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ABSTRACT

The thesis deals with the design of methodology for determination of vibrations
effect on fatigue durability and crack growth rate of L 410 NG airplane flaps. The
introductory part contains necessary imfoation about the airplane and loadinof
flaps Means for quantitative description of fatigue processtbg stresslife approach
are desdbed afterwards.Definition of general random process aneésdription of
techniques applied tdata, which wereobtainedbya strain gauge survegre presented
to clarifythe proposed methodologyThe main part of the thesis contains a detailed
descripton of the proposed methodology. At the same time, the methodology is applied
to data obtained fronthe strain gauge surveyn L 410 UVAE20.
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1 INTRODUCTION

Fatigue due to vibratiogis an important issue throughout the industnyotonly in
the aerospace engineerind@ hesignificance of the terntorresponds to the fact, that
vibration of the structure may cause a fatigue failure earlier than expected by the
analysis, if the analysis does natver vibration effects. As can be expecteiration
will be much more severe, when the sources of vibration correspond to the natural
frequency of the structure.

The airplane is loaded by various loads during each flight. Some of them are
deterministic, some of them purely stbastic. The thesianalysesvibrations, which
occuron the flaps It is presumed that the main source of vibration is repeller
slipstream. Vibration is dealt as a stochastic event, which might be described by means
of statistics.The stress/st&in response of the stragre might bedirectly measured via
strain gauges fixed in the analysed locatiolbe stress/strain time history is then
processed using the timeéomain approach.

Theintroductorychapter contains basic information about analysed aircraft and the
detaleR RSAONALIIAZ2Y 2F FfILIQ& RSAAIYy dplantRRAGA2Y |1
and typical operational conditions in the form af typical flight profile are also
mentioned.

1.1 Description of k410 NG

L-410 NG is a twhengine turbopropcommuter categoy airplane designedh line
with FAR23 regulation The airplane is capabie seatup to 19 passenger3hanks to a
brand-new wingstructurecarrying an integral fuel tank with higher volume capacltg, t
airplane ismeant to bethe successor of the L 410vVRE2Q Comparing to L 410 UVP
E20, L410 NG aircraft has significantly higher range and flight endurance. At the same
time, the MTOW and payload increaséithe baggage compartment was enlarged and
the aircraft is able to carry 400kgf load more than UVHE20 versionl-410 NG is
equipped with more efficient turboprop engine GE HB® anda fiveblade propeller
AV 725.

Another benefit of the aircraft is connected with the improved utility
characteristics. The aircraft is designed to be easily accesdiilning maintenance
procedures. At the same time, the operatanlife significantly increasedoy
implementingthed 51 YI 38 (i 2 tnpNibsgpdys ¢ RS aA 3

Abrief comparison between L410 UNR20 and L410 NG is summaazinTablel.1.



Airplane L 410 NG L 410 UVHE20
Maximum takeoff weight 7000 kg 6600 kg
Empty weight 4200 kg 4200 kg
Wingspan 19.48 m 19.98 m
Payload 2200 kg 1800 kg
Passagers 19 19
Engines GEH85200 GE H8&00
Propellers Avia 725 (5blade)| Avia 725 (5blade)
Maximum speed (TAS) 412 km/h 398 km/h
Maximum range (ISA, 45min. res 2840 km 1520 km

Service life

30 000 FH/FC

20 000 FH/FC

Tablel.1 ¢ Comparison between L410 UNE20 and L410 NG aircraft

Figurel.1 ¢ L410NG airplang[1]
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1.2 Regulatory backgrond

FAR 23.572 Metallic wing, empennage and associated strucf@les

FAR23.572(b)(3)is directive to normal, utility and aerobatic category otdyf it is
mentionedhere to point out, that propeller slipstream might have a significaftect
on aircraft fatigue durability. I{prescribes to investigate any significant effect of
propeller slipstream on fatigue behaviour of the metallic wing or fage) including any
associated structure:

OFAR23.572(b)(3Metallic wing, empennage and associated structures:

a) For normal,utility, and aerobatic categonairplanes the strength, detail design, and
fabrication of those parts of the airframe structure whdailure would be catastrophic
must be evaluated under one of the following unless it is shown that the structure,
operating stress level, materials and expected uses are comparable, from a fatigue
standpoint, to a similar design that has had extensitisttory service experience:

(1) A fatigue strength investigation in which the structure is shown by tests, or by
analysis supported by test evidence, to be able to withstand the repeated loads of
variable magnitude expected in service;

(2) A failsafe strengh investigation in which it is shown by analysis, tests, or both, that
catastrophic failure of the structure is not probable after fatigue failure, or obvious
partial failure, of a principal structural element, and that the remaining structure is
able to withstand a static ultimate load factor of 75 percent of the critical limit load
factor at Vc. These loads must be multiplied by a factor of 1.15 unless the dynamic
effects of failure under static load are otherwise considered.

(3) The damag tolerance evalu@n of C23.573(b).
b) Each evaluation required by this paragraph must:
(1) Include typical loading spectra (e.g. taxi, grotadground cycles, manoeuvre, gust)
(2) Account for any significant effects due to the mutual influence of aerodynamic surfaces

(3) Consider am significant effects from propeller slipstream loadin@gnd buffet from
vortex impingements

AC 25.5741D[10]

This advisory circular providgslidelines to comply with FAR 25 and also FAR 23
airworthiness standarg if the damage tolerance approach is opted f8ection 5.b.
deals with the typical loading spectrum expected in service:

G[ 21K RAY 3 &LISOUG Misvh aoiwh f&tiBue grackdhatibhls€ebsments (tests or
analyses) should be based on measured statistical data of the type derived from government and
industry loadhistory studies and, where data is insufficient or unavailable, on a conservative
estimate of the anticipated use tfe airplane. The principal loads that should be considered in
establishing a loading spectrum are flight loads (gust and manoeuver), ground loads (taxiing,

5



landing impact, turning, engine rwmp, braking, thrust reversing, and towing), and
pressurizatiorioads. The development of the loading spectrum includes the definition of the
expected flight plan, which involves climb, cruise, descent, flight times, operational speeds and
altitudes, and the approximate time to be spent in each of the operating regi@merations for

crew training andother pertinent factors, such as the dynamic stress characteristics of any
flexible structure excited by turbulence or buffeting, should also be consideFed pressurized
cabins, the loading spectrum should include rygeated application of the normal operating
differential pressure, and the superimposed effects of flight loads and external aerodynamic
LINBE & & dzNB a o ¢

1.3F&DT Approachesgalid forL 410 NG

Because L 410G aircraft consistof newly designed structure as wels structure
inherited from L 410 UMB20, altogether three possible F&DT approaches are proposed
over the F&DT evaluation of the structyts]:

1 DTA¢ Damage tolerance approach for newly designed structure and structure
inherited from L 410 UVVE20

1 SLA1¢ Safe life approach for traditional safe life structure (landing gear, landing
gear beam, engine mounts)

1 SLA2 ¢ Safe life approach for structuieherited from L 410 UME20 which is
not included within SLA category and where damage tolerance approach (DTA)
is not practical

Report[18] describes relevant usage of the approaches in more déthére are
also statednspection aims, together witthe design srvice goal of the structureThe
airframe shall be designed to \witand 30000 flight hours or 3000 landinggflight
cycles) whichever comes first.



1.4 Flapsstructure

The wing of L4108lGairplaneis equipped with almetal flaps to increase lift of the
aircraft, mainly during takeff and landing flight phase.

Hapsare divided into two sectors along the wingspaimner flap and outer flap
(seeFigurel.2). Each of them consists of two segments. These two segments are tied
together by a unique kinematic coupling, which enalitesm to deflect differentlyThe
at2d OFANRG aS3AYSYyido AYLINROSAE FilLQa STFA
configuration.The knematic coupling is displayed kigurel.3.

HYDRAULIC CYLINDER
CONTROL SYSTEM

Figurel.3 ¢ Kinematic coupling of flap§3]



Flaps are controlled by the control $gm, which scheme can be seerFigurel.4.
Executive member of the system is the hydraulic cylinder located in the symmetry plane
of the aircraft. The hydraulic cylinder drives the system of rods, wiasmits the
motion onto the inner and outer flap at different rates. The outer sector is deflected less
than the inner sector, which provide the aircraft with convenient stalling characteristics.

ROD No. 6
/ ROD No. 8
S ROD No. 7

- \\ ROD No. 9 /
\\k\ ROD No. 10
- \§'
R 5 .
RIGHT OUTER LEVER /} ] NS ROD No. 5
. = ;
RIGHT INNER LEVER Vi N .“\\\" e
7 - - .
< - @“\ ROD No. 3
RIGHT SUPPORT ; &
S 2522 A ROD No. 1

HYDRAULIC CYLINDER

Y
LEFT SUPPOR

LEFT_NNER LEVER N\ /

LEFT_OUTER LEVER.

Figurel.4 ¢ Flaps control systen]



1.5 Powerplant

It has been already mentioneth Table 1.1 that L410NG is powered by two
turboprop engines GH85200 and a fiveblade AV725 propeller. The output shaft
revolutions of the engine are 2080 RRgcording to the engine manufacturévlaximal
output power is equal to 850 SHRomparingo that, L 410 UVIE20 is powered by GE
H80200. The main difference between these engines dhe performance
characteristics.

900

Sea level - standard day
shp 850
Power Qutput eshp 898 850
-~ qas gen (98.7%) - 36,183 \ \
shaft output - 2,080 N\ 800
Propeller Rotation cw from rear \
Weight \ 750 z
{basic dry mass) 390 Ibs == Seq level \ 5
Airflow 8.41b/s = 10,000 ft 700 §
Fuel JetA, JetA-1 \ S
Qil Mil-L 23699C \ 650
Electrical 28VDC \
Bleed Air 4% [max continuous) 600
Hours - 3,600
TBO 550
Cycles - 6,600 \
Hours - 1,000
Basic Warranty Cvdles— 1.100 500
\whichever occurs first) —© ’ =40 0 40 80 120
Months - 24 OAT [F)
Figurel.5 ¢ Specifications and maximum takeff power of GEH85[7]
Sea level - standard day 850
shp 800
Power Output eshp 845 300
e gas gen (97.8%) - 35,854 \
shaft output - 2,080 750 &
Propeller Rotation cw from rear = Seq level \ e
CIJ
Weight L \ 700 3
(basic dry mass) 390 Ibs ™= 10,000 ft ;
Airflow 8.2 Ib/g] es0 2
Fuel Jet A Jet A-1
(o] Mil-L 23699C 600
Electrical 28 VDC
Bleed Air 4% (max continuous)
Hours - 3,600 550
TBO
Cycles - 6,600
f 500
_ Hours - 1,000 -40 0 40 80 120
Basic Warranty OAT (F)
(whichever occurs first) _Cycles - 1,100
Months - 24

Figurel.6 ¢ Specifications and maximum takeff power of GEH80[8]



1.6 Effect of propeller slipstream

Thrust prodiced by the propeller affect a part 8aps, whichislocated directly
in the propeller slipstream. The area affected by the propeller slipstream was adopted

from [4] and can be seen below.

31 20 13 12 10 4A 0

SLIP STREAM EFFECT

iz

633,53

%

279,7
_’_.._I_

1119,99
993,23
2534

814&7&\

2400,66 |

$3 - <
2050 1050 1700
9544 5700 2600 900
DUTER FLAPS INNER FLAPS

Figurel.7 ¢ Area of flaps affected by the propeller slipstreaj#]

According to[5]2 G KS SFTFFSOUG 2F LINRPLIStfSNI af ALAGNSBI
describedby an increase of the dynamic pressure on the affected flaps area. The
dynamic pressure increase corresponds to the air acceleration causbe lpyopeller.
Assuming linear propulsion theory, the airspeed beyond the propeller can be calculated
as a sum of the airspead and the induced airspeed :

Where:
06 wI p p 0
x 0
naoYy

0 Dynamic pressure increaseefficient
O Thrust produced by the propeller
N Dynamic pressure of the undisturbed air
Y Propeller disc area

10
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structure and higHift devices might be found if2] and[5].

Theassumption described abowgves us amformation about & average loading
of the structuredue tothe propeller slipstreamHowever it shallbe pointed out, that
the increase of the dynamic pressusenotuniform. The dynamic pressuracreass
each time, when the propeller blade passes through particulant@mnd then decrease
again Such passeproduce impulses with frequency proportional to the propeller
revolutions.

These pressure pulsesct upon the structure and depending on the natural
frequency of the structure and other impacts, they contribute to the dynamic loading of
the structure.

The frequency of pressure pulses can be estimétgthe following equation

i~ £
1 0o —
QT
Where:
¢ & Q¢ propeller revolutionger minute
o} number ofpropellerblades

As a conclusiagnit can be expected, that pressure pulses generated by the
propeller will vary with flight mode, especially with revolutions of the propeller and
thrust delivery.

1.7 Operational conditions

Operational conditions ofan airplane might alternate from one operator to
another. It is vitally important to determine representatieenditions in a form oh
flight profile which will be used during the fatiguanalysis and which will cover
operatioral conditions of most of the aircrafin service. Thereforgt is recommended
to gatherflight datafrom the operated aircrdafand to update flight profil@ccordingly.

1.7.1  Typical flight profile

There is a longgme experience with L410 aircraft family and its operational
conditions. Several flight profiles have been derived from the obtained data and the
typical flight profilewas established.

Flight is separated into altogether seven phasescdbed in more detail iTable
1.2.

11
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A F“ght Description of the section
mark | regime
Airplane stay on lin@ip at takeoff configuration (flaps 18eg.)->
Takeoff |take-off rating setting-> brakes redase-> ground run-> lift-off ->
achieving of height 35 ft (10mM) above runway surface
1stsegment of climb: landing gear retracting
A 2nd segment of climb: climbing to altitude 400 ft (122 abpve
Initial | runway surface
climb | Accelerate segment: airplane acceleration and flaps retracting
Final takeoff segment: climbing to 1500 ft (457 m) above runy
surface
B Eggrc:]ut;[e Climbing from 1500 ft (457 m) above runway surface to cruise
c Cruise |Setting of the selected rating in cruise altitugesteady horizontg
flight |flight
Setting required rating for descent descent with comfortabl|
D Descent [ rate of descent> continue in descent to altitude 1500 ft (457
above runway surface
Initiation of the approach at altitude 1500 ft (457 m) above run
surface-> extension of the landing gear setting flaps to 18 de
e Aporoach -> propellers fine pitch angle> achieving of the decision altitug
PP 200 ft (61 m) above runway surfaee seting flaps to 42 deg->
Idle at both engines> achieving of threshold altitude 30(15 m)
above runway surface
Altitude 50 ft (15 m) above runway surface, VRREed> touch
F Landing |down -> (reverse thrust setting}> spoilersdeflection -> wheels
braking-> ground run

Tablel.2 ¢ Flight phaseg6]

Besidesthe profile presented above, other ground phases such as straight taxi or

turns during tax NJB

f a2 RSUOSNNAYSRI .&cdassumetyfrati

oS

loading of flapsduring straight taxiing or turns etc.is quite small in comparison to
loading duringtake-off andlanding Therefore suchground phases araeglected.The
reverse thrust is usewithin 50% of landings according [6]. The average duration of
thrust reversalss 8 seconds.

12



A4 —

A3
1500 ft

(457 m)
400 ft
@ (122 m)
®
BrA%Im iy Lovelof may suface_
P Take-off Rating _ Maximum Continuous Rating

Figurel.8 Takeoff flight phasg6]

(<)
oF

Flight Level

1500 ft (457 m)

i 1500 ft (457 m)

Level of runway surface Level of runway surface

1500 ft 100 ft @

(457 m) (30 m)
200 ft (61 m)
above
runway
surface
50 ft (15 m)
y | __1____ _ - _ 1 _ _ _ -
1
Landing gear ) Level of runway surface
extension | Fl aps| 18A Flaps|42A

Figurel.10 Approach and landing flight phas¢s]
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Tablel.3 Typical flight profild6]
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1.7.2  Flapcgduty cycles

Flaps are loaded predominantly during tasi and landing flight phase, when they
are inan extendedposition. Together with other significant loading conditions, which
are repeated flight by flight, soalledflap duty cyclesnight be determined. The ffa
duty cyclescan be derived from the typical flight profil&ltogether 5 significanstates
can bedetermined:

1. Taxiing Flaps retracted 1 mJ
2. Takeoff Flaps deflected pyd
3. Enroute flight Flaps retracted 1 mJ
4. Approach Flaps deflected pyd
5. Landing Flaps deflected 1 T¢J
Landing , Flaps 42 ° Cycle 2 Landing
Point 3 Point 3
Flaps 42 °
Tal.(e-off Approach
Point 1 Flaps 18 ° CyCIe 1
Flaps 18 ® Take-off
Point 1
» Flaps 18 °
S
7 —
Climb, Cruise, Descent Climb, Cruise, Descent
Point 2 Point 2
Flaps 0 ° Flaps 0 ° /
0

Time

Figurel.11 Flap-duty cycleq3]

Maximum loading during takeff and minimum loading during cruise fligtgrin
the flap-duty cycley t. Flapduty g/cley @, which consists dbad during landing and
groundloading conditionis the main flagluty cycle.

There can be seen, that the assumption of unloaded flaps on the groundnand
cruising configuration will give conservative resuttscause the loading range of both
cycles will be higheghan expected in service

1.7.3  Strain gauge survey

The inflight straingauge survey (further #flight measurementjvas performedn
L 410 UVHE2Q primarilyto gain information about maximal forces acting upbrt | LJQ a
control system.Report[11] containsdetailed description ofthe surveyand results
summary.

15



The loading of control rods at the end of the control systemas measured.
Measured areas corresponidl 2 NP R &6 ayicc 7 infigure .& These rods were
equipped with strain gauges, pluggedarull bridge.The notation of the strain gauges
among all other sensors is introducedTiablel.4.

Terminal rod _ : .
(SGnotation) Left side Right side
Inner fla B53400N B536401N

P (334) (356)

i (338) (357)

Tablel.4 ¢ Denotation of grain gauges

Altogether two flightshave beencarried outto obtain desired dataThe entire
records designated as F2202_01 and F2202a@lisplayedin Fgure 1.12 and Figure
1139 EOS LI GKS FflLQa O2ydiNRt F2NOSaz (KS | RR.
of flaps extension, propeller revolutions, IAS, OAT and ALT.

¢KS YIFEAYdzY ¥F2NDSA teinyveredidbtdined dutingeash flighe y i N2 £ &
with flaps extended and IAS near its maximum permissiblae Such loading is not
important from the fatigue point of view, because it is rarely reached during an ordinary
operation. However, apart from these extrencases, the flight recordontains flight
phasesrepeated during any flight. Because the flaps control rods are evidently loaded
predominantly when flaps are extended, the following flight phases were extrdsta
chapterl.7.2:

1 Takeoff

1 Approach

1 Landing

The takeoff flight phase comprises flight segments between points A0 to A2
according tahe typical flight profile Tablel.3) andFigurel.8.

Theapproach corresponds @flight segment, bounded by points BiAd E5. The
landing flight phasés assumed aa flight segmentastingfrom point E5 td~2.It means,
that the extractedsegment for landing does not covitre loadingafter touch down.

The detailed description and graphical interpretation fflight phases extracted
from the flight record arattached in theAppendixA.
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2 F&DTanalysis

To perform F&DT evaluation of any structure, it is necessary to gain appropriate
information about loading of the structure, material properties and some presumptions
aboutthe state of the structure first time it reaches its operational engagemen

The following chapter defines basic terms relatedR&DTanalysis The F&T
approaches corresponding t&&DT evaluation of L 410 Nkave been already
mentionedin chapterl.3.

2.1 Basic terms

2.1.1  Stagesf fatigue life

Fatigue lifeuntil failure of the structuremight be divided in line withj20] into
altogethertwo periods asshown inFigure2.1.

Cyclic Crack Micro crack Macro crack Final
slip nucleation growth growth failure

| Initiation period J==1 Crack growth period |

Figure2.1 ¢ Periods of atigue life

Fatiguecracks are initiated on a microscopic scale in slip bands, usually very early in
the fatigue life.Fatigue is a material surface phenomenon in the crack initiation period.
The initiation of the microcrack is affected by surface conditions, as for example
roughness or surface corrosion. After some microcrack propagation, more regular crack
growth is observeddowever, nicrocrack growth is usually still very slow process due to
micro structure effects, as grain boundaries, etc.

In the case of a laboratory spienen, the remaining fatigue life after cracks become
visible represents usually only a small percentage of the total life. For real structures
however, the latter percentage may be significantly largére direction of macrocracks
propagation is usuallgependent mostly on loading conditions of the structure. Surface
conditions have just a negligible effect on macrocrack growth.

As a consequencéhe fatigue prediction methods are different for the two periods
mentioned inFigure2.1. The stress concentration factor is an important parameter from
the crack initiation point of view. For the crack growth descriptiooncept ofstress
intensity factor has been establisd.

Further information abouparticular stages of fatigue life might be found29].
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2.1.2  Description ofcyclicloading

Cyclicloading is described by a sequence of Iisagsscycles. Each load cycle is
represented by a change of load between points A and B, as showarpmonic loading
in Figure2.2. Roints A and B are stress levels at which tbading direction is reversed
They are saalled reversal pointsApart from reversals, standardl14] further
distinguishes between peaks and valleys.

A

c
OB G,

7
YL Yk

Figure2.2 Harmonic loadingg Description of bad cycle

Each stress cycle can be described by the following parameters:

” Starting stress level
” Target stress level
” dog N Maximumstress(Upper stress level)

” a Qg n Minimum stress(Lower stress level)

" _— — Mean stress

" : : Stress amplitude
Y — Stress ratio
N/ Stress range

Y Cycle period

1 - Cycle frequency

The information about loading of the structure might have a form of load spectra
for fatigue analysis or a form of a loading sequence for DT analysis. Contrary to load
spectra, loadingsequence does not contain only the information about quantity and
type of loading acting upon structure, but containscaln information aboutime
sequence ofoads
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2.1.3  Fatigue properties ofnaterial

The thesis is focused on fatigue analysis using stifessapproach only.
Deermination of fatiguelife using strairdlife approach is usually recommended for low
cycle fatigue. This approach is not applied in the thesis.

According tg20], fatigue properties of my material might be describelly one of
the followingmethods

T SN curve
1 Fatigue limit

1 Fatigue diagram

SN curve

SN curve is a graphical interpretatiof the fatigue durability o§pecimers, loaded
at different stress levelsTo obtain the S curve, the test specimerare usually baded
by a loading with a constant mean stressy a loading with aanstant stress ratio.

In the case othe constant mean stress loading, theNScurve represents a
relationship between stress amplitude and fatiguakirability (number of cycles to
failure), as shown below.

Oa A Low-cycle fatigue
[MPa]

High-cycle fatigue

6, = const.

|
1 [ L !

>
102" 103" 10%" 105" 10%" 107 N [—]
Temporary strength Long-time strength

Figure2.3 SN curve fora constant mean stress loadind.9]

In loglog coordinates, the relationship can be mathematically described by a linear
relation, which is known asBasquin equatiofi20]:

, D 0
Where:
a Slope of an 8l curve
0 Number of cycles to failure
0 Constant of theSN curve
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Fatigue limit

There has been observed a centghreshold of stress amplitudéor which the
fatigue durabilityrapidlyincreases much above the ordermfricycles if the specimen
is loaded by a constant amplitude loadiMyhen the stress amplitude goes down below
this level, it becomes very difficuibr microcracks to grow until failure. Such threshold
is called a fatigue limit.

However, it can be defined for some materials only, typically for stemiother
materials, agluminium alloysit is impractical to establisthe conceptof fatigue limi.
There has notbeen observed any stress lintielow whichthe fatigue durability would
increase such rapidly.

It is necessary to note, that thatigue limit is a term related to loading by a
constant amplitude only. In the case of variable amplitude loading, cycles with
amplitudes below the fatigue limit participate on fatigue process leading to failure. To
account for thedamagingeffect of cycle below the fatigue limit, various methods
SNecurve extrapolation are suggestau[20].

One of the methods presumes, that the Basquin equatsowalid for the stress
amplitudes below the fatigue limit ithe sameform as for the stress amplitudes above
the fatigue limit.

Method suggested by Haibach extrapolates thecaiVe below the fatigue limit
by modifyingthe SNcurve slope from originalalued to valued , which is applied to
amplitudes lying below the fatigue limit:

a e p

Fatique diagrams

SN curve describes fatigue dumidity of the specimenloaded bya variable
amplitude andaconstant mean stress. A higher mean stress will give a lowec8ve.
Principle of fatigue diagram derivation from a series @i 8urves is apparent from
Figure2.4. The lines in datigue diagram (also called Goodman or Haigh diagram)
represent possible combination of mean stress and its amplitude, which will lead to a
given fatigue life. Where possible, the liserresponding tdfatigue limit can also be
determined.

Oa

Om2 Oms3 Oma Rm

Figure2.4 ¢ Fatigue diagram[20]
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Based on experience, Schijj@®] declares, that the effect of stress amplitude on
fatigue is higher thathe effect of mean stress. i§ in line with dact, that fatigue failure
is piimarily a consequence of cyclic loading

Another way, how to represent theffect of mean stress ofatigue life is offered
by a secalled Smith diagramit is derived for one specific fatigue life, very often for a
fatigue limit or for a fatigue life abovp 1tCycles It consists of two linesorresponding

to minimal and maximal stress in a cygle and, . We get the exact combination
of ,, and, by connectinghese two Ines vertically, as showsgure2.5.
(8]

il
M. = const.

er / N, <N,

Figure2.5 ¢ Smithdiagram[20]

2.1.4 Mean stress effects

By comparing two variable loadings with the same amplitude and different mean
stres®es highermaximum stress in a cydkepresenfor a higher mean stress. As a result,
opening of microcracks is more severe for higher maximum stsesgich will cause
shorter fatigue lifeThe mean stress correction of aiNScurve might be performed by
its vertical transformation using one of the following equations:

1 Goodman:

1 Gerber:

1 Soderberg:

23



” p 7 On
1 Oding:
a) , T
” F] CQ’ O” ”
b) ” N a-[ﬁ Ca—’ v Qy o
” FI CQ! On S! s
” ” s-d:b lDl s
C) ” caJ v Q’
” Fl T[
oa I\

Soderberg

Figure2.6 ¢ Mean stress correction

Figure2.6 shows graphical comparison between equations mentioned above for
” 1t All of the relations are often cut above the lipe Y, which is an area,
where macrosopic plastic deformation occsirSuch treatmenbf a fatigue diagranms
shown inFigure2.7.
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Figure2.7 ¢ Additional treatment of the mean stressoerection

However, as stated if20], fatigue is rarely a practical problem for a negative mean
stress, due to crack closing under compressidme negative part of the cycle may be
expected as nolamaging. Reversed loading is significant in view of reversed plasticity
in the area of a crack tip, but crack opening is still necessary for crack extensials@and
for reversed plasticity in the cci tip plastic zone. Amplitude required for a crack
opening is much larger for negative mean stress.

¢CKSNEF2NBE>X (KS hRAy3IQa YS! y tothe bdidg 02 NNB O

form, which does not count cycles with mtas damaging
a) , 11t
A ¢3 2., .
b) . mn, ” Tt
v F , T®Q g
C) . ” T
n h n
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2.2 Cumulative damage hypothesis

To obtain an S curve, &tigue test specimen is loaded by a constant amplitude
loading, as was already described earlier. Contrary to thatservice operatiorof real
structural parts covers variable loading conditiomfie cumulative damage hypothesis
was therefore introducedtb account for the effects of loading variabiliuring variable
loading of the test specimen,aeh loadcycle reduces the fatigueesistanceof the
specimen accordingly its amplitude and mean stress.

The fatigue damag® caused byt cycles of garticular stress levekith constant
. K isdefinedin[20] as follows

0 =
Where:

a p Linear damage accumulation (Palmgidimer Rule)
a p Nonlineardamage accumulation

O 1 Initial stage of specimen loading

O »p Failure of the specimen

0 Number of cycles to failure (Fatiglie= endurance)

The failure caused by a variable loading consistingdifferent load levels occsg
when theaccumulated fatigue damage reaches its limit value:

0O O p

’/ Oa2
| P

|AAAARAARAARARAARAL™
KRR KRR
T

n1 cycles n2 cycles

A
¥

Figure2.8 ¢ Two blocks of constant amplitude loading@O0]
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’
’
P S

; P ™ n/N
0 ok 0 ==
0 n/N 1 0 n/N 1 0 1
- [
n1/N1 n2/N2
n1/N1+ n2/N2<1
a: Linear damage growth b: Non-linear damage growth c: Non-linear damage growth,
(Miner) similar for all stress levels, depending on stress level.
still leading to the Miner rule. Sequence effects occur.

Figure2.9 ¢ Comparison between damage accumulation theor{@€]

According to[20], the basic shortcoming of the Mineule is the fact, that
cumulative fatigue damage is a function of one parameter only, winikggrates from
zero to unity.

The process of the crack growtffatigue damage accumulation§ much more
complicated, tlan predicted by the Minerule and manyother methods It includes
repeated crack tip plasticity, local strain hardening in the ctigckone, residual stresses
around the crack tip, and for notched elements also macro plasticity in the root of the
notch. It implies, that the fatigue damage increment depends on the material fatigue
condition, caused by the previous cycles. These effeetsalled interaction effects.

Another problem related to the use of Mineule is the assumptiorthat SN curve
Ad F OdzNBS 2F | O2yadltyd FradAa3adzS RFEYFIASP ¢ K
because the crack length at failure depends on the makistress, of the last cycle.
This shortcoming of the Mineule may not besoserious, if the fatigue life spent in the
macro-crack growth period was relatively short.

One of the waysthat was suggested to deal with theequenceeffects within
fatigue life prediction modelsyasto definean exponenti in the definition of fatigue
damage as a function of the load level. It was believed, that such description might cover
the sequence effectsorrectly.

The idea is presented in tifeigure2.9. There is displayed, how different damage
accumulation methods deals with a simple VA loading consisting of two blocks of CA
cycles fromFigure2.8. Using nodinear damage accumulation method with variable
exponentd , the damage parameter increases along the upper curvendutie first
block and along the lower curve during the secdsldck of CA cycles. Transition to

another damage curve causes, that the sum of the two contributions is smaller

than 1. At the same time, the reversed order of the two blocks would lead ttine
greater than 1.
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However, according t¢20], models with such a nelinearly increasing single
damage parameter have not led to an improved Mingle giving reliable predictions
with ageneral validityTheproblem isstill the u® of asingle damage parameter, which
is in conflict with theup to date understanding of fatigue damag&herefore, he
shortcomings of the Minerule are not removed by assuming a nlimear damage
function.

Although it is not posbile to describe the fatigugrocessby a single damage
parametercorrectly, due to its simplicitythe Miner-Rule is still the most common way,
how to deal with fatigue analysis of thersctural elementsubjected to a variable
loadingin the sense of determination of its fatigue life

2.3 Crack growth prediction

Fatigue life prediction might beeplaced by a crack growth prediction, if we assume,
that the initial stages of the fatigue life corresponding to initiation of macrocracks, as
defined in chapte.1.1, are negligibleAs an initial flaw is supposed to be a small defect,
typically a surface damage created during a manufacturing proCead growth is then
predicted using methods of linear fractureechants. Methods of linear fracture
mechnicsare already applicable for rather small cracks.

Qrack growth predictions form an essential part of the damage tolerance analysis of
the L410 NG straare. Crack propagation curveglidated by the test eviden@ge used
for planningthe maintenance procedures, especially for determination of the inspection
threshold and the interval between two adjacent inspections.

A flaw of any length is a sourceas$tress concentratiort the crack tip withirthe
structural element of any geometrizach crack might be loaded in thealedopening
modes as shown irFigure2.10. The most important way of loading from the practical
point of view is represented by the tensile opening (Mode I).

Mode | - Tensile opening
Mode Il - In-plane shear

Mode Il - Anti-planeshear

.a b

O

1 I il
Figure2.10¢ Crack opening modei@5]
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According to theoretical predictions, the stress reaches an infinite value in the
vicinity of the crack tip. Therefore, it is impossible to describe the vicinity of the crack
tip by the use of a stress concentration factor, which is usually defined fotch of a
particular shapeloaded by specific condition¥he most widely used instrument for a
description of the stress field at the crack tip area is the stigensity factor 0, which
accounts for type and magnitude of applied load as well as géwrarangement.

The stress intensity factor is usually presented in the following form for Mode I:

O T QA
where:
, hominal stress in the area unaffected by the crack occurrence
® crack length

I shape function

Theshape functiont (also called correction factor or simplyfunction) accounts
for the geometric arrangement, type of loading etc.

Theoretical approach assuming an infinitely high stress magnitude at the crack
tip is not acceptable for a real material. For a real malethe yield strength is exceeded
and a plastic zone afparticular size is createat the crack tip areaThe primary plastic
zone is followed by a reverse (secondary) plastic zone, which occurs as soon as the object
is unloaded again. The reverse piagone is represented by residual compression stress
field at the crack tip, which causeksing of thecrack.

The crack propagation under Gdading might be characterized by- QY0

relation, depicted in theé=igure2.11. The curve represents crack length increment per
cycle as a function of thstress intensity factor rangd), defined by:

Yo 0 0

log da

ot =

R = constant

Extrapolation
AK < AK,,, 7
-

<l | I 11 I1I

v

AK,, AK
Fi i I
gure2.11¢ Typical shape of5 l YE curve[25]
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The typical curve can be divided into three regions:

) The Thresholdegion ¢ might be represented by the threshold vale
valid for a macrecrackonly, which implies, thatmack®@ NI O1 62y Qi 3INR 4
to stress intensity factor lower than the threshold valddowever, such
assumption is valid for a constant amplitudeding only. In the case of
variable amplitude loading, even cycles providing ranges of stress intensity
factor below the threshold value participate on a crack propagation.
Therefore, an extrapolation of the Paris region below the threshold value is
made to account for the damaging effect of cycles with relatively low
amplitudes.

1)) The Paris regiow corresponds to the stable growth of a maerack

[l)  The stable tearing crack growtfithe crack growth rate in this region is high,
its magnitude is approximately of ordprmt & 7w w caacording td25]

Various equations deribing crack growth inregions discussed abovevere
developed They might be fountbr examplein [20] or [25].

Asstated in[25], due to a reverse plastic zone and the corresponding compressive
stress field at the crack tip, the crack closure is induced in the lower part of the load
cycle. As a result, the crack tip is being opened daling a part of the load cyclBased
on this fact, the effectivestress rang®,  and corresponding effective stress intensity
factor rangeY0  were defined:

()

Y0 0 0

The value o0 s usually defined by a semmpirical approach with the use of
the functiony Q'Y :

With the knowledge of the closure effect, the descriptiminthe crack propagation
under @G\ loading becomea little bit complicated, aslescribedabove.

failure
failure
Stress »

Oa1

GaZ 6o

-+ cycles

Pl
cycles n1 n2

Npredicled =n1+n2

Figure2.12 ¢ Nonrinteraction fatigue crack growth in a block VA tes{20]
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The situation is then even magnified for VA loading. Schijve compaf26]ithe
crack propagation without assuming the interaction effects with the test results
obtained on 202413 Alalloy specimens under allock VA loading.

The crack growth prediction based on the presumption, that previous loads do not
affect the crack groth caused by the current cycle, is showrfFigure2.12.

However, the test evidence has shown that the crack growth in the second block is
affected bythe crack growth in the first block. After the reduction of stress amplitude
from 54 MPa to 24 MPa, a crack growth retardation during a crack length increment of
1 to 3 mm occurred. After a retardation period, the crack growth cubassime parallel
to the originalcrack growth curvesgain, obtained without assuming the interaction
effects.The situation is displayed Figure2.13.

40

30

low g,= 24MPa

20
s same low o, (24MPa)

preceded by high o, (54MPa)

sheet specimen

| U N |

60 100 200 cycles (kc) 160 mm

Figure2.13 ¢ Results othe crack growth tests on specimens made of 2023 Al
alloy [20]

As a result, it might benoted, that the load interaction is an important issue
affecting the crack propagation. In the case of structural elements subjected to variable
loading with peaks separated by a relatively moderate loadingsiifficientto include
the interaction effets to the crack growth predictiongithout any doubts On the other
hand, such structural element, as for example pressurized cabin, which is loaded
predominantly by pressurization, will not be strongly affected by the interaction effects.

The crack growt prediction under VA loading comprises several stegsch are
schematically ordered in thEigure2.14:

1 Stress analysis in order to obtahapefunctionf

T Calculation of the stress rande

T Computation of the ®ess intensity factor rangeof its effective valup
Yo Yo

1 Determination of the crack growth increment per applied cyele

{ Adding the increment to the crack growth curiee "Q0U
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The paradox of this approach is the use of material data obtained under CA tests for
prediction of the crack growth propagatiamder VA loading. However, this procedure
is widely accepted in practice.

Stress analysis of a part Loading sequence

Stress intensity factor solution Stress vs. Time plot
function)

T~ b

Stress intensity factor range AK, AK.g

v

Material data - Constant amplitude loading
da/dN vs. AK
da/dN vs. AKeff dal/dN
AK

Crack growth prediction

a + da/dN

+N(=1) |_|__
N

Figure2.14 ¢ Solution of the crack growth under VA loadig5]

2.4 AFGROWobading sequence

AFGROW software is used by Al to analyse fatigue crack growtfraatuke of
metallic structures. AFGROW is a Damage Tolerance Analysis framework, which was
originally developed by The Air Force Research Laboratory and now it is developed and
maintained by LexTech, Inc.

The software contains classic stress intensitydiatbrary providing solutions for
over 30 different crack geometries/loading conditions. It also implements five different
crack growth rate models to determine crack growth per applied load cycle.

The spectrum of loads is loaded into an AFGROW vigpttwetram dialog. The user
issupposed to specify the Stress Multiplication Factor of the loaded spectrurtiraind
stress for Residual Strength calculation, denoted Rssidual Stress Strength
Requirement.

Stress multiplication factor (SMP7]

491 OK YFEAYdzY YR YAYAYdzY @l tdzS Ay GKS
multiplied by SMF. This allows the user to input spectra, which are normalized and
simplyuseonefactdd 02 LINBSRAOG GKS tAFS T2NJ RAFFSNByY
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Residual Stress Strength Requirement (X))

oPxx is simply the value of stress (or load for models usamjihstead of stress
input), which the structure must be able to carry at all crack sizes. This value is not
multiplied by SMFIt is very useful for cases in whittte user does noknow when the
maximum stress (or load) will occur and wasko check fa failure at all times for this
condition. Ifthe userset this value to zero (default), failure will occur based on the
OdzZNNBy G FLILX ASR aGNBaa 02N f2F R0 DE

AFGROW offers an opportunity of defining constant amplitude loading, or creating
a new spectrum fé using the Spectrum wizard, that guides the user throughout the
process of spectrurgeneration

To specify any spectrum for AFGROW, at least two files are required. The first file is
called a Spectrum Information File. Its name is in a form of [filenap®)]. The
subsequent file(s) edain the actual spectrum data. In line wif7], when generating
spectrum via Spectrum wizarthe filename convention is [filenameXX].sub, where XX
is a two digit file number (from 01 to 99When importing an already complete spectrum
file, it is possible to load an unlimited number of ssgectra.

The Spectrum Information ile (ASCII text file) of the form [filename].sp8
constructed as follows:

[title]
[sub-spectrum label] (i.e. Flight, Block, Hour, etc.)
[type of spectrum] (Either ERCKED or CYCLEXCYCLE)

[number of files to follow]

The subsequent files associated with the spectrum contain information about the
actual stress (or loadlf.the spectrum is specified as CYCLExCY CLE¢nemightnot
be specified more than one cycle for any stress (or load) latelspectrum is supposed
to be cyclecounted.

The spectrum data files (ASCIl text files) are named [flename0O1].sub,
OFAESYFYSnuBdadzonr XX SGO0® 9FOK 2F GKSaSs

[Sub-spectrum number] [number of levels]
[max] [min] [cycle]

X X X

X X X

Note that if two files are specified in the [filename].sp3 file, theneist be a
[filename02].sub file. The maximum and minimum values are floating point values and
the cycles are expesed as integer values only.
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3 DATA PROCESSING

The following chapter descrs techniquesvhich will be used for determination of
vibration effects on the fatigue damage of flaps and flaps control system, caused by an
aircraft operdion.

First of all,various types of processes and sampling frequency suitable for their
measurement aredefined Main part of the chapter describespecific techniques of
data processingn detail:

1 The purpose oflata filtration is to get rid of the noise induced by a sensor
and to reduce the volume of dat&hapter3.4describes the basic principles
of an amplitude filtration based on4point algorithm.

1 Loading cycles might be detected and counted by varoyete counting
methods. The methodsed for determination of vibrations effect on fatigue
life of flapsis mentioned in chapteB.5.

1 Loading history of userdefined length is reconsicted, enabing a
normalization of the flight duration.Chapter 3.6 provides detailed
description of the load reconstruction method applied in the proposed
methodology.

1 Rardom processes might be characterizeg a PDF. TheDF of detected
cycles is estimated usiranpe ofnon-parametric estimation methodsThis
method isdescribed in the chaptes.7.

3.1 Classification of variable loading

Variable loadings ageneralprocessmight be dividednto classesccording tq13]
as shown irFigure3.1.

Variable loading]|

Mixed

o Stochastic
Deterministic
(Random)

With
amplex . o ith random

C | With rand
o Ergodic deterministic N
periodic — variability
variability

Harmonic

| —1

Partiall
| Y | Other |
harmonic

Figure3.1 ¢ Classificatiorof variable loading
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3.2 Sampling frequency

It is convenient not to record data contiously in time, but to sample ny
measuremenbf loadtime history with proper sampling frequency. It means, that only
values in specifimoments sepaated by a gap with constant width (sampling period),
will be recorded, as shown Figure3.2.

Y Sampling period

1 — Sampling frequency

~ \wf\w/\\//?‘

Figure3.2 ¢ Data sampling

It is necessary to choose sampling frequency to be greater than a maximum
frequencyof anyprocess , Which is desired to be measurddinimum permissible
Nyquist sampling frequencis equal tQ ¢ . When the characteristics of
local extremes are desirei,is recommended to choose frequency as follpascording
to [13]:

1 p 1D

It is presumed, that vibrations on flaps and flaps control system caused by
propeller slipstream. As stated in chaptk6, each pass of one of the propeller blades
causes an increase of dynamic pressure. Such increase might be presumed as a source
2F FEFLIQa o0dzFFSGAYIAD ¢ KSNB T2 NigyIreqiekcles YA YA Y §
might be derived from maximum propeller revolutions per mingite and number of
bladesa:

€ D ¢ myom

T o = p X ®a
] ¢J 01 Q@q
T p 10 p X 0u
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3.3Random process

It has been already mentioned without further justification, that vibration loading
might be assumed as a random procéHse state of sch proces® | y (détermirgd
in any time. However, its behaviour can teescribedstatistically, as for example byeh
probability density function.

3.3.1  Definition of a random process

1 Random sample time histof{2]:
G! aeaidsSY LINPRdzOSa I OSNII Ay atNBoiithie yaS dzy R
response motiord O is unpredictable, the system is in random vibration, because the

exact value ofd 0 cannot be precisely predicted in advance. It can only be described
LINPOFOAEAAGAOl & ¢

1 Random procesd 2]

Random process is any process comprised of an infinite number of sample time
histories® 6, @ 0, ® 060X X 9 OK GAYS KA A& i;zdpdrateA & NB LINE
experiment.

Figure3.3 shows random process defined by an ensemble of-liraé histories.

" Record X, (t)
* &
&8 Record X3(t)
Q,Q?
P Record X, (t)
&
&
&
Record X, ()
Along the realisation

Figure3.3 ¢ Ensemble ofime histories creating a random proceg43]
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3.3.2  Statistical characteristics ad random process

It is distinguished between haracteristics of the first andhe second order
accordingto [13]. When only one section of a proced&so in a random timeo is
assumedthe following characteristics can be defined:

9 Distributionfunction :

1 Probability density function :

Qauip — LW WO W Qw
Qw
1 Mean value:
) Qo N
1 Variance:
., 0 ® ‘0 I Mo

Characteristics of thesecondorder correspond to two diférent sections of a
process in random times ando :

1 Two-dimensional distribution function:
"0 o o 0806 whdo ®

1 Twodimensional probability density function:
T "Owhw o

Qo ho o ho TR

9 Auto-correlationfunction:

It describes a correlation between two values of a random process in two different
times, which indicates a speed of change of the process.

~

Yoh w 20 JQwhw I XX

Characteristics of the first ansecond order will be uskfor proper definition of the
basic types of random processes discussed irfdhewing chapter.
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3.3.3  Basic types of random process

1 Gaussian procegs?]:

The proessw 0 is called Gaussian if its P0Fo followsa bell-shape distribution
(also called normal distribution), given by the following equation:
” :J/lcu c ”

Where:

mean value of the process 0

” standard deviation of the process 0

1 Gaussian random proceg&2]:

The ensemblef probability densitiesat eachtime instant and at any two time units
mustbe gaussian for a gaussian random process.

7 Stationary random proceg43]:

Characteristics of the first ordare time invarianfor a stationary random process.
It means that the probability distribution for the ensemble remain the same (stationary)
for each timeinstant.

The difference between stationary amén-stationary random processan be seen
by comparindg-igure3.4 and Figure3.5.

Variability of mean value

Mm |
Wy

3

'&| > Time

Variability of variance

Time

Variability of frequency

Time

Figure3.4 ¢ Non-stationary randomproces®&s[13]
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Time sequence of a | Probability density Auto-correlation Power spectral
stationary process function function density function

X(t) K R(x) S(w)

f(xT T

[0}

X(t) x R(z) S(w)
F U t f(x) T
. (0]
X(t} X R(z}) S{m)
— -
t f(x) T
y
[0}

Figure3.5 ¢ Stationary random process|[13]

1 Ergodic procss[12]:

a! adFaGA2y I NBE LINRPOS&a Aa OIFffSR SNH2RAO AT
sample are the same as propertiést { Sy I ONR2&aa (GKS SyaSyof Soa

Therefore, characteristics of an ergodmocess might be replaced by the
characteristics calculated along any of its saraple

ERGODIC NON-ERGODIC

xm? ><(t)Tj S
e M il

t t

Figure3.6 ¢ Difference between an ergodic and a naargodic proces§l3]
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3.4Data filtration

Raw data might contaia noise produced by the sensatich was used for the
measurement. Sometimes, it might be also beneficial to iele cycles with stress
rangeswhich are toosmall toproduce fatigue damage of similar severity fatigue
damage produced by other loading cycles in the sequence.

Therefore, the purpose of the filter is to remove cycles vaidd rangey less than
significant value for fatigu& . Appropriate value©Y  must be established prior
to data filtering.

|_ 0AD A A Limit filtering range

g———— Original data record
o e wp Data after filtration

---------- >
POINT ID

Figure3.7 Rainflow filtering

Figure3.7 displays the raifflow filtering of a sequence of peaks detected in a time
record ofload.

Procedure consists of two stepBeaksare foundand data between peakare
extracted from the sign&in the first step Second step is based on ASTMNot
algorithm, mentioned also ifR1]:

1. For any set of 4 consecutive turning (reversal) poicasnpute the three
corresponding ranges (absolute values)

2. If the middle range is smaller than the checked minimum vafue and both
outer ranges, extract a cycle of that range from the signal.

3. Repeat step B until no cycle can be removed from thignal.

3.5Cycle counting methods

Sandard[14] defines acceptable procedures for cycleunting methods employed
in fatigue analysis. Basic parameterscygtlicloading are displayed iRigure2.2 and
Figure3.8. Detailed description adny term might be found ifiL4].
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Cycle counting methods are used to summarize irregular-tma€e histories by
2 T nitble Ndioky O\ithougiNthe@ &fiditiors Q &

O2dzy Ay 3 ljdzl yviia

of cycle might vary with the cycle counting method, the definition of cycle parameters
defined in the previoushaptersis of general applicability.

Procedures of cycle counting might be divided into -paeameter andtwo-
parameter procedures. Onrparameter methods provide the analyst with one
parametric information about the cycle, for example number of cycles with its peak in

0 e

selected interval or number of cycles with its range of selected magnitude.

Lniad - Peak
| {+) Range
I } Reversal
| (&)
I
AV ERAY
r Vé
I Ref, Load
I il
I )
I i J Valley Reversal

Two-parameter methods register not only range of a cycle, but also its mean value.
The results of such procedures might be presented iform of rangemean matrix,

(=) Range
—

— | —— Time

i
Mean Crossing

Figure3.8 ¢ Basicparameters ofcyclicloading [14]

from-to matrix or other elevant forms.

1 Oneparameter procedures:

0 Levelcrossing counting

0 Peak counting

o Simplerange counting

1 Twoparameter procedures:

o0 Rangepair counting

o Rainflow counting

o Simplified raiAflow counting for repeating histories

Furtherin the textonly two-parameter proceduresvill be describedvith a scope
on the rain-flow counting andthe simplified rainflow counting and the difference

between them.
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Rainflow counting method14]:

Rules for this method are as follows:

& [ & denote range under consideratiotY: previous range adjacent t¥ and S
starting point in the history.

(1) Read next peak or valley. If out of data, go to Step 6.

(2) If there are less tan three points, go to Step 1. Form rangésnd Y using the
three most recent peaks and valleys, that have not been discarded.

(3) Compare the absolute values of rangéandY.
(@ IfX <Ygo to Step 1.
(b) If XY, go to Step 4.

(4)If rangeY contains the starting poin§ go to Step 5; otherwise, count ranyas
one cycle; discard the peak and valleyypand go to Step 2.

(5) Count rangeY as onehalf cycle; discard the first point (peak or valley) in range
Y; move the starting point to theecond point in rang®; and go to Step 2.

(6) Count each range that has not been previously counted asohef ¥ O& Of So¢

+5

Load Units
[ i A e e e e |
]
b o
o=_]
Im‘:>
>-r|
>:|:
n—l'ﬁ.--_|
5
o
T T T T
:b/’;%’b-w
n
—

-5

5
G
=

+5-

N
=
=
>:|:

Load Units

n&&
[k =
— ]
T 1T

(c) (a)
Range ] Cycle —‘
{units} | Counts Events
D D I
+5- H H 0] 0
B i 9, 05 |D-6
£ r - 8, L0 [C-D,GH
g f— (. _7_ U I
E i \( L 6 0.5 [H-I
r C 1 50 0
C 1.5 |BCEF
L - 4 . .
-5 L G L 6 3 0.5 |AB
20 0
1] 0
(e) (M

Figure3.9 ¢ Rainflow counting exampl¢l4]
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Simplified rainflow counting method 4]:

wdzt Sa F2NJ 2001 AyAy3d Oeo0tS O2dzyidsx OlFffSR a2
KAAG2NARSae I NB GKS F2ift26Ay3AY

a [ Bdénote range under consideration; aiYgrevious range adjacent &

(1) Arrange the history to start with either the maximum peak or the minimum
valley.

(2) Read the next peak or valley. If out of data, STOP.

(3) If there are less than three points, go to Step 2. Form raixgasd Y using the
three most recent peaks andleys that have not been discarded.

(4) Compare the absolute values of rangéandY.
(@ IfX <Ygo to Step 2.
(b) IfXxY, go to Step 5.
(5) Count rangeY as one cycle; discard the peak and valleyf  yR 32 G2 { GSLJ

+5

Load Units
T T 11
I 00
>'n
gor t~-]
o=
11
/>
=
>:|:
o]
\

1T T 711

Frr 11
1T
o

Load Units

(© (@
5 D 0 {_:iangte] 'gyclet fvent
+5 _ < | lunits) | Counts | Events
i B \\\\\\\'\ " 10 0
2 [ :§§§ S
: -V e
~sL C 6 3] 1 | AB
2 0
11 0

Figure3.10 ¢ Simplified rainflow counting examplg14]

43



The simplified raifilow counting method was developed specifically for repeating
load histories. By the time when the maximum peak or valley is reached for the first
time, the resulting loding sequence produced by this method is the same as loading
sequence produced by the rafftow counting procedure. Sequence of such a repeating
history does not contain any half cycles, only full cycles

In the case, that the analysed lo&dA a ( 2 NRBLJISA ySRG aNJf £ NR dzy Ré = (K
produced by the methods mentioned above might differ. The significance of the
difference depends on the history length, which is analysed.

3.6 Fatigue loading history reconstruction

Sometimes, it might be beneficial to recdruct a loading history after data
processing using one of the cycle counting procedures mentioned above. Such
reconstruction methods can be found [ib5]. Altogeher three methods based on rain
flow cycle counting matrix are presented in detail. Histories reconstructed by any of this
method produce a ranflow matrix identical to rairflow matrix of the original history.
Therefore, it is expected that a fatigutelsimilar to the original history will be produced,
when using any of the reconstruction meth®dThis expectation was verified by a
limited number of cases, asated in[16] or [17].

All methods which are described inf15] can be ued conveniently for
reconstruction of irregular loading histories in a form of a time sequence.

Rainflow reconstruction method based on a2 matrix will be described in detail.
The use 08-D matrixis not considered due tgreater demands on computational time.

The reconstruction method based on @2matrix requires a ra#low matrix as an
input. The raiAflow matrix can be defined in two forms. In the first folfpngemean
matrix), all values above the matrix diagomaé zero. Such matrix does not account the
direction ofdetectedO& Of Sad 2 KSy AYRA Ol (ifiikeyest,dt¥s O& Of SQ4&
necessary to use a rainflow matrix in a form of fremmatrix. Such matrigistinguishes
between ascending and descendingles, as can be seenkigure3.11.
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Figure3.11¢ Types of raiAflow matrices[15]

When working with rangemean matrix the loading history reconstruction
procedure is as follows according[t®]:

1. The bottom¥most row of a matrix is considered first.

2. The largest cycle in a row, corresponding to the-tefist column is considered
and reconstructed first. Then af the columns corresponding to the same row
are considered in increasirmyder.

3. The procedure continues, until all elements of the matrix are covered.

4. A cycle can be placed within any cycle in the matrix with equal or more extreme
peak and valley, that is, greater or equal row number and less or equal column
number.

5. A random location is chosen among all the possibilities, and then the partially
reconstructed sequence is rearranged accordingly.

It is possible to place cycles with the same peak and valley into a sequence in various
ways. They all mighbe placed in tb same locationwhich gives the simplest
reconstructed history. However, if more diverse loading history is desired, it is necessary
to place the cycles with the same peak and valley to different locations. They might be
placed oneby-one, or by groups ceded by¢ cycles. Diversity of the reconstructed
history increases with decreasing numlgeof cycles in each group.
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Ly F2 NI dzy | G St @ sufficletiagicurddd. It s Yeaningfl @iidecrease
number¢& of cycles in each group to a specific goBefore beginning to place cycles
GAGK LI NOGAOdzE I NJ LISF]T FYyR @FffSes (GKS ydzyo SNJI
number of possible locations for placing these cycles. Otherwise, the diversity of the
reconstructed sequence stays the same and tbemputational time increases
redundantly. In addition, when assuming the direction of cycles, it might happen that
the direction of particular group will be changed unwillingly.

The procedure for loading history reconstruction from-8 2Znatrix with valuesn
both sides of the diagonal is as follows:

¢tKS StSYSyia 6AGKAY (GKS YFGNRE I NB O
2NRSNY ¢KS GeLAOIf 2NRSNI 2F Oeé Of S @igureO2
3.12.

There are altogether four rules for inserting a cycle into a partially reconstructed
history according t¢15]:

GLT GKS OeodofsS GKFG Aa o0SAy3a AyaSNISR oAyas
that is, if it is ordered peakalley, then it can be placed within any cycle (receiving cycle),
provided:

2
a

>r QX
py R
C{))<

K
y

1. If the receiving cycle is ordered valpgak, that s, if it has a row less than the
column, then the receiving row must be less than or equal to the inserting
column, and the receiving column must be greater than or equal to the inserting
row. Figure3.13 illustrates this case.

2. If the receiving cycle is ordered pesadlley, that is, if it has a row greater than
column, then the receiving row must be greater than or equal to the inserting
row, and the réving column must be less than or equal to the inserting column.
Figure3.14illustrates this case.

On the other hand, if' the inserting cycle hasdumngreaterthan arow, that is, if
it is ordered valleypeak, then it can be placed within any cycle, provided:

1. If the receiving cycle is ordered peadilley, that is, if it has a row greater than
the column, then the receiving row must be greater tloarequal to the inserting
column, and the receiving column must be less than or equal to the inserting
row. Figure3.15illustrates this case.

2. If the receiving cycle is ordered valpgak, that is, if it has a row less than
column, then the receiving row must be less than or equal to the inserting row,
and the receiving column must be greater than or equal to the inserting column.
Figure3.16illustrates this case.

In addition, the reconstruction must alternate between peaks and valleys. This
results in the insertion being made in the risiomgnch of the receiving cycle for cases 1.
and 2., and in the falling branch for 3. and 4. Also, ¢ngelopecycle could be
considered to be either a pealalley or avalleyJS | { O& Of Sd¢
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Figure3.16 ¢ Insertion of cycle into a loading historycase 415]
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The reconstructed loading history neverthe same as the original loading history,
as might be expected. The reason is very simple. There is usually more than one
possibility of placing aninserting cycle. However, the fatigue damage of the
reconstructed history will be the same as the fatigue damage calculated from the
original history, because the raftow matrices of the original history and the
reconstructed history are identical.

Whendefining the rainflow matrix in a different way (not directly by raffow cycle
counting of the original history), as will be described further in the text, it is vitally
important to remember, that theenvelopecycle must bernicluded in the rairflow
matrix which sequence is desired to be reconstructed.

Theenvelopecycle is any cyclehich has more extreme or equal peak and valley as
the rest of the cycles in the matrix. If such cydl@es notexist, it is impossible to
reconstruct the loading historyyithe procedure described above.

3.7 PDF estimation usingdcnel density
estimator

Anoutput from any ofthe cycle counting methodsientioned inchapter3.5would
be a sufficient input for furthefatigue and DT analysisly ifthe analysed structurevas
not loaded by any cyclesther than thosedetectedby a measurement.

Itis hard to neet sudh astrict requirementon real measurementesults Thetypical
process meeting this requirementas ergodic proces®r whichthe characteristics of
the whole process might be replaced by the characteristics calculated along any of its
sample, as stated befordo work withergodic processesnly, it would be necessary to
divide the whole measurement record into sectionsyhere eachof them might be
assumed as representatives of an ergodic process. Such sections could be analysed
separately and compiled together after the analysis to follow the sawder as
observed during measuremesnt

Ly 3ISYSNIfs (KS f 2iturRis gederaRdby Vvayiodis sbuicdOMNI T (1 Q&
our casejt canbe distinguisied betweenthree basicsources of loading

1 ManoeuvergTake off, Approach, Landing, Cruise flight)
1 Gusts
1 Vibrations

Although a certain simplificationis often madeby consideringmanoeuversas
deterministic processeshe fact is, that it is nopossible to perform specific manoeuver
exactly in the same way two times in a row. Theref@k of the three loading types
mentioned above might be considered as more or less stochastideina result, the
recorded data obtainedby anin-flight measuremenvaryfrom one to each otherDue
to stochastic nature of manoeuvres and gust loads inpossible to separat& single
sectionfollowing conditions of an ergodprocess.
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Therefore,data extrapolation is an essential procedure for determination of fong
term load spectrum from a shoterm one.

One possiblavay, how toextrapolate detectedoadingcycles is to describe the
process by its probability density function (PDF). B&fthenbe used for predicting a
cycle occurrencén any time interval. An extrapolation of measured dataractically
madeby generating random evenia a form ofloading cyclesf desired quantity in line
with the PDFof the process.

Kernel density estintar is one of the norparametric method usedfor PDF
estimation. Contrary to parametric methods of PDF estimation, ‘pamametric
methods are abléo predict PDF o generakhae.

3.7.1 Kernel method for univariate data

In this chapter, a PDF estimatiofeof a sample® 8 & of ¢ independent,
identically distributed observationrom a continuous univariate distribution with
probability density functiorusing a krnel method according tf22] will be described.

The probability density function can be defined accordinfP®] as a probabity of
observatio @curencein an incremental intervalo "  "Q:

06 408 Ll e Qe o 0
¢Q

Forany givelQ0 @ Q & & 'Q can be estimated by the proportion of the
sample falling in the intervako "o "Q. Therefore, the natural estimatd€ls given
by choosing a relatively smakhndwidth™Qand setting:

p
¢ OO
The naive estimator might be also expressed as follows:

"Qw E & OB O QO MEQH Uy Q

npoe P P, @ ®

Qw é:) ,,Qil) o
Where0 0 is a weight function, defined by:
0o - ifos p

(V) T otherwise

The lernel estimator is made by replacing the weight functiond by a lernel
function0 . Kernel functiond) o, used for PDF estimatiois, usuallyany symmetric
function, satisfying the following conditions:

D wXNw p
0 ® N T
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w0 M

Thekernel estimatorwith constant bandwidth(also called smoothing parameter)
can bethen defined

T OIS
© o Y T
ThelENY St SaGAYIFI2NI Aad y20KAYy3 Y2NB GKFEYy | &

each observation. Kernélinction 0 @ determines a shape of the bump, while the
bandwidth"Qaffectsits width. Some krnel functiondor univariate data can be found
[23]:

1 Gaussiandrnel:

1 EpanechnikoyParabolickernel:
+0 -0p 0O ifo p

Vo) T otherwise

1 Biweight lernel
Vo) —Jp O iféo p

Vo) ] otherwise

1 Triangular krnel
+ 0 p DS ifo p
06 Tt otherwise

The influence of bandwidth selecticand lernel functionon the PDF estimation
might be found in[22]. Because it turned out to be inconvenient to use constant
bandwidth for the PDF estimation in some specific situations, especiallylémgaail
probability distribution, various methodsnabling to use alternating bandwidth were
developed.
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Nearest neighbour method

The amount of smoothing is controlled by an inte§@which enables to adapt the
degree of smoothing to the local density of data.

Distance between two points on a lin@ w can be defined agv @S The
distances between particular pointand the points of the sample, are arranged in the
ascending order:

N w Qo E Qo

The'Qth nearest neighbour density estimate is then defined by:

P 0w

“Q‘ Y o~~~ 5 S
@ sCDooO v Q w

Contraryto the kernel estimator with constant bandwidth, which is based on the
number of observations falling in a box of fixed width centered at the point of interest,
the bandwidth of the nearest neighbour estimate is proportional to the size of the box
needed to contai a given number of observations. As a consequence, the nearest
neighbour estimate is not itself a probability density, siit@oes not integrate to unity.
Another drawback of this method are heavy tails at betius of the estimate.

Variable krnel mehod

As well asthe Neaest neighbour method, variableeknel method adapts the
amount of smoothing to the local density of data. The estimateanstructed similarly
to the kernel estimate, but the scale parameter of the bandwidth is allowed to vary from
one data point to another.

The distanc&  is defined as a distance betweé&h observation® to the
"Gth nearest point in the set consisting ®f p data points. Then the variablesknel
estimate with bandwidtiQs defined by:

e Po P . ®© ®
w T ” —U 3 T
€ (0.0 97NN (007NN

It is apparent from the definition aboyéhat the window width of the &rnel placed
above the observatioy is proportional to the distanc®y . It is ensured, that in
regions with data points close &ach other is used proportionally narrow window width
and viceversa.

For any fixedQ the overall degree of smoothing depends on the bandwitfhe
choice ofQinfluences he sensitivity of the variablecknel estimator to the local details.
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Contraryto the nearest neighbar method, the variable érnel method produces a
PDF itselfAt the same time, the method does not suffer from heavy t&itamparing to
kernel method with constant bandwidth, it might be used to eliminate the noise in the
tails for along-tailed distributions, when using appropriate parameters.

Adaptive lernel estimator

The natural way, how to deal with lofigiled densities is to use a broader kernel
in regions of low densityThe basic idea of an adaptiverkel estimator is to castruct
an estimator consisting of krnels placedabove the observations and to allow the
window widthto vary from one point to another. One of the practical problems related
to the method is deciding whether or nah observatioriesin a region of lowdensity.
The adaptivekernel approach according {@2] copes with this problem by the use of a
two-stage procedure:

1) Find a pilot estimatéQ , that satisfiesSQw  Ttfor all observationgd

2) Define local bandwidth factors by:

and| is the sensitivity parameter, a number satisfyingripO

3) Define the adaptive kernel estimat@w by:

The sensitivity of the method to variations in the pilot density increases with higher
values of sensitivity parametér. The value 1t transforms the method into the
kernel method with constant bandwidth independerftom the pilot estimate.
According to[22], there are good reasons for setting tiv. Literature [22] also
suggests to construct the pilot estimate to be sensitive to local variability of the density
on the same sort of scale as the final estimdtémpliesto generate the got estimate
by means ot fixed kernel estimatorof bandwidth™Q the sameas forthe final estimate
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3.7.2  Measures of discrepancy

To evaluate the discrepandyetween an estimatorQand the original unknown
function"Qin single pointsthe mean square errdiMSE) might be used. MSE is defined

by:
0DYOQ OQw "Qw

Using standard elementary properties of mean and variance, the MSE might be
expressed as a sum of the squared bias and the varianae at

0YO'Q OQ® "Qw % Qo 0"Q®
0 "YOQ 6 QOO0 0 OIQ®

As mentioned i22], there is a tradeoff between the bias and the variance terms,
which means that the bias can be reduced at the expense of inagete variance and
vice versay adjusting the amount of snoohing.

The most widely used way, how to measure global accuracy of the density estimate
"(s the mean integrated square error (MISE):

DOY® ©O NQw Qw Qw

In the case of nomegative integrandthe order of integration and expectation
might be reversed to give a different form of MISE:

0 OYM O0"Qw "Mw Qw
0 OY® 0 YO QQw
0 OYM 6 QWRORAL Q® L WRW QW
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3.7.3  Choice of the smoothing parameter

Choice of the smoothing parametstronglyaffect the result obtained by the PDF
estimatr. Its choice is therefore crucially important.

As stated in[22]Y 4G ¢ KS FLIINPLINAREFGS OK2AO0S 2F avyzz2i
AYyFtdzSYOSR o6& GKS LJzN1I2&aS FT2N gKAOK GKS RSy3
detected load cycles extrapolation, it would be definitely appropriate to choose such a
value of the smoothing parametawhich will give conservative results in a fowh
fatigue damage, or arack growth rateToo low bandwidth causes undemoothing of
data and therefore does not ebée their extrapolation at all. On the other hand, too
high value of bandwidth might oveasmooth the measured data and cause a loss sfda
patterns detected by the measurement.

Various methods for choosing optimal bandwidith PDF estimatioare suggested
in [22]:

a) Subjective choice

b) Reference ta standard distribution
c) Leastsquare cross validation

d) Likelihood cross validation

Subjective choice is made by comparsayeralcurvesproduced by the estimator

using various smoothing parameters. However, the choice is fully subjective, because it

NEFfSOGa 2ySQa LINA2NJ ARSIA |o2dzi GKS RSyaAde
The use of a standard distribution requires to predishape of the distribution in

advancewhich might be inconvenient when predictifigr example &2DF of a complex

process comprising several sptocesses, although each of them might follow a normal

distribution. It would be necessary to extract spibcesses from the record before

estimatingtheir PDF.

Methods providing fully automatic choice independent from any standard
distribution or a subjective idea about the density being estimated are the cross
validation methods mentioned abov&hese methods will be described in more detail.

Leastsquare cross validation

The method was suggested [B4] and is based on a simple idea. For a given
estimation"Qw of the PDFQw , the integrated square errazan be written as:

Qw Qw Qw Qw Qw ¢0 "Qw JQwQw Qw Qw
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The last term in the equation does not depend on the estimaf{@t . Therefore
the ideal choicef a window width in the sense of minimizing integrated square error
corresponds to minimizing the quantity "Q, defined by:

Y Q Qw Qw ¢0 "Qw JQwQw

An estimate of the quantityy "Q is computed directly from the data themselves
within leastsquare cross validation method. "Q is then minimized ovetXo obtain an
optimal value of bandwidth. The whole process step by step is as follows:

a) Term, "Qw Q ds calculated directly from the estimai®w for a giverniQ

b) Density estimate constructe from all the data points except thé&lh
observation® is computed for'Q pltt8 re. For a krnel estimator with
constant bandwidth:

Theidea ofthe least square cross validation is to minimize the score function over
"QLiterature[22] provides alerivation of equality between minimizinge' Q0 "Q and
minimizingO Y'Q.

Likelihood cross validation

The method is based oan idea to use likelihood to judge, how the statistical
modelmatchesmeasured data. It is of general applicability, not just ingegmation of
aPDFE

It is supposed, that there is an additional independent observatioio the
original data setd ity 8 i from the samePDFQa available. Then the likelihood of
"Qw as a density underlying the observatiGrwould bel @%b . Assuming, thalQwm
is actually a parametric family of densities depending on the bandwi@tthe log
likelihoodi T"@X is also a function 6f2
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Since an independent observatiow is not available, one of the original
observations® from the sample might be omittedThis would give log likelihood
I T°@ & , where™Q @ is the same as defined above. @ischarge a necessity to
choosewhich observation from the original data set to leave, the log likelihood is
averaged over each possible choicéwbmitted, to give the score function defined by:

6 O go RRORN

The optimal bandwidth in the sense of likelihood cross valhais such a value
of bandwidthwhich maximizes the score functionwQ for the given data set.

3.7.4 Kernel method formultivariate data

The definition of the &rnel estimator with constant bandwidth mentioned earlier
might be easily generalized to the multivariate dataeb: /8 R, :

o =+ i

" p .
Q =
° EQO V]

where bold face is used for definition of points ‘iddimensional spacelhe same
generalization can be made for other methods, which have been already defined for
univariate data.

The lernel function in the case d2dimensional variable satisfies the following
conditions:

Ve e p
o) e X TI

e 0) e X 1T

The lernel function is usually a radially symmetric unimodal probability density
function. Two differentkernel functions used for multivariate data according[22],
which arefrequently usedare:

1 Standardmultivariate normal density function:

o1 3

06 c£ RAob
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1 Multivariate Epanechnikokernel function
+6 —00Q ¢Op 01D ifol 3 p

06 ] otherwise

where® is the volume of the uni€-dimensional sphere, which gise

~
“

® ¢ “,0 —,etc.

When using just a single smoothing parameé€eaccording to equation abovéhe
kernel function is scaled equally in ditections. In certain circumstances, typically in
the case where the data are spread greater in one direction than the others, it may be
beneficial to use a vector of smoothing parameters or even a matrix of scaling
coefficients.

According tg22], it is possible to prscale the data to avoid extreme differences
of spread in the various coordinate directions. If this is done, then there is no weed t
consider more complicated forms of the kernel density estimate than the form involving
a single smoothing parameter.
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4 PROPOSED METHODOLOGY

As might be derived fronthe straingauge surveysee chapterl.7.3, flaps are
loaded predominantly by the flaguty cycles. Apart from the flaguty cycles, variable
loading of low¥ NBIj dzZSy 08 YA IK{G 200dzNJ RdzS he@d-ondl NA I 6 Af
gusts etc. Higlirequency loading is supposed to be caused by the effects of propeller
slipstream described in chaptér6.

As alreadymentioned, it is nopossible to perform takeff or landingin the same
way two times in a row. Apart from that, loading by gusts, as well as loading by
vibrations, are stochastic processes from nature. Therefore, it is reasonable to presume,
that any two data records from ang row of inrflight measurements would not be the
same. They might vary from the load levels as well as from the time duration point of
view.

These facts make the determination of vibratsoeffecton fatigue life of flaps and
FElFLIQa O2y (i N&proklema 6 SY | 02 YLK

An alternative approach, especially suitaliter a quick and easy estimation of
vibrations effect, might be inspired bj26]. The report contains a sumary of methods
describingthe effect of vibrationson fatigue life and crack propagation in aluminium
alloys and partially in steel.

The vibration cyclesnight be supposedo be cycles with high frequency. The
vibration cyclesre superposed onto basic ¢gs of low frequency. The vibration cycles,
as well as basic cycles arepumed to be harmonic loadingshérefore, the resultng
loading has a biharmonic character with the following parameters:

” Amplitude of vibration cycles
” Amplitudeof basic cycles
” Mean value of basic cycles

” . ” Amplitude of the biharmonic loading

Timet —™

Figure4.1 ¢ Superposition of basic and vibration cyclg5]
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The effect of biharmonic loading on the reduction of fatigue life can be expressed
by a ratio between fatigue durability under biharmonic loagliand fatigue durability
under monoharmonic loading in a form of a basic cycle

The validity of the following equationsuggestedin [26] was demonstrated on
specimens made of aluminium alloy D16The equationdescribes the effect of
biharmonic loading as a relative reduction of fatigue durability under monoharmonic
loading with frequency and loading amplitude :

The equation works with grameters of the basic cyclejibration cycle and
corresponding fatigue durability:

0 Fatigue life due to monoharmonic loading with frequencyand
loading amplitude,

Fatigue life dued biharmonic loading

1 Frequency of vibration cycles
1 Frequency of basic cycles
a SNcurve exponent

Analysis of fatigue durability of specimens made of aluminium alloys might be
carried out using this equation, if the parameters of basic cyslevell as parameters of
vibration loading are determined.

In practical applications, necessitychooserepresentativeparameters okibration
cycles and parameters of basic cycles arises. In the casénafppropriate choicesuch
approacles might become unconservative, or far conservative, leading to under or
overestimating the effect of vibrations in a form afratio between fatigue damage
caused by the biharmonic loading afadigue damage due tbast cycle

Therefore, he aim of the prposed methodology is to perform complex analysis of
the in-flight measurement to reach as much information about the loading as possible.
To accomplish this task, an algorithm consisting of several scripts was developed.

To determine the effect of vibratits, each flighisdivided into three flight phases,
which are analysed sepately. For further detail@bout separated flight phasesee
chapterl.7.3and AppendixA.

PDF of loading cycles is determined for each flight phase. The seqoklergyth
corresponding to time duratiorof the typical flight profile is reconstructednd the
entire flight is formedThe methodology provides a loading sequence for crack growth
calculations using AFGROW and ratio between fatigue damage due to vibrations and
fatigue damage due to flap duty cycles.
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4.1 Description of the algorithm

Thealgorithm leading to determinationf vibration effecs comprisesaltogether six
steps,that are displayed in a form of a flowchart on tfigure below.

Data loading

v

Cycle counting

Bandwidth
selection

PDF
estimation

v

Load history
reconstruction

1 /

AFGROW sequence Fatigue damage
generation calculation

Figure4.2 ¢ Basic flowchart

The data processigismade with the useof Matlab or Octave depending on the
choice of the user. An excel file AIVIB.xIsx contains all important paresméieeh have
an influence on the fial result. The excel file acdfso as amterface providingall major
subresults andinks on files created duringata processingp the user

The AIVIB.xId¥e is composed of the following sheets:

INPUT_DATA
PARAM
TAKO

APP

LNG
OUTPUT

= =4 4 -4 A -2
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INPUTDATA

It is a spreadsheet containing all necessary information for data loatliveguser is
requested to input directory of input fileas well as an output directory.

PARAM

It is an excel sheet containing all paraerswhich are requeted during the data
processing.

TAKQ; APPC LNG

Thesesheets contairsub-results obtained by the algorithrtinks on the otput files
in the output directory, as well as some additional parameters related to the
corresponding flight phase onlyhe user has to definespecially thdoandwidth for the
final PDF estimation and boundaries of the area, where the PDF will be established.

OouTPUT

The final results of the algorithm are stated in thigeadsheet. The resuithave
two forms. First of them is represented by a vibration factor describing the effect of
vibrations on the fatigue durability. The second one is a loading sequence for further
crack growth analysis using AFGROWe sheet containalink on the loadingequence
files .sp3 and .sufsee chapteR.4for more detai).

4.2 Data loading

To load desired data, it is necessary to fill the follovangiesinto the spreadheet
INPUT_DATA of AIVIB.xIsxdihel call the script DLOAD.m

1 Output files notation (OFN)¢ Forms a core of the output filename. The output
filenameis formed from the input OFMt the first place, followed by other
relevant chars.

Output directory¢ Name of a directry containing all output files.

1 Number of input files¢ Number of fileswhich are desired to be loadedf the
entered value is lower than number of entered filenames, the filenames with IDs
higher than desired numberfo A y LJdzi FAf S& 62y Qi 06S 21 RSH
is higher than number of entered filenames, an error message will occur.

1 Slot no.¢ Measurement unit usually receives signatsnfi several sensors. The
a f 2indicafes the sensawhich signal will berzalysed.
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1 Directory of measured dat& Directory containing all input files.

1 FElight phaseg Indicateswhich flight phase is represented by the corresponding

input file. Altogether three possibilities arccepted
0 TAKQ; Takeoff (Flapsdeflected
0 APP¢ Approach(Flapsdeflected
0 LNG¢ Landing(Flapsdeflected

1 Input filename ¢ Name of file containing the data of the-flight measurement,
including suffix. Be aware, that only input filesloé sameformat as specifieth

AppendixB might be loaded.

pPYJ
pYJ

T ¢Q)J

Apart from the INPUT_DATA sheet, the user is requested to specify the stress
multiplication factor (SMF) and desired data unit in gteeet called PARAM, prior to

data loading:

1 SMFE¢ Stress multiplication factor has the same meaning as defined in the case
of AFGROW sequencésee chapter2.4). Each value obtained by the

measurement is multiplied by the usdefined SMFESMFenables to convert the

data from original units to usedefined units.

The functionality of the algorithrwill be demonstrated using the results of the in

flight measurement on L410 UVFE20 aircraft (see chaptdr7.3. Data froma f 2 U

ycoon

(seeTablel.4) will be used for the analysidt will be assumed, that it is necessary to

analyse a strctural detail loaded in tensiorfor which the relationship between
measired loadingO 0 and the normal stress

following value of SMF:

“Y I3} no ”‘_
V"'~

T8t v

0 0 ®might be described by the

Table4.1 and Table4.2 summarizeall necessary parameters to be filled in the

INPUT_DATA aRARAM spreadshesprior to calling the script DLOAD.m.

Stress multiplication factor

Data unit after multiplying by SMF

\ 4 \ 4

SMF

[

-0.05

Table4.1¢ Necessary parameters for the initial loading of datBPARAM spreadsheet
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INPUT/OUTPUT FILES
SLOT_NO_334
C:\VIBRATION_ANALYSIS\OQUTPUT
MEASURED DATA

MNumber of input files -] 6
Slot no. [-] 334
C:\VIBRATION_ANALYSIS\AIVIB\DATA

—
|

Qutput files notation

—
|

Qutput directory

—

Directory of measured datd[-

—

1D FLIGHT PHASE [ INPUT FILENAME
1 TAKO F220201 TAKO.xlsx
2 APP F220201 APP.xlsx
3 LNG F220201 LNG.xlsx
4 TAKO F220202 TAKO.xlsx
5 APP F220202 APP.xlsx
6 LNG F220202 LNG.xlsx

Table4.2 ¢ Necessary parameter®r the initial loading of datag INPUT_DATA
spreadsheet

After filling all entries mentioned above, the script DLOAD.m shall be called. The
script opens all input files and finds the datresponding to desired slot number

Raw dita are sorted oubasal onthe flight phasewhich they refer to. All data
referring to the same flight phase are merged togethed multiplied by SMMDuring
their merging, the last point of one record is replaced by the first point of the following
record. The resulting recdrhas thereforee  number of data pointsSuch merging

Jdzk NI yiSSazx GKFG GKSNB g2y Qi :0S lye GAYS
€ € € p
where:
€ number of data files corresponding to the same flight phase
€ number ofdata points in particular filef indexQ

The time duration of merged data is therefore equal to a sum of time durations
of the data before mergin@ :

Excel spreadshedfTAKO, APP, LNG) contains the summary of data loaasng,
shown inTable4.4 to Table4.6. The resultant records are shown kigure4.3 to Figure
4.5 for each flight phase
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Number of data points after merging

INPUT DATA

Flight duration in time units refered below

L A

N mrg [-]

Minimal value of loaded data

v

FLT DRTN

Maximal value of loaded data

v

MIN

Mean value of loaded data

v

MAX

Variance of loaded data

v

MEAN

Time unit

L A

VAR

Data unit after multiplying by SMF

v

T_UNIT

Name of the file containing merged data

v

D_UNIT

v

IN_DAT FN

Table4.3 ¢ Dataloading output summaryg description

INPUT DATA
N mrgD[-] 140002
FLT DRTN 140
MIN -2.98
MAX 55.12
MEAN 27.03
VAR 320.85
T_UNIT [s]
D_UNIT [MPa]
IN_DAT FN INPUT DATA\SLOT NO 334 INPUT DATA TAKO.txt

Table4.4 ¢ Data loading output summary; TAKO

INPUT DATA

N mrgDI[-] 64002

FLT DRTN 64

MIN 25.17

MAX 47.92

MEAN 35.71

VAR 22.98

T_UNIT [s]

D_UNIT [MPa]

IN_DAT FN INPUT DATA\SLOT NO_334 INPUT DATA_APP.txt

Table4.5¢ Data loading output summay ¢ APP

INPUT DATA
N mrgD[-] 220002
FLT DRTN 220
MIN 59.11
MAX 109.24
MEAN 82.80
VAR 47.35
T_UNIT [s]
D_UNIT [MPa]
IN_DAT FN INPUT_DATA\SLOT_NO_334_INPUT_DATA_LNG.txt

Table4.6 ¢ Data loading output summary, LNG
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INPUT DATA [MPa]

INPUT DATA [MPa]

INPUT DATA [MPa]

INPUT DATA - FLIGHT PHASE TAKO

50 —

a0

30—

20—

10—

TIME [s]

Figure4.3 ¢ Merged datag TAKO

INPUT DATA - FLIGHT PHASE AFPP

W oW W B
2 & & o

30

TIME [s]

Figure4.4 ¢ Merged datag¢ APP

INPUT DATA - FLIGHT PHASE LNG

0 20 40 60 80 100 120 140 160 180 200 220
TIME [s]

Figure4.5 ¢ Merged datag LNG
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4.3 Cycle counting

The proposed methodology continuesth separating peaks in the merged loading
history of particular flight phady calling the script CC.mfter the peaks are separated,
the simplified rainflow counting method for repeating histories is applied as described
in chapter3.5. Detected cycles are registeredtimo vectors representing the starting
and target level of each cycle.

To provide an instrument for a quick and easy check ofp#méormed cycle count
by the user, the scatter plot of detded cycles is created’he scatter plat of cycles
derivedfrom the inflight measurementan be seein Figure4.6 to Figure4.8.

It is evident, that most cycles lie nearby the diagonal. Such cyales
characterized by a low amplitude, which is defined as an absolute valhe dfference
between target and starting load level.

After the cycls arecounted, corresponding fatigue damage is calculatedthe
linear damage accumulation hypothesis (see chaft@y and the usetspecifiedmean
stress correctiormethod (in line with chapter2.1.4. The fatigue damage related to
the userdefinedduration of flight phase in PARAM spreadsheet. It is recommended to
specify the flight duration idine with the typical flight profile and definition of the
analysed flight phases, as defined in chapteisland1.7.3

All necessary parameters to be specified in the PARAM sgineatl prior to calling
the script CC.m are summarized in thable4.7.

FLIGHT PROFILE
Time duration of take-off » T_TAKO [min] |0.7
Time duration of approach » T_APP [min] [2.3
Time duration of landing »T_LNG [min] [0.3
MEAN STRESS CORRECTION
Mean stress correction method |—> Method | [-] |ODING
SN CURVE
Rerefence number of cycles #|N_ref [-] 1.00E+05
Reference stress value »|s_ref [N] 120
SN-curve slope prior to curve break P ml [-] 4
SN-curve constant prior to curve break » ALl [-] 2.07E+13
Number of cycles at the curve break » N_break [-] 1.00E+06
Stress at the curve break #|s_break [N] 67.48096
SN-curve slope after curve break »m2 [-] 6
SN-curve constant after curve break » A2 [-] 9.44E+16

Table4.7 ¢ Parametersfor the fatigue damage determination
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TARGET LEVEL [MPa]

TARGET LEVEL [MPa]

TARGET LEVEL [MPa]

SCATTER PLOT OF DETECTED CYCLES - FLIGHT PHASE TAKO

STARTING LEVEL [MPa]
Figure4.6 ¢ Scatter plot d detected cycleg TAKO

SCATTER PLOT OF DETECTED CYCLES - FLIGHT PHASE APP
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STARTING LEVEL [MPa]
Figure4.7 ¢ Scatter plot of detected cyclesAPP

SCATTER PLOT OF DETECTED CYCLES - FLIGHT PHASE LNG
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STARTING LEVEL [MPa]

Figure4.8 ¢ Scatter plot of detected cyclesLNG
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Altogether four inputs areccepted to define the mean stress correction method
for the computation of an egualent load/stress

1 ODING for modified Oding

1 GERBR for Gerber

1 GODMN for Goodman

1 SDRBG for Soderberg

The SNcurve is generally assumed as ancsiNve withkneeat userdefinedknee
point 0 g . To construct such Sdurve, it is necessary to define the
following:

0 reference number of cycles to failure

, reference stress value

a SNecurve slope at the reference poind b,
0 Number of cycles specifygrposition of the SMurve knee
a SNecurve slope after the Shklurve break

The rest of parameterare calculated accordingly:
o 2

The absolute frequencies otcurrence of the detected cycles are normalized to fit
the userdefined flight phase duration:

. 0
€ -—
0
where:
€ absolute frequency of occurrence of each detected cycle relateth¢o
userdefinedflight phaseduration

0 userdefinedtime duration of theflight phase
0 time duration ofthe flight phase derived frorthe inflight measurement

Together with fatigue damage, the cumulative frequency of occurrence of an
equivalentload/stress is determinedContrary to the fatigue damagehé frequency is
relatedto the duration of the iAflight measurement . It means, that each detected
cycle is presenbnce per measuremenfThe cumulative frequency derived from the
input datamentionedabovewith the use of modified Oding methad shown irFigure
4.9to0 Figure4.11.
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CUMULATIVE FREQUENCY [MEASUREMENT-1] CUMULATIVE FREQUENCY [MEASUREMENT-1]

CUMULATIVE FREQUENCY [MEASUREMENT-1]

X 104 ORIGINAL EQUIVALENT LCADING - FLIGHT PHASE TAKO
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Figure4.9 ¢ Cumulativefrequency of equivalent stressTAKO
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Figure4.10 ¢ Cumulative frequency of equivalent stregAPP
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Figure4.11 ¢ Cumulative frequency of equivalent stregd. NG
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Table4.9 to Table4.11 show an output summargfter calling the script CC.m for
each flight phase separately.

CYCLE COUNTING
Name of file containing extracted peaks »EP FN
Number of data points after peaks extraction »N EP [-]
Name of file containing counted cycles # CCFN
Number of detected cycles # N CC[-]
Name of file containg cumulative frequencies #|CF_ORG FN
Name of file containing equivalent loads » EL FN
Fatigue damage of the original history # FD_ORG [FL-1]

Table4.8 ¢ Cycle counting output summarny description

CYCLE COUNTING

EP FN TAKO\SLOT_NO_334_SEPARATED PEAKS_TAKO.txt
N EP [-] 52170
CCFN TAKO\SLOT_NO_334_DETECTED_CYCLES_TAKO.txt
N CC [] 26084

CF_ORG FN TAKO\SLOT_NO_334_CUM_FREQ_ORG_TAKO txt

EL FN TAKO\SLOT_NO_334_EQ_LOAD_ORG_TAKO.txt

FD_ORG [FL-1]{2.85596E-06

Table4.9 ¢ Cycle counting output summary TAKO

CYCLE COUNTING
EP FN APP\SLOT_NO_334_SEPARATED PEAKS_APP.txt
N EP [] 22141
CCFN APP\SLOT_NO_334_DETECTED_CYCLES_APP.txt
N CC[] 11070
CF_ORG FN APP\SLOT_NO_334_CUM_FREQ_ORG_APP txt
EL FN APP\SLOT_NO_334_EQ_LOAD_ORG_APP txt
FD_ORG [FL-1]|3.61493E-07

Table4.10¢ Cycle counting output summary APP

CYCLE COUNTING
EP FN LNG\SLOT_NO_334_SEPARATED PEAKS_LNG txt
N EP [-] 55158
CCFN LNG\SLOT_NO_334_DETECTED_CYCLES_LNG txt
N CC[] 27578
CF_ORG FN LNG\SLOT_NO_334_CUM_FRECQ_ORG_LNG. txt
EL FN LNG\SLOT_NO_334_EQ_LOAD_ORG_LNG. txt
FD_ORG [FL-1]{1.30058E-05

Table4.11 ¢ Cycle counting output summary LNG
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4.4 Bandwidth selection

The loading of flaps and fl&ocontrol system is assumed as a stochastic process, as
discussed earlier. To deal with a stochastic loadinde axtrapolation is made. Cycle
extrapolation is performed by estimating the PDF of detected cycles in a form of a from
to matrix. Using the PDF, a loading of any length might be generated.

The PDHRs estimated byone of the kernel estimation technique described in
chapter 3.7. The algorithm enables the user tese kernel estimator with constant
bandwidth,or an adaptive kernel estimator. As a kernel function, a Normal kernel (also
called Gaussiandtnel) is used

Prior to bandwidth selection, all necessary parameters in PARAM spreadsheet and
spreadsheets of the investigated flight phases (TAKO, APP andriusGbe defined.
These parameters include:

q Target life (@ «]) <€ desired number of flights to be generated after PDF
estimation.

1 Method for an automatic bandwidth selectior only one input accepted by the
algorithm is possiblen the moment. Enter LSCV for Least square cross validation
method.

1 Kernel function¢ only one possible input is aggted. Enter NORM for a normal
kernel function Thisfunction should be more suitable for cycle extrapolation
than Epanechnikov kernelefined in chapter3.7.4, because the probability of
cycle occurrence outside local bandwidth is re@mo in the case of normal kernel
function.

1 Reduction factonfRF) this factor directly influences the speed of an automatic
bandwidth selection. The bandwidth is reduced by the reduction factor in each
step of the iteration method, leading to minimizing MISE using LSCV procedure.
2 KSyYy Sy i SN yfetiuctiob factlis 'sdt eggal to 3.0.

1 Overrun (OVR) ¢ defines, how many values of bandwidth will be investigated
beyond the recommended valugbtained byan automatic bandwidth selection.
Thisparameterenables the user to see the trend of change of the score function
0 with bandwidth decreasingpeneath the recommended valu@nly integers

I NE LISNX¥AGGSR® 2 KSYy SyYyiuSNARAyYy3I G59C! ! [¢éx
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9 Precision of the automatic bandwidth selectiqit!p ¢ defines desired precision
of bandwidth recommended by aautomatic bandwidth selection procedure.
The precision igelative to themaximaldata range2

2 oy aQg

The recommended bandwidtf2 found out by the bisection method is set
equal to a current bandwidth only if the following condition is satisfied:

s Qs
- > -
Q Q
C

Where:
" data vector (univariate data)
- relative error in'@h step
sQnQ o intervalcontaining recommended bandwidth
Q current bandwidth

2 KSy Sy i SNR pRcisibsSal éqlial t®.655

1 Maximal permitterd bandwidth Ij 4 . ¢ maximal bandwidth permitted by the
user. The iteration procedurdor recommended bandwidth determination
begins by investigating this value. Similarly to desired precision, it is relative to
input data range2 . It means, that maximalpermitted bandwidth is
computed based on the data range as follows:

0 N 2
2 KSy SYGSNAy3a a59C! ' [¢¢3x AG Aa asSid Sljdz ¢

1 Minimal permitted bandwidth lj . ¢ minimal bandwidth permitted by the
user. The iteration procedure is terminated, if the minimum of the score function
has not been found till reaching thv&lue.Then, he recommended bandwidth
is set equal to minimal permitted valu@s well as maximal permitted value, it is
relative to input data rangé

Q QP

2 KSY Sy idSNAyH isisbteqhal tp[mne. & =
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RoughnesgRGHNSY indicates the roughness of generated PDF in a form of a
from-to matrix. Roughness specifies number of intervals, into which bandwidth
"Qis divided. It means, that-axis as well as-gxis of the estimated PDF will be
defined by discrete pois with spacingymand Yo

Yo Yo

'Y 000 Y
2 KSYy SYGSNAy3a a59C!!'[¢é¢x AG Aa asSd Sldz ¢

Investigated distance k| 4 specifies the investigated distance from the
most extreme data point obtained by the measurement. This value is relative to
current bandwidth,similarly toroughnessContrary to roughness, it defines the
distance to be investigated for an automatic bandwidth selection only. It is not
valid for final PDF estimation. Specifyi@jO"Y{hé extremes on the-axis for
univariatePDF function are defined as follows:

W aQ¢ 00Ty

W dwgy OO0y

2 KSYy SYGdSNRAyYy3 aG59C! ! [ ¢ ODVEWetSqualyod®oa G A 31 0 SR

Sensitivity factorg defines thesensitivity of theAKE method to variations in the
pilot density, as stated in chapt8&t7.1

PDF estimator, PDF estimator to be used for a subjective choice of bandwidth
as well as for the final PDF estimation. Two possible inputs accepted by the
algorithm might be entered by the user:

CKE for Kernel Estimator with Constant bandwidth
AKE for Adaptive KernkeEstimator

Minimal permitted load ¢ minimal load permitted by the user which is
generated after estimating PDF. This value is used for a subjective choice of
bandwidth and for a final choice of bandwidth instead of investigated distance.
This value diretly indicates the minimal value oraxis as well as on theaxis

of the estimated PDH.herefore, it should bset proportionally smaller than the
minimal load obtained by the measurement for a particular flight phase.
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1 Maximal permitted load¢ maximal bad permitted by the user. It has the same
meaning as the minimal permitted load. It directly indicates the maximal value
on xaxis as well as on theaxis of the estimated PDFherefore, it should be
set proportionallyhigherthan the maximal load obtaed by the measurement
for a particular flight phase.

To estimate PDF of detected cycles properly, an optimal bandwidth must be
selected. Bandwidth selection is performed in altogether two steps. Firstly, an initial
value of bandwidth is recommended by algorithm for an automatic choice. However,
because the automatic choice does not always provide an optimal value, subjective
choice of bandwidth must follow.

Summary of all parameters mentionathove is made in the following tables

EXTRAPOLATION
Number of flights to be generated » N_FL [FL] 30000
Automatic bandwidth selection method »|ITER_METHOD [-] Lscv
Kernel function » KERNEL [-] NORM
Reduction factor for an automatic choice of bandwidth » RED_FACT [-] 2
Overrun » OVERRUN [-] 3
Precision of an automatic bandwidth selection » PRECISION [-] 1.00E-03
Maximal permissible bandwidth » BDWH_MAX [%dL] (0.3
Minimal permissible bandwidth » BDWH_MIN [%dL] [0.001
From-to matrix roughness #» ROUGHNESS [-] 5
Investigated distance #| INVSTG_DIST [B] 5
Sensitivity factor » ALFA [-] 0.5

Table4.12 ¢ Parametersfrom PARAM spreadsheet for PDF estimation

PDF ESTIMATION

MIN
MAX

Minimal permitted load

A A A

Maximal permitted load

Table4.13 ¢ Parametersfor PDF estimatiorg description
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4.4.1 Automatic choice

The purpose of thewutomatic choice of bandwidth is to provide an initial value,
recommended by the Least square @oslidation procedure for theeknel estimator
with constant andwidth.

Automatic bandwidth selection is initiated by calling the script OSP.m. The
flowchatt of the procedure is shown iRigure4.12.

Counted cycles X,y

Data
transformation

i

- s1, s2

Initial
paramefers

LSCV PDF estimation Bandwidth

reduction

Minimum found?
! InImum Toun o NO '
Score function
e RS

y
Bisection method

l Precislon fulfllled?

1
NO YES

Bandwidth found

Figure4.12 ¢ Flowchart ofan automatic bandwidthselection

First of all, detected cycles obtained the cycle counting procedure are loaded.
They are in a form of from-to matrix, which means, thatyvariable represets the
starting load level andrvariable represergtarget level of the cycle.

Asstated in chapte3.7.1, it is desirable to prescale the multivariate data before
estimating their PDF by radially symmetric kernel function. Such scaling isimtme
main coordinate system:

f Center of data ifranslated into the pointmiit using parameter¥co Yo :
o . B




1 Deviation moment of the data is reduced to zero by rotating the translated
coordinatesw hw by an angle . Main coordinateso hw are therefore

obtained
) B w
0 -
£
) B o
0 -
£
, B w w
(@) -
£
.. .¢30
. BCI)AIS—,
C 0 0

W o éd © T QR
O o édi T QR

1 To ddtain the sameload ranges in bothmain directionsw, w, the w
coordinates are scaled, which provide$i coordinates

& @ oo a Q&

“Y“O 14 L1 ATl r e, pA)
a w wo a Qe

i a Q& ®w aQ&w IJYO

In the case of an automatic bandwidth selection, variableandi are analysed
separately. A if they were two different univariate data sets. An optimal bandwidth in
the nse of minimizing MISE is found for each of them. The bandwidth recommended
for further analysis of bivariate data is set equafjteater fromboth values. Such choice
guaranteesthat data in any directioshallnot be undersmoothed

Scaling of count cycles for takeff flight phase can be seen in figures below.
The rest of flight phases are transformed in the same way.
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BIN OCCURENCE [MEASUREMENT-1] DIRECTION 2 [MPa]

BIN OCCURENCE [MEASUREMENT-1]
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Figure4.13 ¢ Scatter plot of scaled data for TAKO
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Figure4.14 ¢ Histogram of scaled data for TAKORA NS QU A 2y ycm
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Figure4.15 ¢ Histogram of scaled data for TAKORA NS QU A 2y Yy c H
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After data transformation a score functiord is canputed till its minimum is
reached. After that, the bandwidth of desired precision is found by applying the
bisection method.Resulting relationship between the score function and the
bandwidth"Qfor each directiorof data corresponding to takeff flight phasels shown
in Figure4.16 andFigure4.17.

GLOBAL VIEW - BDWH AUTC-CHOICE FOR FLIGHT PHASE TAKC DIRECTION 1
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Figure4.16 ¢ Score function! ] | for TAKC; directiony ¢ w
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Figure4.17¢Score functiod! ] | for TAKOGRANBE QG A2y ycH
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It can be seen, that an optimal bandwidth was not properly established for direction
ycmE 0SSOl dzaS GKS YAyYA) daes n& found. Kierefére) th&dlB T dzy O
recommended bandwidth was set equal to the usefined minimal permitted value.

An outputof the auomatic choice of bandwidth for particular flight phaseown
in Table4.15to Table4.17.

AUTOMATIC BANDWIDTH SELECTION
Name of file cantaing score function for direction n°1 » DIR 01 FN
Name of file containg score function for direction n°2 » DIR 02 FN
Number of bandwidths analysed for direction n°1 »{N_01[-]
Number of bandwidths analysed for direction n°2 N 02 ][]
Automatically chosen bandwidth for direction n°1 »{H OPT 01
Automatically chosen bandwidth for direction n°2 »(H_OPT_02

Table4.14 ¢ Automatic choice output summary description

AUTOMATIC BANDWIDTH SELECTION

DIRO1FN TAKO\SLOT_NO_334_BDWH_AC_1_PHASE_TAKD
DIR 02 FN TAKO\SLOT_NO_334_BDWH_AC_2_PHASE_TAKD
N_01[-] 10
N_02 [-] 15

H_OPT 01 |0.080
H_OPT 02 |0.235

Table4.15 ¢ Automatic choice output summarg TAKO

AUTOMATIC BANDWIDTH SELECTION

DIRO1FN APP\SLOT_NO_334_BDWH_AC_1_PHASE_APP
DIR 02 FN APP\SLOT_NO_334_BDWH_AC_2_PHASE_APP
N_01 [-] 10
N_02 [-] 22

H_OPT 01 |0.031
H_ OPT 02 |0.317

Table4.16 ¢ Automatic choice output summarg APP

AUTOMATIC BANDWIDTH SELECTION

DIRO1 FN LNG\SLOT_NO_334_BDWH_AC_1_PHASE_LNG
DIR02 FN LNG\SLOT_NO_334_BDWH_AC_2_PHASE_LNG
N_01[-] 10
N_02 [-] 16

H_OPT 01 [0.070
H_OPT 02 |0.654

Table4.17 ¢ Automatic choice output summarg LNG
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4.4.2  Subjective choice

PDFestimate usingbandwidth, which wasecommended by therocedure of an
automatic bandwidth selectignmight not always be the best choice from data
extrapolation point of view Therefore, it is up to the user wefine bandwidth which
will be used forthe final PDF estimateGenerally speahg, it is better to work with a
little over-smoothed PDF than with undemoothed one, because it is impossible to
regenerate cycles different from those obtained by theflight measurement with a
heavily undersmoothed PDF.

CNRY GKS dza SWI i ndcksdany o defiferitedon, Svhich would
designate, that the PDF estimation might Aesumed asufficient enoughfor cycle
extrapolation.

Literature [12] suggests toconstruct a cumulative frequency distribution
(cumulative exceedance diagram) based on a stesrh measurement and then to
extrapolate the detected cycles to the target life lhyfsng the shortterm spectrum by
an extrapolation factofQ and fitting and projecting the data curve to the upper left
corner for higher load estimates. However, it is necessary to reduce thdloaircycle
count into a simple frequency histograonior to data extrapolationby applying any of
the mean stress correction mebds As a consequence, an information abtw mean
load level is lost.

10, 0007 Omission of the
90001 high loads

8000 /7w ~Physical limit

~—

7000+
6000+ trapolation fac
5000- of 100

4000+
3000+
2000+
1000+

O T T T T T T T 1
1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08

cumulative exceedance cycles

Load life curve

load amplitde (N)

Figure4.18 ¢ Cycle extrapolation using cumulative exceedance diagrdra]

The poposal procedureof a subjective choicés based on estimating PDFs for
various bandwidths and comparing obtained results. For each bandwidtHptloeving
characteristics are determined

1 PDF estimation using usdefined bandwidth

1 Determination of fatigue damage matrix

1 Production of cumulative exceedance diagram
1

Owrall fatiguedamage
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The generated characteristics shall provide all necessary inform&tiatecide
which bandwidth is thenost suitable for cycle extrapolation.

t5C SadAYFdA2y YAIKG 0SS LISNF2NX¥YSR dzaAy3
selection.It was suggested inhapter 3.7.4to usethe same bandwidth for the pilot
estimate as welas for the final PDF estimate when using AKE metHoeever, the

procedure enables the user to enter different bandwidths for th@tpdnd the final
estimate.

The estimated PDF is normalizedteet the following condition:

50 p

For each estimated PDF, the fatigue dampgeflightis derived from thefatigue
damage matribby summing all local damages

O ¢ O & O O

Where:

€ number of data points onyaxis

3 number of data points onxraxis

€ € O0— overall number of cycles per flight

0, 0 070 fatigue damage matrixlocaldamagsrelevant to0 ‘O j0

The cumulative exceedance diagram relevant to targetdife is determined by
two means:

a) Multiplying of already derived cumulative exceedance diagram relevant to
measurement length by an extrapolation facfor :

- 0 .,
Q — D
0]

b) From PDF estimate by applying usefined mean stresorrection method
and multiplying by the number of cycles per target éife :

. . ., . 0o .
€ e s:)(‘)—:))

Where:
€ Overallnumber of loading cycles per flight
3 Overall number of cycles detected in the particular flight phase of the in

flight measurement
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It is up to he use to choose several bandwidths for detailed analysis and enter
them into TAKO, APP and LNG spreadtd) as shown ifftable4.19. The user specifies
the PDF method used for detailed analysis (CKE/AKE method) as well. In the case of AKE
method, the third calmn correspond to the bandwidthwhich is used for the pilot
estimate. In the case of CKE method, the third column is not applicithe same time,
the user shall specify an appropriate minimal and maximal permitted loadTabke
4.13)

Table4.18 shows the inpufparameters as well as corresponding fatigue damages
for take-off flight phase usin¢KEnethod.

SUBJECTIVE BANDWIDTH SELECTION FD[FL-1] |dFD [%]
N_DISP ] CKE
H DISP 01 |4 6.261E-06 [119.23%
H_DISP_02 2 3.438E-06 |20.38%
H_DISP_03 1.5 3.157E-06 [10.53%
H_DISP_04 1 2.98E-06  |4.35%
H_DISP_05 0.75 2.924E-06 |2.37%
H_DISP_06 0.5 2.BB5E-06 [1.03%

PDF ESTIMATION

MIN -10
MAX 70

Table4.18 ¢ Input and output parameters fora subjective choice of bandwidtfor
CKE method TAKO

Detailed analysis providing all necessary characteristics for subjective choice of
bandwidth is initiated by calling the script PDF_DISPLAMgure4.19 to Figure4.36
show resultsobtained by the use of the CKE method for the takkeflight phase.
Extreme loads and bandwidths mentioned in thable4.18 have been used.
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Figure4.19¢ Contourplot of PDF estimatdor | 8 4 |+
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Figure4.20 ¢ Contour plot of PDF estimate fof 8 4 |+
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TARGET LEVEL [MPa]
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Figure4.21¢ Contour plot of PDF estimate fof

PHASE TAKO
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Figure4.22 ¢ Contour plot of PDF estimate fol
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TARGET LEVEL [MPa]
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PDF ESTIMATION USING BDWH 2.000 - FLIGHT PHASE TAKO
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Figure4.23¢ Contour plot of PDF estimate fof 8 4 |+
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Figure4.24 ¢ Contour plot of PDF estimate fof 8 4 |+
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TARGET LEVEL [MPa]
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Figure4.25¢ Contour plot of FD distribution fof 8 4 |F+
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TARGET LEVEL [MPa]
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Figure4.29 ¢ Contour plot of FD distribution foff 8 4 |F+

1
(=]
(=]
(]

FD DISTRIBUTION USING BDWH 4.000 - FLIGHT PHASE TAKO 107

FATIGUE DAMAGE [FL-1]

20 30 40 50 60 70
STARTING LEVEL [MPa]

-10 0 0

Figure4.30¢ Contour plot of FD distribution fof 8 4 |F+
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It can be seen, that bandwidtf) T® 1 0 ¢dwhichis a higher value thawas
recommended by an automatiprocedure generates heawl undersmoothed PDF.
Such PDF estimate is unacceptable from theecextrapolation point of viewOn the
other hand,PDF estimate produced by CKE wiindwidth'Q 18t 1 0 dight be
definitely supposed as ovesmoothed, becauséhe CED produced from PDF estimate
shows a strong deviation frorthe original CEDApart from that, fatigue damage
distribution changedsignificantlyfrom the distibution based on PDFs produced by
smaller bandwidths. A damagirejfect of the basic cycle characterizing the také
flight phase totally dismissed.

Based on the observatn, the general procedure leading to an optimal bandwidth
selectionwasestablished:

1 Increase the bandwidth till the number of peaks in the PDF estirhatemes
acceptably smallToo many peaks throughout the PDF is a sign of under
smoothing and is therefe unacceptable.

1 Increase the bandwidth till the cumulative exceedance diagram (CED) derived
from PDF estimate follows the CED derived from th#igimt measurement in
the area oflow and moderateamplitude gcles.A significant deviation between
CEDsn the area of low and moderatamplitude cyclesnight bea sign of over
smoothing.
T LaA2t+FGSR aAraflyRag 2F 2 Rllydisndss™ey oA (0K KA
usually correspond to envelope cycles of the loading history Merging of
envelope cycles \ith the rest of the PDF would overestimate the effect of
vibrations from the fatigue point of view.

1 Growth of fatigue dominant areawith an increasing bandwidtis a natural
phenomenon However, the growth must have its limit. It is unacceptable to
permit disappearance of a group of fatigue dominant areas, if it is not replaced
by one larger arean their centre

In line with the establishedprocedure fora subjective choice of an optal
bandwidth, the valuéQ p®& 1 0 chas been selected for thiénal PDF estimation of
take-off flight phaseby usingCKE method.

Relationship between the fatigue damade derived from the PDF estimate
obtained by CKE method and corresponding bandwidtiight be seen from the output
listedin the excel file AIVIB.xIsx, as showii able4.18.

The PDF estimation using AKE method should be able to describe -tailong
distribution better than CKE method, as already stated in chaBtérl However, using
the same bandwidth for the pilot estimate as well as for the final estimate have not
occurred as a reliable way to an optimal PDF estimation. Moreover, in the case of using
different bandwidths for the pilot estimate and the final estimaiebecomedoughto
find asuitablecombination of both parameters.
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SUBJECTIVE BANDWIDTH SELECTION FD[FL-1] |dFD [%]
N_DISP 6 AKE
H DISP 01 |3
H DISP 02 |2
H_DISP 03 |15
H DISP 04 |1
H DISP 05 |0.75
H DISP 06 |0.5

6.807E-06 |138.33%
1.527E-06 |-46.54%
7.485E-07 |-73.79%
4.459E-07 |-84.39%
3.833E-07 |-86.58%
3.53E-07 [-87.64%

[ o ST T S )

PDF ESTIMATION

MIN -10
MAX 70

Table4.20 ¢ Input and outputparameters fora subjective choice of bandwidth for
AKE method; TAKO

Table 4.20 displays the input parameters and resulting fatigue damadean
attempt to estimate PDF for takeff flight phase using constant bandwidt
¢8t 10 O chor a pilot estimate and various values of bandwidths for the final estimate.
The choice 0fQ ¢ 0 0 dor the pilot estimate comes from the statement mentioned
in [22], which claims, that there is not necessary to require some specific smoothness of
the pilot estimate to achieva good result.

Based on the resulting fatigue damage mentioned able4.20 might be stated,
that using AKE is much more sensitive to the choice of bandwidth than CKE method.
Moreover, contrary to the CKE method, the AKE method does not guarantee, that the
conservative result will be obtained. It isitpieasy to obtain such FDestimation by the
AKE methodvhich produces lower fatigue damage than the load cycles derived directly
from the inflight measurement.

Figure 4.37 to Figure 4.54 show the contour plots of PDF estimate and FD
distribution as well as cumulative excestte diagrams for takeff flight phase, with
were obtained by AKE method in line wglhrameters mentioned iffable4.20.
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