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Factors causing fatigue failure

1) A maximum tensile stress of
sufficiently high value.

2) A large ammount of variation or
fluctuation in the apllied stresses

3) A sufficiently large number of cycles
of the applied loads

Other factors: 400

Metallurgical structure i

*Residual stress
Combined stress

100 Difference of

|
fatigue propertles' l

0 | 1 I 2l 1
10° 10° m’ 10° 10?
Number of cycles to foilure, N

. I
*Stress concentration § s ST
-Corrosion 4 300 —
o = ratique iimit
*Temperature | |
. ;, 200 : Alurminum alloy
Overload E,; \l\\

c




Introduction

Fatigue phenomenon
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Introduction
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Early 20th Century
Begining of materials & design structures investigations regarding
problem of fatigue



Industrial revolution - raise of interest regarding

fatigue properties of the materials
of railey disasters
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http://upload.wikimedia.org/wikipedia/commons/d/d5/Tender_fatigued_axle.JPG

Aeronautics,1950s - impulse for considering fatigue as a crucial
problem of technical safety

Series of catastrofic
accidents of the first
pasanger jet - raise of
interest in subject of
fatigue properties of
the aeronautical
structures

The de Havilland Comet was the world's first commercial jet airliner to reach
production.IN 1l Developed and manufactured by de Havilland, it first flew in 1949 and
was considered a landmark in British aeronautical design. After introduction into
commercial service, the initial Comet versions suffered from catastrophic metal
fatique, causing two well-publicised accidents.

The Comet had to be withdrawn and was redesigned. The Comet 4 series
subsequently enjoyed a long and productive career of over 30 years, although sales
never fully recovered.




Accidents and incidents of the DH-106 COMET

e 26 October 1952: Comet 1 G-ALYZ of BOAC crashed on takeoff from Rome-
Ciampino Airport, Italy

e 3 March 1953: Comet 1 CF-CUN of Canadian Pacific Airlines stalled on takeoff
at Karachi, Pakistan

e 2 May 1953: Comet 1 G-ALYV of BOAC crashed at Calcutta, India

e 25 June 1953: Comet 1 F-BGSC of Union Aeromaritime de Transport skidded off
a runway at Dakar, Senegal, damaged beyond repair

e 15 July 1953: ABOAC Comet landed at Juhu Aerodrome instead of Santacruz
Airport, Bombay. The aircraft was flown out some nine days later

e 10 January 1954: Comet 1 G-ALYP of BOAC, operating Flight 781, crashed into
the sea south of Elba, Italy

e 8 April 1954: Comet 1 G-ALYY of BOAC, operating a charter as South African
Airways Flight 201, crashed into the sea north of Stromboli, Italy

« 13 September 1957: Comet 2R XK663 of No. 192 Squadron RAF damaged beyond
repair in a hangar fire



Investigations
of the reasons

Fatigue
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Fuselage of de Havilland Comet Airliner G-ALYP



Method | —accumulation of fatigue damage

Oryginal Palmgren — Miner formula

S-N
curves




Method Il — study of crack development — critical
length of the crack, probability of detection
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Introduced by George R Irwin, 1957


https://www.fracturemechanics.org/sif.html

Loads of the aircraft girframe structure & Load Factor

Design limit for load
factor of the glider
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Aircraft load envelope |
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Glider loads - requirements for certification tests

______________ Upper ultimativeload SUbJe(.:t of
static
load ... Upper design limit Strength tests

|

/\/\A Wi I\/\/\ A/\/\A/\MA Safety reserve

| ___Lowerdesignlimit ... operational
_________________ Lower ultimativeload limit
Subject of

fatigue tests



Load Spectra (LS)
LS as a statistics of load
INncremets apperances -
methods of presentation
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How to prove the fatigue safety ???

Fatigue
stand of the
glider wing
A spar

TS=TP-k =TM -k, -k

TS — operation period simulated on the fatigue stand as a proof of
fatigue-safety

TP — postulated operation life

TM — time for which the LS was estimated (modelled period by load
spectrum)

k. scatter factor,

k, ratio between modelled period by load spectrum and postulated
operation life
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Loads acting on aircraft structure

A

Time history
(stochasic nature!)
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time
Load Spectrum i
load (Arranged set of load-blocks) %[Program of fatigue}
tests

NC — number of cycles

Fati
Cumulated number of cycles atigue tests

< »

(In case of the glider NC= about 1 000 000 load cycles for 1000 flight hours)



Can the set of the load-cycles arranged in the blocks
substitute the real loads with they stochastic nature???

Is the damage caused by both loads realisation the same ???

Rather NOT}
1

A A
Ny Incremental load spectrum N;
7 - | (obtained in the flight tests) —
= I B
n, . Np - -
base) , ’ > — — ’ >
(baser NC *n: NC

Load spectrum for fatigue test

Sequence of fatigue test

The way of fatigue test program setting
(compensation of constant amplitude cycles fatigue effect)



Factors having influence on the Load Spectrum

Intercurrent flight

Turning in the thermal-lift Aerobatics

. lowing
(aerotowing / winch launch)

Take off
(grass field / beton runway)

Landing
(grass field / beton runway)

Glider load spectrum

V\‘ 3 /
— e

Enviromental conditions: _Glider loadin
air turbulence, runway (with balast / without
roughtness, etc. . balast)

Pilot skill level
(calm or nervous
_ handling)




Load Spectrum and the aircraft stucture

of subassembly

it



Load Spectrum and the aircraft stucture

Having only n, value as
the input, is necessary
to estimate all loads in

the structure !l

Forces and
momentums from
aerodynamic load and
mass loads

~

)

Reaction forces
In wing-fuselage joints




sting the structure - Loading systems
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||
Load 150% Nmax
(Strenght test with esimation safety margin) Load 100% Nmax

(strenght test without estimation of safety
factor)




Investigations Into load-
spectra



Methods of aircraft frame load measurements

_ )
2nd — measuring the
aircraft frame
deflection )

1st — measuring
the az
acceleration



Comparision of signals recorded useing both

measurement methods

Air-brakes

Stand-by

winch launch glide '|
Z A ﬁL ;: evolutions| | / Time [s]
0.2 L —

0"“
0

g
Touch-down
& Landing run

ol )

100 150 300

-0.4

-0.6 1

-0.8

Stochastic nature of
aircraft loads:

» IWM\’A

-caused by pilot

-1

-caused by turbulence

-1.2

u[mml  \ying spar root deflection

n,* - load factor derived from accelerometer
4nz* =a,/g Time [s]

] i

v"’J'
0 : : : :

) 50 100 150 200 250 3




Correlation of the signals

Take-off & landing run

Winch launch

Conclusion:

Acceleration and deflection signals
are equivalent only in case of a
free flight.

Acceleration signal is not usable in
case of measuring loads during
take-off or landing and during
winch-towing.
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PW-5 World Class Glider

Example of instrumentation Ay
used for testing the gliders e

The systems of data acquis
in certification tests
of the PW-5 & PW-6 glide




Wing spar root
deflection sensor

The set of measurement sensors béeing in use -
for load spectrum estimation



2 , -
Accelerometer —---—Ll |
sensitive in z- __ Al2)/8-1 Aly)/8.7
direction (indexed ~|*”’ 2) ()
as 8-2) | 1/4-2
A(z)/8-2 "
Transducer of the e A(y)/ 8-3
control surface A(z)/8-5———-E , e——A(2)/8-4
movement / = \
(indexed as 4-1) / T/4-1 | 1/4-3
o 1 2m e

lacement of the sensors used for dynamic tests of the gliders
(especially for flutter testing)



Details of the measurement equipment

A(z)/8-6

1/4-2 .l

Photos of accellerometers and deflection transducer fixed on the gl



Details of the measurement equipment
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Details of the measurement equipment

Accelerometer




Details of the measurement equipment

CONTROL SURFACE DEFLEXION ANGLE SENSOR




Details of the measurement equipment

S



Details of the measurement equipment

-

Static @ dynamic pressure probe




Details of the measurement equipment

~ " DIGITAL RECORDER
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Example of the signals recorded PW-6

Air brake's effectj
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Example of the signals recorded
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Example of the signals recorded

ALTITUDE

PW-6 PERFORMANCE MEASUREMENT

AIR-SPEED




Visualisation of the load spectrum of the glider taking part in gliding

=1 ]

Color of the flight-
track depends on
flight-altitude

Color of the flight-track
depends on acceleration a,
(There are displayed extreme
values recorded in 1 sec.
periods are displayed)




Load signhals elaboration
and determination of the
LS
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Load Spectrum in the form

of a Transfer Array (TA)

The evidence how many
signal transfers from i- Load
Level to j- Load Level was
noticed in the time history of
the load signal

hoadLeveI
11 A
10 , AW
9 Ao\
8 AN
7 [\ ] \
6 [ \]

5 [

4 /

3 .‘_‘2//

From LL

10

11]12

The
evidence of
signal

transfer

Number of transfers from LL= -
umber o ttfifzs ° > Active zone of transfer array



Standarisation of the Load Signal — Load Levels (LL)
Correlation between load factor n, and load level LL

Example of standard applicable for load spectrum of the glider.
In this case an assumed number of load level is 32

then LL=3
then LL=31

If n,=n
If n=n

Z_max

Z_min

Note:
LL=1, LL=2 and LL=32 are reserved for the loads exceeding
operational limit



Example of the Transfer Array of a load signal recorded
during flight of a glider

PO 1 2 3 4 5 6 7 8 9 1 20] 21] 22 26| 27| 28] 29 30| 31| 32
32
31 A - . .
* [\ The highest load signal change !
29
- L (transfer from 21 LLto 11 LL)
27 \ j
26 l/ e
25
24
5[ 74
23 e 1 1 3| 8 74
22 L] 1l 3 8] 5
1 \\> /
T 1 1 1 2 1 5
20
1f 2] 3 2] 2
19
1] 1] 9|108 2 1 1
18
2 3] 14 110f 1
17
4 11 15 71 1f 1
16
2| 10 11] 2 2| 1
15
1 6 12 4 1
14
4 7 1
13
4 1
12
11
1
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Properties & features of the Transfer Array
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Basic operations on a Transfer Array - aggregating the
n, TAs

7N JA\

NI~ NG P
NN TN W N\ ~

time
7

winch launching aerodrome circuit landing
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From LL
From LL
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T

1 To LL 32 1 To LL 32 1

To LL 32
TAsnsiight = TAwinch taunching™ TAaerodrome
circuit+TAIanding

TA,jfuu_ﬂight o ZTAJ flight_components



Basic operations on a Transfer Array - enveloping the

Transfer Array TA1

1

Z
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- 25|
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16|22

14
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13

22

26

14

13

1
gl 7]12] -
Envelope of TA1&TA2 824 1 12913
14{ 8 - 7

12| -{33|18|16|22
2| 34 2126(14
- 13 2| 1




Index of TA cell versus the load oscilation parameters

R=-" Coefficient of load cycle asymetry

g .
k= -—™  Coefficient of load cycle constancy
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Distribution of R-values in the Transfer Array

R ralues I 1 1 4 i b i i 1 O O O O O < O 1 | O O . O O I - I~ | |
7 Nl N < O O O O - O O O - O - S 1 I X R I S Y 0 e O O . A | 1] ‘ ]
i R N O O O 1 O | O | | O A G 1 O O N . O | N O 1 | A o Al
S R T ot 1 O | . O R 0 I R T R . I v I I I L I A I " I < " 112 1
! ! ! !
!

R IR T . O 1] | 1 O O O 1 O O O 1 A I I | I [ AL R
. | I 1 O 1 O N O O S O O 1 O . R I . I A (A C R I A
I T O O . ) O 1 O 1 O O | ) A 1 e IR S [ I I
IR | O . 1 O O 1 O < 1 O O ! O . A Y < I R | [ I I T AT
i IR R v O O | O O O O - O <1 - | 1 O 31 O O 1 1 R LS ) 1 . 1| | A
L IR AT O O O A A A A A | 2 O O O O < 1 1 I 1 I | I A | R (LN I I I A ) 111 I
e R O 0 O A | A | A A O X N A O < - O <1 1 I e A L. 1 i 1 v | A
L R O 10 0 1 1 1 1 O | 0 O 4 O A O 1 LT 1 0 ! - I I A
/A1 I O O | O O 1 O O A A A | O X R R O . O .1 1 . O 0 O )
1 I O A A A X N O < | I I = L | 1 1 A 4 O R O O - I I
1 T A 1 | O O 1 O O . O I IO 5 15 ' I P 1 O O O | 31 4 Y A I <
L A N O O O O O A T 1 A O 1 e - A
07 04 X 0% W 03 03 0 0¥ 0 04 O 0A] DR 0700 D T A < O N A 3 R 1

07 0% 03 0% 0y 0% 0¥ 04 04 08 DA 0M 0Bl 0y 08 N O . O O | I O I O R
07 03 0% 0% 040 04 045 4B 083 0N OB DBy 0 o N N O A 1 O O 1 A A | I - R =
03] 0% 04| 043 046 049 0B 0B OB DB 07 0M 0F 1 L N Y N 4 O A A O 1 O O+ O 1 - N R V| R
L N O v Y 1 O 1 O O | | I 1 O = O 1 A O O N N O 1 - A < 1 R A
LA N Y O O O | O < | 1R O - O O O O A 10 10 O O O - O - R - O - I | R
1 N O 1 O O - | 081 0B 072 0E3 0& 04 0M 0AE 0 2 1 O 11 O 1 O O 1 O
0% 0% DB DB 0/ 0M om0 0f 0% 0 0g 074 0l 0& 08 04 0 0& L 0 A | O O O | N | O O
OB1) OB D@3 072 07 0B 0B 0% 0% 084 076 0e8) 0BT 08 04 0¥ 0¥ 0X AT A O O 1 O 1 O 1
1L I N O 0% 0% 076 07 0g3) 0 0@ 04 03 07 04 e 0 1 A 1 O O 1 O | O O
07 07 0/ 063 Das 0 03 0% 0B 073 Des 0| 08 04 03 03 0K 0% 1 1 1 O O 1 ) T O
076 080 DB 083 DM 0 08 OB 07 DR 06 0W) 08 04 0H 03 0B 00 L O 4 1) 1 R
11 O O N O < O 1 O 1O O N O 1 O . 1
OB 090 0% N O O 1 I I A 1 O 0 1 1 A 1 . O
0 0% N O O T . O O 1 O A ) . N . O O <

014 112

013 0.1

9

T rY S T 0 =1 R =1 R = = e e e G = e == =

=lro|loa|l=|=
=]
—
[=51

0% 0% 0% 0% 0 075 0B DRY DA DAL 043 0 0B oM 0B M 019 008 0m) o e SN ) S O B B B . B
1B N Y | O | O ¥ . O O - I IO < A 0o 0m o S O 0 1 O B |




Load signal sequence restoring

During TA processing — the information about load signal sequence is lost.
Exact signal sequence restoring from the TA is possible only for very simple cases (short-closed-loop events).
In other cases the load sequence can be restored only in an aproximate way (on the basis of Markov chains theory)

5 MP =MP”
- W N ) et
A N R T Markov chains
4 5
X g (k)= p;(k-1)-MP vi€S
i N el P, — pj —-1). lji i €
..... F I U N @ {pl — Z pj . MP'ji vi c S

(Hidden Markow chains)

Rabiner L.R., A tutorial on hidden Markov models and selected applications in speech recognition, Proceedings of the IEEE 77(2), pp 257-286,
1989

Status defined by 2-parameters: s —Load Level, k — direction of signal change (binary: ,,up” or ,,down”).



Example of signal sequence restoring

<KONFERENCJA MECHANIKA W LOTNICTWIE
é— ONRFNEJCEAMCEANHKI-AWLTIONTCWI-E-

29-11-15-14-18-6-14-5-10-3-5-1-13-3-5-1-14-8-11-9-29-1-23-12-20-9-15-14-20-3-23-9-5-29

=
Load sequence
3 restoring -
da i 1 example
JCWI-E-KONRFNEJCEAMCWLTIONTCEANHKI-



ASCII code of Load Levels

Load
Level

ASCII
symbol

Load
Level

ASCI
symbol

17

Q

18

ASCII codes of the Load Levels

19

20

21

22

23

24

25

10

26

11

27

12

28

13

29

14

30

15

31

16

32



KoSMOS - Load Spectrum Standard applied in Germany
Kollektiv fur Segelflugzeuge, Motorflugzeuge bis ca. 2 Abfulgmasse und Motor-Segler
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Algoritms of full-load-
cycles counting



Importance of load-cycles sequence: example

AV

V- VoV o

Ag

*Put the attention on the mean value (o) of small hysteresis-loop
*It corresponds with mean value of the stress in critical cross-section of the material, caused by initial overloading
*The value and the sign depend on sequence of loading



Algoritms of full-load-cycles counting

Counting of LL exceeding

Load Levels represented by lines
A

N
N

-_—
-_—

—

o
/>
>

©

\ |
\ time
I >

= N W s~ o N ©

*Designate load levels and reference load level

*For signal increase cases — begin the counting of LL exceeeding when signal is over reference load level

- A
© o -~ N

= N W b oo N ©

Load Number
Level of
passes
1 0
Load Levels represented by lines 2 1
3 1

) 4 2

/| 4 5 2

AR | A I

II \\ [] \\

SRV imef T
A 8] 2
! I
! 10 1

11 0
12 0

*For signal decrease cases — begin the counting of LL exceeding when signal is under reference load level
Starting from extremal exceeded LL — complete the full load cycles




Algoritms of full-load-cycles counting
Counting of local extremes

Load Level - intervals

10 B Do

9 R /\RF

8 N eV
7\

o | \[ |\
S

4 | ¢ \ AH
3 | V'
2 “&l ° \\

*Designate load levels and reference load level

Load level - intervals

12

10 Dp B

9 ’\ f Fo

< A |

y A A

o || [\ [l |
s| [ [\ |1 t|me=
a || ] %

3. || %6

2 |

1 A1

*Mark all local ekstremes (LE) related with change of signal angle
+Ignore the LE created by signal changes, which do not exceed the reference LL
Starting from extremal values of LE — complete the full load cycles

Load Nomber
Level of LE
1 1
2 0
3 1
4 1
S) 0
6 0
7 0
8 0
9 2
10 1
11 0
12 0




Rainflow Fatigue Cycle Counting

Endo & Matsuishi (1968) developed the Rainflow
Counting method by relating stress reversal cycles to
streams of rainwater flowing down a Pagoda.

Rainflow Counting

https://vibrationdata.wordpress.com
/2012/10/31/rainflow-fatigue-cy(le-
counting/

LE sequence

Signal creates
the shape like
,pagoda-roof”




|dentyfication of closed histeresis-loops

Histeresis
loops

http://www.myshared.ru/slide/886624/

A-D, B-C, E-F, G-H
(similary to the tips of histeresis-loops)



|dentyfication of closed histeresis-loops

Standln a
, ’ <.

anging

Strain

Source: ttps://training.dewesoft.com/online/course/fatigue-analysis
https://link.springer.com/referenceworkentry/10.1007%2F978-0-387-92897-5 1076



Rainflow Counting alghoritm rule:

Water-stream has the source in each depression, and can

flow until:
A/ meets the depression bigger than the depth of own source
B/ meets the flow, which drops from higher step of the ,roof”

10

¥ / VAAVAA

(3

https://www.researchgate.net/figure/Rainflow-counting-method-a-peak-and
-valley-stress-history-b-equivalent-stress-history figl 387935857
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Transfer Array
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Half-Cycles Array and
Incremental load spectra



Incremantal load spectra (clasic form)

An, 1 —
Usually is applied
linnear scale

o

Usually is applied
logaritmic scale




Incremantal load spectra (clasic form) - examples

10t g

Source:
Engineering and Manufacturing Division Airframe Branch

10°

Fatigue evaluation of wing and associated structure on
small airplanes
Report No. AFS-120-73-2, sponsored by Department of
Transportation,
Federal Aviation Administration 1973
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Transition from a Transfer Array to an incremental LS
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Transition from incremental LS to the block form of &

Load spectrum
from the flight tests

z_base /
N, 4 | n.. NC

v

N,=NG,

NC,

A 4

NC,

A 4

NC

A 4




LS as a set of blocks of load cycles

. 0 - . £
5 o g2 =]

Q ccH =
E 3 3% 3
2 < 8 S0 F 2
S5o ! 5c8o ©
w5 |5 2858 g
25 |8 2555 g
08 O R g
15000 3000/ 1642 500 _| 300 000 |

1 960 500 load cycles = 3 000 flight hours

Glider Load Spectrum elaborated by Thielemann —Franzmeyer
(applied in Germany in 60°s of the XX century for testing GFRP gliders)



LS as a set of blocks of load cycles

Load Spectrum of SZD-51-1 Junior
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Load spectrum of SZD-51-1glider - elaboration based on Stafiej] method



LS as a set of blocks of load cycles

7.0 Load spectrum of the SZD-51-1 ,Junior” glider
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o

Load spectrum of SZD-51-1glider — elaboration based on Stafiej method
another form of the LS presentation



LS as a set of blocks of load cycles versus a Transfer £

7.0 5 *  Load spectrum of the SZD-51-1 ,Junior” glider
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Extrapolation of Load
Spectra



Log of number of transfers

ldea of Load spectrum extrapolation

Transfer Array from flight tests

Extrapolated Transfer Array




tor lotu

1000
..... e ooens)
—-— EXan |pIe of Load
600 - )Y !
{ -~
400 - .
) "
> e SpECtI’UI N extrapolatlo N
£ o Pl I N tor lotu . 2L
g L~ \ 1000 i
200 £ 050890 hasas
( N S
-400 N 600 LA
A 3y f et
600 LS Lad
S 7 400 N i
-800 L S TP 4 200 N qano?®’
N g 1000 tor lotu
-1000 z -
1390 1200 -1000 800 00 -ao0 T ° -~ %, 00  ales s s
metry 200 ? "‘\ .... ¥ =~ N
of
400 / 3 600 ( 7
4
600 r \} 400 [ ¢
-800 \-.,. 4 > 200 A 4-.‘!':""
-1000 Bl TTLLY Sl T, /"\ 1000
1399 -1200 -1000 -800 -600 -4( e N 200 vonsslssesoston, |
200 N\ o ® ‘\
600 Pk
5 T
-400 t -
\ } 400 o e
600 500 Ll
o, o N o tor lotu
800 ®osoalaanbet® r o, N 800 T —
-1399 -1200 -1000 -800 -600 -400 3 /,oﬂ’ ‘\ 600 ~T \
200 \ \ wet?
N, 400 astes®
-400 ’F’.
o
-600 ‘) 200 _ L
' N
-800 - 0
3% coed seesdfet®’ % / \
H100 200

]
-1399 -1200 -1000 -800 -600 -400

metry -400 '\’ \\
N

1000

NoA

N, /
800 AT

1000
-1399 -1200 -1000 -800 -600 -400 -200 0 201

Mean Value +

3o (Standard Deviations))
of NoA )

100

10

Extended range of
‘...-"-'t- ............ 1 ALL

.........
............
.......

| ” .... O (Mean Value + 30
10 1 12 134LL of MAX (ALL)




13

12

ALL

Zzone
11

Extrapolated
10

Spectrum

/

xtrapolated Load

Safety Margin

&

Fatigue damage value

3.0E-08
2.5E-08
2.0E-08
1.5E-08
1.0E-08
5.0E-09
0.0E+00

LS extrapolated

Calculated on the basis of the High diagram
presented already in previos slid

LS from experiment

1]
1]
0
0
0
1]

3 | R
1]
1]
0
0
0
1]

]
]
L1}
[
L1}
]

(I&mber of Apperances

NoA

100
10

from the tests

1000

]

Load Spectrum

10000 -

]
L}

2
=i

[

(]
11

2 21| 2| I M| 25 /| | B B

[

201
28 2

29/ 11

0508 19a) 28] 3

ol 11 38

from the tests

o ZBl1gzl17s

L1}

-200

o 3| 35) 38

L1}

15 16 17| 18] 18

-400

nnnnn

T
-600
metry

00000

ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ

tor lotu

ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ

-800

nnnnnnnnnnnnnnnnnnnnnn

zone

0000000000000000000000

ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ

Extrapolated

“1399 -1200 -1000

1000

nnnnnnnnnnnnnnnnnnnnnnn

3

nnnnnnnnnnnnnnnnnnnnnnnn

2

000000000000000000000000

1

L

Spectrum

Spectrum extrapolation

Example of Load




Cumulated number of load changes

Values extrapolated for the Modeled -Period

N, m*1000

}Proportional changes A n 7

| TestData
(mean values)

Extreme values according load
envelope

o >
Q »

z min /Anz max

+30 load number concept

Other methods of LS extrapolation

,Trivial methods of LS extrapolatior

(without phisical basis)

4n(-)

Cumulated number of load changes

Extrapolation by the test-data range rescaling

Values extrapolated for the Modeled-Period

An(+)

Ny p ¥1000

)

Test-Data
(mean values+ 3c)

KCurve of approximation formulaJ

Extrapolated values
calculated from approximation
formula

~

Extreme values according load-
envelope




. Stochastic method of LS extrapolation 1/4
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Stochastic method of LS extrapolation 2/4

xT-array
Input data for stochastic extrapolation

!

[Stochastic redistrybution of cell vaIues}

-

T-array
clones

.1 !

[ Cummulation 1

1

Cumulated T-array
(extrapolated load spectrum)

[ Algorythm Rainflow Counting 1
a4

Extrapolated Load Spectrum
(HC-array)




Stochastic method of LS extrapolation 3/4

,0”-diagonal

Reproduction clons of the xT- array

%/I/l/l,jcell
Wl

0.2

l_ @ -3
h.nilh '

Probability distributions

used for numerical simulations




Stochastic method of LS extrapolation 4/4
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.omparision of the methods of LS extrapolation
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Fatigue properties of the
materials & Fatigue charts



S-N curves
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S-N curves
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High diagrams
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Why this High diagram is symetrical ?
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Work consumption for the High diagram
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Even in simplest case
It IS necessary to test
at least 126 specimens !!!
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Sources of information about fatigue properties of the composites:

O. Krause, Ch. Kensche ,,Summary Fatigue Test Report OB_TG1_R026 rev. 0”, 2006 - raport z programu
OPTIMAT BLADES (,,Confidential”).

J. FMandell, D. D. Samborsky ,,DOE/MSU Composite Material Fatigue Database: Test Methods, Materials,
and Analysis” - CONTRACTOR REPORT SAND97-3002, UC-1210, 1997, - raport z podobnych badan




High diagrams — operational zones
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1igh diagrams versus array of half-cycles to failure
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Oryginal Palmgren — Miner formula | oad Spectrum & fatigue damage

|
N.

D= Z =1 Number of half-
N, cyles in the LS

32 32 32 32

For majority of Z Z Z Z
[ materials D#1 ED D Number of half-
=1 j=1 =1 j=1 | ' cyles to failure

Palmgren — Miner formula modyfied for array calculacions

Unitary Damage Array
(UDA - array of damage-values for the Unitary Transfer-Array, i.e.

array having all values equal to 1)
In other words it is array of

values
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Example of fatigue calculations 1/2

32 32 32 32 n .
— — I, ]
n D=2.2.D;=2.2.\
70 *  Load spectrum of the SZD-51-1 ,Junior” glider i=1l j=1 i=1 j=1 i, ]
‘0 1 — Input data: the Load Spectrum of the

3.0 -

20 * PW-5 glider
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Example of fatigue calculations 2/2:

3 — Transition of LS to Transfer Array

1 06—
1 |:|5_
104
107
1 |:|2_
104
100+

— 32

Humber of apperances

4 — Calculation of the damage value:

32 32 32 32 n
D-3>3D,, -
=1 j=1 i=1 j=1 i,'

In the case of PW-5 glider wing spar shear web

5 — Calculation the life-time: D100on = 0.00389

(Assumption that critical D value is equal to 1)

Life Time = (1/0.00389) * 1000h =257 069h



Improvement of the
fatigue testing -
Equivalent Load Spectra

Problem description:
Can we substitute a full Load Spectrum by another Load
Spectrum, which allows simplification of the fatigue test
arrangement and decreasing the workload?
The main requirement:
In both cases of the LS the D value should be the same



Equivalent Load Spectra

A — simplification by substituting the full LS by the blocks of
constant-amplitude load cycles

EVN,; , values

1E+00

D 0.00389
NC,pp 1753072

31 D[

Damage D,
s

2.21896E -09

1616 ]
31 LL 1

Conclusion: Instead of the full LS one can apply 1 753 072 load
cyles having constant Load Level increments equal to 13



Equivalent Load Spectra
Problem: are all cells in the Half-Cycle Array equally important ?

Damage-values for the 1% of total D value

Unitary Transfer-Array

LL

Damage D

17 1E-11
1 ’/ 32
ALL=18™ N\ St

Note: In the case of PW-5 glider LS — the half —cycles placed
within ALL= 18 zone are producing only 1% of total D value

Conclusion: We can neglect the load cycles within ALL= 18 zone

Result: The LS is reduced from 1 753 072 load cycles to only 4882
load cycles without significant change of the D value



Equivalent Load Spectra

The new value of D, DI =
after this reduction:

D

000389

= =7.96E -07

Half-cycles
) e
quantity Half-cycles
Adlstrlbutlon quantity
distribution

1000

800

" NCy, 4882

600
400

200

ALL= +23

0
32

Load Spectrum - full

Load Spectrum reduced

Number of half-cycles LP 1753072 4882
Equivalent load increment |ALL| 13 23
Value of Damage coefficient D 0.00389 0.003866

for 1000h of operation

Conlusion: This is significant simplification of the fatigue test!!!




Equivalent Load Spectra

Another method of fatigue test simplification — ,,One- step” fatigue test:

.One-step” fatigue test, i.e. 10 000 cycles of
loads within design limit as a prove of 12 000
hours of operation

D 0.00389
: = =457 load changes
UDA, ;,(mediumvalue)  8.52E -06 (i.e. ~229 load cycles for 1000h of
operation)

What is the safety margin if we apply such a test?
(comparison of the number of cyles for 12 000h of glider operation)

10 000 cycles
12-229 cycles

-100% =365% Equivalent to scatter factor of 3.65



The end of the part
regarding the Load
Spectra



