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REL1AaTLITY AN~xLySls OF WING PANEL corcSln1:ruNc; TEST RESULTS FROM

INITIATION 01’ F1RST AND SUflSEQJTF:NT FVfl~JtF CRACKS

by S Eggwertz, The Aeronaut.LcaJ Research institute of Sweden, EPA

The 5th F.J. Planterna Memorial Lecture

ABSTRACT

The safety of an aircraft structure with regard to fatigue is usually

considered adequate if tire structure is capable of withstanding a

t’ai 1—safe load of a defined magnitude at the end of air ~nspectaon intex—

val, where a detectable crack has been present since the’ beginning of

the same interval • This, or simi lax’ criteria, does not provide a ur —

fonri level of safety, however, as expressed by a given figure of tire

probability of failure that i~s often prescribed in modern design codes.

lii order to achieve such a safety goal it is necessary to analyse stat: is—

tical ly the exit [re course of a rat] gne failure, starting with a crack

which is in] tiated arid propagates due to the random loading’s experi (‘iI(’e(i

in every flight during service life. The crack growth results in a coii—

t-Lnuoiis deterioration of the ultirnaCe strength of tue structure, and

extreme turbulence may finally cause the residual strength to he exceeded

by a heavy gust load. Air existing crack of a certain length will normal—

ly he detected at the inspection, the probability of success depending

on which method of inspection is chosen. in case the crack is not de

tected it will continue to grow adding to the risk of La] lure during

the next inspects oii interval.

The present status of Lhe rd lability analysis of a fatigue—seas] tive

wing panel is described, di scussi ~ig the possab~ 1 ities to base tire theory

on realistic assurnpt. ions and to introduce iii the numerical calcula—

ti ons satisfactory statist] cal daLa. Rather extensive information seems

to he available concerning loan si)ectra to he applied. Also the craci.

propagation mid the residual strength Has been subjected to successful

theoreti cal and experi mental irivesL I gain ons in the rapidly deve] opiiig

field of fracture mechanics. The crucial point is no doubt the lack

of data of crack in] ti at 101] t aries for realistic full—scale panels iii—

eluding the uncertainty involved in crack detectio~i. Fatigue tests
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to cure this lack are expensive and large sample sizes of identical

specimens are not likely ever to become available. Interesting observa

tions regarding scatter and distribution functions have been made recent

ly by pooling large numbers of results from different investigations.

Tests carried out at FFA have included two series with about 20 panels

in each. The panels had 32 similar stress concentrations and were

fatigue cycled using a flight—by—flight load program. In the first test

series the number of flights to detection of the first crack was deter

mined. The crack propagation was followed to various crack lenghs and

the residual strength was then determined. In the second series the

detection of the Li rst, second and third cracks was recorded and it wa.~

possible to pool all crack initi ation times by computing the coinnioii

“parent” distribution, i.e. the probability of crack initiation at a

single stress concentration.

Using the information obtained from the FFA tests numerical calcula

tions have been ,nade of the failure risks for various lengths of insp’—

tioti ~ntervals and service lives. Although the test specimens were con

sidered to simulate with some realism wing panels of a transport nit’—

craft, the diagrams given should not be regarded as direct design i iit’nr’—

mation but rather as examples of a mixed analytical—experimental pro;—

dure to follow.

Stockholm, May 1975
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FOREWORD

In May 1951 a letter was written from the Nationaal Luchtvaartlaborn

torium, Amsterdam, to the College of Aeronautics in Cranfield, UK, and

the FFA in Sweden, proposing a collaboration in the field of aeronauti

cal fatigue between the three institutes mentioned. The father of’ this

idea was Dr Frederik J Plantema, head of the Structures and Materials

Department at NLL. Representatives of NIL, OoA and FFA net in Craiifield

in September 1951, where an agreement was reached on the future activ

ities according to the Dutch suggestions. It was also decided to in~itc

participation front Belgium and Switzerland. The first Conference of

the International Committee on Aeronautical Fatigue, 1CM’, was held in

Amsterdam in 1952.

The foundation of ICAF in the beginning of the fifties was a very for

tunate action. The rapid development of fatigue testing and safety

policies with regard to fatigue would probably have come rather soon

even without 1CM’, but it is obvious that the Committee under the direc

tion of Plantema very soon got a remarkable influence on the fatigue

research in a large part of the world by suggesting the urgent problems

to be studied and joining the efforts of many laboratories in different

countries. The success of 1CM’ in the difficult beginning was riot only

due to the great skill and knowledge of Plantema and his collaborators

but also to his diplomatic talents. Plantema was able to lead and

unite people of very independent thinking, without ever raising his

voice.

1CM’ was benefitting from Plantema’s friendly direction for about

15 years until his sudden death in 1966. We owe him many obligations

for the platform ho established, from which we can enjoy a fruitful

international team—work. Especially in a small country like Sweden

we feel that 1CM’ has meant a great deal for stirm.ilating our efforts

in a sensible direction to make the best use of our liErL ted resources,

and will continue to do sq in the foreseeable future.
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1. INTRODUCTION

Already some 25 years ago it was accepted among foreseeing people in

the aeronautical field that fahigu.e failures would soon become one of

the most serious prob] ems iii the first place in the design of transport

aircraft with very long service lives required in order to keep the

depreciation rate per flight hour ] ow. The accelerated fatigue test

ing both on small sped-ness and fun—scale structures and the extensive

measurements of flight I oacls which took place during the fifties, re

veal ed that it would not he poss t ble to prevent fatigue cracks in the

entire airframe by applyui~, coriventi onal safety factors on life. These

factors have to be very large due to the scatter experienced in fatigue

testing. The assessment of a safe life, free from cracks, is feasthie

only for specific components of the aircraft structure, Cor which a

considerable weight ~ncrease may be tolerated, or which may easily he

exchanged during the service life.

iii the major part of an aircraft the operators thus have to live with

the risk of fatigue cracks b’nng present during the service life. When

the designers became aware of this fact they introduced the “fail—safe”

concept, which seems to have implied initial i y a duplication of the

vital numbers or, at. least a statically redundant structure • The idea

was that when the structure had suffered a member failure which could

not remain unnoticed for lor’i~, the structure should still be able to

carry the “fat I—safe load” equal to the limit load or a certain percen

tage of it. Duplication of members in a system may be a good solution

for electronic components, but it does not usually provide weight—

saving in a structure. Fai 1—safe properties can also be achieved, hoi.—

ever, by giving the structur slow crack propagation rate, high residual

strength and good inspectabili ty ol’ fatigue sensitive areas. A newer

and more adeqiate nane for lhLs ~iali ty is “damage tolerance”. The fail

safe concept will then require that regular inspections be performed

by the operator.

The length of the interval between the inspections should be debunntied

x~ith regard to the strength reduction rate. Tins is reflected by the

following definition given by BARROIS1 at. the IUAF SyTnposIan in London

1Q73:



t;
I

C)
t

I
•

-
L
i

Li
Li

04
C)

Li
H

C)
C)

U)
—

I
QO

C
C)

I
U)

‘
C

C)
Cd

.C
C

C
C

-—
.0

t
~C

t
I

H
t

C
C)

H
~E

C
t
-
P

0
F-

?
“
4

-U)
E

Cd
-P

C
Ct

C
C

—
:

-
~

0
,C

,0
-
r
l

0
C)

(4.4
Li

(4
-i

(C
—

.
C)

S
-P

~0
,Z

4
-

Li
od

o
q

-u
~

—
to

~
cd

~
Cd

C)
C)

C
r

0
.
0
0

U)
C

c-i
‘r~

‘rI
>

Cd
C)

0
0

4.)
.~

4-)
d

o
‘-4

.•
4
4
4
-
’

‘C
(C

L
iD

Li
‘H

o
4-~

—
Li

Li
-
G

d
0

0
E

--4
S

~-i
a)

Cd
t

C
(C

-~
~

4
)
0

tL
O

U
)

Cd
&h

C
C)

-
Cd

Li
0

C)
Li

V
Cd

Q
O

t
S

C)
0
-
H

Li
Cd

‘C
-P

•H
-
P

4
-
C

d
Li

-P
>

i4
-
~

4
,
)
Q

C
)

C
-P

C)
C

‘C
C

a)
-
P

4
)

C)
—

C
>

.2
.C

Cd
H

6
C

C
H

C
U)

4
)

.0
•r4

3
)
4
-
.
)
Q

~
i4

-
)

S-c
Cd

,C
,C

C)
>~

0
0
.
2
0
4
)

~
Cd

P
’
r
i

r
j

0
0

C
~

U
)

‘C
O

O
~

Cd
H

-P
H

4.)
-
~

,C
1J

Q
Li

C
d

•
U)

C)
Ct

£1)
r1

5
‘C

C)
S

C
O

U)
C

d
>

C
-P

-~
Li

&tD
Cd

Li
Li

b.c
C)

C
-P

C
C)

C
V

C
C

0
I

,C
to

4
~

>
0

—
I

0,
Li

C
O

•
L

i-H
(U

-H
,C

‘r4
L
iH

(J)
•

4
~

~
>

,
>

C
Cd

C
Li

Li
~

Li
4~

C
o

4-
0

Li
4.)

~x1
Q~

-P
cd

0)
H

-P
0
5
0

.C
0

&in
0

0
C)

-P
Cd

0
‘C

C)
,C

C
Li

C
I)

U
)

4
)

r4
Li

-P
0

4-
~

.
‘-I

Cd
‘C

C)
‘d

o
to

C)
•

C)
to

0
0

Li
Li

0)
~

C
0
4
”

.0
-

C)
0
3
4
.)

-
P

0
-H

C
•

,C
4
-
’>

~
C

‘r4
C

O
~

Q
-
P

-
J
.
)

C~I
r
4

,
~

C)
>

C
d

to
L

i
>

~
U

)
Li

Cd
S

.C
r~

V
-
P

H
0
3
4
’,

b
O

4
~

D~
>

Li
C)

—4
0

7
4.)

C)
0
,0

4
)

~
C

-I-’
0

C
(C

ri
t

0
C

>~
‘-~

Cd
C)

Q~
C

F—~
,C

N
~

ri
0
4
-

C)
,C

-4.)
“4

4-)
4-

C)
.2

V
U)

C)
H

U)
to

Cd
C)

H
(
0

4
4

Li
-W

C)
“4

Cd
‘C

C
C

(
4
-
4
0

C)
r
iO

C
0

0
C

C
(0

0
4

C)
Ct

0
C

H
-P

2’
>

Li
£0

-P
C)

U)
C)

S
d

C
(C

C
0

C
O

C
Li

0
C

1
t

0,
-
-
p

-P
-‘-4

0)
~

0
C)

Li
U)

0
U)

£0
Li

C
—

>
~

-
L

iH
C

)
,C

Cd
C

Li
‘C

~
L

i-C
.2

0
U)

Cd
t
o

4
Cd

4
)
0

H
4
)0

4
Li

~‘<
C

O
+

)
‘C

Li
C

-
P

C
)
:

C
‘C

b.c
5

(~)
04

C
C

—
4
4
4
>

0
)
-
H

U)
H

Cd
C)

C
d

>~
C)

C
.

p
U)

b.c
Cd

Cd
o

>~
Cd

S
L
i
-
c

Cd
0

~
ct

tO
C

>
H

,0
O

4
)
0

Cd
b.c

£0
C)

-
Li

-
-
2
.

C
H

U)
-P

c
)

~
Cd

C
O

?-~
C)

H
C

‘C
d

5
S

b.c
Cd

,
C

t
0

><
0

0
C

4
-
0
3
.2

0
)

0
4
-H

Ct
U)

Cd
(C

C)
~

‘3
Cd

C
C

‘C
4.)

Li
4-

C)
-
‘
-
C

”
--~

Cd
Cd

~
C

C
0
-
P

C
S

C
,

-
—

r
id

£0
V

--~
0

0
0

H
0

P
Li

to
>

Li
Ut

Cd
Li

C
o

Cd
o

U)
Li

L
i--~

‘C
.0

U)
-
P

d
U)

0
Cd

Li
L
i

Li
0

C
Li

-
0

4
Ci

C)
‘H

~
‘

>~
C)

C
C

Li
U)

~
4-’

-
-
,

Cd
0

-‘4
Cd

C)
C)

d
C

L
i-
r

0
U)

0
4

.0
C)

H
‘~

—
0
,0

b.c
a

-H
‘C

C
C

)
Li

Cd
-P

-
0

4
4

-’
‘C

S
4

)
-H

b
C

,2
U)

0
-
P

Cd
>1

-H
Li

C)
,C

-
C

‘C
(
4

-
i-
r
i

C
U

)
Cd

Li
C

d
o
d

c
o

o
a

—
ci

C
C)

-
P

d
1)

C)
C

1
’-
’t

U)
C)

C
C)

Li
C

,C
c
o

—
S

-—
C

d
-r’

~
0

Cd
Cd

r-1
4
-’

H
(C

U)
C)

C
C)

H
Li

C
“~

-P
5

“
-
P

‘C
Li

Cd
C

H
-P

>~
H

4.)
,C

C
4-’

‘C
‘C

--J
O

Cd
c
c

C
U)

Cd
o

C
)

.C
a

Cd
0
.
0
-
P

C
(C

C)
C

d
-—

---‘C
d

S
C

‘C
‘C

0
.
C

£
0

—
x
e

:
Li

0
.C

—
p

‘n
-—

-H
-p

Li
5
4
-’

5
-
0

0)
Li

C
C

)
C)

C
tO

2
-&

C
O

r~
—

it
-P

>,
0

Cd
4
-’-P

C
0

1)
0
4
-’

Li
—

4
Cd

~
‘C

~
0

L
iZ

C
0
4
-’

-.4
C)

c~
Ct

S
-
p

.C
U)

C
--4

-
P

S
H

O
~<

0
5

-‘
•
~

0
-
P

C
Cd

•
t
o

‘C
C

-
P

5
—

C
0

0
-
P

C
)

0
4
0

0
4
-
4
4
4

Li
ci~

Li
Li

C)
0
)
-
P

C)
U

)-c
~

C
d
.C

C)
C

5
.2

C?
C)

C)
C

‘4
-
C

t
~

C)
04

.
0
0
0
>

0
,

Li
C)

•
-‘C

d
.2

-P
C

-H
C)

0
“
t
L

i
U)

‘C
0

Ct
V

C
‘C

0)
-P

-
‘4

0
U)

C
£
0
0
)

Cd
Cd

C
L

i-
H

O
5

b.c
C

d
.o

4.)
-P

0
-
P

U
)

Cd
C

o
z
~

-
~

0
-
P

Li
C

0
-
P

0
0

•
Cd

o
S

L
it

L
iz

-H
>

i.C
I

0
0

3
Cd

0
Cd

C)
~

0
0

4
—

(3
H

C
04

Li
Cd

C
C

C
X

U)
H

-
P

.
C

H
Li

.C
C

-,-~
Li

5b
C)

C
tt

C)
C)

0
0

0
.‘

C)
-‘4

4
-’

‘D
C

‘4
C)

tO
-H

0
4
4
-’

-
P

5
-P

I
C

-H
C

.
(C

O
>

>
Li

U)
-ri

Li
Li

C)
0
0
)

P
0
-
P

C
)

C
Cd

Cd
0

0
—

i
H

4-~
U)

C
S

,C
Li

C)
H

-~-~
C)

(
C

i
C)

‘C
C

-P
Li

C
-‘-,

Li
0

4-i
Cd

~
-H

Li
C

—
H

Cd
c

.0
-P

C
C

)
0

Cd
o
.
C

j
4
)-P

0
Cd

U)
C)

C
O

C
-H

Li
(4-i

0,
Cd

Cd
4
-
-
-

~
‘

-
.
4

4
-
’

C)
4-)

~
4

j
~3

‘3
•~~4

Cd
£0

C
-H

4-
C)

b.c
-4-’

04
.
•

U)
4
-
4
-

0
.C

C
4-’

U)
t

—
Li

V
C)

x
Cd

0
~

-
~

0
C

C
H

C
C

)
C)

C
C)

-
P

t
4-)

~
-
r

Cii
C)

C
C)

C
>

i
t
O

C
C

5
-
C

0
3

.0
5

-
—

0)
Cd

Li
S

N
H

Cd
Cd

~
C

C
C

o
Li

0
>

-
P

-‘4
(C

-
‘4

-
P

,0
L
i
t

0
‘C

L
i>

Z
-’-i

-
r

C
C)

C
d

4
-’

C)
C)

C
‘C

C
‘
r
i
d

(C
C

)
(C

-P
tO

O
0

H
—

I
C

C)
Li

0
4

4
-’

U)
0

3
4

-
,C

-C
Li

,C
-P

C
.C

-‘-‘
C

4
-
-
’0

.
0

C
-

Cd
Cd

c-i
C

Cd
,C

0
0
-
P

C)
C

C
4-’

L
i
-
P

C
-
P

d
.C

C)
Cd

C
C)

C
,C

C)
C

>
U)

4-’
(4

-i-P
4-

0
3

0
H

H
0

C
0

to
Li

.0
x
c

~
0

H
S

Li
.0

Li
-

U)
-H

C
0

0
>

i
U)

-P
.0

C
Cd

H
b.c

4-
-H

o)
C

C)
Cd

4-’
I

‘C
Li

-H
C

C)
.C

‘C
—

•-~
Cd

-
-
P

0
)
4

)
0

>
Cd

C
C

C
(C

C
)

‘C
—

0
>

-4
.C

-P
>

~
4

)
‘C

4
’

>
Li

C)
Q)

4-’
Cd

-‘-4
4-~

-
C

C~
L

i~
ri

0
4
-
’r
’C

)
1.)

Li
Cd

c
0
—

4
C

O
H

>~
C

>~
Li

C)
Li

4
-
C

o
o
t

C
Li

‘C
-
P

U
)

-
P

0
Cd

£
0
0
0
0

Cd
C

C)
~

H
>

‘
-
4
0
.
0

C)
0

Cd
0

—
4

Li
C)

0
’

C)
C

4
-C

)
Cd

~
C

(4-i
Cd

(C
-H

O
Li

0
Li

-P
-H

U)
H

~
U

)>
0

,2
C)

—
t
O

>
0

0
C)

L
i

4-
-P

Li
>~

-‘-‘
Li

C)
C)

c-i
.C

-
P

t
Cd

c
C

)
4

-
0

Eb
H

H
C

~
C

4-~
to

~
(C

-r4
C

iH
U)

Cd
C

0
4

0
tO

O
C

C)
0

C
C)

L
id

0
0

V
“
£
0
4
)

‘C
tO

C
C

>
,

C
Li

~
C

-P
-.

C)
t

C
-—

.~
.0

0
.

.0
—

i
0

-p
—

4
C)

-
-
i

C
U)

Li
C

-H
-P

C
0

Cd
C)

U
)

U)
C)

4
0
,’.,

-‘-‘
4

-’
-4-’

‘C
Li

H
Cd

C)
—

Ut
(C

C
C

t
C)

C
U)

C)
H

5
.C

t
O

.
r
lr
-
l

Ut
U

)
>

—
~-c

0
C

C
C)

Li
4
-
C

Li
C)

0
‘C

Cd
Li

U)
-H

4-
L

i
t

C
Li

H
U)

C
.0

0
-
-
’

Li
F-

-n
L

i>
C

ci
C)

C)
C

‘
O

—
C

Cd
Cd

r~
-
-
4
0

t
-
‘
-
H

-
P

d
<f

---i
‘C

—
C

O
t

4
-
C

c
a

<
C

C
.

U)
U)

H
‘C

3
H

(C
H

F
-
U

)
>

~
-
4

.
)

C

CD

A



I g

1.1/7

The aim of safety codes for certification of structures is to reduce

the number of undc sired outcomes where same sort of damage occurs. It

may not be necessary to agree on a specific figure for the risk of damage

which could also he described as “small”, or “extremely rem&o”,

There seems to exist a general acceptance~ however, of the risk, or the

corresponding reliability, as the only logic basis for comparing diffe

rent structures with regard to safety. Risk and reliability are statis

tical quantities that can hardly be estimated without some sort of pro

babilistic analysis. This is especially true when a very low risk is

required as in the case of a catastrophic failure, and a complex he’—

haviour is studLed, as fatigue in a fail—safe structure, where several

random variables have to be combined. Statistical analysis could be

used not only to build up a primary design method but also for ~•‘va1iia—

ting the present risk level existing in different types of aircraft

structures and for calibrating the safety factors now applied, in order

to obtain a consistent level of safety.

Although there are strong arguments for carrying out statistical ca]—

culations with regard to fatigue failure there is hardly any evidence

in the literature that such calculations have been carried out in the

development of actual aircraft structures. The rather few papers pub

lished in recent years represent mainly an academic view of the problem.

The fact that people from the design offices and airworthiness authori

ties have not yet been able to analyse their structures statistically,

or do not rely on the figures they have arrived at in the analyses

possibly performed, is probably not due to the mathematical difficul

ties involved in the first place. A thorough treatment will be com

plicated but modem computer technology has provided us with means to

overcome such problems. The main reason is more likely the lack of’

statistical data to support the calculations. This deficiency will never

be cured in an entirely satisfactory manner. It is believed, however,

that with a proper understanding of the physical phenomenon of fatigue

failure, statistical calculations will still be of great value, let

alone that the absolute risk values obtained may be far away from the

actual ones.

The present report describes the details of a procedure for analyzing



z
>_

I
4

U
Ci

C)
V

i
t

t.
c

L
C)

—
,C

4-~
C)

C
~

C
j

-
-~

Ci
H

t
i-~

—
-~

L
i
-
”
.

U
-

—
4

i
Li

—
ö

2
’~

U
-i.)

~
t
-
.
-
t

-

0
1

Ci
Lj

U)
5

0
•H

C
,

4-
C

-4-)
C)

~
•,-~

.0
CT)

C)
C)

H
C

C
.Z

02
>.

02
0

4
)

~
H

Li
-
~

-P
0

.,-i
.2

Li
C4

2
C

d
-i-~

4
)

Ci
C)

—
C)

“4
V

C
,

C)
-
P

U
)

Li
0

-
P

r
-
—

C
i

C)
0)

Li
9

Li
.0

>
0

2
C

-
S

H
C)

-P
02

H
U)

C)
C)

Ci
~

%
-i

0
>

~
4

-~
Li

S
C

D
C)

H
C)

Ci
Li

Ci
C

.
Li

0
4-)

4)
Li

U)
Li

0
9

-D
0

-’-~
4~)

C
,

C)
-P

Li
Li

Li
d

S
Ct

C
.

-P
Ci

Li
C)

0
—

Li
C)

02
Li

C)
c~)

0
C)

ci
U)

4~)
0

~
-
P

ti
L
iD

t
O

Cl)
C)

‘Ci
Ci

-H
Lq

V
C

4
,t

~

S
U)

C
.

(U
-4-)

Ci
C

O
C)

C4
~d

C
.

d
S

—
Ci

Ci
0

5D
H

0
~

C
’l

Li
Li

C)
.01

Li
~

t
-D

c
U)

Ci
Li

-
c

~
o

cd
—

—
o

o
C)

C)
Li

0
~

Li
•H

c’3
0)

“4
4-~

Ci
.‘

C)
U)

Ci
“4

Ci
0

H
t

‘Ci
F--i

.0
H

C
4

--4
~

5
Ci

d
H

-P
C)

c-i
d

o
Li

0
0

H
Ci

C
it

U)
Ci

0
-
P

C
-
~

c-i
C

d
t

02
-4-’

0
C

U)
Li

Ci
•

C)
-H

H
Li

0
(‘Id

Li
-P

-P
00

~
C)

Li
—

4~)
,sD

-H
~

C)
Ci

C)
Li

-P
-P

-P
Ci

Ci
C)

-ri
ci

C)
“4

U)
.—I

£1
C)

C)
S

Ci
0

-a-’
-P

4-)
c
-
id

Li
o

,c
-1

d
o

-P
-H

~
Li

ccj
,0

—
C)

C)
cd

•
F

-i
~Ci

0
.≤i

•r4
0

0
)

0
0

t
i-
H

Ci
C

5
C)

~
r
-

~
tO

~
02

~
-

.0
-
P

0
2

0
CC

—
Ci

C)
Ci

C)
H

Li
0

Ci
0

Ci
C

—
C)

F
Ci

U)
-P

H
H

.2
C,

-Q
~

0
2
-
P

-
c
d

0
0

C4
0

ID
5

-N
F

S
d

H
C

)
•

c-i
0
2
0

H
C-j

~
Ci

r-i
Ci

-P
-P

Li
Ci

Ci
d

o
d

.0
1

0
C

r
3

4-)
o

~
2

)
C4

Ci
H

c-i
>~

C)
~C

--4
~

-2)
4-)

t
o

)
C

to
•

-H
Li

in
0)

d
-ri

—
-P

C)
Ci

C
o

Li
d

Ci
0
2
>

—
‘H

•
C

,C
i

Ci
~

L
iD

C)
0

)
0

-P
•

9
Ci

S
Ci

H
C

U
H

D
4

H
C

it
0)

C)
0
.0

C)
4-’

Li
-

0
‘0

C
,

C
f
l

-ri
C)

C)
P

t
•

O
tx)

4-)
4~

-H
>~

H
4-’

(U
‘Ci

-P
C)

C
Li

C
t

Ci
0

C)
0
0

~
M

02
C

it
0

2
0

0
4

-
tO

L
iD

—
~

4-’
d

O
tO

.2
C)

Ci
H

Ci
C

id
C)

N
r

02
Ci

n
-
id

>
.H

-H
O

~
-P

r1
IC

)
Ci

,D
1)

-H
Ci

ID
CU

C
,

U)
C)

0
L
iO

0
II

.‘-r-I
Ci

0
Ci

r
H

C)
C

U
)

.01
-P

rI
t

S
-P

T
4

r4
‘Ci

~<
Ci

Li
H

4
)-F

-I
>~

Ii
C.

C)
0

~
Ci

Cd
ii)

-4-)
H

C
-P

V
Ci

Li
Li

ID
t

Li
C)

C
C)

~-4
-P

iD
-P

C)
C

r4
’d

U)
Ci

-
Ci

Ci
C)

4
’

C)
C)

-P
-P

C)
C

C)
I

C-i
Ci

0
Ci

.01
-P

C
)

I
.0

CU)
n

ci
$

C)
t
,
~

V
V

5
o
t

c
t
-
p
c

S
C

)
Li

.—
iC

0
‘Ci

C)
C

4-~-e
02

02
C

—
—

-P
H

H
Ci

2
0

V
Ci

Ci
H

n-I
C)

0
,Ci

-P
Cd

Ci
-P

0
-P

C)
.

-
O

C
i

—
—

H
-~

-‘
Ci

Ci
H

,-1
~

Ci
Ci

Ci
~

Li
‘Ci

.01
t
O

P
P

D
C

)
Ci

Ci
C)

—
V

Li
Li

-P
~

D
N

~
Ci

>
Ci

Ci
o

-H
Li

0
0

C)
4-’

0
-P

0
-d

to
0

t
C

)C
i

Ci
C)

C)
ID

‘r
I—

C-i
Li

-H
C)

-P
0

0
‘Ci

Ci
C

.
U)

tO
in

Ci
0

tO
-H

P
C

i
L

i--
-P

-P
-p

C
,~

4-)
U)

C)
.01

~
C.

Ci
O

d
-H

~
C

~
C)

t
.0

Ci
-P

>
-.-P

C)
C

.2
~

-H
0)

-2)
-H

-P
c
ia

’
C)

0
-
P

O
P

U)
Ci

0
2

0
)
0

C
O

C
)>

C)
H

U)
H

o
)

~-I
-M

0
H

.2
H

S
E

0
C

-i~
H

-P
C

i
j
r
~

0
.0

H
r
-
I

Li
L
i-P

>
H

ci
.0

4-’
C

i-
-
io

C.
Ci

Ci
Ci

0
-H

o
)

C
V

Q
tO

0
0

C)
0

0
-P

Ci
C

iH
‘—4

~
Ci

-H
O

Li
C

iC
i

S
Li

Li
S

o
>

J+
i

>.
C)

N
d

-H
.0

0
)

n
-i

.Ci
Ci

.
2
0
0

C)
tO

Ci
S

ID
Ci

0
c
-iL

i
Ci

Ci
Ci

C
r—

I
H

O
0

Ci
Li

L
iC

i
.r~

L
i-
P

,Ci
-P

r
H

O
-
P

0
)

C)
-
~

-H
C

iL
i

0
C

.C
.

Li
H

t
d

o
C

-
P

H
Ci

.-
Ci

C
iC

i
0

)0
2

L
i
t

ID
>

C
-~

c
-ic

-I
V

C
—

i.2
C

iL
i’C

i
.—

IC
-i

Ci
0
>

C
i-P

C
-i

0
Li

-P
S

Li
2

~)
C

d
o

O
L

i
Ci

S
E

0
0

)
Ci

C)
Ci

~
o

>-~
H

o
)

V
C

—
c

tO
---

C
,C

~
C)

>
~

t
.0

C
i’H

C
C

C
)

Ci
Ci

,C
iC

i
&

-P
0

Li
tO

C)
-P

fl
0

0
Li

C)
cd

Ci
Ci

C)
£~

S
H

4-’
o
to

>,
>

,-P
H

-P
Li

Li
4
L
i

0
0

H
Ci

C)
n-i

~
Ci

4-’
n
-I

-P
C

C
)

Li
C)

Li
h
i

O
~

C
k
O

H
L

i
-P

-P
C

4
Ci

-P
-P

tio
~

~—
Li

.0
C)

4-
•

C
-id

V
0

Li
>-,

(
to

)
.Ci

-P
d

-H
•H

~
C

-iL
i

0
0

Ci
c-45

C-j
-—

~
Ci

-P
.d

,d
C

it
Ci

d
O

C
-i

-p
Li

o
H

Ci
4-’

0
C

iS
H

H
0

C)
C)

0
0

O
L
-i

C
Ci

4-’
n-i

-P
tO

o
C)

C)
“4

9
H

U)
Ci

4-’
V

~
H

.0
H

-
-
i
t

C)
a

C
,

H
H

Ci
c-i

Ci
-.-i

C)
•rl

H
H

.01
d

P
V

2
0

~
Ci

‘H
O

.0
.0

+
~

L
iL

i
0

2
0

)
c

L
iC

,
Li

Ci
Ci

~
H

-
p

-
~

~
p

b
Ci

(U
~

‘
t

.0
o

-.-4
.2

L
iH

Ci
ci

o
d

,2
H

C)
C)

C
-
it

~i-
O

D
C4

Ci
9

C)
0

-i-I
S

Ci
Li

Li
C)

0
2
-H

0
4

’i-)
.0

.0
0

)
.0

r-4
‘D

V
0

0
.
0

0
-
C

C
C

)
C

iH
~

I
(C

O
L

i
Li

Ci
C

,
C)

-
P

t
Ci

(U
C

t
0
0
2
5
-
-
i
d

Ci
C

ia
9
U

)
+~

-P
C)

>
~

C
i

0
0

tO
.0

-H
C

it
>

Ci
0

Ci
C~

L
i-H

-P
Li

L
i-H

C
iC

i
C

O
L
iC

.
C

i~H
—

>-,
o

~
Ci

H
0

a
-I-’

C-i
ci

.
0

0
-H

C)
C)

C
.4

-’
Li

0
to

)
0~

C
.-4-’

d
C

-i
H

-
i

0
0
2

C
iC

C
Ci

-P
C)

C
C

-i
Li

a
C)

00
C

t-
H

o
)

.0
~

2
-
P

0
Cl)

-H
C

,-H
C)

-4-
L

i
t

V
ci

.
o
-
o
o

-
-
‘

C
O

t
o
)

H
H

0
2

5
o

)C
i

C
,

0
0

.0
1

0
Ci

Li
.
0
1
0
0

0
1

H
Ci

ci
C

tO
t’-

,t
C

L
i-H

,Ci
Li

C
o

—
.0

H
$

Li
o

-—
-P

H
Li

H
C)

C
,-P

V
-P

—
C

C)
S

C-i
Ci

Li
C-i

~
H

Ci
H

O
-P

FM
-
H

i-
4

-H
-P

.0
t
o

.0
,0

2
0

4-’
C-i

C)
cd

C
d

Ci
C

d
S

~
—

E
l

H
t

C)
Cl)

C
-H

C-i
U)

—
Ci

C)
.0

-P
-

S
U)

Li
C

i-4
-’

C
it

&
-H

L
i-H

-p
C

i
Ci

d
O

•
C

Ci
Q

,-C
i

-H
‘-I-H

0
)
0

C-i
Li

0
-ri

9
0

0
)
5

i-
’O

H
V

0
Ci

V
0)

C)
C)

0
-H

(I)
C-1

0
H

V
C

-H
H

0
2

-P
C

i
.0

0
2

Li
U)

Li
to

Ci
-
P

C
C)

Ci
C)

Ci
.0

,0
1

Ci
C)

C
it—

Id
Ci

C
)
-
r
’

H
Ci

Li
C

i,C
i

Li
Li

0
-
H

O
•

0
2

—
t’—

0
~

-‘
~

0
Li

0
0
0
2

~
~

V
f
l-
H

o
tO

o
Ci

O
O

H
0

N
C

t~
~

Z
~

t.d
-~

2.
z

41



~1 I

1 * 1/9

P, P probability of fatigue failure during service life, and
during inspection interval v, respectively

‘ ~1’ probability of crack initiation, first crack initiationc etc
p ,p

c2 c3

frequency function of crack initiation

It residual static margin, R is original static margin

r normalized residual static margin R/R0

S total load or stress

S mean load or stress in flight
m

S load or stress amplitude
a

s normalized load or stress amplitude S /Ra a o

P , T1 etc service time to crack initiation, number of flights, to
C first crack initiation etc

T0 scale—parameter of Weibull—distribution

T parameter of Weibull—distribution, lower limit

service time to end of inspection interval u

t service time in number of flights, or hours

td service time from crack initiation
shape~paramcater of Weibull—di stribution

mean value of logarithm of time to crack initiation

a standard deviation of log P
C c

3. SURVEY OF FATIGUE RELIABILITY PROBLEM 331 AIRCRAFT ST1~JC1URES

Detailed reviews of the present state of the art regarding the assess

ment of safety with respect to fatigue failure have been made by BARRO1S1

and HOOKE , where the certification requirements of existing airworthi

ness regulations are also dealt with. The survey of the problem is

therefore limited to a few notes necessary for the correct understand

ing of the following presentation of a statistical method of analysis.

Fatigue failure occurs when a load acting on a structure has a magni

tude exceeding that of the residual strength of the damaged structurc

The probability of fatigue fat Lure is thus the probability that the

structure is subjected to a load exceed~ng its strength. The same state

ment applies to the static ultimate failure of an undainiged structure,
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I. Critical crack length, where the residual strength may just carry

the fail—safe load, equal to the limit load or of similar magnitude.

2. Crack propagation time from a detectable length to critical length.

The detectable crack length is determined with regard to the inspec

tion technique to be used.

The inspection interval is detennined by dividing the crack propaga

tion time by a factor of safety. This method obviously disregards the

risk of meeting a higher load than the fail—safe load during the inspec

tion interval. On the other hand it assumes that a crack is always pre

sent at the beginning of the interval which implies an overestimation

of the risk. Since inspections are expensive for the operator the de

signer aims at long crack propagation times. This can h0 achieved by

increasing the crack propagation life, either by improving the fracture

toughness of the structure, which gives a lower crack propagation rate

aiid a longer critical crack, or by employing more refined inspection

techniques, see VL1EGER6 Thc conventional fail—safe method does not

seem to provide a low probability of failure, however, if the inspection

intervals are increased to a magnitude of 10000 h, since the risk of

encountering a load exceeding the limit load will then become consider

able. BARROIS’ also arrLved at the con~iusion that the fail—safe veri

fication does not always rcsult in a sufficiently high level of safety

“It is more advisable to define areas to be inspected and the periodi—

cities of maintenance inspections capable of detecting cracks of mode

rate length than to accept that only one or two inspections be made

during the whole specified life of a particular aircraft, and to corn—

pensate for this concession by requiring manufacturers to consider

cracks of such lengths that aui error or scatlxr r€lating to their criti

cal sizes or to the fatigue strength of reinforcements aimed to delay

the crack propagation, could make fail—safe illusory and entail a

catastrophic failure”.

A cyclic saunpling inspection procedure does not improve the safety

to a notable extent since the important parameter is the inspection

intervals of the individual aircraft as found by EGGWERTZ—LINDSJO7

and STAGG8
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considerably from observed actual service lives on the average. The

reasons for poor correlation have been discussed by LOWNDES1 and

TROUGHTON-WOODFORD-HARPUR1 ~. Among more important factors are diffl -

culties to apply a correct loading system on the test specimens and to

simulate a corrosive environment equivalent to service conditions.

Extra safety factors or introducing coefficients of variation of “eng;-.

neenng judgement” will be necessary. Finally, the unexpected failures,

“inconceivable events”, resulting from grave errors an design, manufac—

ture or operation, or pure accidents, can never be brought into a nor—

maJ~ design analysis. Damage tolerance and frequent inspections may,

however, prevent incidents to develop into catastrophic collapse.

4, SrATISTICAL iNALYSIS OF ENYrRF COURSF OF FATIGUE FAILURF AT

REGULAR INSPECTIONS

A fabigue failure occurs in a structure where a crack has first been

initiated, leading to continuous strength reduction, when the structure
afterwards is subjected to a random load the magnitude of which exceeds

the residual strength at that moment. Within the first inspection

interval the probability of fatigue failure is equal to the joint pro

bability that a crack is initiated during a time increment dt and that

the structure afterwards meets a load exceeding its strength integrated

over the whole interval T1. The probability ot crack initiation is

Pc(t)dt and the conditional probability of strength exceedance is de

noted G(T1 — t). The probability of failure P1 is thus
Ti

p1 = [G(T1 — t)Pc(t)dt (i)

where Pc(t) = dP(t)/dt

The distribution function for service life to crack initiation caused

by a random loading spectra-n, may either be assumed to be log—normal

~(t)1~ fex~ ~_ (log x — ~)2/2 a2] EE (2)

or a Weibull—distribution
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be omitted. introducing the normal i zed load a.nL)1a bide

= s/(u —s) = s/h (6)
a a 0 iN d o

the number of load ampli bides exceeding 5a in 0110 hour may be written

H(s) = H exp(_Iisa) (2)

U is ultimate strength of’ the undamaged structure. The load ‘a’nplitudc’

is thus normal ized in Ui respect to the original static margin R. The

two parameters 110 and h ot’ the extreme gust load sp~ctnvn may be obtal iied

Crom puhi ished turbulence recordings for the type of aircraFt ci~iid Opvr€~—

tion under con’,iderat ion.

The residual strength U of the structure decreases with tli t inie td

after crack mit I ati oii. The res dual static nasgi ii H iioniiaj i zeci w 1 Ui

respect to P may be written.

r(td) = ~/~0 = (U — (8)

It is also assumed that the sLat i c niargin r(td) ha”~ a di stri hit ion

function F(r) and a frequency function f(r), where either a normal or

a log—iiormai distribution naa3 be introduced • The mean val me and standard

deviation of r(td) may be determined from fatigue tests on represeiita—

tive spec Linens when’ the crack propagati on is recorded and the resi dual

strength 15 also determined for various crack I eaigths. if the nuiraber

of test speci niens is small , the si andarci deviation may be est a mated

from earl icr tests on s i nm las’ structure’,.

An al ternat we method to deterinimie the function r( td) would be to use

formulae deduced in fracture mechanics to determine first the crack

propagati on rate under the randon loading whi cii has been adopted also

in the eva] uati on of the crack i ni t Lati on parameters. The increase in

crack length L with service time td from crack initiation is then oh—

tamed by integration. The resi ritmal strength U caii also Ji~ conputed

by fracture mechanics as a function ot’ L. Finally the normal i zed re—

5 idual static margin r(td) is f’ou a] accord a rig to Eq (8).

Fatigue faiLure is triggered h~ a load amp] atude exceeding the residual
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static margin at the moment this load is met

5aE~(td) (9)

The number of failures in one hour, also called the failure rate, is

obtained by inserting Eq (9) into (7)

H(td) = H 5 f(r) exp(_hrd) dr(td) (io)

where f(r) is the frequency function of r and rd is the corresponding

mean value. Assuming no correlation between the load amplitudes the

probability of failure of a damaged structure is now11

td

G(td) = 1 — exp( 5 H(td) dtd) =

td

= 1 — exp 5 [s~r~ exp(_hrd) dr(td)] dtd (ii)

At the end of the first inspection interval, t = T1 , inspection is per

formed using a specified procedure. Normally a longer crack will be

easier to detect than a shorter one. Rather few special investigations

have been made regarding the reliability df the various NOl techniques

available. It should be possible to evaluate the crack lengths detected

in the numerous laboratory fatigue tests with large sample sizes which

have been run so far. This would give distribution curves for detect

able crack length under laboratory conditions. Service inspection can

not usually attain the same accuracy as in laboratory for economical

reasons. One will probably have to specify that the probabili~y of

detection must exceed given percentiles at two different crack lengths,

which will determine the inspection method required.

It is presumed that a continuous distribution curve is available which

gives the probability that a crack of a given length L is detected. If

the relationship between L and td is known, as discussed above, and

deterministic, the distribution function for the time td from crack ini

tiation to crack detection will be easily foundand denoted by Fd(td).

There is obviously a scatter in time to produce a certain crack length

but this scatter is rather likely to be unimportant compared to the

crack detection time.
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After the first inspect ion, i . e • at the beginning of the second insj~ec—

tion interval the following cases may be distinguished.

1. No crack has been initiated

I]. A crack has started

a. The crack was not discovered at the first inspection

b. The crack was found and repaired at the inspection

DI. Complete fatigue failure has occurred

Case 1 applies to [i — ~c (T1) J of all structures in a thought popul a—

tion. No change of initial conditions has taken place and Eq(I) is

still valid for the second interval, if is introduced instead of T

and the integration is carried out between the limits T1 and
T2 -

p2 = H — P (Ti)]Jc(T2 — t) Pc(t)dt (12)

T1

Case Ill applies to a percentiie P1 which is supposed to be a very sinai I

value, it is therefore reasonable to neglect P1 compared to one and

assume thai; Case 11 has a share

Case Ii a will then be valid for a portion

— — t)j Pc(t)dt wid ii b for

- t) p(t)dt

Case ]3 a will titus yi.eid the following contribution to the probability

of failure during the secotici inspection interval

~2u1a — l(T — t)] p((t) [~(T2_t — — t)] dt (13)

It is postulated first in Case~l~~I~ b that the repair is carried out in

such away that the structure is equivai cut to one without crack hut of

the same fatigue age T1. This is probably a conservative but rather

realistic assumption for a bull t—uj) structure including a large numb ‘r
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The atiatysi s presented does not require the lengths of the inspect ion

intervals to be equal or any other per~odic ity, but constant inspection

intervals are usually preferred for many reasons.

5. IN FORNAT1 ON AVA1LAI3LE TO SUPPORT ANALYSTS

A common argiinent adva iced against introducing probabi1~stic methods iii

the design of strnctures has been the undeniable fact that statistical

information is not available to such an extent that conclusions wi tli a

high confadence caii be drawn from such analyses. This is true — and ~ iii

rehIIaLn so for a long time — not only concerning the probabilistic proc’.—

dures hut often still riore for convent Lona]. methods with one or several

safety factots.The probabilistic analysis makes a better use of the in—

ibi’niatio’i in the fonni of measured data, even if it is meagre. Sometimes

it may be diff~ cult to Iirid the adequate inf’ormation because of Lack of

understanding of the physical phenotirezion to be treated, but this probleril

can be overcome just by statist i cal thinking.

The aLni of this chapter is not to present a collection of all pertinent

stat isti cal infoririati on awi i labi e in literature but rather to give ex~un, de~

and di scuss the useful tess of rue thods to generate infornuat I on -

Load bugs

Tue present study is mainly devoted to wing structures, which are subjec’—

ted to loads caused by wind gusts and uuauuoeuvres. rrhis is true also For

the tail unit, while the doeuuindting loads on the fuselage co;uie from [he

pi’essuri.zations. Statisti cal data of’ accelerations measured near tin’

centre of gravi ty of the a i rpi anes arid simultaneously recorded vai ties

of velocity and altitude have been coil ected by research estahlishjnent~
hi

such as NASA formerly NACA, and RAiD wi tli i ts predecessor for at

least 3—’+ decades. These data can be converted into gust veloc I ties

ni id f i ally , by i sit rodiic in g [lie gust response of the ai i’pi ar 3 e true ture

into loads and stresses iii the will1’; area under considerati on. fin gnst—

aiici to a large OX tent also tin rulanoeuvres are random occurret Ices. Ti i

gust I oadirigs have been anai yzud since the fifties as a stationary

Gaussian random process, see PRKSS—MEADOWS—IIADLOCK 1 / and f~D(HAijM—

ZASCIWL 18 with a singl c’ parameter, tile root—mean—Square value. TIle
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1.1/21

i ng blocks hi Ui a composi t ton of the wnpl 1 ttules iii accordance with the
9 If

appl i cable load sp~ctruiri. Th s procedure ~~‘as P01 lowecl by random t estuitc’

which was made possible with the development of’ the servo—liyclraiil ie

testing roach inns. Fa nat 1 y t Lii’ cornpi.i tel’ i zad equi p11100 t now available

in modern laboratories, allows fl iglit s irmii at ion testing where a large

number of fi iglits of’ differci it severity car, be rando~ily i ntroduee<i.

‘Plie van al ions Lfl load sequences that can he acli I eyed is thus pra’ I i —

cal ly uiil i ni ted. This situation might soon lead to increased di fI’i—

ailties to compare test resiil ts winch have beet i obtained with som’ d I’! — —

encc)s in loading. The German Laborat oriuin fur Betriebsfestagkei t LUF

and the Dutch ~ationaal Lucht— en Rtinnf,eva intl alioratori tim NLR have

there Pore dove I op’’d together a flight by fL i gil I t est prograninin I’or’ thti

fatigue cm t lea] wing root arc a, win cli iv i hi he used by the two laboi’a-
9 —

tories as a standard 1’] ight si ~wjjat ion pI’OfJ’aPiIie . Very likely, i t

will also h” cite isi vely employed by laboratories in the other 1 CAl”

count r I 05~ The standard] zat i On i s probab] v ileefissaim’ to farm a has is

for Pm it ire 1 nt erna I i orial agreernn ‘n t on c e rt i Pt cat i oil r~’qizi remei its. ‘Ii

I oa’ I 54)’’ Ct flED eho semi ha ~ been t nu cat ed iii tin upper and lower ends

in order to prox ide a con-ervat LW’ in an I’Eit ign. I i Pc according to

present knowledge. Also I lie scatter of tin’ Pal i gite lives is inflmteiiced

by truncation of hirgli and low bids Iuid their sequence m, and it is not

i to o In i ens Iii at t he st amid ard 1 tEd I onil pi’ograin ne wi 11 pro vi de con—

set’vati ye value, of the standard dex inti on of the fatigue lii e . I or

this reason One should hope that fiitun’ [‘it ignc’ test i ag for rosen” Ii

purpoSE’ Wi I I part] y he c arm ed on I w i Ui red] i st m e I oad I fl g p rograititime s

whi cli di ff’er from the standard, un t ii ~e an’ ohIo to es tahl I i-il 0

general theory for fat i gin’ 1 fe anal ~ ~is.

The ultimate f’ai Jun ol’ a ,tru’ture having a f’ar igne crack, mas , frorri

theoret i cat point of vi ~ , taLe place at any moment front the ct’ac I~ i ru—

t ia~ ion mitt] tile residual stat ic margin aceordi iig I a Eq (8) hi~ de—

crei ,i’cl to zero . Ta ord ‘ r 1 o k ee p Ui e pro bab i I i t v of fai I un I ot~ i t

is necessary to inspect the structure at i iitr’rvai s wli reh are only a

Prac t i on of the ci it ire crack ~ i OJ aga t 100 t i me . Lou g cracks and sinai I

resi dual static nargi is wi 1 1 coiisepienith y niever ippeW? in a stnicture

of’ adequal e strength. Only relatively liigii load~ ire thus of’ iiiter’sl

Tin di .stri but iou f’usict i on of ht’av~ loads caused by s tofu tunini [i liVE’
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adapt even for larger sample sizes. The evaluation of thu three para

meters complicates the use of’ this distribution. The lower J.i.rni.t T
U

has therefore in most cases been negi ected, yielding a two—parameter

distrihut Len, often simply called extreme value distribution

= 1 — exp ~_(~/To)a (19)

The We ibul I—distribution, contrary to the log—nonnal distri buti on, ox—

hi bits an increasing fai lure rate with time when a >1 , win cli is in a4çre’—

men t with the physical model Regarding the distrihuti on functions maui—

I yr as mathematical approximations they seem to have cpiite similar appeai’—

ance for T = 0 and a ~ 2.
Li

The mean value of’ log t may easily be determined, with the conl’i dence n’—

qui red from a limited niunher of test results. In order to obtain the

standard deviation of Log t or log N one has to rely on earlier experi

ence from large sample si zes. Publi shed invest,~gations, which are THai

ly referred to constant aJn2l I tudo testing, seem to indicate values be

tween 0. 1 and 0.3, where long lives usually correspond to high s Landard

deviati ons~3’ 3)4, ~ For normal service lives especial) y in flight si,nnml a—

t.ion testing on sheet material sj)ecirnc)ns a value uf the logan tlmiic “taim—

dard deviati on a = 0.2 nay be considered conservative. Very few fat i—

gun tests have included more then 100 spec I rnens and these have been

cpu to smal,i and often un.notchocl. Aa~ interesting study has been made at

the Iioeiiig Company in an attempt to collect larger sample siZes.

More than 2000 groups of data represent ag approximately 11,000 spec—

mens of aluminium alloys were nalyzed. Results from similar test

groups were pooled together giv Lug cons i st;ent results which conf’inii

our earlier knowi edge on seat Ler.

in the Weibulj—di strib:ft tom the scal~paramneter T , also called the0
characteristic value, corresponds to thu moan value of the log—normal

di.strilnti on, although it is somewhat larger, yb) ding a probability

1 — 1 / e = 63 per cent • The sha;n’—paraine t or a winy be itt erpreted as

a scatter—parameter which is correlated to the st.amida’d deviation of’

Log t • A value of 0c = 0. J~I seems to correspond to a , wh tie the

conservat~ ye value o = 012 would give a 2.5 in the two—parameter~

Weibui l—di s tn hut ion bq (19) . The red at ions seem to change consider

ably in the three—parameter lDq ( 3)
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and n being empirical constants. Extensive testing both of unst i ffe~iv~I
4o ~ti to

sheets and stiffened panels of aluminium way be quoted ‘ ‘

Also crack propagation under stationary Gauss tan random loading can be

correlated with LJ~ if the stress intensity factor .i s mod i fled to iii—
‘B-i 4

dude a measure S of tln≥ ruse and ran of the Gaussian process ~rins

it has not been possible, so far, to extend the applncatLon of Eq (20)

to flight simulation 1 oad tug which would requre a genera] ly val i d cit nil a—

t I ye crack propagation theory . As noted iii the di scussi on of the load

ings, such a theory does not seem to be feasible at the present state

of knowledge. A relationship between crack length and service t I ne

from crack initiation, obtained by integration of Eq (20) iii sonic moth—

fled version, could possibly be u eful at the preliminary desigu sta1~u.

For more accurate design calculations and verIfication one can rely only

on crack propagation tests carried out under real istic condi ti ens, where

the difficulties met in a-sessiug the appropriate loads an’ still worse

tli.ui for the crack initiation testing.

Macro—crack propagat toji test ing shows low scatter for all types of load

ing compared to the scatter present ui crack initiat iou as long as the
22

loadings arc not van ed between the different test specimens • The

crack length could approximately be regarded as a deteriiiin isti e functi on

of td provided the possi hi e va”i at ion-, iii loading are taken care of

separately.

Residual strei i~th

The original ultimate strength of a stnicture is reduced by the presence

of a crack, Tile I ength L of the crack is obvi ouly a domi nat Log parci—

meter for determining the resi dual sLrengtlI. In a p1 am mctal sheet

WI th a central crack it is possi ble to determine wi Ui good accuracy

the residual streiigtli as a fumict Ion of the crack length using the I [near

fracture mechanics theory, provi tied the critical stress [nteilsity faster
r

K of the sheet material is knoi~n ~. By use of finite element methods

for computing the stress cojicen trat 1 Ofl at the crack tips it is a] so
6 46

possible to treat stiffened panels as shown by VLIFDGER and POE

The inal n advantage inherent in the presently growing ability to

compute the resi dual strength of even rather complicated stnietiiral
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1.1/27

It is now possLble to introduce quant-itatLve NOT criteria in desL~i

speci i’ications, and this has been done in seine engineering tiel,1’~ A

large variety of inspecti on tecluil qiles are used such as X—ray, maglie—

tic particle, dye penetrant, ultrasonic and eddy current methods. People

who are regularly carrying out mspecti on-s in service or in the labora

tory would know quite well which crack lengths they are usually able

to find wi Hi and without equipment. Such information has rarely been

published, so far. A few examples will be quoted from the lOAF Syiiapo—
rl

5mm in London 1973. S1’OXIC~ made the fol lowi ixg statement when de

scribing the fail—safe requirements for the Dc—b:

“in a waikaround inspection there is a 30—percent chance of finding a

~— to 6—i in i—I ong crank • A scheduled inspection has a 50—percent chance

of find Lng a I— to 3—i ncfi crack • The use of a visual aid, such as a

magnifying glass, can show up a 0.5 inch crack.”

IIARJZOTh gate a somewhat more optimistic view:

“On the vi sible external skin of aircraft, French Airli no Companies

have discovered no cracks Longer than 50 inn (2 inches). Larger cracks

have been foand L n hi dderi or masked areas • .

“As an order of riagiii tude, apparent length of detectable cracks might

be:

L = 10 nm for vi sual 1 nspectaon after local clean i ig

5 nm for iii SJi c t I OHS itS Lug a ~iiagiii fy irig glass and for X—ray
inspect ions

1 ian for reamed fastener holes us tug an eddy current sensor’

There shoni d be much piateri ab avai table frorii laboratory fatigue testing

of large sampi e Si zes, where the crack lengths have been recorded at

detect i oii • The 1’ irs b sy s teiriat ic i nves bigat on more widely known was

published in 1969 by PAciQIAN—PEARSON—0WENS—Y0UNG~ • The test spec

mens used were seaiil ess tubes with 76 mini di aimmeter ai d 6 rim wall thIck

ness made of 7075 alwniiii un alloy or 4330 vanadi timi modified steel, employ—

ing X—ray, magnetic part] Dle,dye pane brent ,nltrasonic and eddy current hi—

spect ion • The percent of cracks found ~ called “sons i t iv] ty” by the ant—

thors,was plotted versus the crack length for the van omis inspection meth

ods . Fig I shows the distribution curves detenn~ ned for 7075 alum iiii urn
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When dealing with crack detection in service inspect Len whore the crack

length variation is much larger, it seems advisable to introduce a iop;a—

ri thmic scale for L, whereas the probability could be Gaussian. Fig 2

is such a log—normal d-iagraii where Eq (21) has been plotted wi ~h the

parameters L1 = 0.5 ,mn, = 50 nun and m = 0.2, used L~y YANG—ThAPP~ in

a numerical example including service inspection. The laboratory detec

tion curves according to YANC—TRAPP and DAVIDSON5 showii in Fig 1, have
ri

also been drawn for compartson. The statement by STONE~ concerning

scheduled and walkarourul inspections has been represented by scatter’

lines at the 50 per cent level.

lt is hoped that the crack inspectors working at the operators or niaiui—

facturers of aircraft, will soon provi do us with more data on detect iou

lengths.

6. PANEL TESTS AT F1’A

The fatigue literature contains abundant information concernLng lowliuigs,

crack initiation life, crack, propagation ant residual strength of wing

panels and rather little on crack detection, as may be concluded front

Chapter 5. Although almost all fatigue testtng which has been report ed

in deta I I. will be able to provide material for a prohnlxtl ist Ic anal ys 5,

there is still, a riced for more experimental results especially from

larger sample sizes wi th nominally equal test spec j~rnens. Parallel. tn

theoretical stud~ es aiming at mcthods for determining safe~ .iIIsJ)oct loll

intervals, two series of similar test panels have been fatigue cycled

simulating repeated flights of a transport ai rcrart on routes of med hun

lengths. The investigations have been described in two earlier re

ports 1 l, ~ and are only summarized here.

I~t_sPi.me~_~Jtt~! 2rocecure

The fatigue test panels were manufactured according to Figs 3 and ~l hi’

the first and second test series respectively. WA th. ii the test length

it consists of a 2.5 mm sheet of 202t—’rJ aluanriluin, clad and anodized

(S~M4—SCANiA specification :3526—68), with a width of 2480 miul. Tue sheet

was prov 1 cled w,i th four paral 1 ci rows of stnal] s tr:i ps of the sani~ sheet

material, four in each row. The strips, 38 x 20 nnu, were fastened to
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concentration spots stati stically as being identi cal . Fini to element

calculations were carried out for a number of doubler configurations

using the MRI STARDYNFD programme. These showed a difference iii stress

between the inner and outer rows decreasing from about 7 per cent for

rectangular doublers to 3 per cent for the configura’tion chosen. Strain

guage measurements on the new test panels also snowed about I per cent

difference. An earlier investigation by WLtTTAKTER—GEMIARZ5 has inchca—

ted that this improvement is what one can rca onably expect.

The fat igue cyc 1mg was performed in a servo—hydraulically controlled

testing machine with a maKi ‘nuiri loading capacity of ± 0 • 20 ~ThJ, shoi~n~ Iii

Fig 6. For the fir~t ten specimens of the first test series the or —

ginal controlling and programming units of the machine wore ut Lized,

which automatically provided a repeated load progran ne I 1clucI ing ci ~II t

steps. Since these tint ts caused some trouble, the3 were replaced iii

the rest of’ the invest Egat ion by a punched— tape—operated prograiarne

unit, Fig 7, and a lion ~—bui I t control unit. ‘flu’ only noen nal di I’Ve relic

in the loadLng was that the latter system had to be run at a lownr speed,

70 per cent of the speed of the original system.

~‘ig 8 shows the stres’, a’npl i tucie di stribtit i on curve used, wh Ech is typi —

cal for a jet transport with a fl i gut duration of’ I Ii. The test program—

me included six di ffererit stress amplitudes rangtng from 30 down to

about 10 MN, m2. No hi gher loads w~re thus included than those winch

are normally encountered in every fi ight. The fI ight simulation prog—

rammne is described in Fig 9. It starts with the ground condi tion with

compression S. = —23 MN/m~, aLl taxiing loads being omitted. The

mean stress i.s then changed to tension corresponding to fL 1 ‘~ht ‘end i —

tion, S = 88 MN/rn2 and six steps with the aupli tudes 10. ‘3, 15, 2-I,

30, 19 and 12.3 lvt~/m , are cycled around tins mean stress. Tue prog—

ramrrl3 includes 88 Load cycles besi’Ies the change in mean stress from

ground to flight condition, and was completed in ‘i. 35 s in the first

ten tests and then in 6 s, Until the mi tiaf ion of the first crack,

which was recorded automatically by crack wire, the maclime could he

run continously 24 h per day. The second and third cracks were de

tected by frequent Inspect tons, ue. i tig also the crack w~re where i

could easily ~ repaired.
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In the first test series panel No. 1 was fatigue cycled until complete

failure, while the other Panels were cycled until, they developed at

least one crack of a length varying between 10.5 and 91 nm. Altogether

18 records of the number of flights to the initiation of the first crack

were obtained. One of the specimens was subjected to a soneghat lower

stress level than the others, leaving a sample size of 17 equivalent

tests.

After the fatigue panels had been modified as described above,the cl~ip±~

jaws used in the fatigue machine, were installed Ln a 5.0 fll mu axial

testing machine. In this machine 17 panels with cracks of various

lengths and two panels without cracks were subjected to increasing

tension load to ultimate fai lure. One of the panels without cracks

had not been fatigue tested while the other had wUhstood more than

47,000 simulated flights with no visible damage.

In the second test series the aim ~q:ts to obtain at least three siil,—

sequent cracks in each panel. The number of flights from the i nit in—

tion of the first crack until the second crack appeared,was on the aver

age about 10,000 and further some 10,000 fLights wore required to reach

the third crack. During such long periods the first crack would in

most cases have propagated to complete failure of the panel. To prevent

this and to avoid, as far as possible, any influence from the first

crack on the initiation times of the following cracks, the first crack

had to be stopped as early as possible, which was done by pressing

steel balls, with a radius of 4 mm, from both sides against the sheet

surface just in front of the crack tip. The procedure was successful

for at least 10,000 flights, but it had to be repeated on several panels.

The first stopping was made when the crack tip was 5 mm outside the

edge of the strip, i.e. had a length of 15 mm from the centre of the

rivet hole. A two—sided crack was thus allowed to reach a length of

30 mm. The same procedure was applied to the second crack, while the

test was concluded upon the detection of the third crack. A tested

panel with three cracks, two of them stopped, is shown in Fig 10. More

detailed views are given in Fig 11, which were not taken from the

same panel, the lower one having three stopped two—sided cracks.

Altogether eighteen panels were fatigue tested, one of which was cycled
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a~ a sfightly lower stress level. Furthermore, one panei failed after

about 50,000 flights, when the third crack had still not been initiated.

Thus, 17 first and second cracks and 16 third cracks were recorded.

Due to improved method of load calibration the loadings applied were

more accurate in the second series of fatigue tests thaxi in the first

one.

Crack initiation

The fatigue lives in number of flights Tci ~ttjj~ the detection of the

first crack varied it’ the first test series between 13,000 and 55,000.

Tabulating the logarithms of the lives the following mean value ~c1

and standard deviation a were obtainedci

~ci = 4.432 corresponding Tci = 27,000 flights

0c1 = 0.172

The distribution curve for log T has been plotted Ln Fig 12 on Gaussian

probability paper, using the 17 test results available.

The second test series with the same number of specimens gave the follow

ing logarithmic mean and standard deviation for the first crack initia—

t ion

= 4.6io corresponding T1 = 41, 000 flights

01 = 0.179

Fig 13 shows the test points plotted in a log—normal diagram.

A comparison hetween the mean values shows an increase from 4.43 to

4.61 between the first and the second series, or from 27,000 to 41,000

flights. This extension of the fatigue life is probably mainly duo to

the fact that the stress distribution over the width of the later panels

was more even, which means that the stresses at the inner rivet rows

were somev~hat lower than before. The bending in the sheet may also

have decreased due to better stiffening of the panels. Furthermore,
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Phe big diPference in the lower limit winch has also resulted in

quite lifferent shape—parameters ~ between the test series, is surpris—

ing and not easily explained from a physical point of view. This distri

bution gives the best fit to the test points, however.

The time to initiation of the second and the thirderacks, T and Tc2 c3
has aJ so been evaluated for the second test series, assuming a log—iionriai

distribution, see Fig 13.

Second cracic

~c2 I[.705 corresponding T2 51,000 flights

a =0.168c2

Third crack

~c3 = li.776 correspondLng T3 60,000 flights

a3 = 0.130

The 7 and 16 test points referredto tie second and third cracks respec

tively, have also been plotted on extreme value probability paper in

Fig 15, but no attempt was iriade to determine tile Weibull—parameters.

If a structural component includes a number m of identical and indepencl—

ent fatigue sensitive members or spots, say rivet holes with load tram,—

fer, the probahllity P1 of initiation of tile first crack can be obtained

from the “parent” ci istribution P by using the Bernoulli theorem, see

IWLLE1~-1TELLER~7

= 1 — (i Pc)m (23)

Also the probabilities P and P of the second and third crack initia—
c2 c3

tions can similarly be derived as functions of the probability

P = p — n,p (i — p )IIi—1 (24)c2 ci c c

— — m(rn—I) p 2 ~ — ~ ~m—2
c3 — c2 c c’

The parent probability P may be solved explicitly from Eq (23). This

is not possible in Eqs (24) and (25), but P caii be evaluated numerically

as funct tons of ~c2 ~jd 1~c3 respectively. The separate curves for the

initiation of the first, second and third cracks of fig 13 have thus
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Although it may seem attract i.ve to obtain the parent distribution by

drawing a straight line parallel to the distribution of the first crack,

this mathematical relation does not in itself speak in favour of the

Weibull-distribution. It is not possible to draw any significant con—

clusions regarding a comparison between the two two—paraneter distrLhu—

tions used, on the basis of the test results obtained in the first and

second test series presented. The slightly better fit obtained with

the log—nonnal distrihution would not necessarily be repeated in a new

similar investigation. Due to this uncertainty with respect to distrib

ution function it must also be concluded that the rather numerous In—

tigue lives to crack inttiation obtained, do not allow a safe extrapola

tion of the probability of the initiation of the first crack further

down than P1 ~ 1 per cent.

Crack detection

The times until crack initiation presented and discussed above are stric

ly the times recorded when a crack was detected. The visible length

of the cracks varied between 0.5 and 20 mm when they were found. Since

the lengths of all detected cracks have been recorded and also the crack

propagation has been determined, it would be possible to correct the

crack detection times to strict crack initiation times, defining the

initiation of a macro—crack as the moment when it reaches a fixed length

A study has indicated that such a correction procedure would not bring

any noticeable change of the distrLbut ion curves for crack initiation.

Considering the whole service life until crack initiation the length of’

a detectable crack is consequently rather unimportant. This is not the

case when one is trying to evaluate the safety of a structure, basing

the safety on crack detection at rather frequent inspections.

Altogether 49 cracks were recorded in the first series of fatigue tests

and io6 in the second series. Since the automatic crack wire system

had been improved from the first to the second test series, the record

ings of crack lengths detected were treated separately, see Figs 17 and

18. One could also have distinguished between the first cracks which

were always detected by crack wire, and subsequent cracks, where visual

inspection had to be relied on if the wire could not be repaired. flow—

ever, such a separation was not undertaken, As explained by small
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By loading 17 stiffened panels with cracks of lengths L ranging from

10.5 to 91 mm to ultimate static failure, the residual strength U nor

malized with respect to its original value U0 was determined as a func

tion of L, Fig 22. The scatter of the residual strength is obviously

quite smaLl. Introducing values from the crack propagation curve, fig

20, into the residual strength diagr~n of Fig 22, the normalized residual

static margin r, according to Eq (8), may be plotted versus the crack

propagation time td~ see Pig 23. A mean curve has been fitted to the

test points. For td76000 flights it has been dotted. Using the

crack propagation curve of Fig 20 with an asymptote at about 6500 flights,

would give a vertical decrease in strength at that time. itt the crack

propagation curve was determined on panels without continuous stiffe—

ners and is thus unrealistic for long cracks approaching the distance

between the stiffeners. In a pane). with the configuration used for the

ultimate static tests, the stiffeners would have acted as crack stoppers

giving a constant residual strength during a large number of flights,

as indicated In Fig 23. Also two linear strength decrease curves have

been drawn which descend to zero in 10,000 and 15,000 flights respec

tively. Ii order to achieve low probabilities of failure one has to

carry out regular inspections at intervals which are considerably shor

ter than 6000 flights. The shape of the residual static margin curve

is consequently of less importance for td >6000 flights in a reliability

analys:Ls where expected fatigue damage is taken into account. Crack

stoppers, on the other hand, are useful to safeguard against “incon—

ceivabie” events.

7. MJT4EHICAL CALCULATIONS OF PROBABILITY OF FAILURE

In earlier publications7’ 11 a more simplified approach was used at

FFA iii order to produce a diagram giving the probability of’ fatigue

failure versus the service life in hours of flight or number of flights,

assuming periodic inspection with a number of different constant inter

vals. The parameters introduced in the numerical calculations were the

following:

Load spectrum, heavy gusts, Eq (7)
H =0.2 h=20

0
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higher values of td it falls between the vertical decrease of a sheet

without stiffeners and the horizontal line indicating crack arrest by

longitudinal stiffeners.

It was assumed that the residual static margin is normally distributed

with a coefficient of variation of 0.05, implying a somewhat lower coef’—

ficient of variation for the ultimate residual strength.

The conditional probability of failure G(td), provided that a crack has

been initiated in the panel, was computed introducing the residual

strength reduction curve Eq (26), with assumed Gaussian distribution

function, and the load spectrum of extreme turbulence. This probability

has been plotted in Fig 24 versus the number of flights td after crack

initiation. It should be noted that for values td~6000 flights the

C—function is only of theoretical interest, since it is no longer based

on test data.

By numerical integration of Eqs (12) — (16) in generalized form the pro—

bability of fatigue failure during a service life of P flights was fitial—

ly obtained for constant inspection intervals of 1000, 2000, ..., 8000

flights, as shown in Fig 25. Inspection intervals longer than 6000

flights should not be considered in a structure with a total crack pro

pagation time of about 6500 flights. If the service life is limited

to 20,000 flights i.e. half the logarithmic mean life, corresponding

to ~c ~ 0.05, the probability of failure is still quite low P

for an inspection interval as long as 5000—6000 flights. An inspection

interval of 3000 flights which is about half the crack propagation time,

seems to give a low P—value even if the service life is extended to the

mean life. It should be remembered, however, that the distribution

curve of detected crack length has been obtained from laboratory observa

tions. The probability would probably be considerably higher espoctally

for comparatively long inspecti on intervals, if a distribution represeti—

tative of scheduled service inspection were introduced instead.

The numerical calculations will be continued in order to study the Lii—

fluence of different parameters
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tors on the service life, by increasing the coefficients of variation

with regard to unknown variabilities, or by recpirlng a probability

of failure which is one or several factors of ten lower than would nor

mally be considered satisfactory. Even with the best statistical in

formation one could hope to collect, the safety problem will never be

solved by exact mathematical analysis. Subjective elements have to

be mixed into the probabilistic methods as is practised in the

Bayesian decision theory.
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PROBABILITY OF
CRACK DETECTION

r
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90- / ‘ // /‘YANG-TRAPP Eq (21)
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Fig. 2 Proposed distribution functions for crack detection
lengths plotted in a logarithmic — Gaussian diagram
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PROBABILITY OF CRACK INITIATION
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Fig. 12 Distribution curve on Gaussian probability paper for number
of flights to initiation of first crack, obtained from 17
panel fatigue tests. Distribution curves for parent popula
tions have been computed assuming number of identical
members m = i6 and 32. Distribution of second crack
initiation determined from parent distribution m = 32
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Fig. 13 Test results plotted on Gaussian probability paper
for first, second and third crack initiation
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PROBABILITY OF CRACK INITIATION
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Fig. i~1 Distribution curve for number of flights to initiation
of first crack, obtained by plotting test results on
extreme value probability paper. Distribution curves
for parent populations, assuming m = i6 and 32, and
distribution of second crack initiation with ni = 32,
have been computed
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PROBABILITY OF CRACK INITIATION
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Fig. 15 Test results plotted on extreme value probability paper
for first, second and third crack. Distribution curve
for parent population obtained assuming 32 stress
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CRACKS
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Fig. 17 Distribution curves for detected crack lengths obtained
from first test series by plotting measured values on
Gaussian probability paper
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Fig. 20 Mean crack propagation curve determined from
test panels
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PROBABILITY OF CRACK DETECTION
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Fig. 21 Probability Fd (td) of detecting crack at time td

after initiation
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Fig. 23 Normalized residual static margin r(td ) plotted versus
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time td after crack initiation
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PROBABILITY OF FAILURE
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Fig. 24 Probability of failure due to a gust load in a structure
with fatigue crack, versus time td after crack initiation
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