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~~~~~~~~~~SUMMARY D
This document was prepared for pre sentation to the 16th Conference

of the International Comittee on Aeronautical Fatigue scheduled to be
held at Brussels , Belgium on May 14 and 15 , 1979. It is being
distributed within Australia as an ARL Technical Memorandum.

A si~~~&ry is presented of the aircraft fatigue research and asso-
ciated activities which form part of the programs of the Aeronautical
Research Laboratories, Coemonw,alth Aircraft Corporation Pty . Ltd. ,
Department of Transport (Airworthiness Branch) , Royal Australian Air
Force and the Government Aircraft Factories . The major topic s discussed
include the fatigue of both civil and military air craft structures,
fatig ue of materials and components and fatigue life monitoring and
assessment.

POSTAL ADDRESS: Chief Superintendent, Aeronautical Research Laboratorise,
P.O. Box 4331, MELBOURNE , Victoria 3001, AUSTRALIA.
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9.1 INTRODUCTION

In common with the situation in man y other countries , economic
circ tmt atance s and requirements in Australia ar e forcing critical
reappraisal of many aspects of aircraft fleet managemen t with a view to r
a~~cimising the effectiv e util isation of existing aircraft. So far as
airframe fatigue is concerned , these requirements demand the reassessm ent
and sometimes the extension of the safe operating fatigue lives of given
aircraft by all possible practical means • The necessary components of such
means include load, strain and environmental monitoring on indiv idua l
aircraft, more representative fatigue test evaluation of structure,
component and mater ial , the development of speclalised ND! and crack
refurbishment methods, and of course continuing effort in the elusive area

of reliable pr ed ictiv e fatig ue . Continuing ac t ivity in all of these areas
is ev ident in man y of the contr ibutions to the Rev iew.

This Rev iew has been mad e possible b y the co—operation of the autho r ’s
colleague s at the Aeronautical Research Laboratorie s , the T~ par tmen t of
Transport (Airworthiness Branch) , the Royal Australian Air Force and in the
Australian aircraft indu stry and their contrib utions are gr atefull y
acknowled ged . Unless otherwise stated the top ics discussed refer to work
carried out at the Aeronautical Research Laboratories ; other information
ha. been supplied officially by the Organ isation indicated • The names of
the var 4.ous orga nisations referred to hav e been abbreviated as follows :

ARt Aeronautical Research Laboratories , Melbourne
CAC Cosmonvealth Aircraft Corporation Pty. Ltd . Melbourne
DOT I~~par tmen t of Transport (Airworthiness Branch ) Melbourne
CAP Governmen t Aircraft Fac tories , Melbourne
NZA TL New Zealand Aerospace Industries Ltd , Hamilton , New Zealand
RAAF Royal Msttalian Air Force

9.2 FATIGUE OF MIL ITARY A IRCRAFT STR UC TURES

9 .2 .1  Mirage 1110 ( ARt , CAC , RAAF)

The 1975 and 1977 Australian ICAF Rev iews 1,2 contained details of the

fatigue test carried out on a Mirage wing under a flight—b y—flight load ing
sequence representative of RAJ1F operational service . The demonstr ated
fatigue life of the test wing was such as to clear that item to the
currently required life of type . However , since the test article compri sed
only a starb oar d wing , no test information was gained on the fatigue
quality of the remaining airfr ame .
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Calc ulations have ind icated tha t the next most fatigu. critical

componen t 1. the main fuselage fram e (No.26 ) carrying the wings in bend ing .
Clearance of frame 26 to the required l i fe  of type for the aircraft must ,
however , be based upon the result. of fatigue testing an ac tua l airframe .
It I. hoped tha t the Swiss Mirage test will , in due cour se , help in
answe r ing this question .

Initial fatigue damag. in both the Swiss and the Australian tests
occurred as skin cracking from a fairing fastener attae t ent hole . The
design of a suitable boron fibre reinforced plastic ( BPRP ) patch for this
area has been completed . Al though inspection of the Australian Mirag e
f leet for signs of the ab ove crac king ha. rev ealed no thing to dat. ,
cracking has been discov er ed in the nearby fue l drain hole area . A suitable
BFR P patch has been designed for this area and is detail ed in Section
9.5.8.

The Mirage fatigue invest igation ha. given rise to a nueber of
associated activitie s .  These are repor ted in Sec tions 9,4.5 , 9.5.2 . 3. 6 , 7 ,
8 and 9.6.1 of this Rev iew.

9.2.2 Mrmaccht M8.326R (A?~L, RAAF)

As fores hadowed in the last Rev iew , the possibility of restoring the
fatig ue prop erties of cracked Mecehi centr e section booms by reaming has
been examined .

Two booms , rem oved from serv ice aircraft becau se crack s in one of the
• b rack e t at tachneu t holes had reached the per missible dapth , wer e made

av ailab le by the RAAP. The holes were enlarged by pro gressive rea ming fr om
S to 8 am diameter , thus remov ing the crack . and a min imue of 0.25 em of
apparently sound material • The booms were then fatigue tested under the
tension— compression rando sised block load sequenc. used in the full scale
fatigue test. They end ured an av er ag e of 540 block, before fai lure ,
com pared with about 500 block , in the full scale test . Althongh the
comparison is not exac t (bending load s, present in the complete struc ture ,
were absent in the component test) the results indicate that , under the
test conditions , reaming of the cracked holes effectiv ely remov ed fatig ue
damaged material .

A further component test has been completed . This test was designed to
relate the block load sequence so far used in )bccbi fatigue testing to a

• correspond ing flight—by—flight sequence. The latter was generated from a
set of continuous time histories of n~ obtained during a series of flight
trials , and conformed to the overall load ipsetrue for the aircraft (ems

• Section 9.6.4. ’~. The test specimen , which had already *zpsrteucsd about
1600 flights in service , failed after an additional 3060 test flights.
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Using range —mean—p air cycle counting and fatigue data which had correctly
pred ic ted the full scale test result , the pr ed icted life under flight—by
f light loading was 4600 flights. Th u is sensibly identical to the
component life . The failure mode , however , was quite different to tho se of
previo us failures . (Compare P ig .9 . 1  with Fig 9 .1  of the 1977 Review) .

As a result of thi s work , ream ing of redeemable cracked centre sections
is being put into effec t in the RAAP Macchi f leet .

9 .2 .3  GAP Nomad ( GAP , ARL )

Nomad I s an Australian designed and manufac tured twin turb o—prop STOL
general utility aircraft . Two models are availab le ; model N228 and model
N24A of all up-weIghts 3855 kg and 4263 kg respec tively. These aircraft are
bein g employed in military, civ il , geophysical, medical and surveillance
roles .

The fat igue test on the Nom ad ~ began in August 1976 ; the planned 45 ,000
simulated flying hours involving 45000 land ings was attained by May, 1978.
The test is continuing with the aim of achiev ing a pr imary struct ural
failure and has now logged 72000 f lying hours without any maj or incidents

Similarity between model s N22B and N24A allow for test results to be
read across with due allowance for AUW , serv ice conditions and minor
structural variations.The applied load s are based on a mean cruise weight
of 4173 kg.

Initial teat results to date ind icate that model N22B and 1124k safe
lives exceed 25000 and 16000 f l ights respectively.

Crack. have been located by visual inspection and critical areas are
checked regularly using rad iography, eddy current , ultrasonic and acoustic
emission non—destruct ive techniques . Strain gauges in the vicinity of
cracks have indicated no real change in stress levels as a result of
fatigue damage or repair . In particular , cracks in the pr imar y stub wing
rib suggested a possible flex ibility chang e which may result in stress
level variations within the str ucture. No variations were observ ed , even
following rep airs to the rib , which restored or iginal stiffness .

Repairs to the stub wing called for removal of the top skin . Air ing this
exercise , visual inspection of internal structure confirmed the absence of
fatigue craeka ad j acen t to critical areas and inter nal structure . The

• 

maj ority of repairs have used the conventional alun iniam alloy patches .

~~er ever possible , alistinium alloy r epair schemes are of elementary
design , and includ e the use of readil y available mechanical fasteners.
Boron fibre repairs have been employed when the crac ks are

• non—representative or where d i f f icu l ty  is encountered using aluninium
alloy repairs. Such a repa ir , placed on the wing lead ing edge at 5000
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fl ight hours , is s t i l l  serv iceabl e . Al l. al um inium alloy repair schemes are
designed with the requ ire men t of i~uetthg the l imited facil it ies available
in more r emote areas .

The test is continuing at th e rate of appro x imatel y $00 flying hour s per
week; designer s are confident  that a safe life of 30000 hour s will be

• demonstrated .

9 .2 .4 NZA IL Air Trainer (‘T4A (ARL, RAAF)

The CT4A Air Trainer  is a two place , piston engined , f ull y acrob atic
trainer a i rc ra f t  of 1070 kg a l l —op — we i ght and is being produced in New

Zealand for the Royal Australi an Air Force.

The pr oposed fu l l  scale fa t igue  test on this aircraft is still in the
future . Only a limited number of flight tests and associated strain
measurements have been carried out , but have Ind icated strain levels hIgher
than expected in the lower w ing spar ~ oint.

9.2.5. F111C (CAC, RAAF)

• A Serv ice Life Non itor ing Programm e (SLMP) for the F111C is being set up
by CAC for the RAAF . tkimage rateS are to be calculated on a continuing

- - 

- basis using the output from mul t i —c hanne l  recorders f i t ted to two aircraft.
These recorders samp le f l i g h t  parameters at up to 30 times per sacond .
Stresses at 25 d i f f e r e n t  control  points are calculated using regression

• anal ysis based on f l ight  tr ial s data . Assignment of damage to components
in aircraft  without mult i—channel  recorders wil l, be based on g—meter counts
and pilot reports of a i r c r a f t  conf igura t ion  (weight , stores , fue l used ,
wing sweep angle) and typ e of flying (speed , altitude , duty).

Final develop men t of the P 11 IC SLMP and handover of the complete
• operating system to the RAAF is expected to be achiev ed during 1980 .

9 .2 .6 .  CA.27 Avon Sabre (CAC )

Former RAAF Avon Sa bres hav e been in serv ice with the Indonesi an Air
Force since 1970. Some of the fleet are now close to the safe fatigue life
originally calculated .

CAC has reappraised the fa t igue l i f e  of each a i rc ra f t  In the fleet using
accumulated g—meter counts where available and average spectra where not.
The fa t igue  anal ysis is compl ic a ted by the fact  that some fatigue critical
parts  have been reinforced a fte r  a considerable frac tion of the original
life had been used .

The wing centre section is the most crit ical area for fatig ue , and in
some instances the calculated safe l i fe  has been consumed . A crack growth
analysis has been carried Out Ofl this section , and an inspection technique
developed. Inspection is required every 400 hour s on the life—expired
aircraft .
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inspection is b y rad iograph y because there are fiv e layers of sheet to
be inspected and access for other possible inspection techniques is
limited . The a i r c r a f t  is supported on the outer store hard—points dur ing
rad iography to open any cracks and improv e their v is ib i l i ty .

9 .2 .7 .  Canberra B.)4~.20 (RAAF )

The accummulat t on of damage in the fa t igue  cr i t ical  lower centre section

l~~ s of the Canberra is presen t ly  monitored by f a t igue  meter counts and an
appropriate f o r m u l a .  No account is taken of any land ing load damage .

Adv ice has now been received from t~r i t tsh  Aerospace that the damage
attr ibutable to such load s may not be significant. The matter is being
followed up.

9.3 FATIGUE U~ CIV IL A IRCRAFT

9.3.1 Fatigue l i f e  pr omulgation — General Avia t ion  a i rcraf t  (DOT)

In .~ nuary 1970 the Australian airworthiness cer t i f ica t ion  requirements
• for G~neral Av iation a i r c r a f t  were amended to includ e a requirement for

s tructural  f a t igue  substant ia t ion . Since then , retirement lives for a
number of General Avia t ion  a i rc ra f t  have been promulgated . Lives which
have been assessed in Australia an d which d i f f e red  from l i fe  limitations in
the coun tr y of orig in , hav e been reported prev iously. 1 ’2 Table 9 . 1  lists
all retiremen t lives pr omu lgated or assessed in Australia for General
Av ia t ion aircraft  (excludin g helicopters and gyrocopters ) over this 9 year
period . The table include s l iv e4  which hav e been assessed or re—evaluated
in the 2 year per iod un der rev iew. An ex ample of a l ife assessment carried
out where adequate stressing data for the a i r c ra f t  type did not exist has
been completed .5

~~ere the ret iremen t lives shown in the table d i f f e r  from those of the
country of orig in , th i s  is usually because of operational considerations .

• For example, the atmospheric gust en i tronment in most of inland Austral ia
is more sev er e than tha t shown by commonl y used published data .

Past practice has been not to promulgate lives which exceeded 15,000

hours. However , the combination of generally good weather conditions

prevailing in Australia , and the large distances between population

cen tres , leads to relativel y h i gh utilisation rates and a number of light
aircraft are achiev ing total times in serv ice that were not pr ev iously
thought l ikely. It has therefore become necessary to promulgate lives
which exceed the abov e figure .

Al so included in the table is the l i f e  promulgated by the Gl id ing
Federation of Australia under delegation from the Department of Transport,
for the Blanik L 1 3  glider . The Department has a growing concern over the 

~~~~~~• . • ••• . • ••~~--• ~~~~~~~ . “ ••• • - .~~~~~~ . • •.•— • - -• •~~ • •• •~~ •~ ~~ •• • - • Li
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fatigue of world Lead time metal and f ib reg lass  gliders operated in this
country.

9.3.2 Flight loads spactra (DO T)

Activity in the program of flight b ids measurement has remained at a
low level in the two year period . Some progress has been made in the
cur ren t l y topical and perhaps unusua l area of glider f l ight loads;
preliminary Fatigue )ieter measurements from two Blanik L. 13 aircraft are
shown in FIgure 9.2. Also shown for comparison are the results from two
glider tug aircraft some of which wer e prev iously reported in Ref.2.

9.3.3 Prop~ller fatigue and Inspectability (DOT)

Included in R e f .  1 wag a report covering fatigue problems which had been
experienc ed in Austral ia with Harzell Y Shank propellers. Two Instances of
circumferential cracking in the f i l le t  radius of the reten tion flang e we r e
described , as was the development and implementation of an eddy current
inspection technique .

The manufacturer has since then introduced a manufactur og change
involv ing pressure (cold) rolling of the fillet radius in lieu of shot
peening. Operators have also been made more aware of the effects of , for
ex amp le , overspeeding , vib rat ion  Induced by wear of eng ine damper
components , ground or obj ec t strikes, etc .

The cold rolling , and the eddy current inspections appear at this stage

to have largely contained this prob lem .

Fatigue crac ks initiat ing from stone dam ag e pits are an old and
recurring problem. In one Instance which occurred in the period under
review the propeller tip separated and the 160 isa portion penetrated the
pressure cabin, slightly injuring two passengers.6 It also severed an
elec trical wiring loom and deprived the aircraft of all radio
communications . The pilot landed the aircraft safely,  if in silence;
however the incident could have been catastrophic . The fatigue failure

• initiated from a stone impact mark which had been detec ted but had not been
completel y rem ov ed by dressing with an abrasive.

Pig 9.3 shown numerous indentations and paint chipping on the ‘rear face
• of the blade. Pour locations , including the failur origin , had been

dressed , in some of these the original damage indentations are still
clear ly visible. The fracture surface is shown in Fig. .4.

Efforts have been made to make operators store aware of this problem . The
subj ec t ive impression is that  these efforts are reflec ted by a grad ually
reducing rate of occurrence of these failures .
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Another type of less common but  none the ‘ess recurring propeller
problem Is examp lified by the mid—span failure shown in Pig 9 • 5 7 

. In this

instance the fai lu~ e in i t ia ted  at a poin t of corrosion at tack 0.75 mm long
and 0 . 15  mm deep on the f ront  or camber surface of the blade. The corrosion
attack appeared to follow a path along a strain line within a single grain

at the blade surface. This form of corrosion , although very serious as a

stress raiser , is very difficult to detect visually. The rate of crack

propagation appeared to be very rapid , possibly a few flights, thus the

problem is difficul t to detec t ‘in esse”.

Strain lines were evident En sets of parallel planes within the grains

of both blades , indicatIng tha t plastic deformation had occurred

subsequent to solution heat treatment. Both blades were reported to have
been re—straightened following a previous accident , and this may account
for the above ev idence of cold work . There is also the like&ihood that high

residual tensile stresses will remain at the front face of the blade after

re—straightening in a rearwards direction .

Presum ing that the re—stra ightening  operation was carried out wi thin
the manufacturer ’s prescribed limits , there is a case for recommending that

these limits be revised, even to the extent of pr ohibiting re—straightening
in this critical mid—span section .

9.3.4 Helicopter fatigue (DOT)

Helicopters , al though in terms of numbers a minority on the Australian
Register of A~r c r af t , cont i nue to a t t r a c t  a disproportionate amoun t of time
and e f f o r t  in the fie ld  of a i rworthiness  control . A number of fatigue
prob lem s hav e com e under scrut iny,  man y of which originated in coun tries
other than Austral ia  and are therefore outside the coverage of this report.
However , one significant failur e which occurred recently in Australia is

outlined here as it will no doub t be of interest to ICAF delegates.

The helicopter was engaged in off—shore operations between oil drilling

rigs when sudden severe in—flight vibration dictated an emergency landing

on the sea. Following recovery of the helicopter and disassembly of the

rotor head , it was found that the main rotor yoke was completely broken
through on one side and that the f~flur e was by fatigue. Because of the
Lack of damage to the fracture surfaces and because the only load path
red undancy is through a flex ible tension strap which can take no bead ing ,
it is likely that the in—flight failure was partial and that the final
failure occurred during the recovery operation.

The fa i lure  orig inated from one of a number of smal l stress raisers in
the surface of the steel. The stress raisers appear to be a forra of
preferential  pi t t ing attack , the nature of which is not yet clear . The
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investigation is still in its earl y stages and no conclusions can yet be

drawn .

The f r ac tu re  sur face is shown in Fig.  9.6.

9.3.5 Manufac tur Ing defects  In a i r c r a f t  s t ructures (DOT )

Early In the period under rev iew , an aeroplane on the Papua New Qiinea
Register became the first of its type to reach the Initial inspection

threshold for rad iographic inspection of the wtngmain spar lower cap . The

aircraft Is a modern twin turboprop pressurised executive/commuter , and

the inspection was required as part of the overall fail safe inspection

program for the type .

Pred ictab l y,  the inspection found no fatigue damage; however it did

reveal a manufacturing defect In the form of a “double— drilled” fastener

hole In a critical area of the built—tip spar cap . The critical nature of

the spar in this area results In part from the termination of four titanium

straps which reinforce three aluminium alloy elements.

On the basis that t h i s  was an isolated defect , the particular aircraft

was allowed to continue In serv ice , but with a reduced repetitive

inspection Interv al .

Several months later , another (Austral ian) aircraft of the same type was

inspected and it too was found to have similar defects — one

“double—drilled” hole and one which completel y missed the pilot hole.

Since the problem could no longer be regarded as isolated , a fleet

inspection was arranged ; of the four a i r c r a f t  in Australia/New Qiinea , all
four carried this type of defect.

It is not possible to determine from the rad iographs whether the defect

is in the aluminium spar , the titanium straps , or both. If the defect is

confined to the titan ium It is not so serious as It is near the end of the

strap . However , if It is in the continuous aluminium elements it is

particularl y serious ; delegates will no doub t be aware of an in—flight
fatigue failur e which resulted some years ago from a double—drilled hole,

in a non—critical ~p.tr cap location .

Probabl y the only way to resolve this question will be to remove a

fastener from one of the affected holes; this has not yet been done because

of the complexity of the structure and the lack of access to the spar cap.

The manufacturer has been adv ised and has contributed to the

investigation. A particular batch of aircraft has been identified by
serial number , and inspection of these has been promulgated by Service

Bulletin , specifying the radiographic technique developed in Australia .
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Proposals for correctiv e action have yet to be formulated . This will

probably differ with individual aircraft depending on defects present , and
could take the form of repair schemes and / or special repetitiv e
inspections.

9.4 PAT IGUE OF COMPONENTS AND MATER LALS

9.4.1 Batch— to—batch variation in 2L.65 aluminium alloy

In the 1973 Australian ICAP Review8 reference was mad e to an

investigation in which 11 batches of 2L.65 aluminium alloy were being used
to examine the batch—to—batch variability in fatigue properties. Rotating

cantilev er fatigue tests on both unnotched specimens and notched specimens
of —3.65 (involv ing a total of 1300 specimens) have now been completed .
It is clear from Figs 9.7 and 9.8 that different batches can exhibit

markedly different fatigue streng th properties. At 1O~ cycles the average
fatigue streng ths for unnotched specimens ranged from 120 MPa to 170 MP a
(17000 to 25000 psi); and for notched spe~ .inens from 60 MPa to 70 MPa (8500

to 10000 psi).

A disturbing feature shown by this investigation is the apparent lack of

correlation between the various batch parameters which have been competed.
No correlation was found between the unnotched and notched fatigue

strengths of the var ious batches; nor between the fatigue strengths and the
fatigue notch sensitivities , static streng th properties or microstructures

of the material . Furthermore, considerable differences in scatter in

fatigue life were exhibited by the var ious batches and this could not be

correlated with scatter in static streng th properties or differences in

microstructure.

9.4.2 Fatigue of thick aluminium alloy lug s

The investigation reported in ref . 9 has been extended to examine the

effects of hole surface finish and frequency of cycling on the fatigue

behaviour of thick pin/lug l oints. As before the test material was 2L.65
aluminium alloy, the lug s being U.75 mm thick and the steel pins 19 ~~ in
diameter .

Hole surface finish : For this investigation the holes were bored to provide
both * coar se hole finish (CIA 27 m) and a fine hole finish (CIA

1.9 a). Fatigue tests were mad e at a cyclic frequency of 1 Us in repeated
tension with a minimum stress of 23.4 MPa (3400 psi) . Beth

constant—amplitude and six—load range b —hi—b program load tests were
made at max imum stresses of St MPa (76(~0 psi); 67 !4Pa (4700 psi) ; 105 MPa

- -- . - ~~~..~~_ __ _
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(I’~200 psi); 137 MPa (14400 psi); t~ S MPa (23900 psi) and 193 MPa (28100

psi ). Two sever ities of “spectrum ” were used in the program—load

sequences :

S
m*x

(1IPI%) Cycles per program

“Ss~ a r e ” spectrum “P¼’derate” spectrum

1 1
l f , S  112  ‘8
117 248 f2

lO~ 314 ~38
104 120

51 70 500

Cycles per program 1044 1049

Under constant—amplitude conditions the mean life of coar se—finish hole
specimens was found to be stgnittcantt ~v greater than those of the fine—hole

finish specimens at the top four stress levels, but not significantl y

differen t at the two lowest stress levels. The “ s.vere ” spect rum
program—load tests al so indicated a signifi cantl y greater life for coarse

finish hole specimens , but no s1gn tft~ .’u~t differen ces in lives were found

under the “moderate” spectrum . This behav iour under spectrum loading is

not al together surprising when the di i  I erenees to the ratios of the cycles
correspond ing to the various maximum stress levels of the programs ate

compared .

Frequenc y of cycling : Fatigue t e st s  hav e been carried out at cyclic

frequenc ies of 1 , 4 an.~ 16 Us under ‘~imtlsr fatig~w load ing conditions to

the hole surface finish Invest igation . The only dtff.r.nce in the

spec imen s compar ed with those referred to abc”v e was tha t the hol.s wr•
machine reamed to a fIne fInish of 2.1 m CIA .  Constant- amplitud e tests
have not indicated any significant “frequenc y” effects , but program—load

tests under the “severe” spectrum suggest a slight Inc rease In mean life

w ith increasing cyc lic frequency.

9.4.3. Bolted joint tests (I*Vt CAC\

The fatigue testing programme on bol ted joint specimens referred to in

Section 9.~~.2. of the 1977 Au~tral tan Rev iew has now been cospl.t.d. The

results show fatigue lives consistentl y in excess of published design data

for al uminium ~oints. I~~t at l s  ot the tests and the results are in cour se of
publ ication . 

- . - .- . —~~- .-, . - - - - - - - - --~~~ . . — -~~- -- - -~~~~ 
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9.4.4 Water—displacing corrosion inhibitors (DOT,ARL)

Water—displacing organic corrosion inhibitor preparations are being

used by both aircraft manufacturers and operators in an attempt to control r
in—serv ice corrosion . Because of the lubricating properties of the

preparations , concern has been expressed as to their possible effects on

the fatigue performance of bolted and riveted joints.

In one investigation , constant—amplitude (R.+0.l) fatigue tests have

been carried out under repeated tension on several types of 8—bolt bolted

joints made from 3.7 mm thick 2024—T3 Aiclad aluminium alloy sheet. These

included both “low” and “high” load transfer joints, using high and low

bolt clamping forces in each case . Complementary tests were made on each

type of joint assembled with either “dry” components or components coated

with the corrosion inhibitor. Nost of the tests were made at a cyclic

frequency of 2.5 Hz but , it low alternating stresses , additional teats were

mad e at 17 Hz.

For fult y—torquect bol teo joints the water—displacing fluids prov ed
detrimental to the fatigue performance at high constant— amplitude
alternating stresses (lives of about 0.04 x io6 cycles) presumably because
they reduced the ability of the joints to transfer load by friction. At
intermed iate alternating stresses (lives of 0.1 x io6 cycles) the fluids

were found to have no significant effect on the fatigue lives of the
joints . However , at Low stresses (at lives between 2 x 106 and 20 x io6
cycles) a reverse effec t to that at high stresses was apparent in that the

fatigue performance of j o in ts  coated with the fluids was superior to that
of dry joints . This has been attrib uted to a reduction in the severity of

fretting in the joints . For loosely torqued joints, the fatigue lives of

wet j oints exceeded those of similar dry j oints b y fac tors of up to four .

A second investigation Is in progress on smaller 12—bol t joints made

from 3.2 inn thick IYr D 683 alum inium alloy extrusion . Only high load
transfer , f ully clamped joints are involved and these are being tested
under R — +0 • I conditions . A cyclic frequency of 40 lIz is being used so that
data can be obtained at very long lives, i.e. 80 to 100 x io6 cycles.

Although similar behav iour to that found with the 8—bolt joints is
exhibited at high and intermediate stresses, it is apparent that the dry
joints exhibit a “fatigue limit” phenomenon whereas this is not evident in

the case of corrosion— inhibited joints . No failures have occured in “dry”

joints at alternating stresses of less than 41.5 MPa (6000 psi) whereas
failures in “vet” specimens have occurred at stresses as low as 31 MPa
(4500 psi)

The Australian Depar tment of Transport , in common with some other

airworthiness authorities , has in the past been concerned over the possible
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long term effects of water disp lacing corrosion Inhibitors on the fatigue

life of structur al loints. A fatigue test program on simple riveted lap

t oint specimen s was reported in ?ef.1. This program has now been
complet ed : o f ‘2 specimens tested S8 p roduced val id test r e s u l ts .  (The
rcm:~lnder were excluded because of Inadvertent overload , test equipment
mal fu nction e tc . )  The final test results are sho wn in Table Q 2 and Fig.
9 . 9 . and as prev tou’~Iy reported c~’nfirm the results of Ret .10. Addit Ional
t es t s  on bolted jo~nt~ :ire reported in Ref .11.

The val idity of these tests , and their applicability to aircraft
structur es , hus  becut the subj ec t of some discussion between the !~partment
of Transport and the Au strali an airlines . it has qui te reasonably been
contended that these “new” specimens tested in a laboratory, do not
represent “old” aircraft loint s in an operational environment. There Is no
doub t tha t this cont.~ntion is supported by airline servic, experience with
commercial products , i.e . it appears that the benefits gained In corrosion
prevention generall y outweigh any degradation in fatigue charac teristic ..
This is diffi cult to quantif y and attempts to do so could perhaps be
regarded as “looking a gift horse in the mouth”. No further testing Is
contemplated ~it t h i s  s tage .

9.4.5 Superposed notches

Inspection of blind holes In a wing spar boom indicated tha t the bottoms
of the holes were Incorrectly formed . The spherical radius specified on
the drawing had a sm all superposed notch at the centre. To investigate the
effect of this defect on fatigue behav iour , axial load fatigue tests were
mad e on 2L.65 alumin ium alloy specimens of the type illustrated In Pig
4 .10. The resuilts ire shown In the S/N d iagrams of Fig. 9.11 fr om which it
in clear that such a defect can cause significant reductions in fatigue
h f .

Q.4.~S Fatigue of land ing~ wheels (DOT)

Ref. 2 outlIne s fatigue problem s experienced In Australia with land ing
wheels on General Av iation aircraft . in the period under rev iew, fatigue
prob lems with wheels on l arge transport aircraft have attrac ted attention .
As an example , one investigation (Ref. 12~ covered three separate but
simi lar failures of (k~od year wheels fitted to Ibuglae tr.—9 aircraft . in
eac h case about a quarter of the tyre retaining flange had broke n awey froe
the huh , a typical failur e being shown in Pig . 9.12.

The three frac ture surfaces , one of which is shown in Fig. 9.11 , were
remar kiiblv s im i l ar . One fracture had initiated at pitting corrosion
approximately n .ic ~~ deep , Fig. ~.I4, and when final failure occurred at 
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111R3 flights had grown to a circuanferential leng th (around the bead seat)
of 140 mn . The second failure orig inated at a small discontinuity,

considered to be an ox ide inclusion , approximately 0.5mm long and 0.15 mm

deep . The wheel failed at 10700 flights when the fatigue crack was 120 mm
long. There was no ev idence of a stress—raiser at the fatigue origin of the

third wheel , this crack was 170 mm long when final failure occurred at

10622 flights .

Each wheel had been inspected using a fluorescent dye penetrant method

between 69 and 137 flights prior to fa i lu re .  Crack growt h determined from
one failure and shown in Fig. 9 . 1 5 , showed that a crack at least 60 mm long
was present in each wheel when inspected , and remained undetected .

The wheel manufacturer ’s manual recommendation is for ultrasonic or

eddy current inspection , and it is considered most likely that these cracks
would have been detected prior to failure if the recommended inspections

had been in use • It is apparent that the fluorescent dye penetrant method
cannot be relied upon to detect f a t i gue damage in the bead seat radius.
Thin is because of the particular stress and environmental situation in

this location and in no way suggests that the method lacks effectiveness at
other wheel locations .

Fatigue failures of transport aircraft land ing wheels has become a
sign~iicant cost and safety problem . Aircraft wheels are basically “safe
life” items which are treated in serv ice on a “safety—by—inspection” basis.
The majority of aircraft wheels used in Australia are designed and produced

in the United State of America to Technical Standard Order TSO C—26b issued
by the U.S. Federal Aviation Administration . Basically this standard

• calls for the qualification of wheels by a roll test to 1,000 miles at rated

• load . In addition , the wheels have to be shown by test to have the
capab il i ty of making 100 normal energy stops on a suitable wheel
dynanoineter . Some aircraft manufacturers are now requiring wheel and brake

manufacturers to design their products for a higher performance than the
current airworthiness standards. The FAA is also in the process of

upgrad ing the standards to include at least a 2000 mile roll test at rated
load .

In assessing fatigue behaviour of aircraft wheels two basic problems
have been encountered:—

(I) the lack of a methodology for estimating the life of a wheel under
the variable loading conditions experienced in service, using
results of a single load level or several load levels rolling
fatigue test.
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(it) the l i ck of a methodology for statistically assessing service

failure s .

Rega r d i n g  ( 1) , a l i t e ra t u r e  search has fai led to disclose any mean ingful
work on the  analytical assessmen t of wheel fatigue generally. It in L
consLdered that this is a topic need ing some research effort to promote

better understanding of the fatigue problem of light alloy wheels which are

also findin g increasing application outside the aircraft industry.

Regarding  ( i i ) , incom p let f a i l u r e  dat a , consist i ng of time to f a i l ur e
on f a i l e d  un i t s  and d i f f e r ing  t imes on unfailed units , are called multiply
censored . 1~ ta on a i r c r a f t  w h e e l s  operating in the field for example are
always mult ip ly censored because of frequent changes of tyres and other
practic al considerat ions which demand many spare wheels in constant use in
normal airline operations.

The~ an al ysis of wheel  failures has been meaningfully assessed using
Nelson’s ha za r d plottin g for incomp lete failure ( R e f .  13) .  This method
offers useful app l i c a t i o n  p o s s i b i l i t i e s  in a ni~~ber of areas requiring the
quantitativ e assessmen t of incomple te failu re data .

9.5 STUPrES RELATING TO FAT 1 Ct~E (
~RAC K1NG

9.5.1 Crack tip behav iour

The physical model of the load/COP relationshi p introduced in Section
9.4.~ of the 1977 Atts tT 1h(an Rev iew has been fur ther developed .’4 it
comprises two com ponents

( I )  an u l i i s t i c  component , dependent  on the stiffness of the tmyielded
material siirround~ng the pl as r i crack tip material and

(1(1 a p la~;tic com ponent based on the stress/strain charac teristics

of  th e  t t n cr acko d  m a t e r I a l  representing the crack—tip plastic
‘one

~ ser ies  of cric k p ro pa g at ion  experiment s  hav e been car t ied  out on
copper specimens to I n v es t i g at e  the effect of added plastic constraint in

low cycle fatiguc . The constraint was prcw ided by a nnmber of steel rod s ,
In a fixture surround ing the specimen .

Prev ious results from tests on unconstrained specimens had shown an

excellent correlation between crack growth rate and the plastic component
of the crack opening displacement (COfl . Results from the constrained
spec imen s did not lie on these curves . The hysteresis loops were then
re—plotted by subracting the added et a~ t Ic  constraining force and it was
found that the plastic com ponent of the strain obtained fr in these wider

loops correlated well with the previous data . These experiments suggest 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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that the parameter controlling the crack propagation rate is plastic work,
which is unchanged by add i t i on  of elastic constraint.

The study is presentl y being extended in two directions . In the first , a

study of low cycle fatigue , in titanium alloy engine compressor disc

materials has been initiated . it is intended to monitor plastic work cycle

by cycle .  The second stud y concerns the val idation of a scheme for
simulating elastic constrain t in which the loads that would be applied to

the purely elastic members of a structure are sub tracted in the servo
controller by voltage analogue methods.

9.5.2 NDI research and developmen t

An active program of research and development in NDI is being continued

at ARt . On the research side emphasis is being concentrated on acoustic
• NDI. A theoretical stud y of scattering from defects is under way — it Is

hoped that this will eventually lead to more reliable quantisation of the

meaaured defect. Acoustic emission (AE) has been used for crack location
during laboratory fatigue tests and airborne AE equipment is currently
undergoing evaluation . AE is also being used as a tool for studying the
effects of microstructure in aluminium alloys, and for the detection of
corrosion. image enhancement has been used to simplify the reading of

radiographs and is also being developed for study of fracture sut faces.

On the practical side , special techniques hav e been developed for the
detection of defects in a wide range of aircraft components. These have

included light beam (aircraft canopies), magnetic rubber (centre sections
and main land ing gear shock struts), ultrasonics (centre sections, wing
planks , internal corrosion in MLG lower drag struts), and eddy curren t
(wing skins, aircraft wheels , skins of helicopter tail pylons and brake
calipers); eddy current techniques have also been used to detect and
monitor cracks beneath boron fibre reinforced plastic patches bonded to
aircraft components and to detect disbonded regions.

Work is also being undertaken to determine the effectiveness of the

magnetic rubber technique in detecting cracks in steel components on which
non—magnetic surface layers have been applied (e.g. metal plated layers or
paint schemes).

9.5.3 Fractographic examination of Swiss Mirage fractures

Fractographic examinations of fracture surfaces of the main spar and a
section of wing tank skin from the Swiss fatigue test have been
completed .’5 The results indicate that the crack propagation in the main

spar commenced very early in the test • The crack growth appeared to be
relatively smooth , hav ing no abrupt changes in rate . The frac ture surface

H 
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of the skin m a t e r i a l  was less amenable to analysis  than the spar frac t ur e
due to poo r definition of the surface features . The ind ications are,

however , tha t the crack growth rate  changed in a manner similar to tha t
observ ed during the ARI Mir ag e f a t i g u e  t e s t .

The solut 1~’~ns (or the stress intensity factors for the cracks in the

componento have not yet been obtained . Comparison between the crack growth

r ates in the ’ spars of the ARL and Svtss tes ts  shoim a significant
difference when r e l a t e d  to ~~ app l ied flight blocks . A possible
contr ibu t ion  to the ob sc rv vd d i f f e r e n c e  could lie in the d i f f e r e n t  stress
intensities at the growIng rach ti ps due to the d i f f e r e n t  crack geometr ies
produced in the two te t s .

9.5.4 Fracture touRhness and residua l streng th

iMmage tolerance concepts are currently being introduced into the

developmen t and m a in t enance  of mil i t a r y  a i r c r a f t . New structure Is now
assum ed to con ta in  flawu and s t ruc tura l  safe ty  thereafter  protected by

safety—by—inspection procedures. These changes emphasise the need for

determining a range of material parameters , fatigue crack growt h rates and
fractur e toughness being the more impor tan t .

Factors In f l u e n c i n g  the f r a c t u r e  toughness of a i r c r a f t  structural
materials and their influence on residua l streng th are presentl y being
etudied . it has been found that the max imum stress intensity dur ing
fatigue cracking . Kf~ On the subsequently measured fracture toughness

is particular ly Important . Results for aluminium aiioy 2(114 show that

remains unchang ing for K f v~ luc s up to about 0. 7 l(Q : l(Q. however , increases
for values above 0.7 K

Q. in the typical case of a f a t i gue  crac k growing
to cri t ical  size , t ’~e highe r KQ val ue s ob served correspond to a 50%
increase in the critical crack st~e.

It Is proposed to use these results in interpreting residu*l strength

tests p erfo rmed on fa t igue cracked a ir c r a f t  components.

9.5.5 Load history e f f e c t s  — fatigue crack retardation in D6AC steel

The influenc e of single and multiple peak overload s on fatigue crack

retardation In high strength N~ C steel is being exam ined fur ther .
Increased retardation occur s vith  the number of overload cycles, N0, up to
a maximum of 15 to 20. An approximately linear relationship appears to

exist between the stress intensity overload ratio ~nd the logarithm of the

number of cycte ~ of retarded (or delayed) crack growth . For overload
r a tios exceed ing .3 , crac k growth at the lower level is , however , delayed
indefin itely (N 0 ’106 cycles . The work is continuing . 

---- • — ~~. ~~- •- .-
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9.5.6 Fthre composite reinforcement of cracked aircraft structures

~~rk at ARL on the practical application of high performance fibre

composites , such as carbon or boron fibre reinforced plastics, has centred

on their use to modify defective metallic components.’6 In this approach,

the composite is adhesively bonded to the component selectively in regions

of strain concentration . Although moat applications have been to

fatigue—cracked components, the scope of the procedure is, as indicated in

Table 9.3, much greater than this. A list of some current applicattons and

proj ects is given in Table 9.4 which includes aspects listed in areas A and

C of Table 9.3. =

Research is currently in progress in a number of areas to support the

practical exploitation of selective reinforcement of defective components ,

with particular reference to the patching of fatigue cracks. This work

includes both design and material aspects .

Analytical and experimental procedures in patch design

Two design procedures for patch reinforcement have been employed; these

are the Integral Equation method ’1 and the Finite Element method1’8 . in
both cases the reduction in stress Intensity produced by patching , the
shear stress distribution in the adhesive and the stress distribution in
the reinforcement can be obtained . Fig.9.16 shows typical relationships

obtained for stress—intensity reduction by the Finite Element method and

• Fig. 9.17 the type of design curves that can be obtained by the Integral
• Equation method .

Al though the analytical procedure is much faster and uses considerably
less computer time than the Finite El emen t method , it is limited to fairly
simple si tuations , such as centre—notched panels. !~t,at of our patch design
studies are based on the Finite Element method which has been developed to

• represent the adhesive layer and the crack tip in 2 or 3 dimensions.

Transmission photo—elasticity of transparent epoxy plastic models is

being used to giv e experimental confirmation of predicted stress intensity

for repair situations where the reinforcement is jus t ahead of the crack
tip . At~tempts have also been made to obtain the stress—intensity reduction
in fatIgue—cracked 2024, T3 aluminium alloy panels by measuring fatigue
crack—growth rates before and after repair with 8FRP patches. So far

difficulties have been found with this method , since under most

representative patching conditions (within the safe design envelope

Fig.9.17) the stress intensity is reduced below the fatigue threshold

level . Under these conditions only the min imum stress—intensity reduction
can be estimated as no further crack propagation occurs. However, work is
continuing on this aspect. 
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Thermal and residua l stress stud ies

1~~sp it e the numerous adv ant ages of adv an c ed fibre com posites for
selective reinforcemen t of meta ls , one important disadv antage must be
considered In any application . This is the pr oblem of the rmally Induc ed
stress which r e su l ts  from the low ex pansion coe f f i c i en t  of the composites
compared to metals ( 5  x t 0 6

~ C ’1 , BFRP and 0. 1 x l0 ’
~~~C~~ CFR P compared to

23 * 10 ’
~~ C 1 for  a lu m i n iu m  alloys) . The sever ity  of the residua l stress

after patching depend s on a number of fac tors which include the adhesiv e
bond ing temperature . th .’ thickness and geometry of the compceite and metal
substrate , and the degree of constraint to thermal expansion offered by t he
surrounding cool ~tructtire during patching . Ta general , due to constraint ,
the level of residua l stress wil l  be ver y much less than the max imum
theoretically possible.

Earl y work 19 had shown th a t the tensile residual stress introduced in
al um inium a l loy  70~’S components by BFRP patching did not pr oduce str ess
corrosion problems; indeed , the procedure has been successfully used to
repair stress corrosion cracks , Table Q .4. Studies on the e f fec t  of the

• 
. residuil Stress caused by composite reinforcement on the fatigue of plain

7075—T6 specimens showed that a slight reduction in fatigue streng th
occurred ; est imation of th i s  reduction on the basis of the ~~odman
construction was found to be conserv at ive .  Recent work has been under taken
to measure the residua l stress distribut ion at the crack tip in CFR P
reinforced centre—notched 7075—T6 aluminium alloy specimens .

Thermal fatigue of the adhesive layer is another potential problem.
Fven in subsonic aircraft , temperature fluctuations from —50°C to over
+100°c can occur , r e su l t ing  in shear stress cycling of the adhesiv e layer .
Studi es of the significance of this effec t are under investigation 20 for
EFR P reinforced 707 5— ’f6 a luminium specimens . So far the results ind icate
that , for the confi guration used , cyc l ing from + 120 °C ( the bondin g
te mperature ) to —5 0 °C for over 1000 cycles causes no damage in the adhesive
layer ; however fa t ig ue  cracking does occur in the adhesive when a lower
cycle temperature of about —100°C is used .

Adhesive bond durabilit y

Adhesives for the crac k—parching application were chosen on the basis of
their fatigue and stress—relaxation properties together with their abili ty
to produce acceptable values of these properties when simple ,
non—chemical , pre—bond ing surface treatments were used on the adherend
surfaces 21 . Tests resulted in the choice of adhesive AF 126 (an epoxy

• nttrile adhesive produced by the )M company) for all crack pa tching
applications . Recent work haa centered on chemical surface treatments
which could provide improved bond durability with adhesive AF126, ye t still

• •
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be used under field conditions . Teats to evaluate the environmental

durability have been based on the Boeing Wedge Test, which has been shown

to give results which correlate well with serv ice behav iour of adhe siv e
bonds in aluminium aircraft structures. Table 9.5 sets out the various

surface— treatments evaluated on al uminium alloy 2024—T3 and the results
obtained in te rm s of crack growth in standard times . It can be seen that
the local anodise in phosphoric acid gives a considerable improvement on
non—chemical surface treatments . Further improv ements appear to be

obtained by a combination of alumina grit blasting and phosphoric acid

anodising; this treatmen t is currently under investigation.

Unlike aluminium alloys where no durability problems have been

encountered with bonded BFRP repairs in service, durability problems have

been found with repairs to magnesium alloy components . Currently similar
tests to those described above for aluminium are underway in an attempt to
find an improved field procedure for magnesium alloys.

9.5.7 Structural frac ture mechanics

Considerable attention is being paid to stress analysis problems

associated with cracked structures. Broadly, this involves a combination

of finite element and fracture mechanics concepts.

Earlier work on the use of the finite element method for determining the
stress intensity factor in cracked sheets22’23 is now being extended to the
more difficul t case of cracks in solid sections.24 A theoretical

investigation of the residual strength of a pin—loaded lug with a

through— the—thickness crack has been carried out.25

One problem of substantial current interest is that of the design of

repairs for cracked structures. It has already been demonstrated in ARL
that the use of an overlay, or “patch” , of a high perf ormance compo site
material such as boron fibre reinforced plastic (BFRP), is an effec tive
means of repairing a cracked structure. In support of the work outlined in

the previous section , a study of the structural mechanics aspects of

patching a cracked sheet has been made26 
. A finite element method has been

developed for predicting both the reduction in stress intensity factor

achieved by a given patch design and , also , the values of the shear

stresses in the adhesive bond ing the patch to the sheet; these are the main

structural factors in determining the performance of the patch. The method

has been applied to practical situations and is now being extended to a

study of the patching of cracked solid sections. The results of these
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investigations are particularly encourag ing and indicate that the repair
of crac ks in thick sections is ~ d i s t i nc t  possibi l i ty .

• 9.5.8 BYRP patches for Mirage win~~
As reported in Section 9.2.1, cracks have been discov er ed in the drain

hole regions of the lower surfaces of Australian Mirage aircraft . One

possible refurbishmen t option Is to m ake use of boron fibre reinforced

plastic (BFRP) patches. The design and development of such a patch has been

undertaken at ARL.

The general configuration of the patch being developed is shown in

Ptg.9.18 . It Is a uni—direc tional seven layer laminate, the fibres

running perpendicular to the direction of crack propagation . The patch

contains all holes necessa r y for attachmen t of the drain hole cover , but
the drain hole in the patch itself has been much reduced in size; it is a

slot approx imately 12m x 3m. The patch is to be covered by aluminium

foil , bonded to provide env ironm ental protection .

• A finite element anal ysis of a crac ked and patched wing panel, with the

crack extending SOnmi on the spar side of the drain hole and 30taa on the root
rib side was undertaken. This indicated that the patch reduced the stress
intensi ty fac tors  at the ti ps of the SOnin and 30m cracks to 13% and 2% of
their unpatched values, respectiv ely.

Constant amplitude fatigue tests have been carried out on cracked and

patched 2024T3 Alciad aluminium alloy sheet specimens 889m x 508m x

3.6em. The specimens had the full size drainhole and the full set of twenty

four rivet and bolt holes for attaching the drain hole cover; some

specimens also had simulated spar bolt holes. Typically,  the initial
cracks in the sheet were 30m long on either side of the drain hole. Some
difficulties were encountered v-ith early specimens due to shortcomings in

the original patch application procedure. This has been modified and , in
the latest test , the patch prevented any crack growth for over 400,000
cycles in the stress range 11.7 MPa to 95.~ MPa. In this test the crack was
contam inated with a fuel/water  mixture throug hout ; in the last stages of
the test the specimen was subjected to an occasional maximum stress of 158
MPa .

It is nov planned to carry out spectrum load tests under simulated

environmental conditions on additional specimens.

The procedure to be used in the field for the patching of fleet aircraft

has been successfully tested on a trial wing. The first actual repairs of
two cracked wing s on a fleet aircraft are now in progress. This will be
followed by repair of a second aircraft in 1979. Assuming no difficulties

• are encountered , the repair of the fleet will coemence later in 1979.

_ _ _  

U
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9.5.9 Residua l streflgth of cracked lu~ s. ( DOT)

The residua l s t reng th of cracked j ugs continue s to be one of the most
di f f i c u l t unsolved pro blems of anal ytical structural mechanics and one of

considerable  p r a c t i c a l  concern to the Ind u s t r y .  Contac t tth the lead ing
ai r c r a f t  m a n u f a c t ur e r s  ind icates tha t some work is s til l  being done on this
problem on a low pr iority basis , primarily because of the cost of the I’finite element anal yses which are now generall y accepted as the best
app roach to the problem . Considerable  d i f f i cu l t i e s  are also being
encountered In c o r r e l a tin g  these analyses, which are basically
two—dimensional , to t c s t  data . The use of &ieckner ’s weight function
approach to calculatu the stress intrnsity fac tor in a variable stress
field is reported by the !4~rk’~nnel1 rk,ugtas Aircraft Company27 to yield
encourag ing but not precise results .

9.6 FATIGUE LIFE MON ITOR ING AND ASSESSMENT

9.6.! Life monIto
~~~& for Mirage fin (CAC)

As part of the continuing fati gue monitoring and assessment programe on
the Mirage airframe , it is planned to establish a serv ice life monitoring
system for the fin . This will be cirrled out in parallel with the Aircraft
Fatigue l~~ta Analysts System (AFD~S) being developed by ARL and British
Aerospace (Australia) reported in Section 9.6.f’.

9.6.2 Analysts of censored data

For some years AR!, has been in teres ted in the analysis  of censored data
samples . These arise naturally In fatigue tests where there are runouts or
more than one mode of failure. Tv’ptcally, failures at a given site are

• precluded by prior failures elsewhere , and in general both the observed
• failures and the runouts constitute censored data samples.

There are several methods of anal ysing such data but that used at ARt is
based on the solut ion of the max imum l ikel ihood equations . Iterativ e
solutions for the mean and var ianc e of censored log normal data were first

• obtained over 20 years ago ,28 the iterations depend ing on a function
arising naturally ftom the censorship ratio . The procedure has now been
computerised and the program package ex tended to have the capability of
treating several samples with a common variance — this allows analysis of

• censored analogues of all the classic linear model s on the analysis of
variance . The same programs now prod uce value s of minimised likelihoods so
that different models may be compared by ratio tests. Weibull distributed

• data may also be analysed.
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The manner in which extremely sparse data are dealt with by the programs
• is presently under investigation , in particular the bias of the estimators.

This seems to be small for ‘reasonable’ samples but increases markedly when
nearl y all of the data comprise runouts .

9.6.3 Variab ility in structural fatigue life

Some years ago a survey was carried out on the variability in the
fatigue lives of alum inium alloy aircraft structures tested under
programed and random load ing 29 . Since that time some additional data hav e
been published and these have been included in a more recent reappraisal of
the total data , comprising over 200 individual test results.

The data have been treated as log normal and as Weibull distributed. As
originally fo und , fighter spectra give rise to a comparatively low
variability in fatigue life whilst for transport spectra the variability is

rather higher. The standard deviations of log life are 0.09 and 0.14

respectively, whereas for the same data treated as Weibull distributed, the

corresponding dispersion parameters are 5.9 and 1.9. The latter figure is
close to that taken by the Boeing Company (dispersion parameter—4) as being

typical of civil aircraft .

9.6.4 Flight sequencing for fatigue tests

A method has been developed to produce a representative flight by—flight
sequence for use in fatigue testing 30. It is appropriate to the situation
where comparatively extensive fatigue meter data are complemented by
limited , but representative continuous flight histories .

The annotated fatigue meter data sheets are first used to set up event

frequency tables describing the frequency with which each given type of

• flying is followed by each of the others, and by itself. The measured
flight histories are then arranged into a flight—by—flight sequence of

• specified leng th (typically 200 flights) by drawing at random from these

tables. The process is largely computerised , and includes automatic
adl ustment for rounding errors and coun t corrections resulting from
compressing perhaps years of fatigue meter data into a repeating 200 flight

sequence . Examples of typic al flights are shown in Fig . 9.19.

9.6.5 Structural fatigue and reliability

Since the last Rev iew which reported on work detailed in Ref .31 , there
have been several advances.

The theory is based on the div ision of fatigue into two successive

stages , damage or crack nucleation , then a period of cracking terminated by •‘
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frac ture . The last stage , f r a c tu re , has prev iously been viewed as a
problem In reliab ility theory .ilone , to hc computed from prior results of

structural fatigue . The risk of fracture has now been incorporated into

the main theory. This has produced simp lif-Ications and suggested a new

measure of f a t i g u e  scns1tiv~l t y .  The improv ed approac h also includes other
risks besides fatigue , thus ii lowing the ab ov e measure of f a t igue
sensitivity. It also allows for a r e a l i s t i c  inc l usion of inspectione .

32The wo rk  ab ov e has gone f u r t h e st  f o r  s ing le—crac k models . For several

cr i t i c a l  loca t ions  i n t e r a c t i n g  throug h c r ack  growth , consideration of
mappings from critical dam age to initial lives to crac k length vectors,
using a co rr ected produc t theorem , has produced a complete solution but
without allowanc e for Inspections . This mul t i—crack model postulates a
finite number of possible crac ks which do not loin . The next extensions

envisaged will, remove these restrictions . It is expected that the

extensions wilt involve elements of mathematical programming .

A FORTRAN 10 program Is being developed for the life distribution and

• inspection behav iour of sing l e—crack structures . One of the test models

for this deals with prev ious rel iability and inspection estimates for the

Macclil training aircraft. Because these models ultimately relate basic

results on Initiation and crack growth rate to the fatigue of assembled

structures , the agreemen t wi th experiment depend s critical ly upon basic
• input data . Current work at ARL, and elsewhere , on crack growth

retardation Is importan t here , is is a clear—cut definition of initial

failure . However , there Is a parttcular lack of initial life or cumulative

dam age data for use in contributory Neuber—Topper—Wetzel analyses.

9.6.6 Range-mean—pain counter

Recen t literature indicates that range—mean pair (or rainflow) counting

of load or strain cycles Is gaining wide acceptance as the preferred method
of cycle counting for fatigue l i f e  es timat ion  and monitoring . An Aircraft
Fatigue 1hta Analysie System (AFr~S). which uses this counting method , is

being devel oped by British Aerospace (Australia) from an original concept
by ARt .

This equipment processes on—line data from up to eight channels (strain
gauges , accelerometers or other electrical transducers) , by detecting
peaks and troughs , quantised at 16 levels, pairing them according to the

range—mean a lgori thm , and summing the count into run—volatile emmory. The
information is read in computer—compatible for mat onto a cassette tape , the
frequenc y of Interrogation being set b y the needs of the user . Ween full y
developed the ins t rument  will allow economic monitoring of any airframe
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component. It t~ uow in the ’ f i n al  stage s of dev elopment and is expec ted to

be av~ ilahlv dur ing lQ7~~.

qd~. 7 
~atiguc ~~r . ’iUc t ion usth~ _~~a n d ar dt sed load ing sequenc e data

An in v e s t i g a t i o n  Is  continuing on the f e a s i b il ity  of using fat igue data
generated under r e a l i st i c  load ing sequences to rep lace conventional S—ti
data tn f-ittgue i t f e ’ p r e d t c t l o n . At least some of the d i f f i c u l t y
associated with accur .~te f a t i gue l i f e  predic t ion  is certainl y associate d
with what are l o s~cly called load history’ effects.

Conven t ional S— N d a t a  t o t a l l y supp ress load h i sto ry  inform at ion and
allowance for It must therefore he mad e in the pred iction model • The
approach investigated here uses data In which l oad history e f f ec t s  are
automatically included (for example flight—by—fl ight loading data ) in
pred icting fatigue p er f o rmanc e’ for like or similar types of sequences.

Such an approach is practi cal onl y given an adequate fatigue data bank

derived from representativ e and typical load ing sequence teAts.

• 9.~,.R The “95/95 Life ” Concept (POT)

T h i s  concept , as put forward by Boeing in Ref .33 and described briefly

• in Ref. 1. a t t e m p t s  to quantit ’v the worth of serv ice experience relativ e to
full—sc ale ’ fatt~ eee testing, in demonstrating aduquate fatigue life in

fail— safe nir raft

The Austral ian T~’partment of Transport has been exam1ntn~ this

approach , and has published a report 34 covering the theoretical derivation

and the t n i d e r l ” I u g  assumptions . (Boeing in Ref .33 do not deriv e the m.thod

theoretical ly . but give what appears to be empirically—based procedure for
calcitla tlo nl . The concept Is developed to a point where it is acceptable ,

with certain reservat tons , for use as a monitor of inspection interv als of
fall— safe ;iircrnft types.  Crapha prese nted in the r eport clearly
demonstrate the quantitative way In which serv ice experience becomes

relativel y more and more important as the fleet ages , compared with the
fatigue test . Fatigue testing is still necessary to cover the early
serv ice (of the order 1/3 to 1/2 the life) , and for another reason ,

diecuesed shor tl y .  The l~~partme nt has made a trial application of the
method to the Boeing 747 fleet.

The 95/9% life concept quantifies the satisfac tory service experience
to date . It Is app lic able’ to those structural details where no cracks are

known to hav e in i t i at ed  so far . It estimates the “l ife” as a function of
to ta l  sa ti sf a c t o r y  ex peri ence , (i n hours or land ing.) , over the fleet .
This “ l i f e ” carr ies  e Q SZ p robabi l i ty  of surv ival of the detail fro. new,

with a acals parameter for the underl ying assumed Wei bu l l distribution of
• t im es to f a i l u r e , est imate d at 9’S t confidence. The use of the concept as an
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inspect ion moni to r  inc ludes  Boeing’s “ Lead the fleet ” concept , which  means
that prov ided the 95/9 5 life exceeds achiev ed flight time since new, the

inspection schedule is sat i s t . e ct o r y .  ( T h i s  of course asstnnes that
inspection techn ique s are  good enoug h to find cracks that are there. The

Boeing 707 t a l l p l ane f a t i g u e  f a i l u r e  at Lusaka in 1977 shown the need for

conservat i sm in thU area) . The “ life” estimate grows wi th increasing

serv ice ex perience , ~~~y_ided the detail  remains de fec t—free .  This does not
reflec t any feeling tha t the structure improves with age — such a concept

would of course have to be rej ec ted . However it is recognised that the
modern designer of large transport aircraft is successful with some of his

design — perhaps ever. with most of it! (But never would even he claim

success with a l l  of i t !) .  Thus it can be expected that some parts of the
• structure will not deteriorate , and details which have not so far

deteriotated are members of that population of parts — with 95! /95!

probabilityfeonftdence — prov ided they have not flown beyond the QSI’QS life
estimate . In due course’ sot-ne ( 5! ) de ta i l s  wi l l  go defective , and these
viii drop out of 95/95 consideration at that time. Either they viii have a

preven t ive repair — f l e e t  m o d i f i c a t i o n  — and can possibly go back onto a
“95/95” program , zero times at modi f i ca t ion ; or they will  become a

• “recurrent  de fec t ” , found by Inspec t ion at regular interval s , whose length
is fixed by consideration of propagation rates , detectability, etc . So as
the a i r c r a f t  gets older , some parts of the s t ructure do in fact  fail  In
spite of 95/9 5 , and I t  is on these occastona we can be glad about the
fail—safe properties of the desige .

The ~~psrtment ’s version of the concept differs from Boeing’s in the

following respects :

(a) Its input data is hour s (or landing s etc.) at last inspection

of each aircraft , not current achiev ed flight hours. This

implies use of the concept to obtain 9cZ195X probability/

confidence in nil crack a t  the estimated life , instead of in
nil failure ; “failur e” being equated with progression of a

crack to “complete or obv ious partial f a i l u re  f a i lu r e of a
single principal structural element” (FAR 25.571,
pre—aniendment 2 5 — 4 5 ) .

(b) rt examines the level of safety involved. i~inee shown to be
equivalent to a probability of fifty nine in sixty, the balance
of I in 60 is clearly too high a probability for a crack which

might progress rap idly to a catastrophic failure. Tt could be
acceptable however for crac ks which are for the moment benign —

i.e . In a fail—safe struc ture. This leads to the question of
what level of probability of catastrophic failure Is achieved

If qS/QS is used for a fail—sate structure.
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(c) Looking at the possibility of progression of a crack beyond
failur e of -~ “single pr inci pal structural element” — which

could be termed catastrophic , or nearly so — what ever the nam e
for the condit ion , a:a acceptable level of 1 in 1000 ~~
suggested . Tht~’ is equivalent to 99.52/99.52

p r oh a b i l t t y ! c o n t t d e n c e .  It Is possible , with  certain broad
assumpt tons , to calculate the propagation time required for a
cr ac k to  deve lop  from a “ safe ” f a i l ure to the “cat astrophic”
level , If the l a tt e r  is to carry 99 .52/99.5
prohab i i  ‘-‘I coset idenc~’ imp i l e t  t lv whilst the former meets
9s/9 5 ~xp l l c t t l y .  The answer turns out to be of the order of
1/~ ol the m ’~on t ine to crack in i t ia t ion  — a ver y long
propagat ion  time , which Imp lies very  good crack resistance ,
probab ly u s i ng multi p ly— red tmdant structure.

(d) Thus the flepa r tm ent ’ s version requ ires protect ion against the
c atastrophic failur e , at a suggested lev el of 99.5/99.5 , in
add i t ion  to 5/95 p r o t e c t i on  against the safe failure. It is
thought that on present t’xperience thin condition can only be
demonstrated as being met by use of full—scale fatigue test

aircraft , subj ected to con t inua t ion  of I ts  load—sp .ctrus
program a f t e r  j u d icious cutting of single pr incipal structural
elements , (as was done fo r the Boeing 7 4 7 ) .

(a) Boeing In e x p l a i n i ng  the procedur e for calculat ion of the
• Q S/ 9 5 l i f e , st a t e  that  “a f a i l u r e has conservatively been

assumed to hav e occurred” . The T~~partment ’s theoretical
• derivation make s no such nasumption , yet independ ently

obtained the same numerical answers as Boeing ’s method ( for
the same nwnor teal  Inpu t  data) . This  work was done pr ior to
read ing the Boeing repor t .  Boeing ’s procedur e is jus t a

• proced ure . and t a lk  of -~sstnning a failure is onl y a useful
aicle—memotro to the proced ure, wi th no relev ance to th . actual

assumptions needed for the deriv at ion . Thi s must be stated to
avoid the mislead i ng fee l ing  of vast  conse rvat ism achieved by
“assuming a failure even thoug h we hav e not had one” .

The l~partmen t applied the concept as exp l a i ned above, to the Boeing 747
world flee t inspection h i story  to September 1’~Th. This was bel ieved val id
a f ter  exam ining the resul ts  of Boeing ’s toad cycling of their fat igue test

~~~ aircraft a f t e r  sawcut t tng ; rh ~ cond it ion  of s u f f i c i e n t l y slow crack
propagation , following a safe failur e , was bel iev ed met , rendering a
99.5/99.5 lite to cata strophic f a i l u r e less critical than ~ 93/9 3 l i fe  to
safe fa i lu re . At the time of this work there was a general clamo ir for
Boeing to ex tend the 747 fa t i gue  t est  to two l i fe t imes . The work showed

- -
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that  on the most opt im is t ic assumptions possible (e.g . with regard to the
‘ialum of the shape parameter ) ,  95/95 would be j u st met by the past
inspections to date and proposed inspection program into the foreseeable
future , with a two—li fe t ime test (assum ing a 60,000 hour “ l if e” or “serv ice
objective”)

It is thus believed that the 95/95 concept as outlined has potential
application to future generations of a i r c r a f t , and could assist in
resolv ing questions of  leng th of fatigue test vs probable fleet sise and
serv ice life , for fail—safe aircraft types known to have suff icient l y slow
crac k propagation times . The f a i l — s a f e  prov ision permits us to live with
the occurrence of cracks occasionall y,  and not , as is argued by
manufactu rers , to eliminate a fatigue test requiremen t (although it doe. in
fac t substantial ly reduc e the required leng th of an adequate test ) .
!.~te ther 95/95 for a “ safe failur e” , and 99.5/99.5 for a “catastroph ic
failur e” prov ide trul y adequate lev el s of sa fe ty ,  taking al so into accoun t
the probability of non—detection of existing crac ks , requires close
scrutiny by the av iation cosmuni ty  as a i*~ote.

9.7 BIBLIOGRA PHY ON FAT IGUE

The Second Volume of the Bibliograph y on the Fatigue of P~ terials ,
• Components and Structures - 1951 to 196 0 by J .Y .  Pb~nn 35 was published by

Pergamon Press in Nov ember 197B. * I t contains 5903 references on the
subi ect and brings the total in the f i r s t  two Volumes to near ly 10000. ~~rk
is proceed ing steadily on Vo lumes 1 and 4 which will cover the periods 1961

• to 1965 and 1966 to 1970 respectiv el y and each will contain over 5000
references . It is hoped that Volume 3 wil l  be published by late 19~O.

*Volume One of the Bibliography was published in 1970 .~~~~ 

-
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TABLE 9.3

• 
. 

APPLICATIONS OF SELECTIVE REIN FORCEMENT TO
MODIFY EXISTING METALLIC COMPONENTS

A St i f fen  (Jnderdesigned Regions
(defl ection

reduce (flutter

(static strength 
•increase (buckling strength

(fatigue strength

B Restore Strength or Stiffness
(blending out corrosion

after (blending out flaws
(expiration of nominal fatigue life

C Reduce Stress Intensity
(with flaws
(badly designed

in regions (badly manufactured
(damaged in handling
(with battle damage
(with fatigue or stress corrosion
cracks

(current work)
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TABLE 9.4

CRACK-PATCHING AND REINFORCEMENT STUDIES

AIRCRAFT 
- 

PROBLEMS STATUS
COMPONENT

• Hercules Wing Plank Stress-Corrosion cracks BFRP repairs made to 11
— aircraft now RAAF standard

procedure (3I~ years Service
history)

Macchi Main Fatigue-cracking BFRP repairs made to 4 wheels
Landing wheel now RAAF standard procedure

(2.5 years Service history)

Nomad Wing Skin Fatigue-cracking BFRP repair; no further crack
(ARL Fatigue Test) propagation for 59000 flying

• hours

Nomad Door Frame Fatigue—cracking BFRP repair; no further crack
(ARL Fatigue Test) propagation for 53000 f l ying

hours

• Fin Acoustic fatigue BFRP repairs recently made

Landing wheel Fatigue-cracking BFRP repairs u’-tder develop-
ment

Wing Panel Fatigue-cracking BFRP reinforcement developed
for service application

Landing wheel Low fatigue life BFRP/CFRP reinforcement
under development

Gust Probe Vibration CFRP reinforced reduced
vibration to acceptable
level

Landing Gear Fatigue and over— BFRP reinforcement under
Lever load failure development

- _

~

- - -— -  •- —---
~~~~~~~ -~~~~~ • • - 

_____
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TABLE 9.5

RESULTS OF WEDGE TEST EXPERI ME NTS ON 2024-T3
ALUMINIUM ADHERENDS, BONDED WITH ADHESIVE AF126

- Surface Treatmen t Crack Propagation (inches) Fracture Comment
Mode 

__________________

3. hr 10 hr. c = cohesive
__________________ _____________ _____________ 

a = adhesive 
—

Hand abrade with 1.95 2 .8 a Standard field
- 
100* A1203 

- — • 
repair pre-
treatment

Hand abrade with 2.53 3.15 a
100* A1203 + 

-

•

primer

Grit blast with 1.82 2.52 a Process previously
50 iut A1203 used for crack

patching repairs

Grit blast with 2.05 2.75 a
50 urn A1203
+ primer

Local anodise 1.37 1.45 partially Boeing suggested
with c field repair pre-
phosphoric gel treatment

Local anodise 1.35 1.39 partially
with C
phosphoric gel
+ primer

Chromic acid 
- 

1.29 1.32 c Factory production
etch bonding treatment

*+ phosphoric without primer
bath anodise
(Boeing
production

• specification
BAC55 35)

* Not a field treatment

___  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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FIG. 9.1 FAILURE IN MACCHI CENTRE SECTION UNDER FLIGHT BY FLIGHT LOADING



4 
—

~~~~~~ 8

±

hr
~~~~~~~ ~! 

/ 1J
‘4% 

—

+‘21
/
/
/~I/

\

/ ,
~;‘/;; 

z / 
~‘/7

• p 
~ /40 ~
/ / I i
/ / I I
1 X
I 

‘41

I I
/ 0!
I I ,
I/ I I

4 0I I 
‘—I

U
4

0 

0

1’
I ____________________________________________

“Is 
-

~~~~~~~ 

I

~~ 
‘U 1N~~Y3~) 0Y07



— ~~~•= ~~~~~~~~~~~~~~~~~~~~~ 
•
~~~

- • • •  —
~~ ~

__ • •-- - ••——--- -
- -

OVERL OA D ZONE FATIGUE ZONE FA TIGIJE 0216/N
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FI G 9.5 PROPELLER FAILURE INITIATING AT CORROSION ATTACK
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