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FRACTOGRAPHIC INVESTIGATION OF PRESSURE CABIN MSD

Dr. RJH. Wanhill, ir. W. van der Hoeven, ir. H.J. ten Hoeve, ir H.H. Ottens*

The characteristics of MSD fatigue initiation and early crack growth in transport aircraft fuselage
longitudinal lap splices were determined fractographically for samples from three aircraft types,
of which two from service and one from a full-scale test. The results are compared with NASA
data from a full-scale test. The most M SD-susceptible rivet row was the upper one in the outer
sheets of the lap splices. Cracks initiated mainly at faying surfaces near or at rivet hole corners.
There was no evidence from the service aircraft that corrosion was involved in crack initiation.
Early crack growth rates, from cracks 30 pm — 5 mm in size, were above 10°® m/cycle (or flight),
which means one should not expect “short” crack behaviour. This facilitates crack growth
modelling. However, it also makes questionable the usefulness of testing sub-scale specimens.
For the service aircraft the environmental effects on crack growth were mild, if any. All the
results are placed in the context of MSD fatigue modelling.

INTRODUCTION

As part of a European programme the NLR undertook fractographic investigation of Multiple
Site Damage (MSD) fatigue cracks in longitudinal lap splices of transport aircraft pressure
cabins. The investigation concentrated on initiation and growth of small fatigue cracks with
dimensions less than 5 mm, with the intent of establishing the crack initiation lives and early
growth rates. Furthermore, the lap splices from service aircraft were scrutinised for any
environmental influences on crack initiation and growth.

The lap splices examined by the NLR were from three service aircraft, two Fokker F28s and a
British Aerospace BAC 1-11, and the Fokker F100 full-scale fuselage test. The results are
compared in this paper with NASA data from aBoeing B 747-400 forward fuselage full-scale test
(1, 2). The histories of all five pressure cabins are summarised in table 1.

Table1l Service or test histories of the pressure cabins

Aircraft type Flights Flight hours Simulated flights
[1] 43,870 28,694
F28
[2] 43,323 unknown
F100 126,250 @ 110 % design load
BAC 1-11 75,158 52,000
B 747-400 60,000 @ 100 % design load

* National Aerospace Laboratory NLR, Amsterdam, The Netherlands
MSD LOCATIONS AND LAP SPLICE CONFIGURATIONS
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Figures 1-3 show the positions and configurations of the M SD-fatigue cracked lap splices. The
positions varied widely, as do the joint designs. The single common feature is the sheet material,
2024-T3 Alclad.

As expected (3), the most M SD-susceptible rivet row was the upper one in the outer sheets of the
lap splices. However, other rivet rows were also susceptible, notably the lower one in the inner
sheets.

OBSERVATIONAL ASPECTS OF SMALL CRACK MSD

Table 2 lists the observational aspects of small crack MSD for fuselage longitudinal lap splices.
The qualification “small” means crack sizes less than 5 mm. Beyond this the crack front shapes
are of less interest. Also, and more importantly, the cracks will eventually link up, possibly
resulting in fracture surface damage and obscuration owing to out-of-plane movement.

The most significant general aspect of table 2 is the distinction between fatigue initiation and
crack growth. It has become bon ton to do damage tolerance analyses as if fatigue is a regular
crack growth process that begins during the first load cycle. However, thisis physically incorrect.

Table 2 Observational aspects of small crack MSD in fuselage longitudinal lap splices

Service | Full-scale

M SD characteristics air craft test

» Fatigueinitiation

 locations
- macroscopic : outer and inner sheets, rivet rows
- mesoscopic : rivet hole vicinities

» single or multipleinitiation sites
- “initiation length” for multiple initiation sites

» gpecific causes
- corrosion pits . -
- fretting, material or fabrication defects (“high K; regions”) . .

 Obscuration
- corrosion, e.g. “mud cracking”, “cauliflower growth” . -
- fretting products (“ oxide debris’) . .

» Fatigue crack growth

» multiple siteinitiation: coalescence to form continuous crack
fronts
crack front shapes and sizes
overall topography: semi-faceted, continuum-mode
striation spacings: transverse and longitudinal crack growth rates
marker bands: crack length versus cycles, crack growth rates
environmental effects on crack growth: “beach marks’
obscuration by corrosion, e.g. “mud cracking”, “cauliflower
growth” ¢ B

Table 2 shows also that there are differences in what is observable from service aircraft and full-
scale tests. Most notably, tests cannot account for environmental effects even if done outdoors.
One reason is that the test duration is too short to result in corrosion damage in the lap splices.
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Another is that the exterior of the test article is not cooled to cruise atitude temperatures during
each pressurization cycle. This means that any transpiration is unlikely to result in moisture
condensation and entrapment within the lap splices.

FATIGUE INITIATION CHARACTERISTICS
Figure 4 shows the characteristic MSD fatigue crack locations and shapes in the cracked lap

splices. These will be discussed separately, followed by a summary.

F28 service aircraft

The total lengths of MSD were 530 mm and 330 mm for aircraft [1] and [2] respectively. The
fatigue cracks initiated at numerous sites along the faying surface edges of the outer sheet
dimpling cones, see figures 3 and 4. The cracks were mechanically induced: there was no
evidence that corrosion played a role in initiation. The large number of initiation sites (many
cracks initiating at each dimpling cone) suggests that fatigue cracking began soon after the
aircraft entered service.

F100 full-scale test (indoors)

The MSD extended over several frame bays having poor adhesive bond quality. The fatigue
cracks initiated from the faying surfaces, mostly at multiple sites close to the rivet holes, see
figure 4. There was no evidence of corrosion, as expected from a test indoors.

BAC 1-11 service aircraft

Two sections, port and starboard, of lap splices suspected to contain MSD were disassembled and
the rivet holes carefully opened up (4). The MSD was found along about 500 mm of the lap
splices. The fatigue cracksinitiated at a variety of locations, see figure 4, though mainly at faying
surfaces close to the rivet holes (types A, C and D). There was no evidence that corrosion played
arolein initiation.

B 747-400 full-scale test (outdoors)

The MSD extended over several frame bays, see figure 2. The fatigue cracks initiated at a variety
of locations, see figure 4, though mainly at faying surfaces and rivet hole/faying surface corners.
There was no evidence of corrosion, even though the test was done outdoors.

Summary

Bearing in mind that the F28 dimpled lap splices are uncustomary, the investigation of in-service
and full-scale test MSD showed that fatigue initiation occurred mostly from faying surfaces near
or at the rivet hole corners. This means that the faying surface condition (cladding, anodising,
priming, interfay sealant, adhesive bonding) and rivet hole corner quality are very important.
Also, fretting must play a role, if not always during crack initiation, then probably during early
crack growth (5).
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The fatigue fracture surfaces from the F28 and BAC 1-11 service aircraft showed varying
amounts of post-cracking corrosion. This partially obscured the fractographic characteristics, for
example making it difficult to measure fatigue striation spacings near the crack initiation sites,
but on the whole it may be concluded that the local environments within the lap splices were
mild.

Of more interest is a possible effect of the local environment on fatigue crack growth. Some
evidence for this was found, namely the occurrence of fracture surface “beach marks’ during
early crack growth in the F28 and BAC 1-11 lap splices. Figure 7 is a particularly clear example.
The “beach marks’ could well indicate periodic changes in the local environment (8). They are
not due to variable amplitude loading, since it is known that the F28 fuselages were subjected to
the maximum cabin pressure differential in each flight. Also the MSD position, see figure 1,
would not have been sensitive to gust loads.

Additional evidence is provided by figure 8, which shows the effect of changing from “dry” to
“wet” air on the fatigue fracture behaviour of 2024-T3 cycled at a low frequency of the same
order as in-service cabin pressure cycling, and at overall crack growth rates similar to those for
early crack growth in the lap splices.

More than six hundred measurements of striation spacings were made for the light and dark
bands of eleven *“beach marks’ on the F28 fatigue fracture surfaces. The results have been shown
already in figure 5, and there appears to be no systematic difference in crack growth rates for the
light and dark bands. However, the data scatter gives differences in crack growth rates of + 20 %
about the average, and this could be enough to mask a mild environmental effect on crack growth
rates.

MSD FATIGUE MODELLING AND SIMULATION

Genera remarks

The fatigue behaviour of pressure cabin longitudinal lap splices is determined by complex load
and stress distributions that are very difficult to analyse (3,7,10). In particular, this means realistic
stress intensity factor solutions are not available for cracks with dimensions less than the sheet
thicknesses. And one may doubt the usefulness, through lack of accuracy, of solutions for cracks
with dimensions less than the rivet hole diameters.

Nor does it seem possible to modd fatigue initiation by analysis. This is not only because of the
complex stress fields, but also because fatigue initiation in lap splices depends strongly — if not
totally — on the local behaviour of various materials (aluminium alloy matrix, cladding and
anodising layers, primers and sealants) at the faying surfaces and near or at rivet hole corners
(7,11). We note, in passing, that models based on fatigue initiation at corrosion pits (12) or
inclusions (13) are most probably irrelevant and anyway too simple for 2024-T3 Alclad lap
splices. the F28 and BAC 1-11 service aircraft samples showed no evidence of corrosion pitting,
and tests have shown time and again that fatigue cracks initiate in the cladding, not the 2024-T3
matrix (4, 11, 14, 15).
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Instead, and at least for the present, recourse must be made to empirical modelling that describes
the actual fatigue behaviour of lap splices from service aircraft and full-scale test articles. One
such model, due to Eijkhout (6), is described and illustrated next.

Empirical modd for crack growth and determination of crack growth and crack initiation lives

Eijkhout’s model is based on the following observations:

(1) MSD fatigue crackstend to initiate at several sites near or at rivet hole corners and grow in
directions varying gradually from transverse to longitudinal, seefigure 9.

(2) The transverse (through-thickness) fatigue crack growth rates are nearly constant, e.g.
figure5.

(3 The transverse and longitudinal fatigue crack growth rates are similar for cracks with
dimensions less than twice the sheet thickness, compare figures 5 and 6 (sheet thicknesses
1.2-1.6 mm, seefigure 3).

Figure 10 is a schematic of the model. There are three main assumptions, the first two being
derived from the foregoing observations. These assumptions are:

. Constant crack growth rate in the transverse direction, in general equal to the initial crack
growth rate in the longitudinal direction, i.e. dc/dN = AeBa

. Crack depthc =0 at g , the “initiation length”.
. Quarter-circular crack frontsin the transition from transverse to longitudinal crack growth.

These assumptions are convenient but not essential. For example, the model can be used for non-
constant dc/dN and for crack initiation at rivet hole corners, i.e. g = 0 in figure 10. Also the
model can be used for both non-countersunk and countersunk lap splice sheets.

Figure 11 gives examples of the model’s use. It is seen that besides providing estimates of the
fatigue crack growth lives and hence the fatigue initiation lives, the model also enables estimates
of the lives at which cracks become through-thickness. This information is potentially useful for
in-service NDI.

Another interesting point is that the modd can be made compatible with marker bands on the
fatigue fracture surface of full-scale test articles, as in the case of the B 747-400 forward fuselage
(1). When determining the striation-based crack growth rate equations, da/dN = Ae®® | for
individual cracks one can check the equations’ compatibility with the distances between marker
bands, adjusting the equations if necessary.

Fatigueinitiation lives

Table 3 gives estimates of the fatigue initiation lives for all four types of aircraft. The F28
estimate is no more than a reasonable guess. The F100 and BAC 1-11 estimates were obtained
using Eijkhout’s model (6). The B 747-400 estimates were made from marker band analyses (1).
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Table 3 Egtimates of MSD fatigue initiation livesin fuselage longitudinal lap splices

. . Livestofirst crack initiations

Aircraft type MSD rivet row Flights Simulated flights

F28 outer sheet upper row | afew thousand?
outer sheet upper row 60,000 0 :

F100 inner sheet lower row 70,000 @ @ 110 % design load
outer sheet upper row 60,000

BAC1-11 inner sheet lower row 50,000

B 747-400 outer sheet upper row 5,000-15,000 @ 100 % design load

Table 3 shows that there is considerable variation in the estimated fatigue initiation lives,
although the F28 lap splices are not of general interest. Actually, the total variation is greater: for
the F100 full-scale test the estimates ranged from 60,000 — 97,000 smulated flights, and for the
BAC 1-11 the estimates ranged from 50,000 — 74,000 flights.

Fatigue crack growth behaviour

From the section of this paper on early fatigue crack growth and figures 5 and 6 it is apparent that
the transverse and longitudinal fatigue crack growth rates were above 10® m/cycle for crack sizes
ranging from 30 um to 5 mm. This result has to be compared with figure 12, which shows the
short and long fatigue crack growth behaviour of 2024-T3 for two stress ratios covering the range
to be expected in fuselage longitudinal lap splices (10). Figure 12 shows that at crack growth
rates above 10 m/cycle there is only long crack growth behaviour. In other words, one should
not expect any difference between short and long fatigue crack growth behaviour in fuselage
longitudinal lap splices, which facilitates crack growth modelling.

However, the relatively high early crack growth rates in actual fuselage longitudinal lap splices
make questionable the usefulness and relevance of sub-scale specimen tests. Uniaxial specimens
“simulating” the F100 fuselage longitudinal lap splice had early crack growth rates far too low
compared with the full-scale test results (17). This was also true for biaxial specimens (18). This
situation may change when improved stress analyses become available and are used for
improving sub-scale specimen design and testing. On the other hand, it may turn out that reliance
will still have to be made mainly on full-scale fuselage section or panel tests (19,20).

DISCUSSION: LAP SPLICE FATIGUE ANALY SES

Survey of analyses

Figure 13 shows the “traditional” and developing fatigue analysis methods for transport aircraft
fuselage lap splices:

(1) In the “traditional” methods the inspection threshold is established using fatigue life S-N
data, cumulative linear damage analysis (if deemed necessary) and scatter factors.
Subsequent ingpection intervals are based on a safe fatigue crack growth period using da/dN
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versus AK«r long crack growth data, crack growth models for spectrum loading (if deemed
necessary) and scatter factors.

(2) Inthe developing methods the inspection threshold is intended to be established using fatigue
crack growth analysis and tests, whereby it is assumed the structure contains initial flaws
(Initial Quality Haw Sizes, 1QFS). Subsequent inspection intervals are based on a safe
fatigue crack growth period that accounts for MSD essentially as a refinement — however
important — to the “traditional” analyses.

Analysis problems: actual versus predicted behaviour

Figure 14 is a schematic of the likely differences between actual early fatigue crack growth
behaviour, as described in the present paper, and predictions using macroscopic (long) crack
growth modelling, whereby the IQFS values are obtained either from actual data for
manufacturing flaws or by back-extrapolation using along crack growth mode.

In both cases the long crack growth model is used to make an empirical fit such that the fatigue
life is represented as a continuous crack growth process, beginning as soon as the aircraft enters
service. This premiseis incorrect: crack initiation is a physical reality. The fitted model therefore
has limited transferability, and in general should not be used for “blind” predictions of crack
growth in other structural areas with differing lap splice geometries and — most importantly —
differing faying surface conditions. Nor should the fitted model be used for predicting crack
growth at different (local) stress levels. This latter point is significant for two reasons:

(1) The stress-dependence of fatigue initiation life will probably be very different to that of
fatigue crack growth, e.g. (21).

(2) Actua fatigue crack growth rates could be in a different “Paris Law” regime, i.e. the
exponent m in the relation da/dN = C(AK)™ could be different. An example of a surprisingly
high but realistic exponent was mentioned under the sub-heading of transverse (through-
thickness) crack growth rates and is shown in figure 12.

There would seem to be no solution to the above problems so long as it is assumed that crack
growth begins as soon as the aircraft enters service. One alternative is to further investigate the
usefulness of Eijkhout’s model. This possibility has much to recommend it. The model is based
on physical reality: it takes account of actual lap splice fatigue initiation and crack growth
behaviour, and the present paper has shown much commonality in this behaviour for several
aircraft types and different positions of the lap splices. Also, as mentioned under the sub-heading
of fatigue crack growth behaviour, it may turn out that fatigue crack growth analyses will have to
rely mainly on full-scale fatigue testing. If so, then Eijkhout’s model provides a way of
describing crack growth, notably the all-important early crack growth through the sheet
thickness, and a way of estimating the fatigue initiation life. Of course, since the model is
empirical, the parameters in the model have to be determined for each type of aircraft, and also —
possibly —for fuselage areas where the design stress levels are significantly different, e.g. varying
by more than 10 % from the average.
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CONCLUSIONS

This paper describes and discusses the characteristics of MSD fatigue initiation and early crack
growth in transport aircraft fuselage longitudinal lap splices, using examples from four aircraft
types. These are two Fokker F28s and a British Aerospace BAC 1-11 from service, the Fokker
F100 full-scale fuselage test, and a Boeing B 747-400 full-scale forward fuselage test (1). The
following conclusions are drawn:

1)

)

©)

(4)

(5)

(6)

A distinction should be made between fatigue initiation and fatigue crack growth. It is
physically incorrect to consider lap splice fatigue solely as a regular crack growth process
that begins as soon as the aircraft enters service.

There was a strong tendency for fatigue cracks to initiate at faying surfaces near or at rivet
hole corners. The cracks were mechanically induced. There was no evidence from the
service aircraft that corrosion was involved in crack initiation.

There are indications of considerable variation in fatigue initiation lives, both in the range
of livesfor each aircraft type and between aircraft types.

The most M SD-susceptible rivet row was the upper one in the outer sheets of the lap
splices. However, other rivet rows were susceptible, notably the lower one in the inner
shests.

Early fatigue crack growth rates, for crack sizes 30 um — 5 mm, were above 10®° m/cycle
(or flight), which means one should not expect any difference between short and long
fatigue crack behaviour in the lap splices. However, the relatively high crack growth rates
make questionable the usefulness and relevance of sub-scale specimen tests.

For the service aircraft the local environmental effects on crack growth were mild, if any. It
is as yet uncertain whether the fatigue crack growth rates in service are significantly
different, owing to environmental effects, from those determined by testing in laboratory
ar.

The foregoing conclusions should be taken into account during further development of fatigue
analysis methods for trangport aircraft fuselage lap splices.

D

)
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F28
Cracks running along upper fastener rows in fuselage longitudinal lap splices
© 0 0 0 00000 OO0 OO0 O0OCOO0OO0ODO0O OO0
F100
Outer row:
cracks in outer sheet
cracks in inner sheet growing outwards
growing inwards
G:,nunnn@nuuunn @
BAC 1-11

Port & Starboard

Quter row:
cracks in outer sheet
generally growing outwards

cracks in inner sheet
generally growing inwards

Fig. 1 Positions of the MSD fatigue cracked lap splices investigated by the NLR
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Fig. 5 Summary of transverse (through-thickness) fatigue crack growth rates: TEM = Transmission
Electron Microscopy of replicas; SEM = Scanning Electron Microscopy
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Fig. 6 Summary of longitudinal fatigue crack growth rates: B 747-400 data from (1)
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early crack growth
with “beach marks”
(light and dark bands)

anodised faying surface

Fig. 8 Fatigue fracture topographical change for 2024-T3 cycled at 0.003 Hz in “dry” and
“wet” air: R = 0.05, AK ~ 8.5 MPay/m (9)
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inner sheets

= Ao

faying surface —»I a; |<— initiation length

outer sheets

faying surface —>| aj |<— initiation length

Fig. 9 Most common MSD fatigue initiation sites from service experience and full-scale testing

e From fractographic observations and striation spacings:

; edge of rivet hole

: ﬁ dc/dN = AeBai
I ARAaiAEs
- g i a=>

multiple initiation sites
at faying surface: a; = "initiation length"

—> da/dN = AeBa

o

e aj, ag and Ng are known. Calculate N; from: N¢— N; = A1_B (e‘Bai —e‘Baf)

o Calculate intermediate values of a for given values of n: a;; = ——é In [e‘Bai —AB(Nj¢ — Ni)]
o For each a; calculate c;pn; from: cip = (Nip; — N;) AeBai

e Construct crack fronts as follows:

Cint

|
|
|
i Cint <t
|
|

. .
aj &int jnt af

Fig. 10 Eijkhout’s empirical model illustrated for a non-countersunk sheet and multiple fatigue initiation
sites



-22-
NLR-TP-99265

0014 ayp ur syoesd andne) (JSIA 0M) 10} SIUOIJ YOorIO anTney  91[-0SI

(ww)
2 yidap yoelo

_—

W31 JO uonodaa(g 01 asoddo = JOAU W31 JO uondaug = 40 :(9) 2o11ds dey 1591 aeds-[[nJ

bl

(ww) e yjbus| yoe1o aoeuns Bulhey

l

4

€

|

A
0

]

900 mo\ 000°S2

00002

T

000°s8

00008

000°6
000°00L 00050l 000°0LL 000'GLL 000°0ZL 000'SZL

00006

0sz‘9zl

90
80 juoly
. 3oero
oL jeuy
'l \
0SZ'65 | 00029 | egggL0®+lES00 A 0
(s9]9h92) | (s919K9) (a19hojwin) (ww) | (ww)
'N 'N-IN Np/ep te ‘e
40Qu d186.1 8|0y }2Al }8ays J8no
(ww) e yybus| yoel1o aoepns BulAe)
9 ] 14 € 4 3
/ , A =
05Z'9ZL \ 000°SZl 000‘0ZL 000°GLL 000'0LL  000°G0L 000°00L 000°G6 000°06 ]
00008
000's8 ]

AN

1

P

0SSV 00.°1LS egs9,0°+€4S0°0 9 L'
(s9]2£92) | (s919K9) (a19ha/win) (ww) | (ww)
'N IN-IN Np/ep be e

400 L16€61 210y J9AU 199YS Jauul

Ay
70
90

0l
'l

101paad 03 [apowr [eorudwa s Jnoyylig Jo asn ayp Jo sopdwexy [ ‘S

(ww)
9 yydap yoelo



-23-
NLR-TP-99265

01-01

601

g-0l

101

(WABdIN) MV
0S8 ol S L S0
, [TT T 1T 1 I [T 1T
1
L . |
B iseq . |
ejep yoeuo Buo) 1
1
C 19
B o =
E o) —
le) Omv elep yoelo poys O
o,
B ’ ZH 0¢ - G ‘D, 2T ‘e Aiojeloqe| T
- \\ }99Ys €1-y20Z ww ¢°Z _
B , G0 = ¥ ‘oijel SSaIS JUBRISUOD | g _
C , ]
= /7 -
I | 2 | |1 7 I

o-0l

(91) uonoaxp Juifjor
193ys ay) 0} [9[[eted papeo| suswioads 10y v1Rp :19ays AO[[B wniuwn(e ¢ [ -7 10J SRl Y1mois yorId andne) Juo| pue uoys jo suosuedwo) g "3ig

(WABdIN) MV
0S ol S } G0
7 FT T T T I “ I o 7 T T
— — —]
i H1seq " 1
i ejep yoeuo buoj X ]
- 1 —
- . ]
- ! -
— : —lo-0}
1
n . |
— — —]
1
— D —
- ! _
C 1 -
[ 1 @:O_‘
= o =
— fo) 588 —g-0l
o ()]

- %Wo o i (a19ko/w)
n o M¥ o _ a)el
n 1/ =W . ymmolb yoelo
- @%Q%( Jusuodxa Me slied, 5 anbiey
H ! .
- o ' =

o o ss ejep yoeod uoys o -0

O
- @o\ zH 0¢ - G ‘D, 2z “Uie Aiojeloqe .
L nds J99ys ¢1-y20C ww ¢'¢ -
— / —
L snd 0= ‘ol ssans juejsuod | e _
H ’ ]
= | \\ | I I | 7 I | .
g-01



-24-

b NLR-TP-99265
(NLR)
=
"crack-free" fatigue life safe fatigue crack growth
obtained by cumulative linear damage period based on fracture
analysis based on S-N data mechanics analysis
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Fig. 13 Fatigue analyses for transport aircraft fuselage lap splices
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~
(NLR)
=
crack growth behaviour
——— actual
— — — predicted
crack
size _Limit of macroscopic observationsintests /. __ |
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=~ a/ =0 a; = "initiation length”,
————————— _ e see figures 9 and 10
IoFs (g ——— \\
number of flights —>
Fig. 14 Schematic of differences between actual and predicted early crack growth behaviour in

transport aircraft fuselage longitudinal lap splices: the predictions are fitted to the macro-
scopic observations and the IQFS values are obtained from actual manufacturing flaws or
by back-extrapolation using a macroscopic (long) crack growth model



