued until cracks start to grow at critical areas of the disks.
If the need arises, the test may also be continued into the crack propagation regime, however requiring some exten-
sions of the experimental planning and evaluation (e.g. application of marker loads, determination of crack geometry).
This is necessary to produce the data required for a prospective inclusion of the parts crack growth potential into an
extended life release.
Dependent on the number of tested disks and on the achieved number of test cycles, at first only a certain percentage
of the life demonstrated in the spin test is released. Safety factors have to be included taking into account the very
small (typically not more than 2 or 3) sample size. Spin tests are continued in parallel to the operation of the engines
in the users' fleets. Based on an extrapolation of usage data, that may either consist of cycles accumulated by engine
monitoring systems or simply based on the number of flights or accumulated flight time, required schedules for life
releases are determined. When the first components have reached the life released so far, at least one of those compo-
nents is removed from service and it is then tested for remaining life in a cyclic spin test. The new results are used to
release a further portion of the life. This process is continued, until 100% of life can be released.
The formal life release usually is authorized by a regulatory agency based on available evidence. In contrast to
commercial aviation, where international standards (e.g. [JAR-E]) are applied, it is quite common in military aviation,
that different users of the same engine types use different methods of life releases or even different lifing policies.
Lifing philosophies may be different within one country: In the USA, the US Air Force practices the damage tolerance
philosophy, whereas the US Navy practices the safe life approach.
There is a number of reasons for an enhancement or modification of the existing methods. Possible extension are the
inclusion of test results from other sources than spin-pit tests, e.g. specimen tests, an improved statistical approach
[BLH98] to take into account so-called non-finite test results (i.e. no crack has occurred at some intermediate stage of
the cyclic spin pit tests).
Experience from a number of projects shows, that it is not always possible to take into account all life limiting areas
in the initial assessment of a new or redesigned component. If cracks occur at unexpected locations (either during the
spin-pit tests or during operational use), those areas have to be introduced into the defined lifing process or they have
to be treated by a different method, e.g. scheduled inspections.
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Fig. 10:  Assumed shift of life consumption distribution for aging engines

For the RB199 engine the “Safe Initiation Life” policy was initially chosen. During the first years of operation, cracks
were found at some unexpected areas of the rotors. If treated with the original method, the affected components would
have to be retired long before reaching their expected life limits. To recover some of the life potential, the damage
tolerance at the newly detected critical areas was assessed. The application of the “2/3 dysfunction life criterion” may
restore the originally expected usage times, if  the crack propagation life extends over a sufficiently large number of
load cycles. The application of the “Safe Crack Propagation Life” to the IP compressor and the IP turbine of the
RB199 is described in [BB98].
If cracks occur at locations with lacking damage tolerance, it is also possible to integrate inspections into the lifing
process. In some circumstances inspections may also be required, if only a limited number of parts behaves different
from the rest of the population. If deviations in the production process have occurred, whose influence on life was not
known at production time, the information required to decide on possible life reductions may only accessible by an
inspection.

Adaptation of the lifing process to in-service experience

The first experience in nearly every military engine project is the realization, that there exist non-negligible differences
between the design missions and the actual usage. Although design missions have become more realistic for newer
projects (see e.g. [JSSG2007]), it is nearly impossible to cast usage patterns similar to those of Fig. 8 into manageable
specifications. Data recordings taken during the first time of in service usage may be used to determine the scatter of
life usage caused by different missions. An example (Fig.9) from [BP97] shows, that the assumption of a life usage
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proportional to flight time does not hold for single flights. A better approximation is to determine probability distribu-
tions describing the life usage per flight (Fig. 10). Due to thrust requirements for take off, life usage per flight is
always greater than some minimum value for most of the critical areas.
The requirement for maintaining some prescribed thrust level is also the reason, that we have to assume some shift of
the life usage distributions for aging or deteriorated engines (Fig. 10). If the control system tries to maintain the thrust
level by increasing engine temperature and speed, usage will be more severe due to increased thermal and mechanical
stresses and also due to lower life potential of the materials at higher temperatures, even if no change in mission types
occurs.
There are numerous parameters, by which the use of a component can be described. Flight time, engine running time,
number of flights, number of engine runs, engine running time above certain spool speeds, time at certain tempera-
tures. More appropriate for a description of the usually life limiting processes are parameters approximating the cyclic
properties of engine operation. The best known method is the counting of so-called TACs (total accumulated cycles)
mainly in use at the USAF.
Because of the somewhat arbitrary definition of the power ratings this procedure can be refined by admitting arbitrary
spool speed values in the assessment of the contribution of a spool speed cycle. The method outlined below is an
extension of counting TACs. If it is implemented in an on-board monitoring system or in a ground-based system for the
assessment of recorded engine data, the results are directly comparable with specification values using TACs as a
measure for cyclic engine or component usage. The method for "continuous TAC cycle counting" consists of the
following steps:
1) Calculation of non-dimensional spool speeds N = N

phys
 / N

ref
, where N

ref 
 is the 100% spool speed, equivalent to the

“intermediate rated power” (IRP) used  in the definition of the “Type I, III, IV” cycles [JSSG2007].
2) (N

min
, N

max
) cycle extraction for the selected spool speed signal with a rainflow method,  using one of the available

very efficient methods for real-time cycle extraction. The rainflow method replaces the simple gate based counting
used in the original TAC definition.
3) Computation of hypothetical stresses for the extreme values of the cycle,  i.e. S

min
 = N

min
2, S

max
 = N

max
2.

4) Assumption of a maximum (e.g. burst) speed N
lim

 and a corresponding hypothetical stress S
lim

 = N
lim

2 and of a
hypothetical "endurance limit" S

cut
 = S

lim
 · FCUT,  where FCUT is a chosen percentage of S

lim
. Cycles (0,S

max
) with

S
max

 < S
cut

 contribute zero usage. The endurance limit is defined as the maximum applied cyclic stress amplitude for
an ‘infinite’ fatigue life. Generally ‘infinite’ life means more than 10 million cycles to failure.
5) Conversion of the (S

min
, S

max
) cycle into an equivalent (0,S

eq
) cycle with the Goodman formula

S
eq

 = S
lim

 · ( S
max

 - S
min

 ) / ( S
lim

 - S
min

 )
6) Calculation of an auxiliary stress S

aux
 = S

eq
 / S

cut
 - FCUT

7) Calculation of the hypothetical damage of the found spool speed cycle  D = ( S
aux

 / ( 1 / S
cut

 - FCUT ) )ESN, where
ESN is an assumed  slope of a hypothetical S/N curve.
The parameters in the formulas above can be chosen to closely match the definition of TACs provided in [JSSG2007]
or in the appendix of [RTOTR28]: TAC = LCF + FTC/4 + CIC/40,
 where LCF = "Engine Start to IRP to Engine Stop Excursion", FTC = "Idle to IRP to Idle Excursion",
CIC = "Cruise to IRP to Cruise Excursion".
The following parameter settings match the TAC definition assuming the spool speeds of the HP spool of the RB199
engine (Idle=65%, Cruise (assumed)=81%): N

lim
=120%, FCUT=0.55, ESN=3.5. With this definition a (65%,100%)

cycle will produce a usage of 0.25, a (81%,100%) cycle will give usage 0.025.
For engines with 2 or three spools, it is advisable to use separate definitions for the different spool speeds, since the
percentage values of idle and cruise will be significantly different for HP and LP spools. The definition N

lim
=130%,

FCUT=0.4, ESN=2.0 is a choice giving higher weight to “sub-cycles”. The results for the two selected parameter
settings are shown in Fig. 11 for (0,N

max
) cycles and in Figs. 12 and 13 for arbitrary cycles.

A cycle counting system using the above mentioned or similar parameters would produce consistent usage figures,
that allow the recognition of changing usage due to new tactics, operational procedures, pilot training etc. However, it
must be emphasized that TAC cycle counting provides only a gross measure of usage and cannot fully replace moni-
toring functions specifically tailored to the thermomechanical behaviour of the critical parts.
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Fig. 11:   TAC equivalent of arbitrary 0-max spool speed cycle

The impact of recording and monitoring systems

Without information on the usage of an engine in service, very conservative assumptions have to be made with regard
to the life usage of critical parts. If a new or modified engine is introduced into service, a commonly used method is
either to assume a certain mission mix composed of the specified design missions, or, somewhat better, to use record-
ings from flight tests to substitute the missing information on usage in service. From those assumed or recorded data,
the life consumption at all critical areas of the engine rotors has to be computed. However this requires mathematical
models of the thermal and mechanical behaviour of the rotors suitable to calculate the life consumption for arbitrary
input data. Such simplified models have to be derived from the complex finite element models used by the manufac-
turer during component design.
If no life usage monitoring system is used, the common practice is the assignment of conservative life usage figures  to
all critical areas. Each area then has a so-called ß-factor (average cyclic exchange rate) describing the life usage per
flight hour or some other easily available usage figure (e.g. engine running time, number of flights). The fatigue life
consumption at a critical area is then computed by a multiplication of the ß-factor with accumulated flight time. The
accumulated cycles have to be compared with the released lives. A part is removed from service, if either the life limit
is reached or if the part is accessible during maintenance and the low remaining life makes the reuse of the part
uneconomical.
A more accurate determination of cyclic exchange rates can only be obtained from a sufficiently large number of flight
and engine data recordings, with some side conditions concerning data quality, availability of configuration informa-
tion and statistical significance (e.g. data from different engines, air bases, mission types etc.). With those data, it is
possible to derive statistically meaningful data on the usage scatter within the fleet for each critical area of all critical
parts.

Risk mitigation techniques

The most popular and probably most costly risk mitigation technique is a regular inspection of all candidate locations
for fatigue cracks, using NDI methods. This is currently performed in the commercial aviation world for certain
components of older engines known to be at higher risk level due to deviations either in the material properties, in the
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Fig 14:  Measured crack growth history for rim area

Fig. 15:  Propagation of crack front with crack length

manufacturing process or in the application of certain repair methods causing a reduction of the life potential. If
shortages of parts occur, it is sometimes inevitable to “Inspect-In-Safety” as a risk management tool. Knowledge
gained by recording or monitoring can be used to mitigate the risks. Naturally even the most sophisticated monitoring
system or crack propagation prediction cannot really recover life. However a risk evaluation is simplified, if sound
statistical information on usage spectra is available.
It may sound surprising, but sometimes it is easier to make statistic statements about the use of engines in a fleet, if the
missions are randomly assigned to the available aircraft, as if the missions are assigned aimed at individual aircraft.
Sometimes the allocation of certain mission types to individual aircraft cannot be prevented, if e.g. these aircraft are
equipped with special electronics, armament etc. On a long-term basis it should be tried however not to always equip
these aircraft with the same engines since the underlying assumptions of a risk evaluation otherwise possibly can be
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Fig. 16:  Locally refined FE mesh for crack growth calculation
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Fig. 17:  Accumulated LCF damage for turbine, determined by fleet-wide monitoring
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hurt, e.g. if  a strongly damaging mission type for the engine is continuously flown. Plans for parts replacement or
inspection schedules assuming average usage (e.g. relying on usage distributions like those shown in Fig. 10) may then
considerably underestimate the real risk.

Application of fracture mechanical methods to determine safe inspection
intervals

Cited from [Suk00]: “The relevance and importance of the computation of fracture parameters and the simulation of
three-dimensional crack growth stems from the widespread use of numerical fracture mechanics in fatigue life predic-
tions of safety critical components such as aircraft fuselages, pressure vessels etc. Fatigue failure usually occurs due
to the initiation and propagation of surface or near-surface cracks, which are often assumed to be elliptical or semi-
elliptical for numerical modelling. Closed-form solutions for the stress intensity factors (SIFs) are available for simple
crack geometries in three dimensions; however, for arbitrary-shaped cracks in finite specimens, numerical methods
are the only recourse to modelling three-dimensional fatigue crack growth.”
Although final knowledge can only be obtained by performing expensive tests, the application of finite element meth-
ods to the cracking of components is now within reach. To determine how a crack will  propagate from an initial flaw
at a critical area of the component, the traditional FE methods have to be enhanced by re-meshing techniques, which
adapt the mesh to the crack geometry [Dho98]. Such methods have already been used to predict the crack growth for
components, whose life would have been expired, if the classical safe life criteria were applied. One such component
was the IP turbine disk of the RB199 engine, for which cracks were found in the rim area. Fig. 14 shows the results of
a cyclic spin-pit test, including the application of experimental techniques (marker loads) for a visualization of the
crack front. To understand the crack propagation process and to obtain verified data that can be used for a life
extension into the crack propagation regime, the crack growth process (Fig. 15) was studied in a 3-dimensional FE
calculation.  Fig. 16 shows details of the FE mesh used to calculate the crack growth at the bottom of the firtree area
of the IP turbine disk. The method is described in  more detail in [BK99].  The results of the simulation were compared
with the experimental data. A simplified model was developed and implemented in the OLMOS system, thus recover-
ing a considerable amount of usable life.
Recently also methods have become available, that try to avoid the explicit meshing of the crack surface by adding
“enrichment functions” to the FE approximation in the vicinity of the crack-tip [Suk00]. The fnite element calcula-
tions have to rely on suitable material data, e.g. crack-growth-rate curves as a function of stress intensity factor
ranges. There is an urgent need for an extension of the comparatively small database of available crack growth data
for engine materials, which is still a field of intensive worldwide research.

Experience from operative engine monitoring systems

Starting around 1980, various monitoring systems have been developed. One of the most comprehensive systems is
OLMOS (On-board Life usage Monitoring System), which is now in use for more than 13 years. This system moni-
tors the fatigue life usage of  the engines, the airframe structure and performs a variety of other monitoring tasks.
There have been several publications on this system, its architecture and its results, e.g. [BP97]. One of the most
important findings was, that such a system is not a static one. The method for tracking the life of critical parts is not
necessarily to be held constant during the whole life of an engine. There exist a lot of external and internal factors
requiring a continuous adaptation of the life usage monitoring functions [PR95]. The OLMOS is installed in all
Tornado aircraft  of the German air force. Fig. 17 shows an example of the computed life usage for one critical area
on a turbine disk, including all flying engines an also spare parts. The two solid lines show the results of a statistical
fleet simulation performed for the engine variant “1”, using distribution functions similar to those shown in Fig. 10,
that have been derived from recorded flight data. As the turbine disk under consideration is exchangeable between the
engine variants, the 3 distinct clouds will continue to diffuse, partially also caused by deliberate decisions of the fleet
managers to change disks between the engine variants.
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Fig. 18:  Overview of life usage monitoring
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Requirements for engine monitoring systems

If a new system is defined, there is a wide range of possible architectures. Requirements for an engine monitoring
system have to be a balance of the selected benefits and the available capabilities. [ARP1587] provides an extensive
list of possible design options. Improved life management would need reliable usage monitoring systems to have
realistic stress and temperature cycles [LI98]. Fig. 18 gives an overview of the data acquisition and calculation
procedure to be implemented in an engine life usage monitoring system. A comprehensive treatment of all aspects of
engine life consumption monitoring is given in [RTOTR28]. The calculation of the usage parameters need not neces-
sarily be performed on-board. It is also possible to use recorded flight and engine data, that are collected on-board and
then downloaded by some suitable means (ranging from magnetic tapes to satellite communication links), and do all
the processing in a ground station or even at a centralized facility or at industry. We are currently investigating
systems, that use highly compressed data storage in the aircraft, to remove the need for frequent downloads. Monitor-
ing systems based on data recording have a potential to remove some of the problems found in the existing on-board
systems, e.g. their inability to quickly react on changes in critical areas or the high cost of updates after engine
modifications.

Recommendations for fleet usage management

Although carefully planned inspections and the evaluation of usage data are the basic building blocks for a minimum
risk extension of aircraft and engine life, the allocation of material can significantly contribute to an acceptable
availability of an aircraft fleet.  A fleet manager will usually try to avoid that engines have to be removed from an
aircraft only because a single fracture critical part has reached its life limit. He will also try to avoid foreseeable engine
changes due to parts becoming life-ex, if the aircraft is at some remote base without proper maintenance support. A
centralized logistical database containing the life usage data of all flying and spare parts can be used to direct the
necessary parts to  the right locations at the right time.
For components with a high variability in flight to flight usage there will also be a larger scatter in accumulated life
usage for a given range of engine running or flight time. Systematic differences (e.g. those resulting from different
thermomechanical environments if the parts are used in engines of different build standards) can lead to distinct
clusters of parts in the cycles versus hours plot. Fig. 17 shows an example from the GAF database for one critical area
on a turbine disk of the RB199 engine. This area experiences systematically different life usage dependant on the
engine variant. The reason is the introduction of engine modifications that had an influence on the spool speed rela-
tions between the HP, IP and LP spools. The engine standard present at entry into service corresponds with variant 1.
Some years later modifications have been introduced, that led to somewhat higher LP spool speeds. This standard,
indicated by “variant 2” is currently the most frequent one. The data marked with "engine variant 3" are from rede-
signed engines with a new larger fan with a significantly reduced rotational speed of the LP spool. Those engines were
introduced 7 years after delivery of the first engine variant. Life usage distributions similar to the one of Fig. 17 have
some advantages for fleet life management. The large differences can be taken into account in a parts allocation
strategy, which exploits the life potential by clever changes between different engine variants.
If certain critical parts need frequent inspections due to deficiencies in their design, manufacture, material, corrosion
resistance or fatigue life, those inspections may become a decisive cost factor. In [WB97] an example is given for the
F100-PW-100 engine. For this engine failures of the third-stage fan disk lug resulted in uncontained fan blade libera-
tions. The frequent ultrasonic inspections of the disk lug, that had to be performed to keep  the risk acceptable were
reported to have become the No.1  maintenance man-hour driver in the F100. The solution was to incorporate new
zero-time disks to gain some inspection-free time until redesigned disks and blades became available.

The management of parts has to take into account long-term plans for fleet size. Many air forces are now considering
to reduce fleet sizes far  below the figures planned and acquired at the end of the cold war era. A balance has to be
found between affordable peace time operation and high availability during a potential crisis. It is not always economi-
cal to use the full life potential of all parts. It  is noted in [TH98] that it may be sometimes advantageous to scrap parts
a considerable time before their life is expired, if the cost of engine disassembly, downtime etc. is considered. This will
also reduce cost due to handling, depot operation and administration.
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SUMMARY
The life of a weapon system is influenced to a high degree by the structural integrity of the airframe. Numerous programs to
ensure this have been established within NATO´s Air Forces. Structural loads, leading to fatigue as well as corrosion,
depending on the usage environment, are the major reason for degradation of structures. The many different classes of loads,
the generation of loading conditions during the design phase, as defined in the weapons systems specification, consideration
of static and fatigue loads for structural lay-out and validation concepts are presented.
The procedure of  converting overall aircraft loads (“external loads”) into individual component loads is shown in principal .

0.  BACKGROUND
The effectiveness of military force depends in part on the operational readiness of aircraft which itself is largely dependent
on the condition of the airframe structure. This condition again is affected by a number of factors among those the physical
loads in various forms together with the used life of the airframe are important. With increased and extented usage of
airframes in all airforce inventories and the requirement for various role changes the subject of airframe loads assessment, -
qualification and aircraft loads-monitoring becomes more important, not only for flight safety but also and with an
increasing tendency for economic reasons.
A general understanding of the various types of airframe loads, their generation and application during the design process,
the transfer processes from "external loads" into "structural loads", loads qualification during ground and flight testing is
therefore of equal importance to the process of usage monitoring and derivation of usage factors from the different fatigue
tests or the set-up of structural inspection programs.
When life of aircrafts are discussed, often the flight hours or number of flights are still considered the governing factor,
sometimes adapted with factors on "damage hours" or "usage",  while from a structural engineering viewpoint the
operational stress spectrum and therefore the life on the different aircraft components are not only a matter of flight hours
and spectrum ratio but also driven by modification status, structural weight status and role equipment.
This paper describes loads- analysis and verification activities during the  major phases of the life of an
airframe, where structural loads and their influences on the airframe condition are vital to the structural integrity and the
economic usage of the weapon system:
* The structural loads during design and Qualification of A/C structures
* Loads monitoring during usage
* Impacts due to aircraft modification and role changes.
Trends with respect to the increased usage of theoretical modelling are also discussed.

1.  STRUCTURAL LOADS DURING THE DESIGN AND QUALIFICATION OF AIRCRAFT STRUCTURES
Loads are accompanying an aircraft’s life from “the cradle to the grave”. Although the overall type and magnitude of major
load sets remain the same, there is no “fixed” loadset that is  be applied to one aircraft model throughout the life and often
identical airframes serving different roles within a fleet over time will be subjected to very different loads.
To include as much as possible (or specified) of these loading scenarios in the early process of designing a new type of
aircraft is the responsibility of the loads engineering department, while ensuring that these loads can be safely endured
throughout the specified life is the task of the design and stress engineers. “New” loadsets, developed later during usage of
the aircraft are common tasks and handled similar as the “initial design loads” by the design authority with the constriction,
that now the airframe is already build and deployed and the focus is on minimising changes though structural modifications
to qualify the structure for its new environment either through analysis and / or test.
In short, every major change in the aircraft’s role, payloads or usage in principle influences the loads acting on the airframe
or at least some components. Fig. 1-1 gives an idea how loads are initially generated and how they are used throughout the
design-, qualification- and usage process.
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Fig. 1-1 Loads Main Tasks

1.1   Loads and Fatigue
The determination of loads together with the qualification for static strength and fatigue by calculation and test for all
important structural components is a main prerequisite for successful design and safe operation of any aircraft.
Whereas for transport aircraft with their rather limited range of operational manoeuvres and high number of flight hours /
cycles fatigue is the main design driver for the airframe, fighter aircraft are predominantly designed to (static) limit load
cases for the “corners” of the envisaged flight envelope, which in general cover a lot of strength required for fatigue of their
comparatively short life.
But this is only true as long as fighter life does not exceed the originally planned lifetime and the roles, missions etc. are
compatible with the design criteria at the beginning.
Aging aircraft in both cases does not only mean that an aircraft is getting older in terms of flight hours and flight cycles, it
also means that some of the reference data for the basic design criteria have changed during time, i.e.:

- airframe and equipment mass growth
- enhancement of systems performance, especially engine thrust
- new configurations (stores)
- update of flight control systems (FCS) (electronically or hardware changes like added slats or enlarged ailerons)
- mission profiles and additional/changed roles
- actual usage spectrum

Most of these changes have an immediate impact on aircraft load scenarios, others will not change load levels but may
change underlying statistic, e.g. fatigue spectra. Assessment of external loads is therefore a basic task throughout the life of a
fleet.
Admittedly in many cases there is no simple one to one relationship between “external” loads and local internal stresses,
which after all are the basis for the assessment of “life consumption” or “remaining life” of structural components. But
providing loads are known for a special structural interface or component, reliable  conclusions can be drawn regarding local
stresses relating to the manifold of load cases from experience, measurement and detailed FE analysis during design,
qualification and test phases in many cases.

In addition the comparison of load spectra alone may already be suitable for drawing conclusions without recourse to detail
stress calculations of specific locations for components with limited loadcase variations i.e. landing gears.
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1.2  The Determination of Design Loads
Design loads, better “Initial Design Loads” are the first step in the loads history of an airframe that influences the detail
design of a component (i.e. wing or fuselage structure) or, at a later stage in the design process, a part (i.e. wing spar cap or
fuselage skin panel) in many details. Since not every load is determining these design tasks, establishment and identification
of the “design loadcases” is important. The following is a summary on the methods how design loadcases are determined,
with special attention to points where an immediate context with fatigue calculations exists.
Fig. 1.2-1 shows a typical “loads loop” which usually is repeated several times in the different phases of  the aircraft design.
First of all the Structural Design Criteria (SDC) are prepared as a basis for design, specifying the basic performance and
flight parameters, then a Loads Model (LM) is built, based on the SDC’s, the aerodynamic, flight mechanic and weight and
balance data of the aircraft.

Fig. 1.2-1 Loads Loop

The loads module ensures that loadcases selected for design are analysed for an overall balanced aircraft (mass, inertia and
aerodynamic forces) for all manoeuvres and the loads analysis is performed in a time history sequence, thus providing load
information on structural interfaces for every timestep of the chosen manoeuvre. Results of the loads module is either
continues external load distribution for any component (i.e. bending, torque and shear force distribution along fuselage
stations for all loadcases or a) distribution of loads on the Finite Element (FE) grid nodal points for subsequent “global FE-
Analysis”.
Thus, starting with the SDC the load loop ends with the preparation of external loads for stress analysis of components.

Usually an improved or changed data basis results in an update of the LM and consequently in more accurate and more
detailed design load cases. Typical improvements are a better aerodynamic data basis (i.e. via extensive windtunnel testing)
or a refined FE-model  because of an advanced design status. Modifications in the mass and balance status, control laws etc.
may also result in substantial changes of the loads model, especially in advanced computer controlled flight vehicles.

The importance of the link between knowledge of external loads and structural stress distributions for the assessment of
fatigue life cannot be underestimated. Whereas in the past the available computer resource was rather poor and strong
software tools were scarce goods, leading to a strong selection of loadcases to be analysed in detail, today there are virtually
no limits, from this side. Computers power do play an important part with respect to better and refined results in the
assessment of loads, however the correct selection of the critical manoeuvres for the fatigue spectrum and their loads
analysis still influences the fatigue performance of a structure during the design phase.

Most of today’s ageing aircraft fleets of the NATO airforces were designed and flight tested by the end of the sixties or the
beginning seventies,  like the Tornado, Harrier, F-16, F-18, Mirage 2000 etc. An aircraft like the F-4 Phantom even dates
back to the fifties and is still in service in some air forces of the alliance.
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When comparing design environments of the a.m. models it should be pointed out that in the meantime  the circumstances
and requirements for aircraft design and analysis have changed in many ways, in detail:

• much better tools, soft- and hardware, and with that a very intensive investigation to calculate and control limit and
fatigue loads (including a substantial increase in the number of component load monitoring stations)

Tornado
IDS

Future
Europ.Fighter

Basic Loads Cases (BLC)
Flight and Ground
Handling Loads

33 105

Unit Loads Cases (ULC)
Hammershock, Engine
Thrust, Airbrake etc.

12 16

Combined Load Cases
Superposition of scaled
ULCs to BLCs

~ 100 590

• more accurate loads databases in terms of
- advances in “Carefree Handling”- Flight Control Systems (FCS)
- aircraft mass distributions predictions
- aircraft aerodynamics calculated with mature CFD (Computational Fluid Dynamics) methods and verified earlier

and more reliable in wind tunnel tests.
- coupling of structural models and aerodynamic models for aeroelastic effects available
- Finite Element modelling of the structure with interfaces to the Loads Model

• extensive flight testing, especially dedicated flight load surveys
•     extensive structural ground tests

Basically this means that the static design of “old” aircraft usually is rather conservative and on the safe side.
With respect to fatigue the situation is often less satisfying, i.e. without powerful tools like a balanced Loads Model, one
procedure was balancing loads over the aircraft artificially in those days,  and design loadcases therefore were generated for
parts of the structure like aft or forward fuselage or tailplane only, the effect of these loads on  other areas of the structure
remained unknown and components, not immediately under survey were not analysed for this loadcase, therefore the effect
of changes to these loadcases later remained also unknown.

1.2.1  Structural Design Criteria (SDC)
Aircraft loads are determined according to requirements and regulations collected in a systems specification document
called Structural Design Criteria, the major reference for loads and structural analysis engineers during the design phase.
Many of the SDC requirements come from the customer, others are prepared in co-operation  between customer and original
equipment manufacturer (OEM), usually the principal design contractor. The SDC are also subject to revisions during the
design process.
Some of the more important items regarding loads and structures are:

Design masses are defined for different flight conditions to cover the whole mass and center of gravity (C.G.) range, i.e.:
- basic flight design mass
- landing design mass
- maximum take off mass

Total mass and mass distribution not only affect loads on wing as is sometimes believed but loads on most parts of the
aircraft’s structure. Design mass is one of the most important criteria for structural design. For example the basic flight
design mass is coupled to the max/min allowed vertical load factor Nz, for increased masses through the rule:   Nz·Weight =
const. to avoid overloads or assessing the effects of over-g’s.

V-n Diagrams define the regime of speeds in combination with max/min allowable load factor Nz including gust conditions,
see Fig. 1.2.1-1. For low speed regimes the attainable limit Nz depends on the maximum  lift and dynamic pressure for the
wing whereas for higher speed Nz is limited by the structural strength of the aircraft. The v-n diagram is referenced to a
specific mass and store configuration, i.e. clean wing and design mass.
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Fig. 1.2.1-1 Ma-n Diagram in Altitude

Flight Envelope(s) define the operating range with respect to Mach-Altitude regime, for which the aircraft is designed.
Limits are determined by attainable Nz, temperature etc. Fig. 1.2.1-2 shows a typical flight envelope for the Tornado
aircraft.

Fig. 1.2.1-2  Altitude – Mach Number Envelopes
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For an fixed wing aircraft usually only one flight envelope diagram has to be defined, but the Tornado, like other swept
wing designs, presents an additional complication as each (fixed) sweep position has to be considered as a different aircraft.
This is clearly seen by the different flight envelopes for the shown sweep positions of the wing.
Fig. 1.2.1-3 indicates what part of the flight envelope is of importance for the investigation of loads and shows points in the
Mach-Altitude range for which loads are calculated according to the scheme explained later. The points are selected to cover
all essential effects due to high Nz, incidence, roll rate, gust, Mach effects etc. Traditionally the analysed manoeuvres could
be found following the low pressure altitude and high mach number boundary, but non-linear aerodynamic effects of
flexible structure and the modern flight control layouts are the reason for many “interior” points in the Mach-Altitude range
(“points in the sky”) of importance for today’s loads analysis.

Mach Number

Fig. 1.2.1-3  Mach - Altitude Points of Loads Model (flex. Aerodynamics)

Environmental Conditions also define or influence tructural loads and include
- System pressures
- Cabin and fuselage bay pressures
- Temperatures and noise levels
- Local accelerations for qualification of equipment
- Vibration levels

Performance Requirements with respect to steady state manoeuvres, transition response, flight and ground handling qualities
are to be fulfilled.

Example: Due to aeroelastic deformation under load the effectiveness of a control surface may be reduced substantially, for
differential tail design’s even roll reversal may occur. Therefore a typical specification would be the max. allowable
degradation in control efficiency under such circumstances. This means that an optimisation of the flap structure, its control
devices and the attached structure must be carried out to ensure a required roll rate for a given control input.

Configuration specification with respect to external stores, and control surface schedules like high lift devices , airbrakes etc.
Store configuration definitions can have great impact on fatigue spectra due to either load alleviation or increments by
inertia effects (stores on wing  versus on fuselage ). See also Chapter 1.3 for a discussion and example of component load
changes due to store configurations.

Fatigue Load Spectra are defined based on expected usage and mission schedules for the aircraft and based on the customer
weapon systems specification. Together with the applied scatterfactor it defines the loading scenario for qualification of the
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structural design through analysis and ground tests. A more detailed discussion of this point can be found in the second
paper “LOADS MONITORING AND HUMS” of this Lecture Series.

1.2.2  Aircraft Loads
The characteristics of loads acting on aircraft are of different kind. Although non-exhaustive, the following grouping shall
give an idea of the “classes” of loads to be considered in parallel during design:
Quasi-static loads:

Flight Loads:
- Symmetric manoeuvres
- Asymmetric manoeuvres
- Deep and flat spin
- Gust loads

Ground Handling:
- Take off
- Landing
- Repaired runway
- Taxiing (asymmetric braking, turning etc.)
- Towing, Pivoting etc.

Local and Internal Loads:
- Max./min. aerodynamic pressures (outer surfaces)
- Local accelerations
- System pressures
- Bay pressures (pressurised areas)
- Hydrostatic pressures ( fuel tanks)
- Intake duct pressures (steady state)
- Engine thrust

Dynamic Loads:

- Buffet ( Outer wing, vertical fin buffet etc.)
- Dynamic Gust
- Vibrations
- Acoustic Noise
- Limit cycle oscillation
- Shimmy (Undercarriage)
- Engine hammershock conditions (Duct)

Fatigue Loads:

Fatigue load cases are derived from the a.m. quasi-static and dynamic load conditions if the frequency of the respective load
cycle is sufficiently high during the assumed usage. Fatigue loads are always a combination of loads from the a.m. list,
especially flight loads combined with local and internal loads or acoustic noise. Other loads, occurring only during failure
situations are excluded from the fatigue load sets ( i.e. engine hammershock will certainly not be a fatigue case), Dynamic
buffet, although difficult to predict, needs to be included die to its high cycle characteristic and therefore high damage
potential.
Flight measured buffet on a vertical fin is shown in Fig. 1.2.2-1 for a symmetric, no side slip pitch-up manoeuvre to 50°
AOA, indicating bending moments Mx and torque Mz at the fin root with R=-1, picking up around 35° AOA and increasing
to the max angle of attack flown during this manoeuvre.



9-8

Fig. 1.2.2-1  Fin Buffet at High Angle-of-Attack (Flight Test Results)

The above static, dynamic and fatigue loads have to be combined with the corresponding structural temperatures, for the
worst environmental conditions (i.e. cold / hot day) and also moisture conditions if material properties like for composites
are effected.
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1.2.3  Flight Parameter Envelopes
Loads are not a function of Nz alone but depend on many other flight parameters, the most important are:

Incidence or angle of attack (AOA)
- Sideslip (for design the significant factor is • ⋅Q, the product of sideslip and dynamic pressure)
- Control surface deflection angles (aileron, rudder, tailplane etc.)
- Lateral load factor Ny
- Vertical load factor Nz
- Roll rate / Roll acceleration
- Pitch acceleration
- Yaw acceleration

Usually less important for load derivation:
- Longitudinal load factor Nx
- Pitch rate
- Yaw rate

Adequate combinations of those parameters - as occurring during real flight manoeuvres - can yield high loads on different
parts of the aircraft structure, even for  rather moderate vertical load factors. In order to illustrate this context, Fig. 1.2.3-1
shows flight parameters during a typical MIL-Std. pitch manoeuvre versus time and indicates the delay between command
input (tailplane deflection angle), change in AoA for the aircraft and the increase in loadfactor and the force on the tailplane
(=T/P SHEAR), the value for the loads envelope for this component.

Fig. 1.2.3-1  MIL-SPEC Pitch Manoeuvre

Therefore it is the engineers skill to find all the critical combinations for the different aircraft configurations and the possible
manoeuvres within the whole flight regime. Regulations like Mil-Spec for fighter aircraft or FAR for other A/C provide a
good guide to determine the critical combinations of flight parameters for design, at least in the case of stable aircraft and
conventional FCS. Very often it is desirable to determine flight parameter values from response calculations, using an
aircraft response and loads simulation program.

nz
α
q
η T/P

T/P SHEAR

vertical load factor
angle-of-attack
pitch acceleration
tailplane deflection angle
tailplane vertical shear force
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However, in the early and intermediate stages of modern fighter aircraft design a reliable model of an FCS usually is
unavailable, therefore agreement between specialists of different disciplines (aerodynamics, flight mechanics, loads etc.) on
flight parameter limits in the form of envelopes is the adequate way ahead. Fig. 1.2.3-2 shows typical envelopes as used in
the early design phases with the envelope corners design critical regions for different aircraft components.

Fig. 1.2.3-2  Flight Parameter Envelopes for Structural Design

1.2.4  The Loads Model
The Loads Model is the central tool for running the "loads-business". It presents a model (on computer) of the total aircraft,
integrating the physics of motion, the aerodynamic dataset, structural design criteria etc. and has interfaces to other
disciplines, in detail:

 A collection of all input data relevant for the calculation of (static) loads like
- Wind Tunnel and flight test aerodynamic data
- FEM-grid including stiffness matrix
- structural, systems and role equipment masses and mass distributions
- FCS program module (for simulation of flight load specific manoeuvres and landing cases)
- Aerodynamic surface grid

provides a computer program to determine loads and load-specific data like:
- Pressure distributions as a function of Mach number, incidence, control deflections on all surfaces
- Calculation of aeroelastic effects from the coupling of structural flexibility and loads (aerodynamic and inertia)
- Aerodynamic derivatives for total aircraft (used to simulate A/C motion) and aircraft component aerodynamics,

harmonised with respect to flight test and wind tunnel data
- Manoeuvre response simulation and interface loads

(at component monitor stations), calculation for 
      preparation of component loads envelopes
- Landing gear model and landing simulations (flexible aircraft) with structural loads calculations
- Generation of external loads distributions along structure components axis
- Distribution of design loads on nodal points of the subsequent FEM for stress analysis

and makes available a data base of
- Flexible aerodynamics (components and total aircraft) for the complete Mach/Altitude regime
- Manoeuvre response and -load cases
- Nodal point distributions for design load cases
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One of the  focal points realised by the Loads Model is the fact, that all (design) load cases are calculated as balanced load
cases, i.e. all conditions with respect to aerodynamics, mass distribution and flight manoeuvre match  and provide the
correct loads for each structure item for any load case. In other words, the sum of net1) forces and net moments at all
monitoring sections of the structure must be zero:

∑x,y,z  F(x,y,z)  ≡ 0  and  ∑x,y,z M(x,y,z) ≡ 0

As mentioned above, such a complete Loads Model was not available for aircraft’s developed in the ’60 and ’70.

1.2.5  Aircraft Component Loads and -Design Cases
Loads may be calculated in 3 degrees of refinement:

- Interface or component loads
- Load distributions, e.g. bending moment along wing span, usually one dimensional
- Nodal point loads for Finite Element Analysis

The latter two are suitable to stress analysis and sizing of parts and are usually only applied to design load cases. Component
loads, however, are used to find the design load cases, which usually are different for individual structure locations.
Therefore the A/C structure is divided in components, with the boundaries representing main constructive items like
interfaces, bulkheads, system attachments etc.
An example can be seen in Fig. 1.2.5-1, showing the aircraft components

- Wing
- Wing spoiler
- Front fuselage transport joint
- Fwd front fuselage
- Radom
- Rear fuselage transport joint
- Taileron
- Fin
- Rudder
- Airbrake

Fig. 1.2.5-1  Load Monitoring Stations

-------------------------------
1)   net forces / loads = aerodynamic load + inertia load

SPOILER

AIRBRAKE

RUDDER

FIN ROOT

TAILERON
   ROOT

FRONT FUSELAGE
TRANSPORT JOINT

REAR FUSELAGE
TRANSPORT JOINT

FWD FRONT
 FUSELAGE

RADOME

TAILERON
   ROOT

SPOILER

WING PIVOT

WING PIVOT
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The respective load monitoring stations are also shown in the figure, where probably the maximum loads are acting. For
these stations the forces and moments are calculated for the whole variety of possibly critical manoeuvres (flight/landing
conditions, aircraft configuration and mass etc. as parameters) resulting in at least one loads envelope for each monitor
station.
Fig. 1.2.5-2 illustrates the concept of load envelopes for the front fuselage and the wing root. Indicated at the corner points
of the envelope are the essential conditions, which lead to the design loadcases.

Fig. 1.2.5-2  Major Aircraft Component Loads Envelopes

As a first and in many cases correct approximation the design cases can be selected from the corner points of the different
loads envelopes.
Usually there is a rather unique relation between corner points of a loads envelope and the flight parameters involved.
Therefore considering modifications in the aircraft’s role or changes in equipment, mass or performance it is often
straightforward to draw conclusions with respect to component load changes and therefore to stress/fatigue implications.
This aspect is discussed in chapter 2.

To illustrate the practical sequence of steps to be carried out in order to calculate a flight load at a certain structural
component a typical procedure could be as follows, see also Fig. 1.2-1:

1 Define mass and c.g.
2 Define point in Mach-Altitude range
3 Define sort of manoeuvre (symmetric, roll man., combined man. etc.)
4 Simulate manoeuvre and calculate response parameters
5 Calculate external net loads (forces & moments) on component from  aerodynamic pressures, inertia forces etc.
6 Convert external load distribution to nodal point loads on FE grid
7 Analyse structure and determine local stresses (e.g. NASTRAN)
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1.3  Impact of Changes (Mass, Role, etc.) on Component Loads

Forces acting on an A/C caused by various  effects:

Load Dependant on (list not Complete)
Aerodynamic loads Incidence, sideslip, control angles, Mach, Altitude etc.
Inertia loads Nx, Ny, Nz, angular ratesand accelerations etc.
Engine thrust Mach, Alt. Combat thrust, idle etc.
Internal loads e.g. cabin pressure Specs, local accelerations
Actuator forces for Control surfaces Hinge moment  = f (Mach, Alt.)
Hydrostatic pressure Local accelerations

The different kind of forces and moments contribute to the loads on the monitor stations in a different manner. The front
fuselage up bending is clearly dominated by inertia loads, therefore an increase in the front fuselage mass will  result in a
higher front fuselage load, see    Fig. 1.3-1

Conclusion: An increasing Front Fuselage mass will lead to
higher Front Fuselage loading.

Fig. 1.3.-1   Front Fuselage Transport Joint Critical Load Conditions

This is not an fictitious case, Tornado front fuselage mass has increased over the years and so the current critical load is
definitely higher (max 15 %) than calculated during design.

In a similar manner it can be seen  that the rear fuselage monitor station is dominated by inertia loads for the vertical
bending, but aerodynamic loading (mainly from the horizontal tail) increases the total load, in contrast to the front fuselage
case.
Torque, which is neglectable for the front fuselage design, plays an important part for the rear fuselage and is almost entirely
dominated by aerodynamic forces from the taileron (differential tail) and the fin (sideslip and rudder, horizontal gust), which
may result in high loads during rapid roll manoeuvres.

Looking at the wing, it is clear that the wing bending is dominated by aerodynamic forces - the wing has mainly to carry the
aircrafts weight - but substantial relief come from inertia forces as shown in Fig. 1.3-2.

FRONT FUSELAGE
TRANSPORT JOINT
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Aero ( α  ;α)ο

FzInertia (n   ; ∆n  (q))
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Fig. 1.3.-2  Influence of Wing Loading Contitions on Wing Loads

As indicated, for the Tornado the wing root bending moment is 11% less carrying outboard stores than for the clean wing
without stores.
If the assumption for fatigue design includes the majority of missions, flown with stores on the outboard wing station, this
does not correspond to reality and although the overall aircraft mass might be lower, a severe reduction in lifetime can be the
result. This example highlight’s, how changes in the usage and configuration affect lifetime and how this can be assessed by
rather simple considerations.

The following case of the Tornado undercarriage also shows impact of  how design loads were calculated and how usage
assumed during design  may be completely different from real life usage later:
When it became apparent that the number of starts and landings for a certain  squadron  was much higher than projected the
conclusion was that the nominal lifetime of the squadron’s aircraft was exhausted, at least with respect to the landing gear
and the support structure. The question arose, whether lifetime could be prolonged and an investigation came to the
following conclusions:

- Design of the landing gear was based on the assumption of dry runway conditions. Dry runway landing yields higher
loads because of an high friction coefficient. But in reality dry runway landings occurred much less than expected,
lifetime could be extended.

- At the same time takeoff and landing mass had increased relative to the design landing weight, causing a lifetime
reduction.

- Assumptions during design that approximately 50% of all landings would be 3-point landings were completely unrealistic
for this squadron. As only about 10% of all landings were identified to be 3-point landings, the nose landing gear could
be expected to have a far longer lifetime than projected.

- Overall methods (e.g. MIL) often result in safe but unrealistic loads. A detailed analysis of landing simulations led to
more accurate loads and therefore to a far better assessment of landing gear lifetime.

Considering all the a.m. points together sufficient life for projected usage of airframes for this squadron could be guaranteed.

1.4   Qualification of Loads, Static and Dynamic Tests
Static and dynamic loads critical for the structure are checked not only during the early stages of aircraft operational flight
test but previously through ground tests as required by the certification procedures for the individual aircraft type.

The major milestones for ground testing are the ground resonance Test (GRT) to check dynamic structural response and
confirm flutter margins established analytically to prevent flutter during initial flight tests, the "Major Airframe Static Test"
(MAST) and the "Major Airframe Fatigue Test" (MAFT)  for critical loadcases identified during structural analysis. The
loads for both tests coincide with the loadset used during the development phase, a requirement critical for validation  of
analytical results.

One possibility to prove the correctness of loads itself can be done by wind tunnel measurements (pressure plotting wind
tunnel model or component balances) and/or modern flight load survey. Flight load survey provides information from exact
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in-flight pressure measurements which, together with wind tunnel data, is fed back to the aerodynamic model of the aircraft
and leads to an update of the Loads Model, including other reference data (masses etc.). Then critical load cases are
recalculated and thereby confirm/update design load calculations. A typical layout of pressure measurement locations for
flight test is shown on Fig. 1.4-1.

Fig. 1.4- 1  Prototype Pressure Plotting for Flight Load Survey

A further procedure to gather flight loads data is by measuring net loads with calibrated strain gauges on test aircraft’s.

2.  AIRCRAFT ANALYSIS USING STATIC LOADS AND FATIGUE LOADS SPECTRA

2.1   Static load conditions and fatigue spectrum generation
Safety of flight for any aircraft rely on the recognition that the structure must withstand maximum static loads as well as
repeated loads in addition to a certain amount of manufacturing defects and in-service damage throughout the service life
without detrimental degradation of the structure leading to catastrophic failure of components. The two major tools for
achieving this are the engineering analysis in accordance with the Structural Design Requirements (SDR) and fleet
inspection programs.
The SDR documented in the aircraft weapon systems specification are the background for the set of loadcases to be
addressed during the sizing of the different aircraft components.
In general these loadsets can be divided into the following groups:
* Limit loadcases
     (relevant for fatigue design requirements)
* Ultimate loadcases
     (relevant for static strength requirements)
* Special loadcases
     (i.e. birdstrike, crash, weapon  release, buffet, etc.)

The defined set of missions for the aircraft configuration is the base for the generation of static and fatigue loadcases, which
the structure should withstand throughout its intended service usage under defined environmental conditions, demonstrated
through engineering analysis in the development phase and proofed via full scale  testing (static ultimate and fatigue) later.
Typical static loads criteria for a "care free handling"-flight control system equipped aircraft are shown in Fig. 2.1-1.

Pressure Transducer Stations for Starboard Fuselage

Pressure Transducer
          Layout for Fin
             and Rudder

Pressure Transducer Layout
   for Upper Wing Surface

Pressure Transducer
Layout for Foreplane

Taps at Pressure Plotting
     Wind Tunnel Model
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Fig. 2.1- 1  Static Loads Design Criteria for Airframes

The results of the calculations are documented in "Static Strength Reports" for each part and form the input during the flight
envelope expansion phase from the structural side, the so-called "Strength Envelope".
Durability or fatigue criteria are extracted from the planned/defined mission profile and combined with the overall life
requirements in term of flight hours (FH) and/or flights within a defined timeframe of service years. If several aircraft roles
are defined in the specification, overall life is split into Flights/Mission, appropriate representation of fatigue critical
conditions within the fatigue spectrum is essential.
Manoeuvre loads are covered by an "overall g-spectrum" for the prime aircraft missions, i.e. Air-to-Air or Air-to-Ground as
"Points in the Sky" for a given Mach/Altitude level and A/C-Weight/Store-configuration. Excedance curves are then
generated as shown in Fig. 2.1-2 for combat aircraft.

Fig. 2.1- 2  Typical Excedance Curves for Combat Aircraft
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Special load spectra are needed for components like control surfaces, airbrakes, engine mounts, stores or landing gear.
For transport A/C cabin pressure cycles are an important factor for fuselage durability together with gust spectra.
The various loading spectra form the basis for the fatigue or fracture mechanics analysis depending on the design concept -
Safe Life or Damage Tolerance- adopted.

2.2   Conversion of "external loads" into structural airframe loads
For the static and dynamic analysis of airframe structures a mathematical model of the aircraft is build using the Finite
Element Analysis (FEA) -technique, representing the geometry and structural stiffness of the major items and providing the
bases for generation of "internal" structural forces in components like bulkheads, longerons, skins, spars and ribs etc. as well
as other important information like maximum deformation of parts under loads. The detailing of these FE-models depend on
the different phases within the iterative process and has improved dramatically with computer performance and modern Pre-
and Post-processing capabilities in recent years. "Global" coarse mesh models are used to analyse load paths in the overall
structure of aircraft or large components. "Local" models in general are more detailed and they do simulate the special
stiffness distribution like thickness changes, cut-outs etc. Structural trade-off studies with this techniques in all phases of
airframe development are standard procedures for some years, computer based optimisation of major elements like skin
thicknesses are used today in early design stages. A decrease of computer cost and processing time, and in parallel the
improvement of model generation, linking the design software (i.e. CATIA) with the loads model output of FEA-nodal
forces and the finite element solver through pre-processors, will continue this trend towards more detailed models, better
(and more) pre/post-processing information but also increased number of loadcases and refined component loads as
discussed in chapter 1.2.
Fig. 2.2-1 shows a typical "coarse mesh"-finite element model of a wing structure with wing box and flaps, where 40-50
"design loadcases" were identified from the loads database of 500 load conditions and used for subsequent strength analysis.

Fig. 2.2-1   Coarse Mesh FE-Model of Wing Structure
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Fig. 2.2-2 shows a similar model of a center fuselage for a fighter aircraft, cut at Y0-station for symetrie.

Fig. 2.2-2   FE-Half-Model of Center Fuselage Structure

The general trend in international programs towards development and production-workshare is mirrored in the global finite
element model as well as through superelement techniques requiring detailed data transfer checks and- protocol
requirements. The Eurofighter global model shown in Fig. 2.2-3 was generated by 5 European aircraft companies  on
different computer hardware and operating systems, therefore model compatibility and -quality checks were essential during
the so-called "Check Stress Full A/C- Finite Element Model Static and Dynamic Assembly". The overall model size is about
35000 elements and more than 580 loadcases after superposition. After the unified analysis the results  were transferred back
to each company for further processing and structural analysis.

Fig. 2.2-3   EF2000 Global Model for Unified Analysis
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To further detail the  loads in components and individual parts for actual sizing of the structural members, a "cut-out" of the
global model with the exact bondary conditions applied to the “edges” of the component of interest from the results of the
global model is possible and often used for detail investigations like effects of local cut-outs, reinforcements, stability
checks, etc.
Fig. 2.2-4A and 2.2-4B shows an example of this technique for a center fuselage bulkhead.

Fig. 2.2-4A   Coarse Mesh FE-Model of Cemter Fuselage Frame

Fig. 2.2-4B   Fine Mesh FE-Model for Detail Analysis

The results of these detailed model technique provide the background for strength analysis of static ultimate loads as well as
fatigue loadcases in accordance with the allowable for the materials used and the geometric effects in the design.
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SAFETY AND SERVICE DIFFICULTY REPORTING

S.G. Sampath
European Research Office - Army Research Laboratory

223 Old Marylebone Road, London, NW1 5TH
United Kingdom

Email: ssampath@usardsguk.army.mil

Today, safety is considered to be of highest importance in most societies.  In the context of the military, safety is
essential to averting loss of life and damage to a high-value asset.  While safety may take second place to winning a war,
its importance is further accentuated because of its connotation to battlefield readiness.  There have been numerous
instances to illustrate this last point.  To wit:

- Widespread Fatigue Damage (WFD) was discovered in "weep holes" of fuel tanks of some C-141 military
transport airplanes.  Because of the loss of minimum residual strength, with the attendant risk of catastrophic fracture
posed by WFD, the entire fleet had to be grounded and an expensive refurbishment program had to be undertaken before
the fleet was deemed to be airworthy.  In this instance, the unsafe condition was detected and corrected quickly, so no
lives were lost nor did any of the airplanes in the fleet suffer catastrophic damage.  However, the grounded aircraft were
certainly not battle-ready for a certain length of time.  Had they been sent into battle, they would have had to be operated
under severe flight restrictions and, thus, their utility to serve the purpose of the deployed forces would have been very
restricted.  Had they been deployed without any restrictions, in all probability they would have been unable to complete
their missions and the Air Force could have lost valuable aircraft assets. Also, the necessary logistic support to properly
carry out tactical operations in the battlefield would not have been available.

- WFD was the primary cause of a highly publicized air accident involving a commercial aircraft.  The wide
publicity given to that single accident, abetted by on-site video tape recording of the condition of the aircraft after it had
landed, shook the confidence of the public in the safety of commercial aviation.  As a result, inspection and refurbishment
of 3000 jet transport airplanes among a fleet of about 5000 was mandated by the authorities, to be undertaken on an
urgent basis.  The economic impact of this mandate on the airlines, the aircraft manufacturer and the flying public was
high and resulted in numerous complaints to the regulatory authorities.  It must be noted that since that time more than
twelve years have elapsed without a single accident attributable to WFD.

These instances explain my motivation for including the subject of safety during this Lecture Series.  However,
the subject is extensive and so many books have appeared that address some aspect or the other that my remarks are
meant to complement the existing literature.  Much of what I intend to share with you today is not something I have
developed on my own, rather it has been influenced by my comrades and peers when I was in the civil aviation
community.

Scope of the Lecture - Analysis and Data Requirements for Assessment of Operational Safety:

An aircraft is an assemblage of complex and highly integrated sub-systems - the structure, the power-plant, the
electrical, the mechanical, and hydraulic systems, the avionics suite, the human-in-the-loop to name a few.  To eliminate
the risk of the sub-systems to fail, individually or in concert, safety analyses are routinely performed by aircraft
manufacturers.  The manufacturer also conducts analyses to ascertain the consequence of a failed part to assure that it
does not in any way threaten the safety of the entire system.

Before an aircraft model enters service, whether for military or civil use, the design has to satisfy a rigorous set
of requirements, which are governed by regulations.  These requirements include an analysis of the probability of failure
of each component and the hazard caused by the failure.  This subject, termed as "Systemic Safety [1]," will be beyond
the scope of this lecture.  Rather, the remarks will concentrate on the operational phase of the aircraft's life.  That is the
phase subsequent to the aircraft put into operational use for the first time.

However, keep in mind that before the aircraft enters the fleet, there are numerous design reviews, ground and
flight tests, and production approvals that are required to assure that the aircraft is safe and able to perform as intended in
the operating environment.  At times, the origin of problems that are encountered in service may be inherent in the design
or the manufacturing stage or due to construction methods.  For instance, an element in the chain that led to the failure of
the commercial aircraft mentioned earlier was a failed bond.  The failed bond resulted from an inadequate bonding
process.  It created stress risers at the rivets, which were designed to merely serve as secondary conduits for transferring



����

��
�*��"�	��	������&��
��&�	���
�)��.	�	�
&&�
-
�	��������������
�	��
����	����������������	������&������������������������	

���������	��
�����
�����	�����
����*��;���������	�����
��
�	�	������	�	������	�-��	�������	�7���)�������	��	��������	����

��	-	���
����	����
�������
���
����
���	��	
���	��������	���		�*�����	��	���
���	7���	�	�������7���)��	��������������	�	����	

��������	������
��	�����
���	
����
������
����
��.���������������	��	��&���	
���	�������	�
����
������	��
���
�������	7�	��

�������
��������
���
���		��	��	��	����	-�����������
������	����&��
���	��&���������������
��&���	����	��	��&�*�����	��������

�	�	����
������	�
������	��	��	��������	����&��
���	��&���	
������	�-	������	��
���	�
��	�&�����������	������
���
�����	

�	�	��
���)��.���.*

'��#����� ������������"

+�����	�����
��	����
�	������
�����	��
��	�����	��	����	�-��	���	�������	���	��
�	���
���	��
������
��	������	�����

1�	
���	�	�����
��
���2������
�	��*�����	������
���	���	�����	������
����	���	����	������
�����	�
��������������
���	�
�

�����	��� �
�	����
��
����	��� �
�	*� �;����&������	������ 
�	�����
���� �	���	�������-����&� ��	�
����	���� ������
�	&���	����

�
��
�� �	�
���������*� �/����	����	���	������ 
�	����	������
��8	�� ��� �	���������
&	*� � +��
���	-	���� ��	�	��
������	�����

�
�	����	�������
���		�����:	���-	�� ��� �
�� ��	� �	
���� 
���
����������&
��8	�� ����� ��	� ��
����������� �	�
���&� ��	�
����	��

�
��	����	�	-	�����	
���&���������	�
����	����
�����	��	��&����,*��"�	������	������	����������
�	�������&��/�&��	����
����*

6������&��	���
-	��		��	,��
��	�����������������	�	
�	��6�	��&������
�	�4���
��������	����<����=*� �"�	���	����� ��	

�	�
��-	����)����
��
����	���
��
���������������	���
�	�������&�����
�	�������������
���
�
*��4�	
�����������	�����.���������	�


����	�����
��8��&��
���������
��
�	����	��������	��	���������	���&���	����	��
�����
�����)���	�.		���	����
��������-��-��&

�������	����&����	&��
�����	����)���-��-	������
����&�	��	&��������	��
�	�����
��	���
-	�	���
�	���	7�
�����	��	����	��	����

.������	���
�������
�	*��;����
����������	�
��	���	�����������
���
����
������	������������	�
�����������
��������	��
����	

����
��8��&��
��������������
������	��&���	����	��
�����
����	���������������	���������	�-
���������	�	����	-	��������	��
�	


����
��� ���	�� ���� ��	�� ��� ����	�	��� �7�
�����*� � "����� ��	� 	��
������	��� ��� �������	� �	������ ���� ���)� ����&� ��	� �
�	

�
�
�
�	� ����	
�	�� ��	� ������������ ���� 	��
�������&� 
� ����	�
����� �	�.		�� �
�
� 
��� ���)�� ��	�	��� �
)��&� ��	� �
�	��

�
�
&	�	�������	�����	�������*

��������	



����

�������
	

���$%� �#�� %�����
�!�����������#��#'

+�����&	�	�
����
&�		����
����	�	�	,�����	��
�����	�����������	
���
����	���
��������	��*��+����	������	�	���	�������

������� �	��&��8	��
��� ��	����	�����&����������� ��
���
���
��	�� ��� �����������	��	�� ��� ���	�� ��	�� ��� �
��&�
��
�	� �����
�

�����	������	-	��
��
����	��*�������
���
�	���&����	�&��		�	������	����	���.	��.�����	����
���	��
����
����
�	��	
���	�*

"�	��
�	�3�����3�����	��*��"�
��������	���
��&�-	�����
��������
����������.����������
��	.�
�	���	�����������
����	��
�

	
������	�����	������������
�	���*���/
����
�	���	���
�	���.������	���*����	������	�����	�����
����	��������
����	���	�����

���
�����������
�������� ��	�����	�*� �"�	��	����� ��� ��
�� ��	� ������ �
����	�������	���-����� ��� ��	�	,�	��� ��
�� ���.����� ���
��

��)	���������	��	�	��	��.	����	���	���	����	���������	7�	����
����	���.������
��	��
�&	����	��
�	��������	�����	�*��"����

��	� ������ ������	��	� ��� 
� �	�-��	� ����������� 
�����
�	�� .���� 
� ��������	�� ��� 
�� 
����
��� ��� 
� �����	���-	� ��	������� ��

���&�	���-	��
����	����
���������	��������
�������	������
����	��*��/����	����	���������	�������	��	������	�-��	�����������	��

	��	��
����
��	������	���-	�
��������
-	��		��
��	���	���
�	������
�������
����	����)����
�������	������
����	�����������&*���"�

�
)	� ����� 
�-
��
&	� ��� �	��&� &�-	�� �����.
����&��� ��	� ��&
��8
����� �	��������	� ���� �
�	� ��	�
����� ��� ��	� 
����
�������

����	�
���
��������	����	����������	�-��	�����������	�*��?����
��������
������������
�	���&
��8
��������������	�
���
����
��

	,�	���������� 
�
��8	� ��	� �	������ �	��&� ����	��	�� ��� 	��
������ ��	��� ����� �
��	� ��� ��	� ����������� ��� ����������	�� 
��� ���

���	���
������
��	������&�
����	�����������	��*��"�	�
�
������������	�
���������	��	
����������	�����
���.��������	����	
��

���	� ���� ����	���-	� 
������ ��� �	� �
)	�*� � �-	�� .���� 
� �	�-��	� ����������� ����	������ 
��� 
�
������ ����	�� ��� ��
�	�� ��	

��&
��8
�����.���� �	� ��
��	� ��� ��	� ��� ��� �	���	� ��� 	�����
�	� �����	���� 
��� 
����	���� ���	��� ��&�	���
�
&	�	��� ��� ��	

��&
��8
������	��&��8	����	���-
��	�
������	�����	-	����	���
�������	�	��
������������	���-	�
�����*��4�	
����������-	�

�
�	���.�����	��������
��	������������	������	�������	�������*



���5

	�����$� �������($���	$��$��!�"

��;	�-��	�0��������������������
���
�����
���	��	�������	������	������.��&'

@���
��������
����
�)���.
����&���&��������	�-
�����������)	��	��*

���
��������
��
�
�����
�����
����������	��*

"
����	�������
��	,�	���-	�-���
������	�	�����
������)������)��	�����	��	��*

���
������������
�����	�������	�	�����
������	�����������������	���	��*

	�����	������
�����	���	-��	�������
������	���	����������	�������-	�����	�����������������
��������	���*

;	�-��	� ����������	�� �
�� �
���	��� ��	��	�-	�� �����&� 
��.������	��� ����	������� 
��� ���	�� �
���	�
��	� �	�
�	�


���-���	�*����	�	,
���	������	��	�	���������
���������
���
��&�	���
�)����
��
�	
�
�:
�	��������	�
�	
��	��&�����	��	�*��"�	

�
���	�
��	����&�
���
��������������������������	����&��������
�)	��
�	
*��#
����	��	�-��	�������������	����������		�����	�

����������
�)��
����
��
����&�	����	�-
���
����������	��	�	��
��-	����������-	�	�������������������	�����
�����-	���&
�	���� �

�����	����
�)�&��.�����������
�	
�
������	��
����
�����&����
-	�������	��
���&�
��
�	����������	����&��	�����*

+��.������	�	����	�������.	-	��������
.�
�����	�
������	�.		����	�����	������	�-��	�������������	������&	�	�
�	�


������)*�����
�&	�����	������	�������
���	
����
����	���	�
����
��
����
���	�
��	��	�����	��
�	�
�	���
�������&	�����

�	������&������	�
���	��������	�	��
����� ��
�� ��	� ���)���� �
����	� ��� �����&*� � +�� ������
�	�� ����
����������	�
� ������	� ��� ��	

�������	��� ��� ��	� ����	������ 
��� �
���	�
��	� ���&�
�*� � ����� ����	�
���� 
�
������ �	�����	�� ��� ��
��	�� 
��

)��.�	�&	
��	�
�
�������
������	�
�	���	����)��	-	�������	�����	������	�-��	�������������	������&��
�	�*

� �!"#$#�� %�	����
�&�$���� �#

"�	�	����
������������	�
����������	�.		�'�1
2���	�������	�����
�	���
�
�������1�2���	��	�������&������	���	�����

	-
��
���&��
�	���1������)2��1�2���	��
�
��	7���	������	�������
�	���
�
�������1�2���	�������	��	�����	��	���	�������	��	������

1	2�
�����	�����	�������	��
�
�����	������	�����*��������-	�
��	����.�����
-	�����	�������	�	���������	�������	-��	�
�������

����	����
���
�
��	������	��������1��&��	��2*

��������	�������������������������������������������������������������

����������������������������������������������� 	��$ �


�&�$���� �#

������������� ����������������� �����������

����������������������������������!$%�����������������������������������������������������!!���

���������������������������������
�&�$���� �#�����������������������������������������	���

����↑ �������������������������������������������������������↓
���������������������������������� �!")�������������������������������������������������������*�
���$�(�

����������������������������������	��������������������������������������������������������	���

����������������������������������������������������������������������������

��������������������������������������������������� #����	���

�������������������������������������������������������+��!$�"���� %��%#

;
�	���
�
�������
���	��	7���	������
�-
��	������������	�*��/�������
��	�����&
&	���	�&	�	�
���	
��������
�	�����

��	���		��.������	7���	�
�����	�	����	�������&��
����������	�
���������	��.����
��
���	-�
�	���	������
�
�	�	�	������
�

.�
����&����	��		�	������
����	�����
�
���������
��
����	�����������	��*��"�������	�������
��������
�7�	������
��	�
���&

��	�-
������&������ ��-��-	������
���
����&��
�	��� ���	��
������ ��	�����	��������	�.		��
�
�������	�������&�	�� ��
��
�	

�	��&���	������	���	���
�����	��	��	���-	��
�
��	7���	�	�������
�-��
�	�*

�����
�������	���
�	��	�����&����	�
������	������	,����
���&����	����������
�	���	�
��������
�
�����	�����


���
�
�������	�����*����������	�����	
�	��
��	�������	��&�&�-	������
�	���
�����	�
�����
����&��	�
��������
�
����-	�



���!

�
�	��� ���&�
�����
)	�� ��	� �
�
� 	�	�	���� ��
��.����� �
-	� �		�� ������	�	�� 
�	7�
�	� ��� ��	� �
��� 
��	
�� 
�� �
�)��&� ��

��	�������
����	�
��*��"�������	�����	������
�
�	�	�	�������	�	,�	�������	�
�������	�������	�����
���&
��	���&�	�������
�����	

�����&��
����������	��
�
�
�	����	�����������	��	��&�	�����
���.��������	�&��.�������
�
��	7���	�	���*� �+�� ������	�
��-	

��
��
����&
��8
������	��&���&�
��	�-��	�������������	������&�����	����
���
��
�	����	�����	����������	��
����
�
�	�	�	���

������
�	������������	�����	�
�
����������	��������	�������	�����	��	���
�
*���
���	,�����&��
�
�
�	��������
����	�;	�-��	

0����������	������ �	��&��
���
��	����� ��	�/	�	�
���-�
��������������
����� �
-	� ���	� ��� ���� ���������� <5�� !=*� �"�	�	

�
�
�
�	�� ����	��� �
��� ��	�	�� ��� �
�
� ��
�� 
�	� ���� ��	�� ��� 
�	� �	����
��*� � ;���� �
�
�
�	�� 
�	� ����
����� �	��&�	�� ��

�
�����
�	���	�����	����������
�
�����.���������	�������
��	�������	��&��
��������	��		��������	�
�
������������	�
�	���	��
�


.���� ��	�
��.������	������ ��	� ����-���
��
����
������ ��	� ��		�*� �#	��	�� ��� ���
�-��
�	�� ��
��
� �
�	������&�
����
����
�	��

���&�
�����	��	-����	����	��
����	����	���	-	�����-	��	
����������������	�-�	.�������������	����
���
�	7�
��*

�-��������	�
�	�� �
����������� �
�� �
-	� �	������ ������
������ ��� �	���� ��� �
�	��� ��� �	.� &	�	�
����� 
����
��*

"�	�	�����	���
�	��	��&�&�-	�����	�
����������-	������
������&����������������	�
����
��*��"�������	��	������&����
�����
�	�

�
�������������	�	�����
����
����	���	���	����	�������
��������
���-	��
�	���
�
�����*��"�	����
����	�������&�
�����
�	���

��	�
������
���
-	��
�	���������
�����*��+��
���	-	�����
�
���������	�����	��	�������������	,����������&�
���	7���	�	���*

"	�������&�������
��A
�����
�����	�	�&	����
������B�
���A	��
�&	����	��
�	���	�
����B�����	&��
������.�����������-��	

�������	����	������&�.������������	���	���������
���&���
��	*

"�	��������������	�.		���	��
�������
����
�	������������	�
�	�������	�����	,������
�
��	7���	�	���*��+���
���		�


�&�	�� ��	��
�
��		�	�� �����	�������&��
�	���
�
������ �������
��	,�	���-	�
�� ��
�� �����
���
����&� �	��
������*� �#�.	-	��

.���� ��	� 	�	�&	��	� ��� ��	� �	
���� ����������� ����������	�� ��� 	��
�������6
�	�� �
���	�
��	� 
��� 4���������6
�	�

�
���	�
��	��.������
)	����	����)�����
����	1�2������
����������	�����������������������&*

#
����	��� 	�	�������� �	-��	�� �
-	� 	�����
�	������� ��� ��	� �
�	�.��)� ��� �
�
� &
��	���&*� � ;���� �	-��	���
)	

�������	���	�&
��	���&����-�����������
�
�.��������
)��&���	��
�
�&
��	���&�	������	���	������	����	�������	���������&*

+���
������	��	-	����	����������.
�	���
���
���	
������	��������
��
����	����	-��	���	�&	��	����
���
��������������	���


��.	���
����	����	������	���-���������	���������
��������.������
)	��
�����
�	�
�7�������������
�
���
���
����	����	��	�
���


�����
��
�������������
��
����	���
�������.���	��
�	*����	��������	���������
�
��
��
����	��&�	
��
�-
��
&	��-�8*�����
-����

�
�
��������������	������
�����������	������
���	,�	���	����	�
��������������	��
�
�	�	�	���������	��
�
�
�	*

	������� %��%#

"�	��	���3�
�
�7�
����3��
��
�����	��	
������	�	��� ����&��������
��	����	�����
�
�� ���������	���	�� ��� ��	��
�
�

���������	��� �	�
��� ��
�� �
�� �		�� �
����	�� ��� ��	� �
�
�� �����	�	�	��� ��� ��	� �
�
� �	���� 	��*� � �
��� ��� ��	��	
���&�� �
�� 


�	
���&�����
�	��*��/�������
��	����	�	����
�.	
��������
�
�
���������
��	�������
�)��&����
����
�	���������	��������	��
�	

���� -	��� ��	���� �	�
��	� ��� �
�)� ��� ��	������� 
��� ��
��
���8
����*� � /���� ��	� ��
�������� ��� ����	�
���� 
�
������ ��� �
�&	

7�
�����	������
�
�� ��	������ ������
���
�������	����
� �
�	��� �	�
�	���
�
�
�	� ����������	��� �	������&*� � �"�	�
�����������


��������	�������&�������	�
��	�������������	���*��4�
���������	�������&�����
��	�
�	��
��	��*����������
���		�������
�
���
�

�������	������	�
����
���
�
�
�	�������
����	������������	�
���&�	�����	
����
�
��	�����1�	����2����
���.����������	�	��
��

����	���������	��	��
���*� �"�	�/����
���
������	������	��
�&	����
�	����
�
�
�	������	�.��������	�;	�-��	�0���������

	������&� 1;02� ;���	�*� � #�.	-	��� �	�
��	� ��	� ;0� ��� 
� �	�
����
�� �
�
�
�	�� ��� ���-������ �
�� �		�� �
�	� ���

�����	�	��
������	�*��/�������
��	����	��
�
�
�	���	������
���.���	��	��
��������	�������	���	���������
��������
���
�)�

	-	�������	�������������
��������
����������
��	�	�	��*�����
��	�������
�����	����	��������	�;0�����	�����������������

������
�������	��� ��
���
-	�
��	
����		�� �������������	��	�� ������ ���&�-	���	��������	-��	��	�������	���
�� �����	������


����	���*

*� �"
��	��� 	,	������	�� 
� ����� �����
�
� �	������&��.�����.������
)	��������	� �����	�	��
������	�� ����	��
�	���� ��	

�	��
�����������	����*��"�	�����������	������&������	����.
����
��	�����
�����	��
��/����	
������.�������	�
������.
��


�	��	�*��"�	��
�
��	7���	�	���������	������&��	�-��	�������������
���	��	-	���	�����
��
�
��&�����
�����*



���C

��,���-.��/�'�����������
'���
�
��
	����������	���

6�"4#�D�EEEEEEEEEEEEEEEEEEEEEEEEEEEEE� +*0*�DEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

�@* 0�"� ��������� ����F;" �@+� �

9 EEEGEEEGEEE EEEEEEEEEEEEEEEEEEEEEEE EEEEEEEEEEEEEEEEEEEEEEE

� EEEGEEEGEEE EEEEEEEEEEEEEEEEEEEEEEE EEEEEEEEEEEEEEEEEEEEEEE

� EEEGEEEGEEE EEEEEEEEEEEEEEEEEEEEEEE EEEEEEEEEEEEEEEEEEEEEEE

� EEEGEEEGEEE EEEEEEEEEEEEEEEEEEEEEEE EEEEEEEEEEEEEEEEEEEEEEE

�@��"�+0��$�6�' "+����/��@��"'�1;���4"����2

EEEGEEEGEEEGEEEE $�%�� � EEEEEEEEEEE

FF����00�;� $" EEEEEEEEEEE

��4���"+�� EEEEEEEEEEE

�@��"�4��;;+/+4�"+��' ��4�"+��'

#�H�0�$;EEEEEEEEEEEEEEEEEE 0�I�"$���+I�"EEEEEEEEEEEEEEEEEEEEEEE

��?��EEEEEEEEEEEEEEEEEEEEEEE 0�;"+��"+����+I�"�EEEEEEEEEEEEEEEEEEEEE

�+���EEEEEEEEEEEEEEEEEEEEEEE �@��"���4*�14+"F2��EEEEEEEEEEEEEEEEEEEEEEEEE

0���J��EEEEEEEEEEEEEEEEEEEEE 4�$�"F�1�@��"2��EEEEEEEEEEEEEEEEEEEEEEEEE

��"G���JEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

$�%�� ��EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

�+4�/"' "FI���/��+;;+��'��1;���4"�$I�"���2

"FI��;�+�;EEEEEEEEEEEEEEEEEEE ;4#�0$��0�I�K 4�J�

�G4���%��EEEEEEEEEEEEEEEEEEEEE $�;4#�0$��0�I�K /�F

/$;���J����*EEEEEEEEEEEEEEEEE /�+J#"�"�;" "�+�+�J

0�"�����$/�4"$�0�EEEEEEEE $�%�� �

"�+���$�6��EEEEEEEEEEEEEEEEE ��+�"

;�+����$�6�EEEEEEEEEEEEEEE

��J+�����%�EEEEEEEEEEEEEEEEE ��+�+��G�I��"�'

��J+�����0��1;2�EEEEEEEEEEEEE� �I��"������EEEEEEEEEEEEEEEEEEEEEEEEEE

��J+���;�+�����1;2*�EEEEEEEEE� �I��"����J�4�0��EEEEEEEEEEEEEEEEEEEEE

/�+J#"��$�6��EEEEEEEEEEEEEE

��"�����J+4��G��@+�����"�4��0+"+��;'

+�4G@�4EEEEEEEEEEEEEEEEEEEEEE @�"+4���"$6$���4�EEEEEEEEEEEEEEEEEEE

4��$0�4�+�+�J�/"����EEEEEEE #�H��EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

�+J#"�4��0+"+��; #�+�EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

0�FG�+J#"G0$;%G0� �EEEEEEE� 6+0;EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

@+;+6+�+"F�/"������+�EEEEEEEEEEE ;�� G;�$;#EEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

 +�0'�0+�4"+���EEEEEEEEEEEEE ;��0G�;#EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

@���4+"F�+��%";EEEEEEEEEEEEEE � "#$��;"�;EEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

"��I��"$��/���4�EEEEEEEEE �+J#"�+�J�EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

�+4�6$;"EEEEEEEEEEEEEEEEEE �"#�� ��"#��EEEEEEEEEEEEEEEEEEEEEEEEE

4�"EEEEEEEEEEEEEEEEEEEEEEEEEEE +4�G�+�G/�JGJ$;";�EEEEEEEEEEEEEEEEEEEEEE

 +�0;#��EEEEEEEEEEEEEEEEEEE

I#�;���/��I��"+��

6��0+�J 0�;4��"� 0�6��0+�J

4�J�����0+�J �II��4# I�%�0

��J+���;"�" +�+"+�� �/$��+�J

"�K+ /+��� +�;I�4"+��

"�%���// ���0+�J "� �0

��� /����L�"�$4#0� � ;�@+4+�J�

�"�"+�� ���� $�%�� �

+�+"�4�+�6 "�$4#���0�J� 4�+�6�"��4$+;

J����$�0 4$+;� "�K+

0$+�J�0+@�"



���M

#�0 ���+�@��@�0�+��+�4+0��"' ��"��4�0��EEEGEEGEEE

������EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

EE�EE�EE�EE�EE�EE�EE EE�EE�EE�EE�EE�EE�EE� ��0����EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

EE�EE�EE�EE�EE�EE�EE EE�EE�EE�EE�EE�EE�EE� ��%���EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

EE�EE�EE�EE�EE�EE�EE EE�EE�EE�EE�EE�EE�EE� ��4�"+��EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

EE�EE�EE�EE�EE�EE�EE EE�EE�EE�EE�EE�EE�EE� I�"��$�6�EEEEEEEEEEEEEEEEEEEEEEEEEEEEE

EE�EE�EE�EE�EE�EE�EE EE�EE�EE�EE�EE�EE�EE� "�"���"+��EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

"+���;+�4���G#EEEEEEEEEEEEEEEEEEEEEEEEEEEE

4F4��;�;+�4���G#EEEEEEEEEEEEEEEEEEEEEEEEE

"�"���4F4��;EEEEEEEEEEEEEEEEEEEEEEEEEEEE

"FI���/�#$������4#+���+�"�/�4����

;�&&	�����
��
����	��������	��	-	���	����
����������
������"�����	�

��"*��@+�"+���;F;"���1��;2'��"60

/�+J#"�4� ��KI�+��4�'

4�I"�+��EEEEEEEEEEEEEEEEEEEEEE I+��"�+��4�����0��EEEEEEEEEEEEEEEEEEEEEEE

"+���+��"FI���4/"�EEEEEEEEEEEE "�"���/�F+�J�"+���EEEEEEEEEEEEEEEEEEEEEEE

/+;"��//+4�

"+���+��"FI���4/"�EEEEEEEEEEEE "�"���/�F+�J�"+���EEEEEEEEEEEEEEEEEEEEEEE

;�4��0��//+4�

"+���+��"FI���4/"�EEEEEEEEEEEE "�"���/�F+�J�"+���EEEEEEEEEEEEEEEEEEEEEEE

0�"��;�$4�;'

/�+J#"�4� EEEEEEEEEEEEEEEEEE� �"4EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

��+�"����4�EEEEEEEEEEEEEEEEE 4���EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

�I��"�EEEEEEEEEEEEEEEEEEEEE /�"�+�"�EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

���$/�4"$�EEEEEEEEEEEEEEE /�+J#"�;�/�"F�/�$�0�"+��EEEEEEEEEEEEEE

�";6EEEEEEEEEEEEEEEEEEEEEEEEEEE �� ;EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

 ��;EEEEEEEEEEEEEEEEEEEEEEEEEE �+4��+�;�EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

�"#�EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

6+�/�0�;4+I"+��'��EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

0	�����	� ��	� 	-	��G����
����*� � %		���&� ��� ����� ��	� �����.��&� �������� �������� ����	� .����� ���� �		�� 
�	� �	�	-
��� 
��


������&� 	��	� ���� ����)� ��� ������
��*� +�����	� .�
�� ���� �	��	-	� �	
���� �
��	�� ��	� �����	��� 
��� .�
�� �
�� �	� ���	� ��

��	-	���
��	����	��	���������	�����	�����
����*�1$;���00+"+�����I�J�;�+/���4�;;�F2

�* 4#�+���/��@��"; �* #$����I�/����4��4��;+0��"+��;

#�.���	������	��
���	 I	��	��������:��&	�	������	�������

4����������&��
����� /
������
��	����&���	�7�
�����������
���	�����
��	

#�.�.
����������-	�	� �������������
������

4���	���-	�
��������
)	� �
�)������������
��
.
�	�	��

;���	�������&��
������
�� �
�)����
.
�	�	��������������
��	�

����	�
���&����	� ���������&��

 �
������	���	��.	�	���	� +�����	����	�	����������������	��G�
-
��

#�.����������	���	�.�
������� ����������.���&��������G�������	��

 �
�������	����	������	������� ;��.G�	�
�	��
�����

���	�����&�
��
����	�� ������������
�����G��
�������
�	�
�����

/
����	����4��)����	�����	 /
��&�	

�
�
&	�	���/
��&�	 ;�
�	��������

�
�)����7�
�����
����G��
����&G	,�	��	��	

+��
�
���
����G�	���
��������	���
�����

������� ���	�����&���	.��	�����
��	

0	���	�
�	�����
��	�	��	��������	���	�

/$������"+@�'��EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

����F;"�4�����";'��EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

/
������	�	-
������+����	��

1�
��������	������
�����
�����	���
����	��
����2



���N

J���� /
���� ��*�
��*

�* ����������	
��

�*��������
�������	�� �*������;���	���
����	�O�
��	����&���������
������

�*������;���	���
����	�O����&����	�)�������
����

�*������;���	���
����	������	�

�*����"4GJ������
��� �*������+�����	��������
�	7�
�	������������G
�-��	

�*������������	������G����	����������
����

�*������/
����	�������-��	��	�
�
�������
��

�*5�����/
����	�������-��	��	�
�
�������&�����

�*!�����J������
����
���������������
-
��
������

�*�����-�����	��
� �*������;�������
���-	���
�

�*������ ������	
�G���	�G������	��	

�*������+���&

�*5����� 
)	�������	��	���
����
�����
���&

�*!�����@���
����
��G�
��G��	�����
�����	��*

�*C�����6����

�*M�������&�����&

�*N�������.
��������������)��.�������	.

�*5��4�	. 5*�������
�)������������
��
.
�	�	��������
��

5*�������
�)������������
��
.
�	�	��������&�����

5*�������
�)����
.
�	�	��������������
��	��������&��

5*5�����+�����	����	�	����������������	��G�
-
��

5*!���������������.���&��������G�������	��

5*C�����;��.G�	�
�	��
�����

5*M�����������������
�����G��
�������
�	�
�����

5*N�����AI�	������$�B

5*�P���/
����	����4��1��������	�)G��������
�	2

5*�9���I��������	�����
��:��&�	���G
���
�����

5*�����0�����	��
����

5*�����/
��&�	

5*�����;�
�	��������

5*�5���+��	�
������.����
����
����

5*�!���/
���
��G�����&�����
����
��

5*�C���;��.�
��G�����.����
����
��

5*�M�����
���&�������	��

5*�N���/��&����
�����&

5*�P����
�)����7�
�����
����G��
����&G	,�	��	��	

5*�9�+��
�
���
����G�	���
��������	���
�������	�����&���	.

�����������	�����
��	

5*�����/
����	�������)����

5*�����0	���	�
�	�����
��	�	��	��������	���	�

�*!����&��	 !*��������&��	��
����	

!*������I���	��	���
����	

!*������0
�
&	���	������������
���	��

!*5�����/�	������
���
����

!*!�������&��	��
����	������
�	�

�*C��/��	 C*��������&��	����	�����-	��	
�

C*������/��	���	����
����
�������	��

C*������/��	������	���
��	

C*5�����I������
������	

�*M���
���	�
��	G

��������&�������
�����&

M*������/
����	���������	�	���	��
���	�
��	

M*�������
���	�
��	�����	�
���	����G�-	���&��G��
�	7�
��

M*������J��������
��������)����
����
��

M*5�������
���&�	����

M*!�����;$I;���;���	��	��$�
����-	��I
���

M*C�����$�
����-	��I
���



���P

J���� �������/
���� ���������*�
��*

� ����������	
��

�*N��;�������	 N*������4��������G�
��&�	

N*�������-	���
���
����	

N*������/����	�

�*P��+���
��������	 P*������+�����	������
�	7�
�	��������	
���&�������
����������	.

P*������+�
�	7�
�	�
��������������

�*�9��0	��&� �9*����0	��&������������&�

�9*����$�
����-	���������
����

�9*�����
���
������&��	�	��

�*����I	�����
��	 ��*����$�
��	�����
���
�����		�G�	�&��

��*���������
����	���	������������
��	

�*�������	� ��*����4
��	��������	��
����
��

��*��������
��	�	��	�����
�����
�	�������	���	�

6 ����������������������������������������������������������������	��	�������	
��

6*��������
�������	�� �*��������������	��������	�	�����
-
��
��	��
�	���	7����	��

����������1JI ;��"4�;��.�����	
��.
����&��	��*2

�*������/
����	G��
�	7�
�������
�	���	7����	��

6*����"4G&������
��� �*�������
�)�����"4

�*�������
�)����&������
���

6*�����-�����	��
� �*������I����-���������

�*���������	��.	
��	�

�*��������
.
������������1��	�������	������
����&�.
�	���	��*2

6*5��"�
����& 5*������"�
����&���
�	7�
�	

5*������I�	�	��	��.��������
������	�������
����&

5*������/
����	����4��1��������	�)G��������
�	2

6*!��+���
��������	 !*������+�����	��G��
�	7�
�	�����	���	�

!*������4���
����
�
&	�	����
����	

!*������+�
�	7�
�	��	&��
����

!*5�����+�
�	7�
�	��	&��
������-	���&��

4 �
����������

4*������4�������	�����&���+����"	��
���14/+"2

4*������4���������.�����	��
��G.
�	�G����
��	

4*����������
������������

4*5�����J����������������.�������	��
����
��

4*!�����J����������������.������:	��G����
��	

4*C���������������������������&��

4*M�����/�	��	,�
������

4*N������-	����

4*P�����$��	������

4*�9���;�������
���
����	

4*�����I������
������	

4*�����/��	G���)	������&���	�
����

4*�������	�&	����	-
��
���������������	�

4*�5���/���	���
����&����
������.
�	�

4*�!������	���
��	�����
�
����

0 ����
��

������
���
�������� EEEEE������ EEEEEE������� EEEEEE���
� EEEEEE�����������	

��������
��	�
�

���	'�����������	��������
����
���
&	���	���
��������
������	���	�
�������
����
�
����	������������
���	�������
��	�������	


����
������������	�
�����
�	�	,����	�*



����9

+�� ��	������
��� ����	,��� �
�����8
����� ��� �
�
� ��
��
����.���� ������"�� 
���	��.���� ��	-��
���� �	����� ������	

������� �
�	��� ����	��� ���� 
��� ����	��	�*� � ������ ����	� ��	� ������	��	�� ��� �
��� ���	�� ��� �
����������� 
�	� �
�	�

�
�����8
�����.���� 
���.��
�
� ����	� ��
�	���	�.		���
������ ��
�� ��	�
�	� �����
�� 
����
��� ����	��� 
��� ����	
�	� ��	��
�


��������	�	����	��	
���&����	��
��������	�	��������
���������
�	��
�
���������	�	�*

4����	�	�	�������
�
��.�	��	����	�	������	�
�	������	-�
�������
��������������.	
������	
����
��������
��*��"�	

�		������	������
����	�����	-	����	-�
������������	�������	-	������&����	�-
����
:����������
�	��
�	��	��&����
������	

�-	��	���
��8	�*��+�����
����	��	���
��������	�
�
�����1���
�
������&����2�������������
�)��.�	�&	��	�	�������	
����	����


�������	���	�
�
���������
��	�������������	�	�������������
�	���	��	�����������	��
���	�
��	�&����*�����	�.��	����	��
��	�

&������
�����	��
���������	�����	�*

	��������$(�!�� %�
���$�(�!

���	�����	����
�
�
�	�����
&	�����	���
������
)	������
��������	-	�
���
�����*� �;�����
�	����
��	�������������	

��	����
���	���	��	7���	�	��*��+������������������	���
��������	���������	��
�
�
�	��
���	�
����	�*��"�	�	�
�	��	-	�
�

.
��� �������	�
�����	�	����
�
�
����	-	�
�� ���	������
�
�
�	��
�
&	�	�������	���106�;2��
-	��		���	-��	��
���
�	

����	���
����
-
��
��	*��+���������&���	���&������	����06�;�������������
������������	����	��
�
����������
������
����	�


�����	�������	����	�����&���	���	������	��
�
*��/����
�	���
�
���	��������	�����	�06�;���������	��
�
��	����������&�
��

�
�����
���&������	,���:	����
����
�
����	��	�����	����*��"�	����������
��	����	�
�������	�����
-
��
��	�06�;�
�	���	

��	��)��.��
����:	������	��	��06�;*� �;���� �	�
����
���
�
�
�	��
���.�����������	��
��	���	
���	��
��������� ��
��
�	

�����	� ��� ����	�	��� �� 
���.��&� ��	� ��	�� ��� ����	���
�	� ��� �	��-��&� ��	� ������
����� �	� ��� ��	� ��� �		)��&� �
��	�� ��
�

�������&������	��	��&����� ��	��
�
�
�	�	,��
����������*� ���� ��	����	���
���� �����	� ���.�����&� ��� ��-	��� ������	������	,

�	
���� 	�&��	��� ��	� �
�
�
�	� �
�� �		�� ��� �	� �	��� ��������	�� 
��� ��	�	���	� ����
��� ����� ���	� ������
����*� � ��

	,��
�
����� ��� ��	� -
������ ���	�� ��� 06�;� �
�� �	� ������ ��� �	�	�	��	� <C=*� � �-	�� ��:	������	��	�� 06�;� �
-	� ��	��

��
.�
�)��
������������	�	����	����:	����	�	�-	���	�	
����
��	�����*

� �!"#$#�'����%#

;	�-��	�������������
�
��
���	���	������
�-
��	������������	��
������
�-
��	������.
��*��"�	�����������	
����
�

����������&��
��������	�����.	-	���������)�����&
����*����-����������	�������
����������	�������	���
�����
�	��.������	��
�
�

��	�����	����� �����	��	����� �
����	�� ��	�����	7�	��	����� �
����	�� ��	��	����1�2���	�� ���� 
�
������� ��	� ������	��	��
��

���	�	��������	�
�
�������	�������
�����	���
������
����
�
��	��������	�������	��	�
�	���	,����
�����	�
�	�*

�����	����
�������
��	��	��	,�	���������	����
����
����������������
������-��-	�
���
������	-	���*���"�	���
����
�

������
�	��������-��-	�
��	��&���	����	�����
��	�	��������	�������&���	��
���
������&�����	����������	���
���	�
��	���

���	�����
���
�����*��;��	�
��	������
��
�	���	7�	�������-��-	��
�	�&�-	�����"
��	��*

��,���0.���������1�������	��
�����������������

0	��&� �
���
������& �
���	�
��	

�	.�"	������&� "	������&��
�������	��	��	 #��
��/
�����

	�
�� $�.�����&��,�		�
��	� 4����&��
������
�
&	�	��

/��&�����	�
����� ����"�
�����4������ ��-	��	���-�����	��

;���.
�	 "�
����& 	�����

	&��
����� ��-�����	��
����	� $�
����-	��I
���

#
8
������4
�&�G;���	�

+�� �
�� �		�� 
�&�	�� ��
��� ����	� �
��� �
������ 
�	� ��-��-	�� ��� �
����&� 
�� �����	��� ��� 
����	���� ��	� �
�	��

�
�
&	�	�������	����������	���&�����	���
��8	�*��"�	�
������.�����
�&�	�����
-��������	��������	���
������	�
��	���	

�
�	��� ����	��.����� �	� �	����
��� 
���� �	��	�����	� ������*� �"�	� �	������������� ���� �
�	��� ������� �	� ��-��	�� ����� ����

&�������.���	�����	��	������������	��
�	��	�
�	������
���	�
��	����
�����
�������������������	����	���
�������	�����	�������	

�
��	*���
���&�������������	��	���
�	������	��	-	���
����	��
�	������
�	����	��������	������
�	���
���	
���&�������������	


���.	������	-��	���	����.������	���������������&����)*����������	��	
��������&�����.�����	�������	��	��-	��	����� ��	��

�.����	��
����
�����&����	������&�-	�&�	
�	��
��	�����������*��������	����	���
��������
���	�
�&�	����
����	��.�����	�������
)	

�	�������&�
��	��������	����	��
����
�	
��
�����	�	���	����:	�����	�����&�	
�	����������*

+�� ��	�
���	�	�����	��-�	.����
��	��	��� ���.����������.���
��	
���&�����.�����
-	�����	�	����
�
��	7���	�	���*

"�	��
��	���
���	��������	��.�����	�
��-	�	
�	�����������8��&��
�
������.����������
.���������	��
�	��
��	���
�
�����*



�����

��	�	,
���	����
��	,�	���-	�
���.	������������	���	�-��	�������������	������&�
�������	����������	���
���
���		�

��	-������� �	�����	��� ��� ��
�� �	��&� �
���
��	�� ��� ��	� /��*� � $�������
�	���� ��	� /��� ��	�� ���� �
-	� ��	� �	
��� ��

����	�
���
����
�
��8	���	��
�
��	����	���.������������	�����������
����������-	*��+���	
��������	��������
��
�������
��	�*

"�
����������	�	
���	����	��
�
�
�	�����		)��	�-��	�����������	����
�������
�	���	��	�-
��-	�	������
��
���������	�
����
�����		�*

;�����	
���	��
�	��
���	������
��	�� ��	������	���
���		������&��������	�
��	�����������	�
��������������&�����	���	
���

�����
��
�������	������
��
����	��*��#�.	-	�����	�	������������	�/���
�	�
�-
��
��	�
�:����������	��
�	���
�
������	���������

��������*� ����	�-	��� ��	�;0��
�
�
�	� ���
��	�����	� ������	����	���� �����
��
����
����
���
����	���
�����	�
������.���

�	�
��	������	����������	�������	����	�����	�
���������	�
�
�����������	��
�
*

��#�!�� �!"#$#

4
��
�� 
�
������ ��� 
�� 
����	��� ��� �����	��� �		)�� ��� 	��
������ ����	� �
������ ��
�� .	�	� :��&	�� ��� �	� ���	����

�	��������	�����
����&���	�	-	���1����
����
��
���
�����2�
�������	���
�����������	�������	�	-	���1�	����
����
��
���
�����2

����	�����������&� ��	�
����	��*�/��� ��	�	��
��
�� �
�������
��
��
����
����
�����
�����	�	��
�����	�� ����	
���
����	�����

�����	��� <M=*� "�	� 
�-
��
&	� ��� �
��
�� ��
��� 
�
������ ��� ��
�� ��� ��	� �
�	� ��� �������	� �
��	�� 
��� �������	� 
����	���� ��

�����	����� ��	��������	-	�������	�	�	���� ��� ��	���
����
���	� ��	�����	��
������:	��	�� ���&�	
�	���
��	�����*� �"����� ��	

�
�	�������	���
������	���
�	��������	��������	-	����
����
,���8	������	������-	�	���
���	��	���-	�	����������������&

��.�����	���
��� �	�����&����	�����
���&�
����	���*� � �"�	��	��	�-	�����
�-
��
&	���� �����
����
��� ��� ��
�� ��� ��� �	
���-	

�
��	����
�����
���-	*��"�
��������	��	&��
���&�
���������
�����	����������1�����	������
�����	�
����2��		)����	�����
�	���	

�
��
���
�����
��	����	�
����	���������	�������	-	���
����	������	������	��
�	��
��	�������
��	���&�
&
��*

4
��
��
�
��������	���
-	�
��
�-
��
&	��-	�������
�����
��� �	�����
�����:	����	� ��� ��
�� ��� ����
�	����� �
���
�

�
�
��
��	����
�����	�����
��������
�������	���
��	-	������	�&��		���&�:��&	�	����.������	��	�������	�)��.�	�&	��
�	


���	,�	��	��	������	��	�����
���	
�*�����	�-	���
���
��
��	
����		���	�����	���������
�>��
-�
������������������������������

����	�
���
��	�&��		���&��	
����
����������
�	����
����
��.������	��������������
�&	�������	�
����
����	��&��
��	������������

�	&���*

"�	��
��
��
�
������
����
������.	-	���
��������	����������	����
�-
��
&	���
����	�
�
�������
��
�&�����	
���	

������:	���-��������������	&
��������	����������
������
�����	����	�
��-	��������������*����������	������	����	���	�	��	���	����

��	�-
�������
������������
������	�����	�����"
��	���� ��
��
�	���	7�	�����	������	�	��� ��	��	�
��-	�.	�&����
�����	�������	

-
�������
��
�� �
�������
��-
���
�&�	
���	
��� 
�� 
� ������������ ��	� 
�
����*� �"����� 
�� �����
�	�)��.�	�&	���� ��	�
����
��

����	�����
���	�	7�����	��������	��	�	�&
&��&�����
��
��
�
�����*� �"�	���
��	�&	�����
�
&��&�
����
����
�	��������	�����


�������������������
8
�����������������������	���
���	�	�����
�	���	���	�
����	���
��
����	����	���	��
��	
����*

��� %�� �!"#$#

��	������	�
���	��	���-	��	����������	�������	��-�
�����;
�	������������	���I�	-	������1�;�I2����&�
����
����

��	�������	�/��>��������
���0��	����
�	����/�*� ������"	,
�*��"�	����&�
���	�	����������	������
���
�������
�������	��*

/���	
����
��������	-�	.����	��	�-��	����������������C���������5���������	�����*��6
�	�������	������������	�-��	�����������

�	��������-��-��&���	��
�������	��������	��������	���*

�� ���)� �	-	�� ��� 
���&�	�� ��� 	
��� �	����*� ��;�I��
�� ��	� 
������� ��� 7���)��� �	�	
����.�	��	�� 
�� 
����	��� �
�� 


�	�-��	�������������������*��/���	,
���	���	�������&����
��
�
��
����	�����-��-��&���	��
������������-	��
������	�
�
�����.
�


��	������
�)��
�������	����
�����	��������-	��	�-��	�������������	��������
���
����������	��
�������
-	��		��.�����	����

��������
�������
��	����
�)��������������*��".�������	��	�������	�����	����	��	�������������	����������	�
���	
�	���
��������

���-	��
��*� � 6
�	�� ��� ��	� 
����	��� 
��� ��	� ���������&� ��	��� �����
�	�� ��� ��	� �	�-��	� ��������� ��	� ���������� ����	�� 
�

���.������	���0��	���-	�1�02*�����	
��
��	����	�����
��	������	��0���	�	� .	�	�������	��	�-��	�������������	������������&

��
���
������
���
���.
���	����	�*��6�������	�������
��������	������	��	������	
�	�����������-	���
�����
���		����
����
���

�	���	�*��#�.	-	����;�I��
����	���
.�
�)'�����
&	�����;�I���������	�����
���-	������
����	�
�
�����������	�������	�

���
��	-	���������
��
��
����	�����������	����������������	���
�
���������
�&�-	���
������������	��*

'� $���$ 2���������"������2���������� ���� %$�����#

"�	�/��>��/��&���;�
��
����;	�-��	��
���	-	���	��
��	���������
�	������	���
��	��;
�	���I	�����
��	���
������;���	�

1;I�;2������
�����������	��	�	���������	�������������
�	�������	�����*��"�	����
��	���������&���	�����	�����&	����&��	
�����

��&����	,�	��	��	��
����������	�������	��������&	��	���.����	
�������	�������	�������&���	��
�
�	�	�����
���	������	���	�

�����&����-	���
��	����
����	�
�������
��	�
�����
������
������*��
����	
���������	��	
��������	���	�����	���
�
�	�	���
��

�	-	���	��
�����	�����
�������	��	�
��-	�������
��	������	��
�
�	�	�����
��������	���������8	�*� � ��	,��� ��	��
�
�	�	��

.	�	�.	�&��	��
�������&������	����	��	�-	��������
��	�
���
&&�	&
�	�������&�������.����	
���&������	��&��	��	��
��
�

3�����
���*3��"�	�
�-
��
&	����
�����	����
������
�	����������
����������
����������	�)��.�	�&	�
���	,�	��	��	������	�3&�
�



�����

�	
���3� ��� ��	� ���	� 	,�	��	��	�� ����	������ ��� ��	� �	&��
���&� ���������� ���� ��	� ��� ��	� ����&	��� �	���	,�	��	��	�

����	�����*� � #	��	�� ��� �����	�� 
��	������ ��� .�
�� ��� 
� .
����&� �
��	�� ��
�� ��� 	-	���� ��
�� 
�	� �	�	��� 3����	�*3� � � "�	

���
�-
��
&	������
��
��
����
���	��-
�����������	������-
��	���.�������&�
���
���������	-	���
�&	�����������������	*

��-
��
����������	���	
�����	�����
��	������
�����
���	
���	������
�	������������	�������	�
�����*��+������
�	����

3.����&���
&�
��3���� ��������	����	��&���	�� ��� ���:��������.���� ��	� ����	��� ��� �����
����*� � +�� ��	� �������	� ����������

	-	����	��������	�.����&���
&�
��.������	������	��.���	*�� �	��
��
����	����
��	��
����
�������������	�
�
�����
��	��	����	

������
�������� ��	��
��� ������&����
�	���
���
���&���
���	������
���
���1�	��2� �����	�.����&���
&�
�*� ����		�	����	���������

.����� ��&����� ��
�� ��	��
����
��
� �	�
��-	�����&��������
����*� �"�	�.����&���
&�
�� ��������
��������
�	�����
����&����	

�����������	��
������
���
�������	��	���
���-
������	.��	�-��	�������������	�����*��".��	-	����.����
���
�����	�
��	�����������	


�
����*� �"�	� ������ ��� ��	� �	���� ��� ��	� ��	� ��� 
� �	��
��� �	��� 
��� ��	� �	����� ��� ��	� �����&����� ��� �	���� 1��	� ��	�� ��
�� 
�	

�	7�	���
������	������	��	�	�����	��	����
����	
���	2������	���������	���������������
��
�	���	�*��"�	���	
�����
�	�������	

�	��&������� ��� ��	� �
��� ��
�� ��� ����� �
�	�� ��	� ���)� ��� ��������	�� �
����	� ��� ����	
���&�� 
��� ��
�� ��	� .����&� ��
&�
�

�������
���� �	��	�	���� ��	� ���	*� � � +�� �
���� ��� .����� �	� �	�
��-	��� 	
��� ��� ���-	��� ��	� ��&��� ����� 
� ������	�� ���	� ��
�


����
���
�����
��	��
���
&����	���	���
�	��.������
�����	��
�	���	�
��	�����������	�
�
����*������������	�	��������	����
&�

�
���	��	�������������
�	���	��	-	�����
�	��*��"�	����	�	�.����
�����		������
)	������
��������	��
�	�	�������	��	��&�������	

�
���������	�����
��	��������	��*��"�
�����
����	
��������	����.
����&�������	������������	��
������
���	����	��	�	����&���	

�
�����������	�����)�����	���������	�����
��	������
���		���	�	��&�	������	�������	�

���3�3$!$#�$��
$#4�� �!"#$#

;	-	�
������
���������
����
��	�� ����
�	����
-	��		��������	��<NQ*� �#�.	-	��� �����
����
��	��
�	����� ���)	�

�����.���� 	������
��� �	�
��	� ��� ��	�.
���� ��� ���)� ����� �
�	����
�
&	�	��� ��� 
��
��	�� ��
�� �	�	���	�� 
� &
�	� ��

��
��	*� �#�.	-	��� ��	�	�
�	�
�� �	
��� �.���
:���
�-
��
&	�����
�����
��������� 
����
��*� �/������ ��� �
)	�� �����
������� ��	

-
��
������������	��
�
�
��.	���
����	���	���������	�����	�����������	��	�*��+��
�������-��	������������	���&���	��	�
��������

�	�.		���		���&������	�
�	��������	��	�*� �"�	�
�
����������	,
���	� ��	�	����
�	������
����������
��
����	����&�-	��


��&������
������������	�������	��	�����	�-��	�	-	�����
����	�	����	�������	�-	����������	7���	�*�������7�	�
�-
��
&	������	

����
���������
����
����-	��
��	�	����������
����
��������
�����	�
��	����	����������������	�;
�	��������	������	������
�����

�����������	��������)	����
��	�����������	���
��������	�
����	�����
�����	-	�����	�*��6���
����	������������
���
�-
��
&	

�����
�����	�
��	����	������������
�����	���	�
���������&	��
�	
�������	���.	�����-	�����
�������������	�����	������������	���	

��	�������
����	���������*

� �!�%$ 2�
����4#

��� �	.� �	������&�� ��� ������	��� 
����
��� ����	��� .���� ��	-��
���� �	���	� ���	� �����	,*� � �	.� �	������&�

&	�	�
�����	
����	��	���	�����
��	�
�����.	��������������	�	���&����	��
�	����	�
�	����
��	�&	��
��.	��*������������	
�	�

��
&	�
�����	�
���&�����������	�����.�
��.
��	�-��
&	�������	��	��&����
&	�.�����
&�������	�
����	����
�	�
��.	���
����	

�
�
����	�����:���	����������	�������&��-
��	�
��	��*���;
�	�������	���.�����		������	����	����������
�	��
����	��	���	�����

���
�
������.�����		������	�	�����	�*�����������	���
��������	��
�	������	������
�������	��	�-	���.�����		��������������	���

��	-	����&�
����	������	�����	�-��	��	�
�	��	-	�����
��	����
������&��	�-��	��
�
��������������	�
�
���������
����	������
�

�
-	�
��	
����
��	�	�*

4�������
���������	�	,�	���-	��
�
��	7���	��	����
����
�
�
����-
������	���.�����		������	�	�&��		�	�*��"����

��	����������
���
����&�
���&���	-	������
�	������������������	�������	��������	���������
-��&�
��	��	���-	�����	��.�����	

�
������	��&�	
�	�*��;
�	��������&����	�&��		�	������	������)	�
����
�����
��
���&������	��
&�������	�
��	��
��-	�.�������-	

����	���������������	�	,�	���-	*

�/���4�;

�*� ��������*��
���"�	�� *��;���	�
����;
�	����4�-����-�
������������������������0	�	��	���PPN*

�*� ����*��3;�
������
��;���
������4���	���
��?	�������
�	������	������ ����.��	���	�
�������P!P��PPM�3�6�	��&

4���	���
�������
�	�J������;	
���	�� 
����&���*

�*� ����*�� 34���	���
�� ?	�� "�
������������
��� �����	��� ;�
�������� �PP!�3� ��0���	���0��&�
�� 0��&�
�� �����
��

4���
���16�	��&2�����&�6	
����4
�������
*



�����

5*� ����*��3/��&���;�
��
����;	�-��	�0����������I��&�
��3�/������	��N9�9*���/	�	�
���-�
��������������
�������
�

�PN�R� 
���� �		� �����	� ��� I�����	�� ��	�
)��&�� �5� 4/� I
��� ���� 	�� 
�*�� 3��	�
����
�� 
��� ;	�-��	� 0���������

	�����R�I�����	����	�3�/	�	�
���-�
��������������
��������&�����PP!*

!*� �
�	��� ?**�� ;
��
���� ;*J*�� 
��� ;�&��
�� ?*�� 3;	�-��	�0���������� 	�
�	������-���	��3� 	������$*;*�0	�
���	��� ��

"�
������
������/	�	�
���-�
��������������
������/��&���;�
��
����;	�-��	�������	���PP!*

C*� ����*��3+����-��&���	�4������	�����.������	������4�-��������
�������;��
�	&��������	�/��>�������
���4	������
����

;	�-��	�3� � �
����
�� 	�	
���� 4������� ;����� J����� ��� �����
��� 4	������
����� 	������ 
��  	�����	'

����'GG...*�
�*	��G�	
���&����G���)�G
��.������	��*����

M*� ����*�� 3J���
�� /
�
�� �����	��� 	-�	.� � �PN9��PPC�3� 4�-��� �-�
����� ���������� 	����� 4�� CN��� 4�-��� �-�
����

���������������	�$���	��%��&�����PPN*

N*� /���.����� �� 
��� #
���� ��*�� I���
��������� ��)� ���	���	��� ��� ��	� ����	
�� I�.	�� +��������� I	�&
���� I�	���

�,�������PNN*



This page has been deliberately left blank

Page intentionnellement blanche



����

����������	��
�����������


������������������������

�����

�	

�������������������������������������������������� ��!
�
	!
��"��

���#�$���%��!	� ��&��'�(#�$���%��!	�!& !����)����*�����+�,-#��)

�����	���������	

���������������.�����)����/�������))�����������0��0���������1���������1�/�����������������������0�#

������2�)���/���������������������������1������0���2������)�����0���.��/���)�������3������������������0

��4�������.������0�#��������������������2�/���)��������������������������0���0������0�������������������

������)���)��)��������������0��/��0�0����#�5)2��3����0���������)���������4����������2��������2�����

1���� ��3���2��� ��� 6��2�)���������� ����� ��.�� ������� ��.�� �)�� �0� �����0�� 0��� ��2����� ������� ��2�����

��4���)�����.������7��2���8���������0��/��0������0������������#

��� ������� ���� ��.�� �)���0� �����0�� 0��� ��2���� ���� 2��0��)�)���� ����1��� ����1��/� ���� ��)���� ���������

����/���������)1����0���0�.����2�����)����3��1������3���2��#���������0�.����2�����)�����������0�����/����

������������������3�����1������(2������������2������������/��������1��/�������)������������������/���#�'��

)�����0� ������2�����)��1����6��.�������0������������/����� 0����������0��������)�������� �� ��4����#����

�������� ��������� ��)���0� ������ 2�����)��� ���� ���2�� �3��3��� �� ���� ����/���� �0� ��2���� ��� ������� ��0��/� �0

0����#

���� ������
� ��������� ��� �
����� �
���	�� �	�� ��������� � �	�� �����


���
��	�
��	�� �
�

�� ��)1��� �0� ��0�.���� 2�����)�� ��3�� 1���� ��3���2��� 0��� �������� ��2���� 0��� �����0�� ����������� ���

2��0��)�������1��/�������)������������������/���#�������2�����)�������2��������������2����������)2����

$9�%#���)���0�������2�����)������1��0�/������1�������#

�!������

���� ����� ���� 1���� ��3���2��� 1/� "�� ��� '����� :����� 9��������� ��� '����� ;���� $:9�';%�� ,���� 0��

����1��/�������)������������������/�����0������0�����������������������������)2�����������2�����)�������#

�����������2�1��/������������)2�����2�������2����0���)�����������������#�����6����.����0��2������������

1��)����������������3����3���)��������������0�������������3���00������������6����.��#����������������

0�����/�.�������(�����������2��������������0���#�������������������������1�����0�)�������2��2������������

0�����)������������������/��#����������������2��������2����.��)�������2��2�����#����������������1�����

�1���/��0��������������/�0�������0�������)1����0�����6����0���������������������������)�����#�������������

����2��������2����.���������������/�0������#�'�������6����.���2����������������2�����)�����������������

��������2����������2�����)#������������6����2�����)������������0��)��#�*�7���/��0���0��)��)���0��������

��3���.��.�/���0������������2�����)#�������������������������4�����������3�����2����2�����)�������0��)��

�����1/� ��������#����� �����������3�����.��� ���� �2��� �2�����)� 0��)��#������������� 0��� ����)1����0� �2�����

0��)������3��1����������������������#�50�������<���2�����)��2�������������0��)�����������'=�,:������

*�#�>)�����������:9�';��,����)�/�1������������0�����������������3���2���������������#

'�������6����.���2����������������2�����)�������������)1����0������������)��������3��1�������������

��������#������������)������������������

�%� :����1���

1%� :������

�%� ����6��������#



����

���� ����������� 2���)������ ������� 0��� ������ ����������� )������ ���� �������� �� ���� ����� 0��� ��)�� �0� ���

)�������#�������������2��������2����.�������������2���)�����#

���������������2�1��/�0���2��������0�������0���������2�����)�������#��������0���22����������1��������

0��� 0������ �0�� 2��������#� ���� ������ �0�� �22������ ��4����� �/���� ������������� ���� �������0�� ����� 0��� ���

����������� )������� �0� �������#� ���� �/���� ������������� ���� �������0�� ����� 0��� ��)�� )�������� ��3�� 1���

������������������#

���������������2�1��/������������)2�����2�������2���#���6��.������1������/���)������������2�������

1���� ��3���2��� �� ���� ����#� ���� ����� ����))����� ����)���� ����1��� )������� 0��� ��)2����� 2����� �����

1������������0����.����������������

�%� ���6��������1����2����#

1%� -������2�����)��(2��������1/����������0����)2�����#

�%� ���������3����������2�����)

��2��� )������� ������� �3���1��� ����� 1����?�2�(/�� ���2���?�2�(/�� ���� =-���#� ���� 2��2������ �0� �����

)�������� ���� �������� �� ���� ����#����� ����� ����))����� 2�/� ����������� ���� ���6����� 0��� ���� ��)2����

2����#�����������������)���������������22������0�������������2���2������#������������0���2���2��������

1�������������������������3��'*�!��0���1������2������#

�!�	�����

���� �����0�����/� 2�����)����� 1���� ��3���2��� 1/�@���� >������� �2����������� ���� �� �3���1��� �� 2�1��

��)��#�����2�����)���2�)���/�0�����)������������������/�����0�����������#�����2�����)���������(�������

����1����0���)�������2��2������3��/���0��)����)��)�����������2�������������0����������#

����2�����)������1������/����)���� �����4��������)2����������� ������/� 0������#�����6����.���2��������

����1��)��������������������)2�����������2�����)�������#�����2�����)������������3����2�1��/���������

��2���#���.�3����������3��/����0��������0���������)������������������/����0������������������2���#

"!������

����2�����)�����1������3���2���������'����2�������2�.�����22����0��)�"�����'�����������2�)���/�0��

)���������/�0����������2�����0������2���������0��$��0��������%#�����2�����)���������(��������=��2�����"���

5����0����$="5%#�����2�����)����3���1�����2�1�����)��#�����2�����)�����������1���0�����)�������������

����/����0������0������������#�����2�����)�������2�1��/����2��0��)���2�������/�������������������)2�����

���.��������2�����)�������#

���� 2�����)� ���� ��� �(�������� ����1���� 0��� )������� ���� 0�������� 2��2�����#� ���� 2�����)� �� ����1��� 0��

���������������00�������/2����0���2����

�%�,����(��������������������������1����$'������%#

�%��.���(����������1�����$'������%#

�%�,����(����������1����$'������%



����

��������	�
���������������������������������������������������
�����

��������	�
���������������������������������� �
�����



���


�������!	�
�����������������������������������
�����

#!�������

��95A�� �� �� ���3��3�� �0� ��95A� 2�����)� ��3���2��� ������ '��� �2�������2#� ���� 2�����)� ���� 1���

��3���2���2�)���/� 0���)���������/� 0�������� ��2�����0� ��))����� �����0�#�����2�����)� �� ����� 1����1���

������#�����2�����)����3���1�����2�1�����)��#

$!���%&'�()

���������.�����3���2���1/�A�#���1�'�������������������/����"�����'����������)/������������$��0������

�%#� ���� ����� �� 0��� �������� 1������ ��2���� 0��� 0�������� �/2�� �0� ����������� ��17������ ��� �������� 2�������

�����#�������������3���1�����2�1�����)��������������0�����/#������������2�)���/����0���0����������

��2���������=�����)������#

*!���	���

���� ���� 0�������)�����������������1�������0�������6����.�������/����0�)������������������ $��0��������%

������ ��������� �)2������ ������#� ���� ����� �� �3���1��� �� 2�1��� ��)��#� '���� ���)���� ����/��� �0� ���

��������������0��������.�������6���������������������������������/�0������������)���#��������������������

�������������/�0�������0�������6����.���2��������#���)�����������������.�����)2�����2���������1��)������

.��� �������������� ��/���� $)�����������3��������)2�����2����%������������ ������/� 0��������1�����#������

������� ������/� 0������� ���� ����� ��� )�6�� ����6� ���.��� 2��������� �� ��2����� ���������� ������ ��������

�)2������������#



����

"��������
������
��

"���'+(%�,(�-�.(��()��-

�����������2����������������/��3�������2���)������#���.�3���� ��)��/������� �����3��� ��2����������.

��)�����������������3�����1/������������2���)��������������2�������2����������1���������#�'�������������

�������� ������ ���� ��)���� ���������� ����/���� ��3�� ��� 1�� ������� ���#� ��� �(�)2��� �0� ����6��� 0��)�� �� �

�����2���������0��$'�����
%������.����'������#�����0��������������.�1��0�����0��)����������6���������.���

'�����&�#���������� ��2���)���������������/�������� ��3��� �� ��2��� 0��� ������)���� ���.�� ��'������#����

���������������0�����0����������.�1���2�����������.����'�����&1#�������������0�����0��)����2����������.�

��'�����!#

�������"	��� ���������#��$��%&����'�%������������� ��������%����



���&

�������(	�$��%&����� ���������#�

�������)�	���%������*������$��%&������#�������������)�	���%������*�����������������+���
����� 

�������,	������� �������#��
�����



���!

����������
	��/��
���	

"��)��������������0�0������)�������!�!���&����)��)�������)������1��!��6��$��!#��*9�%#

���0���)�&��1���+���'(�����-�&2��,

�#�'���������������������������6���B�$�#

C�#�%�(��#�&��B��#� !��
�
�$&�#&�))

�
%#

-������2���/������B��#� !�(�!��B�!#�!��62�����!��!��-1#

�#�:�1�����������B��#��(��#�&��B��#�����
�
�$�
�#&�))

�
%

-������2���/������B��#����(�!��B��&#�!��62������&��!��-1#

�����������-����B��#� !C�#����B��#��	��
�
�$���#��))

�
%

������-������2���/�-����B�!#�!��C��&#�!��B���#	���62��������	���-1#

�()��-����%1+�+

��2����������4�������0������B��#���(�����������B��#���(��#� !�B��#�����
�
�$!	#��))

�
%#

��2����������������0������$'�����&1%�B�$�#����C��#��%�(��#��C�$�#����C��#��%�(��#	

����������������������������������������������������������������B��#� �C��#�&!�B��#��!��
�
�$���#��))

�
%#

��2����������4�������.�1�B��#���(��#����B��#�!&��
�
�$�!	#��))

�
%#

��2����������������.�1�B��#�	�(��#��B��#�	��
�
�$�	�#&�))

�
%#

�������������������0����������.�1�B��#��!�C��#�	�B��#
�!��
�
�$�	�# �))

�
%#

*������0���0��/�B�$�����������?����������%�D��#

����������������������������B�$�#
�!?�#��	%����#�B��#�!�D�#�B��#�!

�+�(�(-��(3'�-(.(��+

"�����-�	�&��5�-�6����#�&���!�!���&������#�����.�1��������������3���1/�

9��$�����%�B���& 
�-1#

9;�$;�����%�B���� !�-1#

@�)1����0�'�����������4�������'������B�!��!��?���� !�B�&�#�!#

"���&�'��������#

@�)1����0�'�����������4�������:�1�B��&��!��?��� !�B���#	

"������'��������#

������'��������-������2���/�B����(���� !�B������!�-1#

"����.)�+��(��(��4�-&(.(����4��5"6����(-��2��������&���(0���&2(�+

-�.���.����6��2��6���������	������0��1��.��������� E�����

E��2����������E������ E��2�������:��

�������$:�%�!	���3�����.����2��2����/�0�������6������������2��2����������������3��#���������6����3�

��������������2��6��������������������)��������0�����.����6�#���������6�������1�������������2�)���/

������-������'������ $-5'%� �2�����)� ������#������� ������ ���� ����� 0��� ��)2����� ���0����)���� ��� ������

���������3����������������0�������0�#����������������������0���1���������0����)����������������)���������

���� ����� ���0����)���� 1������ ����� ���� ������ )������� �0� ���� .��� �6�� .��� ��������� $��0������� 
%#

��)2��������0����)����1�������������.��������.����'�����	#



���	

�������-	�'�%���������$�#�� ����
������%�#�������'�����+���� &��

����������0�������)��������/����0����������������.�������.��������)2��������0����)����.�������������

$��0������� 
%#� ���� 0���� ���)����)����� �0� ���� ���������� �� ���.�� �� '�����  #� �/2���� ���2��� �0� ���� �����

)���������������������.����'�������#�"����@�����@�����������������������)������������������/����0

����2��6��������.��������������������'=�,:���)2���������#



��� 

�������.	�����������#����/����

��������0	��1��%���2���
�2���������*���������#��������  � 



�����

����������� ������� �0� ���� ���	� .��� ��� :����� 9��������� ��� '����� ;���� ���� 1���� ������� ���� ������ -5'

�2�����)��������$��0�������
%#�9�����������0��������������0�����.����������������.�����22�������������.��

.��� �6�� 2��6��� ����#� ���� ������ ���3�/�� �0� ���� 2��6��� ������.���� 2��0��)��� 2���� ���� ��1��4����� ��� ���

1�������0��������0����)���#

�������������0������������������������.��������.����'�������#��������������3�/�.��������������0������

�.��)�������������������������$��)��/��� 	����������&%������E��0��)������#����������������/����0����

2��6��������.���2��0��)���������������)��������0���)���� 0�������)����)�����#�������)2�������0� ����

���������������/������������0�������2��6���1��.����� E�����

E��2�����1������0��)�1����)�����������.�

��'�������#�����0��������.�������0������������� 	���1����0�������)����)���������.������������������

.�������������������#���.�3����0���������������&�����/�����0���)����������������������.���#������������)���

���������������.�����1��������/������#

���������	��������3����'�%����������*����%&�������������!-�+�����&��

�� ����� ��)2������ 1��.���� ����/��� ���� 0���� ������ ����� �������� ����� 0���� ���)���� ����/��� ���� ����1�/

2������ ����������� 1���3���.��� 2��2���)������� �����4���� ���� �22���� 1������/� ��������#� ���� ��������

0��)�0�������)��������/���������.����22��2������������2�����)�����1�����������/��0�������)�������������

���������)�6������6����.������������������������2��������#

#�����	�����	���
���7�

����)1����0������������3���1��� ���2��0��)���)���� ��������������/������������� ��2���� 0��� ����������0�

0����#�*�����0������������������3���1�����2�1�����)��������������������������#���������������3�������������

����0����������������� 0�����/#������2��������0� ������ ��������������� ��4���� �(2���� 6��.�����#�:��� �����

������� ���� ��)�� 6��.������ �0� 0��������)��������� ������ ������ ���� 1�� 3��/� �00���3��/� ����� ���)�6�� �0�

2��������� �0� �����0�� ����������#� ������ ������ ���� ������ �� ��������� ����� �0�� �������)���� �����4����

�������� ��2��������� ����0/��� ��2������ ��4���)����#������22��������0� ������������.��� ���������.�

�)���0���������0��0�����2���#



�����

�

���

���

���

���

����

����

����

����

����

����

�� �� �� � � � � � ��

��+���&(�4-�.�
�0��4���&2(�

�
�-
�
��
�8
.
�&
-
�
��
�
&
�
9�
�
&
�
!

���������������������� 	�

������������������������&

9���������������*��������������� 	�

9���������������*�����������������&

9��������'���*����*��������������� 	�

9��������'���*����*�����������������&

	
�������������
�� ����
������������
���

���������	�$�#���� �������� ��4������������%���������� ������%&���5�������!.6�����""6
���� �72��$�#�� ����
������%�#���8

$����

�
	�
�

�#� ��2���������)����9��������������5����������A�����$��95A%�"���<��*��������  &#

�#� �������2�0���:���.���"���<��*�������9��2�����1/�"���������������'����������)/��)�/��  �#

�#� '��@��AF����.��A)������������6�9��2��������)��������"���<��*�������@�����������������2���


�!���)������  
#


#� ���1���� >��=��3����� �������.���*#*� G����/��� ���� ����������� ����� �0���)2��������0����)���� ��

�(����� ���� -0�� �0� ���	� -�.���:��� �6�H�� 9���������������0�� ����������� 5������/� ���0�������� ���

���������  	#



This page has been deliberately left blank

Page intentionnellement blanche



14-1

INSPECTION TECHNOLOGIES

Mohan M. Ratwani, Ph.D.
R-Tec

28441 Highridge Road, Suite 530, Rolling Hills Estates, CA 90274, USA
Tel. (310) 378-9236, Fax. (310) 378-7697, E-mail- MohanR@AOL.com

1.0 INTRODUCTION

Regular maintenance of airframe is an important aspect of assuring flight safety of aircraft structures. One
technology area, which plays an important role in proper maintenance and assuring the flight safety of aircraft,
is the inspection at regular intervals. Reliable visual and nondestructive inspection (NDI) methods are needed
to assure the airworthiness of these aircraft and at the same time keeping maintenance costs to a minimum.
Commercial aircraft maintenance programs are shown in Figure 1. For military aircraft the inspection
requirements are generally defined by Integrated Logistic Support (ILS) organization for non-critical
components. For critical components, the inspections are defined by damage tolerance analysis.

Figure 1. Commercial Aircraft Maintenance Programs

For in-service military aircraft, the inspection requirements may be defined by the usage (e.g lead-in-fighter,
dissimilar air combat, air training command, etc.). Using the stress analysis and loads data, it is possible to
predict the life of a structural component with durability and damage tolerance analyses techniques. From the
crack growth analysis of a critical area of a structural component under actual spectrum, experienced by a
structural component, it is possible to identify initial inspection and subsequent inspection requirements as
shown in Figure 2. The crack growth curve for a critical location is obtained from assumed initial flaw a0,
based on damage tolerance requirements, to critical size ac at which the flaw grows to be catastrophic at Nf

flight hours. If the inspection capability of the Non-Destructive Inspection (NDI) equipment to be used in field
or depot is ai , then the cycles to grow the crack from a0 to ai are determined to be Ni. The initial inspection
requirement is given by Ni/2 and subsequent inspection requirements are given by (Nf -Ni)/2.

1. Corrosion Inspection Program

Level 1- Local corrosion that can be removed within allowable limits.
Level 2- Local corrosion that exceeds allowable limit. This requires repair or
partial/complete replacement.
Level 3- Potential urgent airworthiness concern requiring expeditious action.

Note- Airline’s existing maintenance programs must control all primary structures
to level 1 or better.

2. Periodic Maintenance  Inspections

A Check- Visual inspection of interior and exterior every 65 to 75 hours.
B Check- Access panels removed for inspection and engine servicing every 30 days.
C Check- Heavy structural and maintenance check after every 5,500 flying hours.
D Check- Interior stripped to fuselage walls every 20,000 to 25,000 flying hours.
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Figure 2. Initial and Subsequent Inspection Requirements from Crack Growth Life

The procedure outlined in Figure 2 is used to zone an aircraft structure for inspections depending on the
severity of loads and structural details such as thickness, presence of substructure, fastener diameter and type,
etc. Typical zoning of a wing structure for Air Training Command (ATC) usage is shown in Figure 3
(Reference 1). The wing in the figure has been divided in 5 zones, namely A, B, C, D, and E. The fasteners in
each zone have different inspection requirements depending on the structural details and stress levels. The
fasteners in zones D and E are in an area where the stresses are rather small and crack growth life is very large.
The zoning and inspection requirements depend on the usage of an aircraft, as the load spectrum will change
with the usage. For usage other than ATC the inspection requirements will be different from those shown in
Figure 3, however, the inspection zones may still be the same. Analytical techniques provide tools to define
inspection requirements based on usage and structural details to reduce inspection cost.

Figure 3. Zoning of Military Aircraft Structure for Inspection

This paper discusses currently available techniques for detecting damage in structures and their limitations.
Inspection of cracks in substructure and hidden corrosion has always presented a nightmare for NDI engineers.
Some recent advances made in the NDI technology to solve these problems are discussed.

                         Critical Crack Length
              ac

                      Initial Inspection = Ni /2
 CRACK     Subsequent Inspection = ( Nf -Ni) /2
LENGTH
                          NDI Capability
           ai                                                                                                      Hours to Failure
              a0                                                      Hours to NDI Flaw Capability
             0.0
                 0.0                                 Ni                                                     Nf

                                                      FLIGHT HOURS
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2.0 COMPARISON OF NONDESTRUCTIVE INSPECTION (NDI) METHODS

A number of visual and nondestructive inspection methods are available for inspection. However, their
application to detect flaws depends on the type of structure, access, desired degree of accuracy, and inspection
time. The comparison of conventional NDI methods is shown in Figure 4.

NDI Method Ultrasonic Eddy Current Radiography Penetrants Magnetic Particle

Flaw Type

Sub-surface
Area of Scan
Flaw Sizing
Test Time

All

All
Small
Fair
Slow

Cracks, Corrosion

Shallow
Small
Poor
Slow

All Except
Small Cracks
All
Large
Good
Very Slow

All

Surface only
Large
Very Good
Varies

All

Shallow
Medium
Good
Fast

Figure 4. Comparison of NDI Methods

The advantages and disadvantages of various NDI methods (References 2-3) are shown in Figure 5 along with
their applications. Some of these techniques are discussed in the following paragraphs.

NDI Method Detection Application Advantages Disadvantages
Visual Large Surface Defects or

Damage in all Materials
Simple to use Reliability depends on

experience of user
Optical Surface defects/structural

damage in all materials
Rapid large area inspection
Good for bonded and cored
structures

Accessibility required
for direct visibility

Penetrant Surface cracks in metals Simple to use, accurate,
fast, easy to interpret

Surface defects only,
access required, defect
may be covered

High
Frequency
Eddy Current

Surface defects, cracks,
intergranular corrosion,
pits, heat treat

Useful for detecting cracks
at holes not detectable by
visual or penetrant, fast,
sensitive, portable

Trained operators,
special probes for each
application, reference
standards required

Low
Frequency
Eddy Current

Subsurface defects,
corrosion thinning

Useful for detecting cracks
under fasteners or substruc-
ture without disassembly

Trained operator, time
consuming, special probe
for each application

Sonic Delaminations, debonds,
voids, and crushed core in
composites, honeycombs

One side access, does not
require paint removal or
surface preparation

Difficult to interpret
results, loses sensitivity
with increasing thickness

X-Ray  Internal flaws and defects,
corrosion, inclusions and
thickness variations

Eliminates disassembly
requirements, permanent
record, high sensitivity

Radiation hazard, trained
operators, crack plane
must be parallel to x-ray
beam, special equipment

Magnetic
Particle

Surface and sub-surface
defects in ferromagnetic
materials

Simple, portable, easy to
use, fast

Trained operator, parts
to be cleaned before and
demagnetized after check
Magnetic flux must be
normal to defect plane

Ultrasonic Surface and sub-surface
defects, cracks, disbonds
in metals and composites

Fast, easy to operate,
accurate, portable

Trained operator, test
standards required,
electrical source needed

Figure 5. Relative Advantages and Disadvantages of NDI Techniques
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3.0 PROBABILITY OF DETECTION (POD)

Probability of detection (POD) is a statistically based quantitative measure of inspection capability. The POD
is different for different inspection equipment and even for the same NDI equipment is affected by a number
of factors such as: material properties, structural details, defect shape, inspection conditions, etc. Another
parameter generally associated with POD is the confidence level with which a flaw can be detected. A 95%
confidence level is considered acceptable for flaw detection. An NDI equipment capability is generally
designated as 90% probability of detecting a flaw with 95% confidence level. The POD of various NDI
equipment for through the thickness damage (Reference 4) is shown in Figure 6. Figure 7 shows POD for sub-
surface and internal defects. These figures indicate that the probability of detection varies significantly with
each NDI equipment.
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Figure 6. Probability of Detection for Through the Thickness Defects
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Figure 7. Probability of Detection for Sub-Surface and Internal Defects

4.0 VISUAL INSPECTION

Visual inspection is a sensing mechanism in which eye alone or in conjunction with other aids is used to judge
the condition of a component being inspected. Visual inspection is an integral part of airplane maintenance and
is considered as a component of NDI. Over 80 % of the inspections on large transport aircraft are visual
inspections. On small aircraft the percentage of visual inspection is even higher. Typical defects found by
visual inspection are cracks, corrosion and disbonding. Detection of disbonding due to corrosion is generally
difficult; however, disbonding may be accompanied by local bulging due to corrosion or entrapped moisture
and may be easily detectable.
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Visual inspection is perhaps the simplest, most economical and most efficient method of assessing the
condition of an aircraft. A large number of defects are generally found by visual inspection and the operators
depend highly on the visual inspections to ensure the airworthiness of an aircraft. Hence, visual inspection
plays an important role in the safe operation of an aircraft. The details of visual inspection are given in
References 5-6.

4.1 Factors Affecting Visual Inspection

The manufacturer or regulatory authorities in the maintenance or overhaul manuals generally specify visual
inspection procedures. A number of factors affect the results of visual inspection. Some of the important
factors are:
1) Qualifications and Training of Inspection Personnel- Inspection should be done by qualified personnel or

under the supervision of qualified personnel. These personnel should have knowledge of the structural
details being inspected, types of defects which are commonly found and the causes of these defects.

2) Inspection Area Access- Proper access to the inspection area is an important factor in the reliability of
visual inspection. An easy access to the component to be inspected will assist in the decision making
process and ability to interpret results.

3) Lighting- Proper light without glare is essential for a quality visual inspection. Poor lighting can mask the
defects and cause fatigue to the inspectors there by affecting their judgment.

4) Pre-cleaning- The part to be inspected should be free from dirt, contamination, and any foreign material that
will obscure the detection of defects.

5) Working Environment- A proper working environment is necessary for the visual inspectors. Presence of
excessive temperature, wind, rain or any other adverse condition can influence the interpretation capability
of operators and increase the potential for errors.

4.2 Levels of Visual Inspection

Visual inspection is divided in four categories (Reference 5), namely: 1) Walkaround Inspection, 2) General
Visual Inspection, 3) Detailed Inspection, and 4) Special Detailed Inspection.

Walkaround Inspection-The purpose of a walk around inspection is to serve as a quick check to detect any
obvious discrepancies that would affect the performance of an aircraft. Most maintenance manuals specify a
walkaround inspection on a periodic basis. Flight or maintenance personnel may do this inspection from the
ground. This inspection includes: fuselage, left and right wings, leading edges, control surfaces, propeller or
fan blades, exhaust areas, pylons and gear well. The walkaround is done twice to make sure that nothing was
missed the first time. The inspector looks for any major dents in the skin, missing fasteners, corrosion, leaks
etc.

General Inspection-A general inspection of an exterior is carried out with open hatches and openings of
interior to detect obvious damage. A general inspection is carried out when a problem is suspected or routinely
when panels are open for normal inspection. The tools required for this inspection include: flashlight, mirror,
droplight, rolling stool, ladder, stand and tools for removing panels.

Detailed Inspection- A detailed inspection is required when a specific problem is suspected or general
inspection has identified some problems. This inspection is an intensive examination of a specific area, system,
or assembly to detect any damage, failure or discrepancy. Surface preparation and special access may be
required for this type of inspection along with special aids in addition to the tools required for general
inspection.

Special Detailed Inspection- A special detailed inspection is a thorough examination of a specific component,
installation or assembly to detect damage, failure or any discrepancy. Disassembly of sub-components and
cleaning may be required for this type of inspection. Tools required for this type of inspection may include
flashlight, mirror, borescope, image enhancement and recording devices, rolling stools etc.
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4.3 Visual Inspection Equipment

Various aids are used for visual inspection. One of the most important aids in visual inspection is the proper
lighting and illumination. Reference 5 describes the ideal lighting and illumination required for proper visual
inspection. The reference describes various portable lighting aids. The other inspection equipment required
include: mirrors, magnifiers and equipment to obtain images from inaccessible places being inspected.

Inspection Mirrors- These are used to look at the areas which are not in the normal line of sight. A number of
different mirrors are available to inspect hidden areas (Reference 5).

Magnifying Devices-These are used in the visual inspection to expand the area being inspected for detecting
damage and other anomalies. These devices include: simple magnifying glass, microscope and illuminated
magnifiers.

Photographic and Video Systems- A photographic image of the area being inspected enhances the decision-
making capability of an inspector to interpret what he sees. Photographic and video systems are available
which can be attached to borescope, fiberscopes or any other visual equipment for documentation and
interpretation of visual inspection images. The photographic images can be stored as permanent records for
later viewing. A number of systems are available in the market.

Borescopes- A borescope is a tubular precision optical instrument with built-in illumination to allow remote
visual inspection of internal surfaces. Borescope tubes may be rigid or flexible and are available in a wide
variety of lengths and diameters. These are available in a number of designs and manufacturers can supply
custom made borescopes to serve customer needs. The selection of a borescope depends on a particular
application and is governed by factors such as- resolution, illumination, magnification, field of view, working
length, direction of view, etc.

Borescopes are used in aircraft structures and engine maintenance programs to inspect the areas which are
difficult to reach and there by reduce/eliminate costly teardown inspections. These can be used to inspect the
interiors of pipes, hydraulic cylinders, turbine blades and valves. They are also used to locate foreign object
damage and verify the proper placement and fit of seals, bonds and gaskets.

4.4 Visual Inspection of Composite Structures

The in-service damage in composite structures is quite different from conventional metallic structures. In
metallic structures detection of cracks and corrosion is of prime concern to the operators whereas in composite
structures this kind of damage does not occur. The most common damage occurring in composites is impact
damage which may result in internal matrix cracking, fiber breakage and delamination between plies without
any appearance of external damage known as non-visible impact damage. Fortunately, all composite structures
are designed for non-visible impact damage.

Any serious in-service damage that may affect the integrity of a structure has to penetrate, chip away or abrade
the paint finish of the composite structure. Any damage caused by hailstorm, lightning or paint strippers will
be easily visible on the surface and can be detected. Once the damage has been detected, the affected area
needs to be inspected by other NDI methods for assessing the effect of the damage on structural integrity.
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5.0 NONDESTRUCTIVE INSPECTION METHODS

As mentioned earlier a number of NDI methods are available and the use of a specific method depends on the
type of structure being inspected, available access and the desired degree of accuracy in the inspection.
Significant advancements have taken place in NDI methods recently. The methods and recent advancements
are discussed in the following paragraphs.

5.1 Eddy Current

 Eddy current is generally used to detect cracks and corrosion near the surface of metallic structures or in thin
structures. Eddy current is also used for verifying and separating alloys by differences in their electrical
conductivity. This technique has been gradually replacing x-ray. Hand-scanned eddy current probe coils can
detect small cracks at fastener holes, however, the method is time consuming and tedious. As most
conventional eddy current instruments display variations in the complex impedance, corrected for lift-off as
seen by the probe coil, the flaw indications may be sometimes ambiguous. This generally requires trained and
experienced operators to interpret the results. Also, the lift-off variations produced by surface roughness or
paint thickness can result in false calls. The paint removal may be required prior to inspection with
conventional eddy current equipment. Recent trends in eddy current technology have been towards the
computerization, automation, improving capabilities to detect small flaws and flaws in multi-layer structures.
Two NDI techniques which show significant promise in detection of corrosion and subsurface cracks without
disassembly are Magneto-Optic/Eddy Current Imager (MOI) (References 7-10) and Low Frequency Eddy
Current Array (LFECA) (References 11-14).

Magneto-Optic/Eddy Current Imager (MOI)- The MOI technique makes it possible to do faster, simpler
and more reliable detection of cracks and corrosion in structures. This real-time imaging technology is based
on a combination of magneto-optic sensing and eddy current induction. The images of holes, cracks or other
defects are formed as the presence of these discontinuities in a material diverts the otherwise uniform flow of
current near the surface of a structure as shown in Figure 8 (Reference 8). At eddy current frequencies of 25.6-
102.4 kHz most through-the thickness fatigue cracks in aluminum are easily detected and imaged, whereas at
lower frequencies (e.g. 6.4 kHz) hidden multi-layer cracks, corrosion and substructure (Reference 7) can be
imaged. Figure 9 shows POD of sliding probe and MOI, indicating superior performance of MOI. Figure 10
shows typical cracks detected by MOI and Figure 11 shows corrosion detected by MOI.

Figure 8. Formation of Images with Magneto-Optic/Eddy Current Imaging
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                               SLIDING PROBE                                                                  MOI

Figure 9. Detection POD for Sliding Probe and MOI

                  Specimen with Cracks at Fastener Holes                          MOI Image

Figure 10. MOI Image of Cracks at Fastener Holes
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                  MOI Image                                                                    Specimen with Corrosion

Figure 11. MOI Image of Corrosion

The key advantages of MOI are (Reference 7): 1) Speed of operation 5 to 10 times faster than conventional
eddy current, 2) Easy to interpret image formation, 3) No false calls, 4) Elimination of paint or decal for
inspection, 5) Easy documentation of results on video or film, and 6) No operator fatigue.

Low Frequency Eddy Current Array (LFECA)- The LFECA system, developed by the Northrop Grumman
corporation, is a portable eddy current inspection equipment to detect subsurface cracks under installed
fasteners in multi-layer aircraft structures (References 11-14). The inspections can be performed in near real
time without the removal of fasteners. The LFECA system can detect cracks, determine crack length and also
give crack depth and orientation. The system consists of a LFECA probe for inspection, shown in Figure 12,
three printed circuit boards, a cable and software all assembled in a portable personal computer. The LFECA
probe consists of a cylindrical core made from ferrite material with a drive coil located on the center post of
this core to generate an eddy current distribution that encircles the fastener being inspected. An array of 16
sense elements, spaced evenly around the outer rim of the core, measures the spatial distribution of these eddy
currents. The presence of a crack causes a disruption in the eddy current distribution and is measured by the
sense element array. The outer drive coil is used to measure the response due to the adjacent structural features
independent of the features at the structural hole. A typical response obtained from the LFECA system is
shown in Figure 13 (Reference 11) for various crack sizes along with the probability of detection. The
horizontal tick marks in the figures indicate the 16 angular positions around the fastener hole such that going
from left to right will indicate going around the fastener hole once. The horizontal location in the response
indicates the orientation of the crack and the magnitude of the peak indicates the crack length.

The probability of detection of cracks with the LFECA system was obtained at Federal Aviation
Administration (FAA) NDI validation center at Sandia National Laboratories in Albuquerque, New Mexico,
USA (References 11-13). The POD process consists of a blind test of eddy current equipment to inspect a lap
joint typical of a commercial airline fuselage shown in Figure 14. The process involves inspection of 43
specimens with each specimen containing 20 fastener holes.
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Figure 12. Low Frequency Eddy Current Array Probe

Figure 13. LFECA Response for Cracks of Various Lengths Under Fasteners
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Figure 14. Boeing 737 Lap Splice Specimen Configuration

The specimen were constructed using 1 mm thick 2024-T3 aluminum sheets which were fastened together
with three rows of 4 mm diameter aluminum flush head rivets. Fatigue cracks were grown in the first layer of
selected holes prior to riveting the panels. A range of crack sizes from 0.3 to 25 mm (a hole to hole crack)
were grown within +/- 22 degree orientation (0 degrees being the direction from hole to hole). Holes with
cracks on one and both sides were present. Specimens contained either none, a low, a medium or a high
number of cracks. A total of 860 holes were inspected with 708 being unflawed holes. The validation exercise
contained only the first layer cracks under installed fasteners. Figure 15 shows the POD for the LFECA system
and conventional eddy current techniques. It is seen that POD obtained with the LFECA system far exceeds
that obtained with the conventional system.

Figure 15. Probability of Detection with Low Frequency Eddy Current Array and Conventional
Eddy Current NDI System
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5.2 Ultrasonic Methods

Ultrasonic inspection techniques are widely used for quick and relatively inexpensive evaluation of flaws in
composite structures. Portable inspection devices are used for on-site inspection of areas with suspected
damage. Two methods, namely pulse-echo and through-transmission, are used. In the pulse-echo method, a
transducer transmits the ultrasound and the same transducer receives the reflected signal after the signal has
been reflected from the back surface of the composite part being inspected. The attenuation of the reflected
pulse is influenced by the presence of the internal defects, and the time delay of the reflected pulse is related to
the depth location of the defect.  This method is generally used in contact mode of testing and only one side
access is required. Inspection of honeycomb structures will require access from both sides for inspection of
both face sheets. Ultrasonic inspection using through transmission method is generally conducted with water
as a couplant by two methods- 1) Immersion, and 2) Squirting. In the immersion method the part and
transducer are immersed in water whereas the squirting method employs dynamic water column that is
squirted and the transducer and the part are suspended. In both methods water acts as the medium that
transmits the ultrasound into and out of the part. The images of the defects may be recorded as B-scan, C-scan
or 3-D scan. Scans for typical impact damage in a composite part are shown in Figure 16.

Figure 16. B, C and 3-D Scans of Typical Impact Damage in Composite Laminate

An ultrasonic technique to detect corrosion in a wing box has been developed in Reference 15. The technique
has been successfully used to detect corrosion in DC-9 wing box substructure. The current method of
inspection is to enter the wet wing box for corrosion inspection. The technique of Reference 15 eliminates
entry in the wing box for the inspection and will result in significant savings in the inspection costs.
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5.3 Radiographic Methods

The present trend seems to be getting away from using radiographic methods due to safety, cost and
maintenance logistics. However, these methods are still being used to detect internal cracks and corrosion in
aging aircraft structures. An advanced system known as COMSCAN, developed by Phillips, allows to form
images of underlying structure and requires access to one side of the part only. It is currently being used to
find corrosion in bulkheads under thin skins, and sonar dome inspections. The system is limited to finding
defects near the surface and has the same detection capability as conventional x-ray. Digiray makes a system
that has better resolution and better image quality than the conventional systems. The system is basically the
reverse of a conventional digital x-ray imaging system as shown in Figure 17. The x-ray source is formed by a
large scanned screen like a TV screen and the detector is a single point sensor as shown in the figure.

Figure 17. Conventional and Reverse Geometry X-Ray Radiography

5.4 Acoustic Emission

The acoustic emission (AE) technique is used to identify the flaw characteristics by change in acoustic
emission signal. Acoustic emissions are transient waves that are generated by the rapid release of energy
within a material when it undergoes deformation or fracture. This technique has been used to detect damage in
composite materials and cracks in metallic structures. Various types of damages in composites such as matrix
cracks, fiber/matrix debonding, fiber fracture and delaminations produce acoustic emissions that vary in
magnitude, duration and frequency. Various damages in composite materials can be identified by the acoustic
emission characteristics. Cracks in aircraft wing were located during ground test with AE technique in
Reference 16 using AE sensors 20 inch (51 mm) apart. However, the source location of flaws could not be
precisely predicted.
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5.5 Optical Methods

Significant advancements have taken place in optical methods to detect damage in aircraft structures. Some of
the techniques being- shearography, DIAS system and thermography.

Shearography- This is a field inspection technique which images internal defects as concentration of surface
strain due to an applied stress.  A reference image is stored electronically using the shearography video laser
interferometer, then a uniform stress is applied in the form of vibration, pressure or thermal, and the
subsequent images of the test part are compared with the reference image which will indicate flaws on video
monitor (References 17-18). This is a cost-effective method for inspection of honeycomb and composite
structures. Most of the other NDI techniques do point by point inspections whereas shearography provides a
full field video image of flaws in real time. Defects such as disbonds, delaminations and impact damage can be
detected with this technique.

D Sight Aircraft Inspection System (DAIS)- This is a fast and sensitive enhanced visual inspection system
for detecting surface irregularities such as pillowing caused by corrosion (References 19-20). In Reference 19,
DAIS system was used in the laboratory as well as in the field to detect corrosion in fuselage lap splices. The
results of this reference showed that corrosion pillowing indicative of thickness loss as low as 2% is
detectable. A typical D sight optical set-up is shown in Figure 18.

Figure 18. D Sight Optical Set-up

A comparison of fuselage joint corrosion detected by X-ray and D Sight is shown in Figure 19. The figure
shows a very good correlation between the two techniques.
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Figure 19. Comparison of Fuselage Joint Corrosion Detected by X-Ray and D Sight Techniques

Thermography- This technique uses differential in the thermal conductivity of a defect free part and a part
with defects as a basis for locating defects in a structure. A heat source is used to elevate the temperature of the
structure being inspected and surface heating effects are observed through a radiometer. For example bonded
areas conduct more heat than unbonded areas, the amount of heat either absorbed or reflected indicates the
quality of the bond line.

A new technology known as “Thermal Wave Imaging” uses pulses of heat to examine the subsurface in solid
objects (Reference 21). The pulses propagate in the structure being examined as thermal waves and are
reflected from any defects, present in the structure, as surface “echoes”. These echoes are detected by the use
of infrared video cameras, coupled to appropriate hardware and software. The patterns of the echoes on the
surface of the structure are used to image subsurface corrosion and disbonds in aircraft structures.
Thermographic inspection technique for detection of water ingress in sandwich structures is discussed in
Reference 22. It is shown in the reference that this technique can be reliably used to detect water in sandwich
structures.

6.0 NONDESTRUCTIVE INSPECTION OF METALLIC STRUCTURES REPAIRED WITH
COMPOSITES

Nondestructive inspection of composite patch repair of metal structure involves two inspection issues- 1)
inspection of bondline for disbonds, and 2) inspection of cracks underneath the repair patch. Bondline
inspection has been reliably carried with Kraut Kramer Branson bond tester. Other bondtester such as Fokker
bondtester have also been used.

Application of eddy current procedure to detect cracks underneath a composite repair has been investigated in
Reference 23. A comparison of measured crack length using eddy current and anticipated crack length is
shown in Figure 20. The figure shows the actual crack length when the crack was visible outside the patch and
dotted line represent the anticipated crack length when the crack was not visible. A comparison between NDI
measured crack length and anticipated length is good.
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Figure 20. Comparison of Measured, Using Eddy Current, and Anticipated Crack Lengths

Conventional eddy current seems to be effective in detecting crack lengths of 0.25-inch or larger. However, for
smaller crack lengths Low Frequency Eddy Current Array (LFECA) system, discussed earlier, has shown
promise.

7.0 CONCLUDING REMARKS

Significant advancements have been achieved in NDI technology in the recent past. Some of the advancements
are discussed in this paper. The use of a particular NDI method is highly dependent on the type of structure
being inspected, structural material, desired accuracy, the size of the flaw to be inspected, type of damage,
time available, and the labor skill. NDI and structural engineers have to make proper choices to assure the
reliable detection of the damage with desired accuracy. Structural engineer can work together with NDI
engineers to identify the requirements. Reliable inspection techniques are available for detection of damage in
metallic structures underneath composite repair patches.
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Abstract:  Human error is cited as a major causal factor in most aviation mishaps, including the 15%
- 20% that involve maintenance error.  Errors can be described as active failures that lead directly to
the incident, and latent failures whose presence provokes the active failure.  Typical aviation
maintenance errors are presented as examples and two approaches to human error reduction given:
incident based and task analysis based.  Each approach provides data on performance shaping factors,
i.e. situation variables that affect the probability of error occurrences.  Examples are given of
interventions derived from analysis of incidents and from task analysis.

1. The Need for Human Factors in Maintenance: A sound aircraft inspection and maintenance system is
important in order to provide the public with a continuing safe, reliable air transportation system (FAA, 1993).
This system is a complex one with many interrelated human and machine components.  Its linchpin, however,
is the human.  While research and development related to human factors in aviation has typically focused on
the pilot and the cockpit working environment, there have been maintenance initiatives.  Under the auspices of
the National Plan for Aviation Human Factors, the FAA has recognized the importance of the role of the
human in aircraft safety, focusing research on the aircraft inspector and the aircraft maintenance technician
(AMT) (FAA, 1991, 1993).  The classic term, “pilot error” or “human error”, is attributed to accidents or
incidents over 75% of the time; however, a recent study in the United States found that 18% of all accidents
indicate maintenance factors as a contributing agent (Phillips, 1994).

Two incidents help clarify the issues involved and demonstrate that even though humans in the system were
trying to do a good job, systems problems combined with errors to allow a serious event.

Case 1:  Lockheed L-1011.  An in-flight turn-around was caused by all three engines failing on a
flight from the USA to the Caribbean when the oil leaked out of each.  The oil leak was caused by
missing “O” rings on the magnetic chip detectors.  They were missing because the mechanic had not
notices that the new chip detectors were not fitted with “O” rings in the usual way.  All work was
performed outside in darkness, where a black “O” ring was difficult to see.  Until that night, chip
detectors had always come with “O” rings attached, even though the mechanic had to sign for both
components.  The new packaging still said they were ready for use.

Case 2:  BAC-111.  During industrial action at the airline, a maintenance manager changed a
windshield himself.  He had not performed this task for two years, but checked the Maintenance
Manual and it looked straightforward.  He replaced 80 of the 84 bolts.  The correct bolts were A211-
8D, although A211-7D were on the old windshield.  He matched the old bolts to new ones in a stores
bin, but chose A211-8C, which was the correct length but the wrong thread.  They engaged in the
holes, but he used the wrong torque in setting them.  Also because of the awkward posture required
he could not see the bolts tighten.  On the first flight, the windshield blew out, severely injuring the
pilot and forcing an in-flight turn-around.

As a result of such incidents, the public has become more aware of the importance of aircraft maintenance as a
safety issue, and both the civil aviation industry and its regulatory bodies have responded with programs to
increase safety.  Such programs have included hardware-based initiatives, such as the FAA’s Aging Aircraft
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