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6.1. FATIGUE LIFE PREDICTION STUDIES AND FRACTURE MECHAN ICS

6.1.1. Fracture criteria for residual strength analysis (Dassault-Aviation, DGA /
SPAé and CEAT)

Within the framework of the French PEA n°022601 phovement of design and structural
strength of combat airframes", a study has beemluwxiad with the aim of improving the Dassault-
Aviation residual strength calculation methodolofgy cracked structures. Based on our current

practice, the R-curve concept often fails indeedptovide reliable predictions for the fracture of
cracked structures.

A new approach has therefore been investigate@dbas an equivalent crack size “aeqhcept
with an assumed linear relationship between thisrgdric parameter and the fracture toughness, Kc =
Kc(aeq). A number of fatigue tests on standard oospand also on specimens with a more complex
geometry, made from 2024 T3 and T351 material, teen performed and the resulting test data base
has been used to identify the parameters of thmdbrrelationship so that the corresponding fracture
criterion K(a) = Kc(aeq) can be fully determined.

Figure 1 : visualization of stable crack growth within the material (dye application during
loading to fracture)

The diagram below where the fracture toughnessegatiotained for the equivalent crack length
values computed for the test specimens under #otuile loads reached in the tests using the Kc(aeq)
law introduced before (calculated Kc's) are compangth the stress intensity factor values K(a)
computed for the crack lengths “a” reached underfétilure loads ("measured” Kc's), exhibits a fair
predictability of the criterion developed.
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Residual strength comparison between calculation and tests (2024T3/T351 - 20T)
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Figure 2 : residual strength comparison between calculation and tests

Since the previous study was concluded, criterisgetbaon the same formulation have been
developed for other materials; they are now extemgiused for damage tolerance analyses of the
critical structural parts of Dassault-Aviation att.

Further investigations are nevertheless still neagsto apprehend the possible effects of various
material and design parameters (e.g. sheet thiskoesthe identified Kc(aeq) laws.

6.1.2. Thermal effects in F&DT assessment (Airbus France)

During each flight, the aircraft structure is sutied to important changes of temperatures.
Structures of most recent aircraft models are nudidhgybrid materials, with different thermal expansi
coefficients. Temperature induces, into such hylstidicture, thermal stresses that add up to the
mechanical stresses. As structural areas sensitifagigue such as fastened joints are affectethbge
temperature changes, such thermal effects haveetdaken into account in F&DT analyses. A
significant work has been carried out to understifsedconsequences of these temperature changes on
structural fatigue strength and to develop adequettodology to account for them in F&DT analyses.

Two complementary effects have been identified, meed to be accounted for in the analysis: a
global effect and a local effect.

The global thermal effect is a modification of loaistribution in the structure, due to
temperature variation in hybrid structures. Ityigitally the case of large composite parts embediaed
metallic structures. The global thermal stresseslatermined thanks to global FEM calculationsetas
on temperature mappings of the structure estaldistievarious phases of ground and flight. These
stresses are superimposed to the mechanical stnesse for F&DT analyses.

The local thermal effect is limited to assembliéslifferent materials. Due to different thermal
expansion coefficients, additional stresses mayindeiced locally between fasteners. These local
thermal stresses may change load transferred &fead stress concentration factors and in sorsesa
may also change the most fatigue sensitive loca#antemperature and mechanical stresses evolve
independently during ground-air-ground cycle, tlaior between thermal stresses and mechanical
stresses is not constant all along the mission.

Then, a refined calculation method for fatigue asseent of hybrid joints has been developed to
account for these local thermal effects, based han fuperposition of mechanical spectrum and
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temperature variations. Detailed calculations @& Hybrid joint are performed at every ground and
flight phase, taking into account actual mecharmadl and temperatures of every phase.

Moreover, in order to investigate experimentallycdb thermal effect and to validate the
developed method, a test program on aluminium sM@lyRP coupons has been launched. The aim of
this test program is to assess the impact on fatigres of a thermal cycling superimposed to a
mechanical cycling, for several configurations (getry, material, loading). Reference fatigue liaes
generated under pure mechanical constant amplitating. The thermal tests are performed under
combined thermal and mechanical cycling, tempeeatimd mechanical stress evolving at the same
time.

6.1.3. F&DT assessment of bush repairs (Airbus France)

Local bush repairs are regularly installed in thatext of production concessions and in-service
operations. In order to provide quick and accuragponses in terms of engineering specificationns an
stress justification (mainly fatigue), a two yeaesearch program has been carried out, including
theoretical and experimental investigations.

Fatigue tests have been performed on numerousgemafions, including single and double
shear joints, to assess the fatigue benefit ofni@ldgical processes (interference fit, cold working
bushes...) in the presence of a very limited edgéani®. The fatigue life improvements may be
strongly reduced, negligible sometimes, particylaidr the cold working processes (too strong
deformation of all the edge ligament limiting tireation of local residual compression stresses).

In parallel, a generic FEM has been created. Varibale repair configurations, including
oversize and/or bush (see figure) may be simulategine or several holes. Variable parameters like
hole repair configuration for every hole, holesipos, dimensions are specified by the user. The afi
this study is to analyze, through experimentalgtgshe mechanical behaviour in order to get:

- the relative influence of the numerous parametevslved in order to select the most
significant ones,

- the direct comparison between the non-repaired pid the repaired joint thanks to a
stress ratio.

The experimental design used consists in creatévgral parametric studies according to the
“Taguchi” theory. Preliminary results have showattionly adjacent holes are impacted (limited Kt
increase as a function of the pitches and thiclesessainly). The influence on the distant holes is
negligible (transferred loads not disturbed). Tdtisdy will be further extended and refined in ortter
establish engineering specifications and stressigadion methods.
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6.1.4. Gradient effects and scatter: modelling fatigue irstress concentration areas
(EADS W)

The work on fatigue started from the observatiat fatigue criteria, which are widely used for
engineering analysis, do not account for the efféatress gradient on fatigue resistance, althauigh
well known that the local peak stress alone issufficient to correlate fatigue data (i.e. for aagi
maximum load, the fatigue life is known to be diéfet for a plane tension or a bending case).
Considering that most of the proposed approachasdount for this effect are not easily transpdsed
structural analysis (mainly due to conceptual diffiies to extend them to truly multiaxial load es)s
EADS IW formulated an original non local fatigueterion, based on a two-level approach (meso and
macro level) similar to Papadopoulos. The iderdifen of the parameters of the model requires only
one more type of tests than the classical crit¢siach as Crossland or Dang Van), and was
demonstrated to be robust with respect to the téstsen for the identification.

Criterion prediction
Exp, 95% confidence intervals —&—
Pure kt effect predictions

Effect of hole diameter to specimen
width ratio on fatigue allowable
(for given life)

Fatigue limit at 10A5 (MPa)
N
N
o

o 0.1 0.2 0.3 0.4 0.5 0.6

phiw

The proposed criterion accounts for gradient effast illustrated on the figure above on an
aluminium alloy, where the predicted influence loé thole-to-width ratio on the fatigue life of open
hole coupons matches the experimental data (dd¢tsemior bounds), while a prediction based only on
a stress concentration correction from plain speainfatigue data clearly fails and by far
underestimates the fatigue allowable (see [1] forametails).

The predictive capabilities of the approach havenburther evaluated by computing several
constant life diagrams and/or whole SN curves éwesal kinds of loadings and stress gradients. The
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predictions are then compared either to experinhetfitida obtained from dedicated testing on an
aluminium alloy or from the literature. The relaiverror between experimental fatigue limit
(considered at 105 cycles) and prediction of tt@ppsed model for various configurations (open-hole
coupons, plane specimen for tensile testing, faintplane bending specimen) falls within 5%.

As the criterion was shown to be relatively acaeyrat stochastic version was derived, following
a classical probabilistic approach with propagatbancertainty, and using a single random variable
account for uncertainty (which was validated a @asti by sensitivity analysis; more details in)[2]
The identification of the random variable distribut was shown to be robust with respect to test.typ
With this model, the ability to simulate Wohler ees with a predicted scatter similar to that of
experimental data (for a testing series not usdtiéndentification procedure) was demonstratect(ne
figure right). Additionally, quantiles with confidee intervals could be predicted, which compared
fairly well to available experimental data (nexgufe, left).
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form identification

Some more detailed results may be found in theepd3towards robust fatigue assessment: a
probabilistic stress-based fatigue criterion actiogrfor gradient effects”, which has been prepamed
presented by EADS IW and EMAC in the poster sessfdhe 24th ICAF Symposium

References :

1. C. Schwob, F. Ronde-Oustau, L. Chambon, Fatiguekdrdtiation in stress concentration
areas, 16th European Conference on Fracture, ddiyt8 2006

2. C. Schwob, L. Chambon, F. Ronde-Oustau, J-P Bem&wbabilistic assessment of fatigue
life using a stress-based fatigue criterion, 8ttermational Conference on Computational
Structures Technology, Las Palmas de Gran Carfapiairf), Sept. 12-15th 2006

6.1.5. In-service flaws: fuselage dents (EADS IW)

This activity deals with fatigue life predictionEhe industrial objective is to be able to extend
the allowable dent size in structures. The resealyjkctive was to take into account the residual
stresses and the 3D geometry that are inducedelgrésence of the dent in the fatigue life predicti

Concerning the prediction of the fatigue life ohtkd coupons, a full 3D finite element approach
(using Abaqus) was developed at EADS IW, simulatirggdenting process and computing a multiaxial
fatigue criterion over the stress tensor componéntgas reported in 2005 to yield satisfactorygaée
life predictions. In this approach, the criteriom éomputed at nodes. During the last two years,
improvement was sought to deal with stress gradiedtother multiaxial fatigue criteria.

A first approach was investigated, indirectly degliwith stress gradient and computing
Crossland fatigue criterion. The needed inputs arenaterial Wohler curve obtained on a standard
specimen (in this case an open hole specimen wasenhbecause of similarity of the stress gradient
with that of a dented coupon) and a few dented aouests results obtained under a given fatigue
stress. 3D finite element calculations are carioed to derive the stress tensor on each specimen
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geometry (open hole and dent), for the fatigue fifeen by the dented coupon tests. Crossland
multiaxial fatigue criterion has been implementadlie FE code and computed in the FE calculations
of both geometries. Shear stresand hydrostatic pressure P involved in the fatigarion are then
calculated and plotted in the fatigue diagrammaes Hflows to derive the. andp parameters of the
material criterion line for the given fatigue lif¢his line joins the results obtained on the statida
specimen and those on the dented coupon for the $atigue life). The figure below depicts the
approach.
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i T ? T i 1 TA stres

A

Maximum fatigue stress 1S

. Cycles to failure : M O S &xw

»
>

¢ N, ~ Ny N cycles
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U I .......... /
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Fatigue life > N Fatigue life = N

> P

P Pr

Figure 1 : Identification principle of a and 8 coefficients for fatigue criteria

Under the assumption that for other fatigue litks,criterion lines are parallel (samelope), a
network of parallel lines associated to differattgue lives can thus be derived in thedjRjiagramme
from the single Wohler curve obtained on the stashdgecimen. This network can then be used to
assess the fatigue life of dents. The FE analgsiglts of any dented coupon are thus denoted biich s
point as shown in the plot below. The programmentbalculates the fatigue life from the relative
position of the dot to the nearest lines.
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The comparison of predictions against tests resddtained in IARCAS project [1] concerning
dented coupons made out of 6056 alloy, 1.2 andir?thick, dent depth ranging from 5 to 20 mm,
under different sets of fatigue stress show ayf@dod agreement.
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A second approach is under progress. It proceeitisting stress gradient approach that has been
presented above including scatter effect. Prelilgimasults are fairly good (similar to those obéain
with the above approach), but need to be furthatyaed (in particular the behaviour of the critario
has to be monitored at the macro level).

References :

1. IARCAS project “Improve and Assess Repair Capapbilif Aircraft Structures”.
Growth Project GRD1-2000-25182, 5th Framework Paogne of the CEC
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6.1.6. Fatigue life evaluation on aluminium alloy part after unbending by cold
forming (LATECOERE)

After machining, large aluminium aircraft partsdibulkhead frames (see figure 1), beams, etc,
could have residual distortion. This fact is duaésv internal stress equilibrium after material ooai.
Some of these distortions are not allowable fobamal aircraft operating assembly conditions. lig th
case, the part could be unbent by a cold formiggss, like three points bending beam (see figure 2

Figure 1 : Example of concerned part : frame 16 (A380) Figure 2 : Sample unbending process

But, this process induces internal residual stfiets$in the part, which allow the new acceptable
flat shape.

The goal of this study is to evaluate if these neternal stress field could have an impact on
fatigue live. The chosen approach, as a first stefpased on a basic case (flat sample in 7175 I)A85
avoid dispersion or uncertainty associated to sersomplex structure. Stress level tested is 380.MPa

mA\i«F-NiAA—A
o]

3 ---I_

Specimen ' Return to zero
bending of bending loading

FEM displacements during unbending FEM stress distribution after unbénding

Figure 3 : Sample unbending process 3D modelling

Theoretical stress field obtained by unbending @sec3D Finite Element modelling (see figure
3) is compared with measured stress by X-ray diffoa on sample. The correlation obtained is
acceptable, thus the sample unbending phase nmugl&lverified.

The calculated fatigue lives of different sampleg ¢onventional unidirectional approach and by
multi-axial approach) are compared successfully wasted sample fatigue lives. Based on the fatigue
tests made, we can conclude that the residuahmtstress field has a negligible impact on fatitjiag
due to material adaptation. The maximal theoretjmehk stress and the new stress ratio R after
unbending process does not drive the fatigue tiféhe present study for the S/N curve area around
40,000 cycles for 7175.

This test program gives answers for our specificlist case, but should be extended to higher
fatigue life and other material.
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6.2. COMPUTATIONAL TECHNIQUES

6.2.1. Damage tolerance calculation advanced methods foastened repair solutions
(Airbus France)

In-service repairs on a primary structure of arcraft are usually performed by the airlines
according to the repair solutions provided in thei@ural Repair Manual. Consequently, the aeraspac
industry has to enable a simple evaluation of dawamd to provide repair procedures that are safe,
less time consuming, simple to perform, inexpensivé durable as much as possible. As the reduction
of downtimes is the highest priority of the operatm increase of allowable damage size could ltig a
improvement for the airliner to reduce this timeaky or the aircraft on ground situations that eéso
disturb the complete flight schedule and lead tenelvig delays in the air traffic. Designing for dage
tolerance includes also selecting materials thatirdrerently damage resistant, identifying sousras
types of damages, understanding damage propagatemhanisms. Implementation of the optimal
damage tolerance approach to structural integriguees that flaws or cracks that may exist in the
structure will not grow to a critical size and cawstastrophic failure within specific period, sasha
safe inspection interval.

Crack growth of fatigue cracks initiated in 2024513and 2524-T351 from several repair
solutions was analysed. In the framework of a Eeaopresearch program, improved Damage
Tolerance calculation methods, based on Finite Efgmnalysis, were developed for fastened limited
and unlimited (cut-out size more than one stringad frame bay) repair solutions. This approach is
based on Samcef software using Mecano non-lindeersthat permits to idealise all skin repairs, to
take large displacements into account, to condiiterial loading and to optimize the CPU time. For
these calculations, the use of crack tip elemelidsvad the evaluation of the Stress Intensity Fessto
thus fatigue crack growth. What is new is the miaalglof the crack tips and fasteners where the re
cracked. All cracked bores were modelled with selieiments to take into account the pin load (gyeatl
influencing SIF especially for small cracks) as uately as possible. Regarding crack tip, it can
therefore be located in volume-meshed area or shell-meshed area. In the small cracks case,
Barsoum 3D elements were simply added in the paghed with volume elements (figure 1). In the
second case, Barsoum 3D elements were added twdeén to be able to represent the variation of SIF
through the thickness, taking into account the bendffects. These elements were linked to sheadkon
by specific elements following the same approaddus link volume fasteners to the plates (figure 2
These two principles were then used at the saneitirorder to cover a great number of configuration
and reduce CPU time (figure 3).
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Figure 1 : example of Figure 2 : view of crack Figure 3 : zoom on a
cracked bore including with tip is in the shell- fastener with a bore
3D Barsoum elements meshed plate cracked on both sides

Associated to Forman or Elber's behaviour laws &mdan adequate cracking scenario, the
Repeated Inspection Intervals were calculateddgemal repair solutions. In parallel, experimen¢sts
were conducted on flat un-stiffened and stiffenesgls as well as curved (representative of A340
fuselage radius) pressurised panels to validateEhmodels described above.

Crack growth curve

Forman
Elber

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000

Number of cycles N

Each panel had at least one repair solution inteduand they were subjected to constant
amplitude fatigue loading at stress ratio (Smin/$m=0.1. Each flat un-stiffened panels contained a
single repair; the cut-out size (limited and untedi repair) as well as new repair techniques (sgch
the use of an internal doubler to reduce the searyrioending) were investigated in Damage Tolerance.
Each flat stiffened panel had several limited rep@ip to nine repairs) introduced and the infleean
fatigue crack growth of the position between repaid stringers were investigated.
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Each curved stiffened panel contained four un-Bohitepairs: a baseline repair (according to the
Structural Repair Manual, SRM) and three advanasshir solutions (two fastened and one hot
bonded). These panels were subjected to cycliregriat pressure and longitudinal load at stress rati
R=0.1. The influence of the biaxial loading cormiticombined internal pressure and longitudinadljoa
on the crack growth of fatigue crack emanating freach repair was investigated: gain of 17% on the
inspection interval was found while taking into agnt this parameter. While the skin is in 2524, the
crack propagates more slowly than in 2024, allovengultiplication of the inspection interval.

Flat un-stiffened panel tests containing limitegaie solutions with Glare® doublers exhibited
slower crack growth when compared to repair sohgticontaining aluminium doublers. It was
concluded that the lower stiffness of the Glare@tder, which causes less load attraction into the
repaired area than in case of the aluminium doubitr comparable connection stiffness (i.e. fastene
system), were the main responsible of lower crackvth rates. As the load twists the Glare® doubler,
the surrounding structure has to be watched cayeful

[® REP3 ®
1

. ] ® REPS bis “® REP7

In flat panels containing limited repairs, it wasifid that fatigue cracks preferably initiated from
the fasteners in the corner of the repair. For th@son the cracking scenario considered in the FE
models is a double-side through-the-thickness thtéz cracks emanating from the 4 fasteners located
in the corner of the repair. A total of eight cracke considered simultaneously. Calculations aackc
propagation measurements highlighted that Finitemieht Analysis associated with this realistic
cracking configuration is less conservative and en@presentative of the real structure than current
analytical calculation methods. The crack sceneonsidered could be realistic. The repair geometry
had few influence on the crack propagation. Thehdrigthe load level, the smaller the inspection
interval (the inspection interval increases of 3@f#ten the load decreases of 15%). The inspection
intervals obtained by numerical method are 5 ton@$ superior than analytical results.

250 4 |
.
225 1978
ae 1 reawr
200 i -+
. 4
al ry
175
:
¢
£ 150 .
=3
2
o
% 125
©
£ 100 2t
E 4
75 N /
i : §
PSR W
. Jeoe
50 1 e o o8
U A
..... L M —
25 1 e I B30 eveeer D)
0

95445 97445 99445 101445 103445 105445 107445 109445 111445

a . Number of simulated flights
——aFEM  —aeFEM

As a consequence, inspection intervals are incteasd maintenance costs reduced. This Finite
Element based models have been implemented in ARRB&DT calculation tool.
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6.2.2. Investigation of bolted/bonded joining technologyAirbus France)

The study deals with the application of the hyhfdlted / bonded) —quoted HBB— joining
technology on aircraft. This process is firstlydsed on the most relevant and easiest applicatien:
longitudinal metallic-to-metallic joints of fuselag Nowadays these particular joints are mainly 3
fasteners lines single-lap bolted joints; an irgrsealant layer is added between both plates. The
objective of this research work is to replace étagsnts by 2 fastener lines single-lap HBB joirithis
is achieved by removing 1 fastener line and reptathe current interfay sealant by a structuralesea
As the new design fulfils generally the static descriteria without taking bonding into accounte th
fatigue strength appears as the most critical demigerion.

A preliminary study on the mechanical behaviouthaf HBB joints has been performed. Three
approaches have been used: analytical, numerida¢gmerimental. A range of parametrical tools were
developed to calculate the distribution of loadms$ferred by both fasteners and adhesive as adanct
of the mechanical and geometrical parameters. HiggpllD and 2D analytical models were developed
which assumed an isotropic elastic behaviour oenes. They are based on the creation of newefinit
elements especially formulated to simulate bothdednadherends. The local mechanical behaviour,
e.g. fastener stiffness required in the analytgairoaches, is investigated with a 3D numerical ehod
(figure 1. The experimental measurements of trarexieloads under moderate applied loads validated
and calibrated the analytical and numerical catoutaapproaches, whereas fatigue tests showed
potential large benefits in fatigue life

In order to be able to apply the HBB joining teclmgy using structural sealants, the four
following specifications are required to be consdde in parallel: the product qualification, the
industrial process qualification, the structuraésgth justification and the assurance quality psscin
the frame of the product qualification, the objeetis to show that the structural sealant is able t
ensure the same functions as the ones of the tuorem as well as to fulfil its new function of
participation in the joint mechanical strength. S'ehall be ensured throughout time. In the framihef
industrial process qualification, the objectivaigransparent way in the replacement of curredasta
by the structural ones across the manufacturinggss In the frame of the structural strength
justification, two complementary directions are mxaed: the validation of the HBB joints with new
products and, the R&D to develop predictive degigototypes. In the frame of the insurance quality
process, the objective is to define a reliable amloust industrial process enabling the industrial
application of the bonding technology.

The key points of the mechanical strength justificaare:

- the accurate mechanical properties characterizafidhe structural sealants to model its
behaviour in single-lap joint configurations;

- the demonstration of the mechanical strength of HiBBts under fatigue loads;

- the consideration of possible environmental degrads
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Figure 1 : Multi level simulations of the HBB joints mechanical behaviour

6.2.3. Spectrum loading: PREFFAS model (EADS IW)

The parameters of PREFFAS model are usually detexdnthrough two fatigue crack growth
tests: a constant amplitude loading test (R=0.4) aperiodic overload test (1.7 overload every 1000
baseline R=0.1 cycles). An assumption states tiatwo crack growth rate curves must be parallel.
PREFFAS model has been integrated into CRACK-KITdtveare to calculate crack growth under
spectrum loading.

CRACK-KIT/PREFFAS software has been used to prefdidgue crack growth under spectrum
loading on 6056 alloy, 3.2 mm thick in IDA projd&f. The two baseline tests were run plus one under
spectrum loading (A330 fuselage) to verify the jcgdns.

The results show that with an overload ratio of, it4s not easy to identify the parameters
because the retardation curve is not straighhdfgarallel line is chosen close to the bottom, paré
ends up with a fairly good prediction (predictidys b3 and b4).

PREFFAS retardation analysis

B 0,53 0,48 0,5 0,69

A 0,47 0,52 0,5 0,31

EQUI 3692 3259 3440 4455
prediction pred b2 pred b4 pred b3 pred bl
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Additional tests were run using a lower overloatibraf 1.4. In this case, the retarded curve is
straight and parallel to the R=0.1 test. The idmatiion of the model parameters is then straightéod
and ends up with a fairly good prediction: A=0.8850.49 (which are close to those related to b3
prediction).

da/dN, mm/cycle

6056T78 Base Metal T-L B=3.2mm CCTW200 6056 BM T78 L-T B=3.2mm CCTW200
A330 spectrum
1,00 E+00
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b 2 *
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1,00 E-04 1 g 03
2 2 .
£
1,00 E-05
10 o
IR [ 1] T
1,00 E-06 + t 1 0
1 10 100 0 5000 10000 15000 20000 25000 30000 35000 40000
delta K, MPavVm flight number

It is thus recommended to proceed with an overl@did of 1.4 on thin sheets of aluminium
alloys to identify PREFFAS.

References :

1. IDA project “Investigation on Damage Tolerance Begbar of Aluminum Alloys”.
Growth Project GRD1-2001-40120, 5th Framework Paogne of the CEC.

6.2.4. R curve simulation on thick sheets: an FE based smation (EADS W)

The industrial goal is to have at disposal, throsighulation, large R curves for a wide range of
thickness of sheets. The research goal is to imghéffiailure criteria to extrapolate R curves. EADG
has developed an approach to simulate the resadigaigth of coupons (R curves) or that of stiffened
panels [5]. The approach is based on 2D elastapfasite element analysis, which implements a loca
failure criterion ahead of the crack tip in ordestmulate the crack advance under the applied blael
local failure criterion derives from a local apptheof fracture such as the Rice and Tracey model of
cavity growth to describe the ductile rupture. Timisthod does not suffer from any limitations sush a
those met by the usual methods which are conduaithin the frame of linear elastic fracture
mechanics.

The Rice and Tracey cavity growth law reads asefoting the cavity radius:
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pn: equivalent plastic strain
+0y+0
R p ) oo = 0111022 +033
Log(a) = Icl xe 2 0y dp m=T
Pn

Oe¢q: VON Mise stress

3.9

(R/Ro) is computed at the crack tip. If a critivalue, denoted by (R/Ro)c, is reached, then crack
growth takes place over the elements with (R/Rd3#R6)c. And so on for further load steps until
failure of the specimen. Thus only one parametatrdlscounts for ductile failure is needed: (R/Ro)c.

The extrapolation scheme is as follows: identifyR®c on a small R curve, simulate a larger R
curve using the same (R/Ro)c value.

The 2D method, under plane stress condition, hagegrto be successful on thin skins (up to 3
to 4mm) for extrapolating R curves or simulating tiesidual strength of welded stiffened panels [5].
The effort has then focussed on larger thicknessheéts, resorting to 3D FE calculations sinceelan
stress is no more prevailing. Development workniplement a 3D approach with Abaqus code has
been carried out. First obtained results are pteddmerein. The figure below shows a 3D meshing of
1/8 of a CCT specimen due to symmetry reason.

Mid-thickness

The validity of the 3D approach was checked on &tmg R curves on thin sheets of 2024
(1.8mm) or 6056 (3.2mm) alloys as reported in tioiving table.

Relative difference between simulation
and test data in failure load
simulation specimen 2D simulation 3D simulation
2024A plated T3 | Identification of failure paramete CCT W=160mi] 4% +0.6%
1.8mm extrapolation CCT W=400mm +2.1% +1.0%
6056T78 Identification of failure paramete CCT W=400mm 3%. +0.1%
3.2mm extrapolation CCT W=760mm| +1.3% +0.1%




Both the 2D and the 3D simulations give fairly gaedults. For these thicknesses, any small R
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curve may be extrapolated to larger ones, usin@her the 3D simulation.

Then the simulation approach was applied to sanoysalwith thickness of 6mm. A similar

scheme was followed: identification of the failyparameter on a small size CCT W=200mm and

prediction of the R curve on a larger size CCT Wad@m.

The results on 2024 show that the 3D simulationnézessary in this case as the 2D
underestimates the experimental results on W=10Q0h® 3D approach is thus promising. However,

on 6056 alloy, the 3D simulation underestimatesftilire load on CCT W1000 by 15%. Work is

ongoing to clarify this.

Relative difference between simulation
and test data in failure load

simulation specimen 2D simulation 3D simulation
2024A plated T351| Identification of failure parametel CCT W=200mn| 1%. +0.3%
6mm extrapolation CCT W=1000mm -7.9% -2.3%
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6.2.5. Modelling of ductile tearing of thin light alloy skins: a BEM based simulation

(EADS IW)

Following the application of a local approach tee tprediction of the R-curve for CCT

specimens and the residual strength of stiffenexklsd1], within a commercial FE code (Abaqus), the
same type of analysis was investigated using tia lolbundary element method (DBEM) [2]. The idea

is to ease the meshing constraints at the crachkyipaking advantage of the accuracy of the DBBM f

relatively coarse, unstructured meshes. For illtistn, we have represented on the figure below the

tension field for an elasto-plastic analysis ofaewith multiple holes.
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A more representative problem is the CCT coupom, vithich example computations are
presented in the figure below. On the left, theckrapening (dots) is compared to a finite element
reference (solid curve), with a non linear matebi@haviour (hence the characteristic blunt shape) f
different load level. On the right, the crack tipess field is represented (with the use of a lodakior
mesh, as allowed by the DBEM), with the charactieritbean” shape. Qualitative and quantitative
comparisons have proved excellent so far. The tunina local approach, as described in [1], is in
progress to validate the approach on experimeatal d

sttt — s,
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panels, ICAF 2003 « Fatigue of Aeronautical Suitees as an Engineering Challenge
», 22nd Symposium of the International CommitteeA@nonautical Fatigue (ICAF),
Lucerne, Switzerland, 5-9 may 2003

2. G. Hello, H. Kebir, L. Chambon, J-M. Roelandt, AadRineux, Application de la
méthode des éléments de frontiere a la résolugoprdblemes élastoplastiques, 7éme
Colloque National en Calcul des Structures, Gi€nar{ce), May 2005

6.2.6. Simulation of large complex structures: a multisca calculation chain (EADS
W)

The improvement of computational structural analysiethods is another major enabler of
computationally intensive structural analysis. EAIY® has been active in the field of computational
structural mechanics over the past two years. Elesmf activity include the development of domain
decomposition methods (including multiscale apphesac see [1], [2]) for the analysis of fuselage
buckling, and developing a complete simulation sh@iith Assystem and Airbus) to evaluate the
influence of all the processing steps (from forgingassembly through milling). The latter study was
carried out in a national project, and the aim ¥easvaluate the influence of residual stresses {due
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manufacturing) and internal stresses (due to migmat assembly) on the fatigue performance of a
fastened joint. The overall chain is illustratedtie figure below.

Stoss Meld afler forging and

!'l'lﬂIHITﬂE-‘HIFIIIIII.IT hiank parl
L Fleld transier and
Iy = eguiliiriam
—  Meshoof faisfied gt

Final shapa anil ressiual stress
preictiom afte milling

Structural test FE model

Local FE model
[stress analysis and fatigue prediction)

Some more detailed results may be found in theepdftatigue assessment of fastened joint
including manufacturing and built-in stresses” @meg and presented by EADS IW, Airbus and
Assystem in the poster session of the 24th ICAF®sium.

References :

1. P. Cresta, O.Allix, Ch. Rey, On a mixed non-lindamain decomposition method and
its efficiency for post-buckling analysis, US Nat#d Congress on Computational
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6.2.7. A reliability-based study of corrosion-fatigue : agplication to the Alphajet
aircraft (CEAT)

Airframe structural integrity in presence of coiorsis becoming an issue for ageing fleet.
Fatigue damaging is effectively accelerated dueeaslier crack initiation on corrosion damage.
Reliability-based mechanical models (figure 1) afrrosion pit growth and fatigue crack growth
associated with a pit to crack transition criteraond a failure criterion were set up and applieth®
Alphajet aircraft corrosion-fatigue case (figure 2)
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Figure 1 : Mechanical Reliability Analysis principle
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Figure 2 : Alphajet corrosion-fatigue

The probability distributions of the random varibland there correlations were determined
through CEAT test database and the literature. Bhiglysis reveals that a very high and negative
correlation does exist between the Paris’ law doiefits Ceff and mcr.

Reliability in function of number of flights is cqmted for several corrosion severities. A
reliability sensitivity analysis is carried out far moderate corrosion (figure 3). It appears that t
reliability is relatively insensitive to the initidlaw size. Corrosion growth law, the rate of whits
huge for small pit radius, explains the insendiitb this random variable. A Risk Based Inspection
approach in which the reliability is updated thrbube inspection is also proposed.
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Sensitivity at Flight 4230

A pit_ini Mean(loglp)=-6
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a
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Mg -3,59E-01
log(l ) -3,92E-01
m ¢ K 1c 2,02E-01
S max -6,66E-01
Kic f 2 86E-02

log(lp)

Figure 3 : Sensitivity at flight 4230 (8=3)

When compared with the deterministic approach, gheposed approach, which realises a
realistic treatment of the uncertainties, appeargrovide with highly rich and interesting inforrizat
profitable for the decision-maker. Concerning thaintenance, one reveals that in the study cash, wit
the associated assumptions, the first inspectiep salculated through deterministic approach iy ver
conservative regarding the target reliability. Maimance strategies such as delaying a ‘heavy’
inspection without loosing in reliability througthe set up of intermediate ‘light’ inspections is
assessed. In the study case, almost a three yaaysisl achieved (figure 4).

‘Light' inspections to delay 'Heavy' inspection
10
\ — No 'light' inspection
9 ]
\ N e T\v 0 intermediate ‘light'
8 inspections ]
7 i
B o]
5 i
4 i
3 \
2 ‘ ‘ ‘ ‘
0 2000 4000 6000 8000 10000
Flights
—
Delay = 711 flights (about 3 years)

Figure 4 : Two intermediate ‘light’ inspections to delay ‘heavy’ inspection
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6.2.8. Comparison of stress intensity factors measurementssing digital image
correlation with X-FEM simulations for plastic fati gue crack growth (CEAT
and LaMCoS)

One presents a technique for the experimental measunt of stress intensity factors in cracked
specimens under mixed-mode loading. This technigumsed on full-field measurement using digital
image correlation (figure 1) and an interactioregmal. Such domain-independent integrals (figure 2)

are often used in the finite element method touate stress intensity factors. The main advantdge

this technique is that the errors made in the editm of the measured displacement field near the

crack’s tip do not affect the measurement of thesstintensity factors.
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Figure 1: Displacement field measurement by Digital Image Correlation
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The capabilities of the method are illustrated tigfo fracture measurements (figure 3) and
compared with the eXtended Finite Element Methodrter to simulate mixed mode plastic fatigue
crack growth simulations with treatment of contactd friction (figure 4). The X-FEM uses the
partition of unity in two ways: first to take inccount the displacement jump across the discattinu
far from the crack tip, and second to enrich thpragpimation close to the front by considering the

Figure 2 : Dominance zones and interaction integral

appropriate asymptotic fields [1,2].
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Figure 3 : Digital Image Correlation applied to fatigue crack growth)
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Figure 4: eXtended Finite Element Method in elasto-plastic assumption

A mode | CT specimen was submitted to a cyclicitemading with loading ratios from R=0.1
to R=0.7. One can notice the bumps on the cradsfafter propagation due to the stress redistabuti
at the back of the succeeding tips (figure 5). Dejpeg on the load ratio, these bumps will be
responsible for possible crack closure as presant&ef. [3], and will define the well known opegin
stress intensity factor that governs Paris law ddadgue crack growth. Finally mixed mode fatigue
crack growth numerical examples are shown to vidittee method (figure 6).
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Figure 6: Mixed mode fatigue crack growth
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3. EXPERIMENTAL TECHNIQUES

6.3.1. Testing of structure representative coupons (EADSW)

This activity was mainly carried out in the framelARCAS Project [1] in support to Airbus.
The objective was to validate fatigue predictionadm by Airbus, following Airbus / EADS IW
modelling and testing work on elementary lab cowpdrhe fatigue issues which were dealt with are
riveted skin repairs, welded stringer repairs, slent

Concerning fatigue of skin repairs, a flat panednied FFP1) with riveted stringers and skin
repairs was designed and manufactured by Airbusastbeen tested by EADS IW in order to obtain
data on crack initiation time and crack propagasegnario in riveted skin repairs. FFP1panel has 9
repairs: 6 two-fastener row repairs, 3 three-fasteaw repairs. There are standard repairs witlasgu
corners and improved repairs with round cornersigsular rivet rows. The panel has undergone
250000 full cycles (5x1.25x DSG).

Airbus made fatigue life predictions of repairs ngsiFE analysis and a multiaxial fatigue
criterion. The observed cracks initiation sites evém the corner area of repairs. The results have
allowed Airbus to confirm or improve the prediction

An example of crack initiation and growth in a stard repair with three rivet rows is shown
below. The applied load is along the stringersdiom. Crack initiation took place at rivet e-1 {eu
row bottom right corner rivet). The crack grew tadsthe neighbouring stringer and rivets.
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Additional details may be found in the paper prepaand presented by Airbus in the 24th ICAF
Symposium.

Concerning fatigue of repairs of welded stringensl @ents, a flat panel (hamed FFP2) with
welded stringers and dents was designed and mduotdddoy Airbus. It has been tested by EADS IW
in order to obtain data on crack initiation timerapairs and dents. Preliminary joint work between
Airbus and EADS IW has allowed Airbus to defineaip of welded stringers and dents for FFP2.

FFP2 panel has 7 welded stringers and dents whieHogated in mid bays or close to the
stringers, as shown on the figure. The skin andgers are made out of 6056T78 alloy. The stringer
repairs consist of a doubler which is riveted e former stringer which has been cut over a terta
length of the web. The repairs differ in doublemdth, stringer cut angle, presence of a stringep st
after stringer cut out, number of rivets to tie theubler onto the stringer web. A set of 16 dends w
made, with different values of depth, indenter §&ed energy).

FFP2 panel underwent 375000 full cycles (5x1.25%6RS he predictions of the fatigue life of
repairs and dents made by Airbus, were in line Withexperimental data.
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6.4. NON DESTRUCTIVE TESTING AND STRUCTURE HEALTH
MONITORING

6.4.1. Structure Health Monitoring (EADS W)

EADS is involved in a number of developments regeydhe direct or indirect monitoring of
cracks and crack growth in aeronautical structufegse developments are part of a global Structural
Health Monitoring approach, with expected beneditsseveral levels: maintenance costs (part of the
Direct Operating Costs), aircraft operability, gnabsibly design (especially related to damage dolez
philosophy).

Several technologies for in-service monitoring ésa permanently bonded on the structural
parts) are being looked at :
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- Crack wires able to monitor extended structuralmelets, with possible wireless
interrogation.

- Foil eddy current sensors, which are an in-siteralitive to conventional eddy current
testing sensors and allow crack growth monitormgddition to crack detection.

- CVM (comparative vacuum monitoring) sensors whidsoagive local indications of
crack presence.

- Acousto-ultrasonic sensors, laid out in a spegifittern on a structural area, which emit
and receive ultrasonic waves, can indirectly deteatks or other damages in a global
manner

Lab experiments are carried out for assessing segmsdormance and sensor durability in
combined fatigue/environmental conditions. Sensmes also implemented on full scale structures,
either taking advantage of full scale fatigue tasts, or even on flying aircraft. System issueghsas
wiring integration, monitoring unit design, sign@mpression for easy sensor interrogation are also
investigated.

As an illustration, the following result is showfig(re 1). It relates to crack monitoring on a
painted stiffened plate, where fatigue loading aedhperature were combined (tests at room
temperature, -55°C and +80°C). The dependenceecédidy current testing sensor output signal to the
crack length is clearly apparent in the graph. pioture also shows a crack wire sensor applied on a
nearby location.

SHM Comparison Test using ET-Foils
Crack detection curve, specimen EADS-F-all (T= +80°C)
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Figure 1 : left=sensor location close to crack initiation site, right=sensor output signal as
a function of cycle number

6.5. FULL-SCALE FATIGUE TESTS

6.5.1. Fatigue test and life extension programme of the faha Jet (Dassault-Aviation
and CEAT)

The Alpha Jet has been in service with the FrenichFérce since 1979. It is used mainly as an
advanced trainer aircraft, and also by the FAF lzatios team, the Patrouille de France. With aitcraf
belonging to the Belgian Defence, a combined totalbout 180 Alphajet fly more than 30 000 hours
per year, most of them in Tours and Cazaux.
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During the development phase, a first fatigue tdsthe wing box and central fuselage had
cleared a safe life characterized by a “Fatigueexiicbf 180. It meant that the test had, with a terat
factor of 3, simulated 54 000 flight hours undee thesign load spectrum. But as often happens, it
appeared quickly that the in-service spectrum waersevere than the design spectrum, and moreover,
it had to be anticipated that the service life vdobnhve to be stretched beyond 2015. A life extensio
programme was then launched in 1993. Operatiorsdsichad previously been measured during a
dedicated flight test campaign involving 3 differetircraft, and a second (this time full-scale)daé
test was installed, operated in Toulouse by CEAd Rassault Aviation.

Now entering its final phase, the test has yieldedonsiderable amount of data about the
structure of the Alpha Jet. Damage areas, mosteuh tof little structural significance, but sometfoém
in critical components, have been revealed andasociated maintenance procedures have been
validated and published :

- repairs, either preventive or curative,

- NDI methods, with their associated time of firsgpection and periodicities.
Basically, the fuselage has been cleared for ali$afef 280 FI.
For wings this level cannot be demonstrated in BfEfgohilosophy, so a damage tolerance study

will be performed to clear them up to 245 FI. Obggg that the wing ages at a slower rate than the
fuselage, these two figures should satisfy theireqent of the user Air Forces.

6.5.2. Fatigue test and validation of Super-Etendard for @00 flight hours (Dassault-
Aviation and CEAT)

The Super Etendard Marine aircraft is planned toaie in service until 2015 and is being
upgraded to a new standard. Therefore it was réegide validate its use for a total of 6,500 flight
hours.

As the fleet is not fitted with g-counters, thes@rvice spectrum was derived from an OLM
(Operational Loads Measurement) campaign on twbaaircraft. The operational use of the fleet is
supposed to be homogeneous with the recordings.

A fatigue test has been performed at CEAT, using Btendard fuselages and several Etendard
wings, which are very similar to the ones of thee@uEtendard. A total of 34,014 flight hours have
been simulated.
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Fatigue cracks and corrosion in service required several structural repairs be implemented,
which were also tested.

A tear down of one of the tested wings has bedraiad, to further strengthen the justification
of a limit life of 6,500 flight hours.

6.5.3. M2000 Full Scale Fatigue Test (Dassault-Aviation ahCEAT)

A full-scale fatigue test is being carried out metCEAT Test Plant on an aged airframe
(fuselage, LH wing, RH wing and vertical fin takéom several aircraft in service in the French Air
Force). The test loading system is composed ofy8aulic jacks + 4 Fuel Tank Pressures + 1 Cockpit
Pressure.

The fatigue spectrum simulates the future Fatigugex (FI) Consumption Rate of the key
elements of the structure (especially attachmesdasaof the wing, external stores and landing gekrs)
is based on the following data:

- French Fleet FI Consumption rates depending on@qud Version / Mission / External
Store Configuration conditions,

- Hypotheses in terms of French aircraft future USelgction of 80 Missions / External
Storage Configurations, with their scheduled distiion in terms of Flight Hours)

- Updated in-flight loads (from load survey duringdedicated flight test campaign) and
Ground Loads.

The test started in December 2005. The objectivéoigeach a Fatigue Index of 930 to
demonstrate 310 FI for the safe life of the airtciaf March 2007, the fuselage reached a FI of d@
the wing a FI of 400.

The results of this 2nd Full Scale Fatigue Tesk val:

- An important extension of the life validated byttés 55 %) in a "Safe Life" approach
with punctual damage tolerance,

- Maintenance solutions with an improved cost effextess :
« Inspection Plan Up-dating,

* Repair Solutions validated,
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* Preventive Operations defined.

6.5.4. Fatigue and damage tolerance certification tests dhe FALCON 7X (Dassault
Aviation and CEAT)

The new Dassault Aviation three-engines powerednbas jet named Falcon 7X is designed to
fly 5,950 nm with eight passengers plus a crew amwad of three pilots and a flight attendant,
operating at a maximum speed of 0.90 Mach. Itggvepan of 25 m is comparable to the one of the
Falcon 900EX, but the aircraft is somewhat lon@2 ifh against 20 m). It will be the first fly-by-ei
business jet, conferring precise flight path cdntemtomatic trim adjustments during configuration
changes and basic autopilot functions through thekgit side-stick controller for setting headingdan
attitude. In addition, the Falcon 7X engineeringei@ged the use of Dassault Systems CATIA software
as the foundation to create complete virtual da€ing of the aircraft and ensure a living represtomn
of the aircraft from concept through production.

Both static strength and fatigue/damage toleranbstantiation is carried out on a unique full-
scale test article. Under a Dassault Aviation amiir CEAT has carried out the test rig engineering
composed of 64 hydraulic jacks + fuselage presstivis, and around 2000 measurements (strain
gauges and displacement sensors). The fuselageingd of the airframe were received at CEAT end
of November 2004 as planned months before. Thenatdig of the test fixture started in June 2004
and preliminary static tests began only two morsthd a half after airframe assembling by Dassault
staff. A first sequence of 50,000 flights representtwo aircraft lives was simulated at CEAT’s
premises between May 2005 and April 2006. Thenrsdwtatic cases were applied to the structure (5
at limit loads and 5 at ultimate loads). Beforeeeing the damage tolerance phase, 80 artificialadps
were created in some critical locations. Cycling tiee damage tolerance phase started in November
2006 for another lifetime. Test is still runningdacurrently about half an aircraft life (10,000gfiis)
has been simulated.
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6.5.5. Transall structure life extension (AIRBUS & CEAT)

Developed in the 60’s in a French-German co-opamathe TRANSALL C160 aircraft is a
military transport aircraft. 67 of them are usedtbg French Air Force for tactical and humanitarian
missions, basically. The service life extension thoe Transall from 20,000 to 22,500 Flight Cycles,
corresponding to 5 more years in service, was eegid 1996 for the following major reasons:

- the advanced fleet age of aircraft in service,

- the estimated date of entry into service of the gewneration military aircraft.

The definition and substantiation of the life exdiem programme have been based on the
analysis of both :

- an extensive in-service damage collection withastablishment of a damage data bank,

- a full scale fatigue test on an aircraft retiremhfrservice.

The major participants in this process were: A.[(#elier Industriel de I'Armement) from
"Clermont-Ferrand"”, CEAT, SPAé (Service des Prognas Aéronautiques) and AIRBUS.

A big concern was to define the load spectrum toapplied to the test airframe. A usage
monitoring campaign was launched in 1996 for thigppse based on:

- collection of general information about each fligifiteach TRANSALL aircraft (paper
form containing the type of mission, flight duratjatake-off and landing weights, door
openings for droppings...),

- in-flight recording of flight parameters and stres®n 4 aircraft of the fleet, to derive the
loads associated with each type of mission.

A large amount of data have been collected ovezeBsy exchanged by the different partners of
the programme and analysed.

At the same time, the assembly of the test fixar€CEAT was completed. It consists of 112
hydraulic jacks + fuselage pressurisation, andratd@00 strain gauges.

After a few last adjustments, the test began indyaver 1999.

First major damages, which appeared on the lowegwanels around man holes, have already
induced a specific maintenance programme for thet.flSome additional coupon tests on specific
details were performed to evaluate the more adegpetventive modification solution. New major
damages appeared in October 2002 on the lower pamgls and concerned doublers around fuel



National Review 6/37

pumps (cf ICAF 2003 French National Review). Invdmber 2003, further new major damages (cf
ICAF 2005 French National Review) were encounteaftdr 34,000 simulated flights on panels inner
surfaces of the centre wing box leading to elevemtivs of complete stop of cycling. Investigations,
including fractographic analysis have been caroigcto deduce repercussions for the fleet.

In March 2006, during an inspection at 44,750 fligtycles, new major damages were
discovered at rib #1560 especially in the rear gipdne centre wing box leading to stop the testirag
After analysis, AIA has designed a repair whichcigrently applied on the structure. Due to the
complexity of this repair, test is not expectedtart again before summer 2007.

On the basis of 44,750 flight cycles completed bA& has calculated that, in the most critical
areas which are the centre wing box inner pand€5F flights (landings) have been substantiated
corresponding to 22,390 flight hours.

‘ ";w__,

6.6. IN-SERVICE AIRCRAFT FATIGUE MONITORING

6.6.1. System General Description and Data Collection (CER)

Military French fleets are monitored trough 3 diéfet systems:

- A basic unidimensional system for most of the fiedtased on records of vertical load
factor exceedences with g-counters.

- A multichannel system (5 analogic channels + 7 fyinparameters data), named
MICROSPEES, for Mirage 2000D fleet, which gives iamproved three-dimensional
approach through g-meters, without any strain gauge

- A more sophisticated system named HARPAGON for Rafeeet which includes a
structural fatigue monitoring based on the sameraggh as MICROSPEES but with
much more parameters recorded (30) et structurattgpdracked (43). The whole
computing system has been validated now and fastjfe calculations were recently
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performed for the Rafale. These results particgbaiethe monitoring of the operational
activity of the fleet.

All these systems have been described in detafisevious French National Reviews.

6.6.2. Improvement and Renovation of Fatigue Computation ad Data Collection
Tools (CEAT)

Most of the tools used in fatigue monitoring ar®leing so as to minimize the constraints for
users and improve the quality of monitoring.

Data collection for g-counters: SARA.

A software, named SARA, has been developed to e inssquadrons for computational fatigue
data collection in replacement of the debriefingrfe manually filled in after each flight. This taaiins
at bringing more efficiency for users in collectiand a better quality level of the basic data &iglie
calculation.

It is about to be installed on every squadron corexk

Fatigue computation system for g-counters appro@®ibGASE.

The global computation system is being renewedhguie same calculation models, in order to
adapt means of calculation to modern computingtisi! The objectives of this evolution are :

- More ergonomy and efficiency for the software
- More aspects of the aircraft lives taken into actdinspections, reparations...)

- More analysis tools to enable an accurate usetigbfaresults

Data collection for MICROSPEES: ARCADE.

Once validated, ARCADE will be deployed in M2000DefRch squadrons to correct and
improve the data pre-treatment and guaranties anmadaccuracy of the records used for fatigue
computation by MICROSPEES system.

6.6.3. Reprocessing of M2000 individual fatigue data (Dassilt-Aviation and CEAT)

The Mirage 2000 usage scheduled by the French aéicé-pointed out the need to extend the
fatigue life, waiting for a large deployment of tRafale. As the oldest aircraft were reaching tt |
Fatigue Indexes (FI) demonstrated by the firstdalile test, it has been decided to study the diagnag
speed of the aircraft. More details about this fEoiatic are given in the previous French National
Review.

In this context, Dassault-Aviation launched a reteation of the aerodynamic data base of the
aircraft. This renewal was based on more accuratedgnamic numerical codes developed for the
Rafale and supported by a whole flight test campadégl on M2000 equipped with calibrated strain
gauges. These results implied a re-estimationaaf tmlculations for the fleet, including :

- an increase of the fuselage lift efficiency,
- a variation of the centre of lift position,
- a validation of non linear behaviour in high pitzititude.
It appeared that the stress to load relationshipee weverestimated in fatigue computation and

that a re-evaluation of these ones could leadntmi@ accurate calculation and a global gain of i@k
for the whole fleet.
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Dassault Aviation established these new relatigrsshso that CEAT could perform a global
reprocessing of all the individual recorded fatigiaga of M2000 fleet, that's to say the data :

- of all the aircraft,
- from all the versions,
- on all the tracked points,
- for all the years since the entry in service in3.98
After validation of the relations and reprocessiagults, this treatment delivered a global gain

on the whole fleet remaining potential of more thE0%0, which contributed to Mirage 2000 life
extension, in parallel to a new full-scale fatigast which is currently in progress at CEAT.



