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ABSTRACT

Helix and Felix are standard loading sequences which relaze to the main rorors
nelicopters with articulated and semi-rigid rotors respectively. The purpose of the

ading standards is, first, to provide a convenient tool for providing fatigue data
der realistic loading, which can immediately be compared with dacta obrained by other
ganisations. Second, loading staundards can be used to provide design data. This
per ocutlines the form of Helix and Felix, summarises their statistical content accord~
g to different counting methods and gives results of fatigue tests usad to assess
gir usefulness.

TNTRODUCTION

4 standard loading sequence is a variable amplitude repeated sequence of peak and
ough loads to be applied in fatigue and crack propagation tests. EZach standard
presents lcoading on a particular class of engineering structure. Two such exiscing
andards are FALSTAFF [Ref 1] (Fighter Aircraft Loading STAndard For Fatigue evaluation)
4 TWIST (Ref 2} (Transport WIng $Tandard) which represent loading on fightar and
ansport airecrafrt wings raspectively, Typical sections of FALSTAFF and TWIST caa be
en in Figs | and 2, Their development has arisen from the fact that, often, 1life pre-
ction methods are not accurate enough to predict fatigue lives or crack ratas
equately under service (variable amplitude) loading conditions. Therefore when making
fatigue assessment of, for instancs, a new detail, fastening system or method of life
provement, variable amplitude loading has to be used. Ofren such tescs ara not tied
ecifically to any particular project, but are for more general application, In this
s2 a standard sequence, provided a relevant one exists, is oftan the best choice for
e tast loading.

The use of standard saquences is very simple, once facilities exist for generating
em. & fatigue or crack propagation test is carried out under the standard loading
guence, and the fatigue life or crack rate can then be comparaed direccly with any others
tained using the same standard. This emables an immediate estimate to be made as to
e fatigue perfiormance of the component or material under comsideration for the parti-
lar use for which it is intended (ag fighter aircraft wing in the case of using the
LSTAFT standard). The test results can then be compared with any others for which tescs
ve been carried out under the same standard lcading. Had che tests been carried out
der constant amplirude loading the comparison would aeoc have been valid until the
ustant amplictude data had been used with a cumulative damage vule, such as Miner's Rule

pradict life under typical service loading. The comparison would have besn made then
the basis of predictad lives or crack rates and would have besn subject to the con-
derable errors that can apply =o such cumulative damage predicticns [Ref 3}.

Experience has shown that, following the dafinicion of a ‘standard saquence, a
alth of relevant data accumulartes quickly, negating the need for some tests and giving
tensive comparative data for others., This can greatly increase the technical value of
dividual test results and reduce the amount of expensive fatigue testing. Large
e2luation programmes using standard sequences can be shared more readily tetween
fferent organisations and countries because the test rasults of the programme will be
mpatible with each organisation's own standard data. Such data can also be used for
tigue life prediction in design instead of constant amplitude dara. In this the
elacive Miner” avvroach is used [Refs 4&3], which normally gives mors accurats pre-
ctions than Miner's Rule.



This Raport describes the derivacion and fatigue assessment of twe loadiag
scandards for the farigue evaluation of helicoptar rotor materials and componencs. The
standards wera developed as a collaborative study between West Germany, the Netherlands
and UX.

As has become the practice the new loading standards have been given idencifying
names. ror these the origin of the word helicopter {helix—spiral, pteron-wiag I{rom :the
Greek) has provided a2 convenient basis. The new scandards are called:

Helix - Loading scandard for 'hinged' or articulated rotors

Falix - Loading standard for 'fixed' or semi-rigid roctors.

The second of the names proves to be particularly appropriate as an early pioneer
in helicoprer development was Felix Tournachen. The lower case lettering is because the
names Helix and Felix ara not acronyms.

This Paper summarises the form and statistics of Helix and Felix and the resulcs
of the farigue tests used to assess them. Full details can be found in the two final
project raports. The first of these [Ref 6] covers the background to their definizion,
statistical content according teo diffarent counting methods, and results of the facigue
tasts. & Full description of the form of the standards, including details reguired for
their generation is given in Ref 7.

2 SUMMARY OF THE FORM OF HELIX AND FELIX

Helicopters are pulti-role vehicles and in diffarent roles can experience greatly
diffaring saquences of bDlade loads. Tor the purpese of this scudy a sortie was defined
as a flight fulfilling a parcticular role, and a flight as the period betwsen take=off and
subsequent landing. Helix and Felix consist of the same sequence of 140 sorties rep-
resenting 190.5 h of f£light. Each sortie in the sequence represents one of either
Training, Transport, anti~submarine Warfare (ASW), or Search and Rescue (SAR). Each of
these appear in the sequence in three different langths.

Each sortie consists of a sequence of manoeuvres, which is the same every time
a particular type of sortie wicth the same length is applied. Helix and Felix each have
their own set of manceuvras which are placed in sequence in order to define the sorties.
The manceuvres are similar for Helix and Felix, but are not always directly =quivalent.
For 'this reason the sequences of manceuvres making up any sorszie are similar but not
identical for Helix and Felix. When any manceuvrs is applied on different occasions the
sequence of loads is always the same.

The following sections 2.! to 2.3 describe the component parts of Helix and Felix
in detail., Full details of their derivation can be found in Ref 6, and a full definition
in Ref 7,

2.1 Sequence of sortias

The 140 flight sequencs of sorties applying te borh Helix and Felix is shown in
Table | and was chosen on the basis of a once and for all random draw. As can be saen
2ach sortie is defined in three lengths, 0.75 &, 2.25 h and 3.75 h. Table 2 shows che
numbers 9f sorties of sach langth in the sequence.

2.2 Definition of manoeuvres

As described in Raf &, before the sequence of manceuvres for each sortiz could be
dafined it was necessary to define individual manceuvres For sach class of helicopcer.
Helix was based on data obtained from the Sea Xing and Felix an data from the 30-103.

Data available for the Sea King and BO~105 idencified 24 and 22 manoeuvres res-~
pectively, which ware to be placed in sequence in the subseguent definicion of rhe
sorties. These were all non-dimensiomalised to exprass the loads or strains oa 2 scale
up ta 100 in incervals of 4. This scale was deemed to %e in "Helix Unics’ or "Felix
Unics"., As originally defined Helix [Ref 8} and Fzlix units were on scales up to 74
and had a2 greater number of defined levels than in the Ffinal wversions. The diffarences
bherween the original and, as described here, Zinal versions of the standards ars des-
zribed in Ref 6. *
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Tablas 3 and & lisc the defimed manoceuvres in Helix and Felix, raspectively. Shown
5o is zhe lpading content of each manceuvre exprassed in Helix/Felix unitcs. Each

\noeuvra is applied at its own characteristic mean stress value, with each ecycla appliad

; a full cycle, as described in sectiom 2.3 belew. As can be seen the definitions of the

\nceuvres are similar, bur noc idencical, for the two classes of halicopter. For instancs
yl1ix has two manceuvres, 8 and 9, describing approach to hover, whereas Felix has only

la. These differences reflect the different sources of data and differant definitions of

iat at first sight may appear to be the same manoeuvre. These lnconsistanciss batwesn the
10 sets of dara led, as shown below, to mancauvrs sequences im esach sorcisz which diffarad

1 the two standards.

Tor both standards, as for virtually all laboratory loading sequances, an alter-
iting level was selected below which cycles were not included. As can be seen from
tbles 3 and 4, the lowest amplicudes included were 20 and 16 for Helix znd Felix rtes-
setively. It can be seen from Tables 3 and 4 that the omission of the low level cvcles
:sulted in some manceuvres having no significant loads. For completeness these manoeuvres
ire included in the standards but no loads or dwalls are applied. Omission of levels from
:lix and Felix is discussed further in section 2.7.

3 Saquence of loads in a manoeuvre

The sequence of loads in any manoeuvre was chosen for both standards on cthe basis
: a once and for all random draw. Therefore, every time a particular manoeuvre is per-
yrmed cthe sequence of loads is the same. As an example Table 5 shows the sequence Ior
1e first three out of the 24 defined manoceuvres in Helix. The numbers are all in Helix/
21ix units. In each czse the first number is the mean stress. The subsequent numbers
:presant complete alcarnaning cycles going positive first. Many of the cycles have to be
:peated several times in order to carry out their function fully, or to accouant fully
sr the time spent in that manoeuvre (eg forward flighc).

4 Sequence and mix of manceuvres in a sortie

The lack of operational statistics describing manoeuvre sequences led to their
mthesis by common sense consideration of the flight profile and the objective of the
srtie. In the simplest case the above approach says, for inscance, that a helicopter
annot perform a bank turn wichout first taking off, As an example, Table 6 shows the
irst six manoeuvres of the Halix training sequence. The original intention was to use
1e same sequence of manoeuvres for Helix as Felix. However, in practice, it was foun
rat the defined manoeuvres ware not always directly aquivalent between Helix and Falix,
ad so could not always be sequencad in the same way. Therefore the sequences for Helix
are derived first, and cthosa for Felix formulactaed to be as similar as possible. The
susiderations taken into account when synthesising the four sortie sequences warz as
5ilows.

{a) Training - this was the most difficulc sortie to define because of the wide
anging operations that ars flown. The assumption was made, however, that this sortie
aould simulate the essential aspects of flight needed to perform other sorties. In
idition, a pure training exercise was simulated, in which the helicopter performs
anoeuvres to demonstrate handling characteristics. Fig 3 shows a trace of the first six
anoeuvres of those for the Training sortis for Helix corrssponding to Table 6. Nete that
1 Table 6 the column 'Matrix applications' refars to the number of times that the defined
zquence of loads has to be repeatad in order to describe fully che manoeuvre.

(b) Transport - this sortia represants take-oIf and low-:speed manoeuvres away from
he terminal area, flight at cruising speed whilst manceuvring to take intoc account
arrain and air traffiec control rescrictions, and finally landing in the terminal area.

{e) 4ASW - in this sortie, apart from the requirement to move to znd from the base
raa, the helicopter repearedly decelarates to allow deployment of 2 somar buovy, and
ceelerates to move ro a new search area.

(d) SAR - che essencial part of this sorvie is che flying of low speed manceuvrsas
1 order to axacute a rescue.



-

.3 Variation in lengths of sortia -

The 0.75 7 and 2.25 h flights were defined as fractioms of the £ull 3.75 h sorzies.
Thus only one sequence of manceuvrss was defined for each sortie, the whole of which is
used for the 3.73 h flight. For the flights of 0.75 h and 2.23 h take-off and landing
ara applied as for che complace sorctia, bur a selacred parc or parts is cut our frem che
rest of che flighs, Full datails ars given in Refs 6 and 7.

2.8 Ground loads

The measured values usad for cthe ground load transitions are ~20 for Helix and
-28 for Felix, boch values being in Helix/Felix units., Ir is assumed for both Halix and
Falix that this ground load transition wvalue is reached at che end of each flight.
Thus it is assumed that the rotor comes to a standstill ar the end of each £iight, so that
each air-ground-air tramsicion is a start-stop-start traansition.

2.7 Shortened versions of Helix and Falix

In section 7.3 it is suggested that Helix and Felix can be used in shortened
forms in order to reduce testing times when testing at long lives close to the facigue
Iimit, The full sequences ware recommended for use in supplementary tests at higher strass
lavels. This secrion describes the method of omissien of low level cycles in ozder o
obtain the shortened segquences. Sectiom 3.! describes rainflow analyses of the shortened
saquences,

The methed of omission of eycles is to choose a manceuvre alternating stress lavel
at and below which c¢ycles ave omicted. However if this is applied rigorously some
manoeuvres disappear altogether. In order to retain the identitcy of such manceuvres one
alternacing cyele is applied at the highest level contained in that manoceuvre. This lsvel
iz, of course, at or below the nominal lavel of omissicu.

The levels of omission chesen for normal use were 32 for Helix and 28 for Felix,
giving defined sequences known as Helix/32 and Felix/28. The sequences arz generatad inm
exactly the same way as for the full versions exgept that che defined loads for each
manoeuvrs are modified. Table 7 gives the modified and unmodifisd load sequences for
two of zhe Helix manceuvres, Lengths of the full and modified seaquences are given in
Table 8,

3 STATISTICS OF HELIX AND FELIX

In this section are presencad the most important statistics, from the poine of viaw
of farigue, of the rwo standards. Addirionally the speczra of Helix and Felix are com-
pared with each ocher and also with operational data.

3.1 Comparison of Helix and Felix spectra

Helix and Falix werae analysad by more than one councing mechod, and the results of
these are shown in Tables % to 12. Tablas 9 and 11 give the results of the rainflow
analysaes, and Tables [0 and 12 give analyses of peak, trough and levels crossad
distributions.

Fig 4 shows a comparison of Helix and Falix spectra using the data obtained from
rainilow counting. In Fig 4 mean stresses have been igporad to sase the comparisoca.
Large sceps can be sesen iIn both Helix and Felix, atc the top end of the spectra, dus zo
the air-ground-azir transitions, which are associatad with axcra loads on the negative sids
only. This tends co mask the marked diffzrence in the shapes of the speczra for .the
£light loads, with the spectrum for Helix being generally flatter than that Eor Falix
outside che ragion afifesctad by the start-scop-start transirioms. Fig 4 shows also the
spectra for the shortened saquences Helix/32 and Felix/28, which appear alse in Tables |3
and 14,

The diffarences between the flighct load specrra for Helix and Felix are significant
in that they are mest apparent at the high tensile stresses, a regiom of particular
impertance to fatigue. This can be seen in Fig 3 which compares the two oa the basis of
positive—-going levels zrossed. Hera the differances are mora obvious at the high stress
and cthan in the pravious Figure, because the starc-stop=start transicvions only affact chis
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or at che nagative scrasses. AL szresses above 60 Helix/Felix units a much sharoer
uncation on Helix than Telix cazm be seen. Also evident from FTig 3 is that both the top
d botrom lines of the Felix spectrum are generally beleow those Ior Helix, alchough the
ximum loads have bean sczled to be the same in both cases. This indicaras a generally
war ralative lavel of mean load for Felix than Helix.

i
1z

2 Commarison of Helix and Felix spectra with operational data

It should be appreciatad that Helix and Felix were derived for a particular mix of
noeuvres and sortias for which there is no complete comparative set of daca. Conse-
ently all the compariscns in this sectiom are for Helix and Felix, rspresenting a wids
nging mixture of roles, with data for particular helicopters carrying out particular
les., It follows, therefore, that a close similarity between the standards and che
erational data would not necessarily be expectad. Fig 6 shows a Sea King cransport
ectrum, compiled as part of the Helix/Felix project {Ref 6], compared with Helix. The
2 King data was factored so that ic represented the same number of Ilying hours as
lix, and the stresses were multiplied by the same factor as was usad to darive Helix
its in formularing the standard, As can be seen from Fig 6 there is very good agree~
nt berween the two spectra at the low stress end. At the high stress end Helix exhibics
e step arising from the air-ground-air transitions which were not included in the Sea
ng data, so similaricy would not be expected in this regiom.

Fig 7 shows spectra for the BO-105 and Lynx compared with thact for Felix. The Lynx
d BO~105 spectra were to a design mix of manoeuvres, as described in Ref 6. For the
rpose of the comparison the stresses and numbers of cycle were facteored in the same way
was described above for the Sea King. Iz can be seen from Fig 7 that agreement becween
1lix and the Lyunx and BO-105 spectra is quite good, except at the upper end where, as in
2 case of Helix, the Felix spectrum exhibits a step associated with the air-ground-air
ansiticms. Thus as in the case of the Sea King the Lynx flight spectrum compares well
th that of the standard.

It was cencluded that spectra for Helix and Felix compared well to measured data,
spite differences in the mix of manoeuvres.

OUTLINE AND AIMS OF FATIGUE TEST PROGRAMME

Standard loading sequences, ars used for two reasons. First they are a toocl for
ving an immediate ccmpariscn of ome set of fatigue data with another. Second they may
used to provide design data. In considering the first point it is clearly an advantage,
st from the point of view of convenience, that any cest result using 2z standard iocading
n immediately be comparasd with a library of fatigus data without resort to a cumulative
mage rule. However a further considerasion is whether the use of standard saquences
&t are as realistic as possible give more valid comparisoms than wich mors simple
quences such as the commonly employed block programme. Thus the question may be asksd
to whether the objective of easy comparisom can be mer by the adopticn of a2 standard in
e form of a block programme. Also, if standard block programmes were adoptad, would the
.ta generated be better or worse for use in life prediction than the more complex
lix and Felix?

The fatigue tast programme, designed to investigate the above questions, consiscted
.inly of tests under comnstant amplitude leading, Helix, Felix and block programmes
signed to give farigue lives similar to those of the two standards, Since Helix and
'1ix were the most representative of all the loading sequences usad, zhe assumption was
de that comparisons using the two standards were the most valid, and assessments wersa
de as to how closely comparisons made under other loadings could rep2at them or be used
+ predict them accurately. The assessmen:t of Helix and Felix as design daca was limirted
v seeing how well cther loading actions could be used co predicz lives undar the two
.andards (as distinct from comparative lives or comparative facigue strengths in the
rlier assessment). This analysis could at best only identify possible inadequacies in
.fe predictions using the other loading sequences which could possibly be redressad
‘ing the more representative Helix and Felix. & full assessment of this would require
ire fatigue tests under loading spectra for specific dasign cases on specific helicoprers,
id is & teopic for furcher study.



The £
and Felix in a T
out as described in saction 7 with a shortaned version of one scandard, Helix,

inal aim of the tesc programme was to assess the possibilicy of using Belix
shorcened form by omitting some low level cyecles. Thus tests wers carried

[

The joinr raest programme consisted of 290 fatigue tests carried ouc at four
diffarent Zstablishments ip thres countrisas, and is summarised in Table 1353, Decrails of
the tascing are given below and in supplementary rteports issued by participating
countries [Refs 9 and 10].

4.1 Loading sequences used in the tests

The test programme includad tests under constant amplitude loading, Helix and
Felix, Helix with some low levels omictted and chree-level block programmes. Helix and
Felix were always appliad in their original forwm wich the ¢id number of defined stress
lavels. The essential difference between the old and new versions of Helix and Felix is
small,. and it is considered thac the resulecs of the test programme would not be signifi-
cantly different if the new versioms of the standards wers used [Ref 6.

The three-level block programmes representing Helix and Felix were darived as
shown in Fig 8. Tests were also carried out [Ref 6] under other block programmes which
were not regarded as being as representative as those in Fig 8, and the results of these
tests are not reported hare.

§.2 Fatigue test specimens and materials

The facigue test specimens are shown in Fig 9. Threze basic types of specimen ware
tested. The first of these was a notched (cpen holed) specimen having a stress concentra-
tion factor based ou net secction of 2.5. The aluminium alley specimens tasted at LBF and
IABG were virtually identical te the ciganium alloy specimens cested ac NLR, The
titanium specimens cested at RAE in the programme investigating omission of low level
cycles ware smallar and thinner, but had the same stress coucentracion factor.

The secoud type of specimen was a lug, manufactured by MBE-UD, and made out of
multidirectional GRP.

The third and final specimen was a shear stress specimen, cestad in bending, and
designed to test interlaminar shear strength in fatigue. The form was to a standard
MBB-UD specimen and manufacture was out of unidirectiomal GRP material taken from a
BO-105 helicopter main roter.

3 FATIGUE TEST RESULTS AND CUMULATIVE DAMAGE CALCULATIONS

Sections 5.1 to 5.4 summarise the most impovtant fatigue tast rvesulzs from the
joint test programme. The results presenced are the majority of the variable amplitude
tests, these being under Helix, Falix and the corresponding block programmes. The tests
invaestigating omission of low level cycles are reported saparataly in seccion 7.
Sections 5.1 zo 5.4 also discuss the cumulative damage behaviour of the respective speci-

mens. Section 6 further discusses the results of section 5 as pertaining te che pro-
jecred applications of Helix and Felix.

On the grounds that no cumulative damage rule has found acceptance as being
generally superior to Miner's Rule, only predictioms usipg this Rule are prasentad here
as a basis for the assessment of Helix and Felix. The Rulz was appliad taking the facizue
limit into account, Variation in calculated damage of individual cycles due to their mean
strass being other than that at which constant amplitude cests wers carried ouc was
accounted for by interpclacing or extrapolaring from casts at more than ome value of R ,
This data was aicher in the form of a set of $~N curves or a Haigh Diagram.

Some assessments wers rade cousidering zhe Relative Miner aporoach [Refs 4 and 3],
which is the mostc likely way that data obtained under Helix and Felix would be used to
predict life for a compoment subjectad to a loading action in the same class as Heli:
or Felix., There ars a number of variants of this approach, but, as considered hers,
resulcs of tests under z loading standard are used to adjust stresses and/or lives on
relevant existing S—¥ daca, such that applicatzion of Miner's Rule to that data would
pradict accurarely che lives obrained under the standard, Minar's Rule is rhen appliad to

35-6



2 adjus data to pradict lives under the required loading actiea., Claarly thera is no
rancage this approach if lives under the standard can be predictad accurataly by
ner's Rule because the Relative Miner method would give the same answer as Minar's Rula.
wever if Miner's Rule predicts lives that ars coo long or short for the scandard, the
lative Miner Rule compensates for this, assuming in effect that errors in using Miner's
le directly would be similar for the loading action ia question and for the standawd.

ted
o

] Notched specimens of 3,1394-T3 aluminium alloy

Farigue rest results relating to Helix, togaethar with the pradictions using
nar's Rule are plotted on Fig 10, The corresponding data for Felix is ploctcad on

g 1.

Considering first the ralative lives under the different loadings on Fig 10 it
n be seen that the fatigue strength at 1000 fiights co failure under Helix block
‘ogrammed lcading was similar to that for Helix but there were indicatioms thar at
gher stresses fatigue lives under block loading would be longer than for Helix,
wever this behaviour was not predictsd by Miner's Rule. Whereas the Miner predictions
r block programmed loading were good, at least at the lower strass lavels, thaose for
lix predictad a fatigue strength 20 per cent above that realised in practice (ie unsafe).

Turning now to Felix, it can be seen from Fig |1 that, as for Helix, the bdlock
‘ogramme fatigue lives were predicted well by Miner's Rule and the lives under the
;andard, in this case Felix, were over-estimated by the Rule. However this aver-
itimate was not as great as for Helix, the largest over~estimate of fatigue scrength
iing about 10 per cenrt in this case compared with 20 per cent for Helix.

It follows from the above tasults that an assessment of aluminium alioy notched
vecimens for articulated and semi-rigid rotors using block programmed loading representc-
1g either Helix or Felix would have given lives similar to zhose predicted by Miner's
ila directly, This means that any predictions using this data and a Relative Miner
jproach would have predicted lives for Helix and Felix also similar to cthose of Miner's
1le applied directly. For lives greater than 50 flights to failure this would lead to
1 over—estimate of the farigue strength under Helix, and presumably similar under
irvice loading, of about 20 per cent, as shown in Fig 10, The cerrzsponding over-
stimate Zor Felix would be about 10 per cent.

2 Lug specimens of mulcidireccional GRP

Fatigue test results under Felix, together wich predictions using Miner's Rule,
sz plottad on Fig 12. 4 comparison with Fig 11 shows that the cumulative damage
shaviour of the mulcidirecrional GRP lug specimens was very similar to that for the
luminium alloy specimens. Miner's Rula always gave unsafe prediccions in both cases,
redicting facigue strengths that were too high by up te |5 per cent for the lugs and up
5> 10 per cent for the alupinium alloy specimens., No fatigue tests wers carried our under
ae representative block programmed loading (see section 4.1) for the lug specimens.

.3 Shear stress specimens of unidirasctional GRP

Tatigue test results for the shear scress GRP specimens under Falix and Felix block
rogramed loading are given in Fig 13. It can be seen that Felix and the block pro-
rammed leoading gave similar liwves, the most noteworthy point being chat Miner's Rule
redicted lives that wera too long by a large margin, the differance in predictad and
chieved fatigue strength for Felix being more than 20 per cent-ovar the rangs of test
ivas. The accuracy of Miner's rule appearsd similar for the two loading actions but the
ata were sparse, and although chere was no evidence suggssting that Relative Miner
radicrion cases on block programmed datas would be substantially in arror, firm conclu-
ions cannot be drawn,

A Notched specimens onm titanium alloy GALl-4V

gue gast results for Fa2lix and the corresponding block or
i : E) z

c with the relevant Miner's Rule pradictions in Fig

r 3 =

1% presents a pictura not dissimiiar to thact of Tig !l, which shows 2 corres-—
t of resulrs for aluminivm alloy. In both casss zhe prad i s



under Felix gave lives that wers generally oo long (unsafe), with che pradictions
corresponding approximately to the limit of the achisved scatter band on the long life
side. In both cases too, Miner's Rule predicted that life under bloek programmed loading
would be shorter than under Felix., However whersas the Miner’s Rula predictions wave
r2asonably gocd for aluminium alley under block leading, for titanium alloy, where the
scactar was considerably greater, and the lives were similar co those undar Felix, the
pradicricus followed the low life side of the scatter band. It follows therafore that
a Relative Miner prediction of Felix lives from the results of the cests on ticanium
specimens under block loading would predict lives longer than those of Minmer's Rule
applied direet. In faet, Fig 14 shows that the achievad lives wers shorter than pre-
dicred by Miner's Rule direct. Therefore the Raiative Miner predicticn would be more in
error than Minar's Rule applied direct and, in fact, more unsafe. The amount of axtra
error would be governed by the diffsrence between the direct Miner pradicrions for block
loading and the test results for that loading. This is not esasy to assess accurately
becausea of che large scattar, but che results suggest an extra error of |0 per cent on
farigue strength.

Thus it tan be concluded thar in this case, although the Felix block tests gave
lives similar to those undar Felix, che block sequence did not represent Felix well with
regard to cumulative damage behaviour, and Relative Miner predictions of Felix from the
block tests would be more in error and more uasafe than Miner's Rule applied direcsz.

& ASSESSMENT OF THE TEST RESULTS IN TERMS OF THE PROJECTED USZS OF EBELIX AND FELIY

I sections 5.) to 5.4 the cumularcive damage behaviour of four types of specimen
was examined. This assessmant was in terms of, first, the accuracy of Miner's Rule appliad
directly to predict lives uynder Helix, Felix apd the corresponding block programmes,
Second was considered che use of a Relative Miner approach to predict lives under the
Standards from the block programme data. The discussion countinues now to ralats chis cto
the projected uses of Helix and Felix.

6.1 Use as tools to obtain compararive fatigue data

The convenience of being able to make a reliable comparison of two sets of fatigue
data without resort to cumulative damage rules has already been remarked upon. However
it ig instruerive £o examine whether comparisons based on predictions using Minar's Rule
wauld give results significantly differsnt from rhose using Helix and Felix. Examination
of Figs 10 to 14 show chat for both Belix and Felix Miner's Rule virtually always pre-
dicted lives that were too long. In cases where Mimer's Rule over-predictad by the
similar amounts, for instance in Figs !l and 12 for Felix applied fo alumiajium alioy and
GRP lugs respectively, comparisons based on Miner's Rule were similar to thos2 using
Helix and/or Felix. Howaver there were significant differences in other cases. The
largest difference between the two methods of comparison was when comparing aluminium
alloy (Fig 11) with ynidirectional GRP (Fig [3) for semi-rigid rotor helicopters, Fig I!
shows that the mean fartigue streagth under Felix of aluminium alloy specimens was betwesen
0 and !0 par cent less than predicted by the Rule, Howaver in Fig 13 the corresponding
factor was between 25 and 30 per cent, Therefore an assessment of the comparative fatigue
strength of the two materials based on constant amplitude data would be generally mores
than 13 per cent in error, assuming of course that the assessment using the more
rapresenctative Felix was correct.

Consider now che use of block programmed loading for the comparison of farigue
strengcths. Falix block programmed leading was assessed agaimst Felix in three cases.
For aluminium alloys it gave farigue strengths about 10 par cent below Felix (Fig 11},
for unidirectional GR? it gave fatigue strengths similar to Felix (Fig 13), and fer
tizanium alloy specimens (Fig 14), it appeared uc give fatigue strengths lower than Felix
at the higher stresses, and higher than Felix at the lowar stresses, Therefore arrvors in
comparative facigue strengths would be about 10 per cenrt comparing aluminium alloys wich
unidirectional GRP, with perhaps gresatar srrors than thar arp some stress levels -
cemparing aluminium and ticanium alloy. It was conciuded that there was ac reascn to
suppose from the test results that the results of block programmad tests would give
comparisons more valid than Miner's Rula,



W2 Use as design data

As shown in section 5 the usa of Miner's Rule to pradict fatigue ilives undar Heli:
ad Felix gave some considerable arrors, particularly for aluminium alloy undar Helix
fig 10) and unidirectional GRP under Felix (Fig 13) where the facigue strength was soma-
imes over~estimated by 20 per c¢ent and mere. Im all cases the Rul2 predicted lives that
sre too long. Although these errors can be accounted for in some cases by alternative
amulactive damage rules the hope is that Helix and Felix used in conjuncrtion with a

alative ¥iner approach would give the most reliable pradictions.

The most notable outcome of the test programme was the conclusion that the block
rogrammes did not show the same cumulative damage behaviour as Helix and Felix., However
he Relative Miner approach seeks to minimise errors in Miner's Rule by assuming that
umilative damage behaviour under the waveform for which 1ife is predigted is the same as
hat under the waveform used to obtain the basic fatigue data. Therefore the use of block
rogramed loading as the source of basic fatigue data was assessed in section 9 as pra-
icting lives either no more accurate than Mimer's Rule or more inaccurate, In no case
as the use of block programmed data likely to predict lives subscantially more accurate
han Miner's Rule, and for the case of titanium alloy (section 3.4) would predict lives
are unsafe as well as lass accurate than Miner's Rule. It was concluded from the above
het if life prediction more reliable than that provided by Miner's Rule was raquired it
as unlikely to be achieved or substantiated reliably using block programmes.

It is considered that the above findings give the strongest possible reascns for
dopting more realistic loadiang in helicopter substantiation procedures, with Helix and
elix playing an important part in this.

TESTING WITE SHORTENED VERSIONS OF THE STANDARDS

In their full form Helix and Felix both consist of over two million cycles, each
equence vepresenting 140 flights only. Thus a typical cest in 2 servohydraulic machine
t 15 Hz to 1500 flights would take about 18 days. Thers is considerable scope for
peeding up tests by using high speed servohydrauliec machines; for inscance the RAE tescs
era carried out at 45 Hz, which Is three times fastar than the example given above,
owavar ir was felt that testing times were still formidable and tests were carried outr
nder segquences with some low level cycles omitted to look at the possibility of further
hortening testing times, The tests were on Helix and Helix with levels omitted, on
pecimens of tictanium alloy (sectian 4.2).

. Test saguences

Helix was used as one test sequence. The shortened version was derived simply by
miccing alternating level 20 (old units) and below. This procedure led ro 13 ocut of the
4 manoeuvres in Table 3 disappearing altogether and these were omitted from the sagquence.
he result was to give a reduction in length of the sequence of 88 per cent. This was
ne version of the reduced sequence which was used exclusively in the fatigue tests and
a this paper is rermed Short Helix.

.2 Fatigue tast rasults

Test results under Helix and Short Helix are plottad inm Fig 15. Two peak stress
evels only wers used in the tests and in both cases the mean 1ifs under short Helix was
onger, in terms of number of f£lights, than under Helix. At the high level the ratio of
ives under Short Helix co Helix was 4:1 and at the lower level was !,8:1. Assuming that
elix gave ideal assessments this rapresented errors in using Shortc Halix to assess the
atigue strength of about 4 per cent at the lower stress level and B per cent at zhe
igher stress lewvel,

.3 Recommendarions for the use of rthe shortened sequences

In order to reduce testing time in determining fatigue strengths at long lives
‘hree approaches can be used. Firstc, the zestiag frequency can be raisad to the iimics
f valid testing or the limit of the machine, whichever is less. Second, tests can be
:arried out at a high stress level and the results extrapolaced downwards, Third, testing
.an be carried out using segquences with low levels omirtad. The second and third possi-
tilicies are the concern of this paper.
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The actual rasults in Fig 15, suggest an arror of 4 per cent in using Shorc Helix
to determine the fatigue limiz. This is not a parricularly large error, and, if validated
as a generally applicable resulc, might well be an accaptable penalty to pay for test
lives sbout one guartzr of those for the full scandard sequence. A factor based on the
results of research work could be used to reduce the errors still further. Alcermacively
or additicnally che results of tasts under the full saquence at higher str2ss levels mighe
be used ro deduce the error factor at the fatigue limic, for instance as trapresented by the
tests at the higher stress level in Fig 15, and which gave lives under Helix abouc one
centh of chose at the lower stress level.

When low lavel cycles are removed from a variable amplitude sequence Miner’s Rule
predicts that, if the S-¥ curve for the compeonent is a straight line on a log-log plot,
then the resylting percentage change in life is independent of the overall scress lavel
of the variable amplictude sequence., However S-¥ curves tend at the bottom to bend towards
the long lifa direction, perhaps forming a farigue limit, and as a result Mipner's Rule
predicts that the lowest bank of cyecles in, for inscance, Helix do some damage ar high
overall stresses, and none, or virtually none at low overall stress levels. Thus Miner's
Rule predicts that che omission of a bank of lowest lavel cycles will affect life under
variable amplitude loading by a larger percentage at high overall stress levels than at
low, Although it is generally accepted that cycles below the fatigue limit are mere
damaging than predicted by Miner's Rule the above trenmd is likely s£ill to hold on the
grounds that there is still likely to be a damage threshold for small cycles in variable
amplitude loading sequences, even if it is somewhat below the constant amplitude fatigue
limit. This is supported by the results in Fig 13, where inclusion of low lavel cycles
appeared to be twice as damaging at the higher overall stress level than at the lower.

Mevertheless at present the magnitudes of the errvors in using che shortened
sequences Helix/32 and Felix/28 are not established and the above results must be regarded
as provisional. I is recommended therefore that the shortened sequences should be used
with extreme caution. They should be used only at the lower stress levels, close to the
fatigue limiz where the errors in using them are liable to be less severe as indicated
above, Such tests should be supplementced oy further tests under che full standard loadings
at higher stress lavels. Further research is necessary, however, to quantify better the
arrors in following this procedure, particularly simce the daca available so far has used
Short Helix only.

8 CONCLUSTONS
(1N Two loading sctandards, Helix and Felix, applying ¢o the main rotors of articulated

and semi-rigid rotor helicopters respectively, were defined in both full and shortened
forms, The shortened forms of che standards are kmown as Helix/32 and Felix/28.

(2) In a fatigue cast programme, which included tests on aluminium alloy, titanium
alloy and GRP specimens, the use of Helix and Felix was assessaed, both from the poinr of
view of tools to provide comparative fatigue daca, and as a source of design data. It

was found that Helix and Felix gave comparative facigue strengths cthat varied significantly
in some cases from those gbtaiped using three—level block programmes, and from those
predictad from comstant amplitude loading.

Iz was found also that block programmes designed to be aquivalent to Helix and
Felix did not represent rhem well in terms of the accuracy of ¥imer's Rule in predicting
lives under chem. The use of data obrained under block prograrmes and a ralative Miner
approach would have led to pradictions generally less adcurate than those using Miner's
Rule appliad direct.

(33 It was concluded cthat the failure of the block programmes tc represent the cumula-
cive damage behaviour of the more representative loadings zave the strongest possible
reasons for adopting more realistic loading in helicopter subscanviation procedures,

with Belix and Felix playing an important role in this.

(43 Following tests assassing the effect of omitting low level cycles from Helix, it
was recommended provisionally thact the shortened versions of the standards should be usad
with extreme caution, and then only for long life tests to determine the fatigue limit,
These tests should be supplemented by tests under the full standards at higher levals.

95=10



} More research is required into the effect of omitting low level cycles from Helix
i Falix, and intc the accuracy of the relative Miner apprecach using Helix and Felix data
2 basis.
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Table |

SEQUENMCE QF SORTIES FOR 140 FLIGHT SEQUENCES OF BELIX AND FELIX
21, 11, 43, 11, 21, 12, 22, 11, 11, 21, 21, 21, 23, 42, 23, 21, 12, 11, 21, 22, 11,
42, 22, 21, 32, 21, 11, 22, 32, 22, 11, 31, 21, 22, I1, 1%, 42, 42, 21, 21, 33, 12,
31, 22, 22, 11, 11, 11, 11, 11, 21, 21, 11, 41, 11, 12, 22, 22, 22, &1, 21, 11, 21,
11, 21, 21, 21, 21, 11, 11, 22, 21, 21, 21, 11, 21, 11, 12, i2, 21, 11, 1, 22, 1I,
41, 21, 11, 11, 11, 23, 11, 21, 31, 21, 11, 2, 11, 22, 32, 23, i1, 12, 22, 22, 23,
12, 21, 11, 22, 11, 11, 41, 33, 22, 32, 21, &1, 21, 21, 22, 21, 21, 12, 21, 11, 21,
21, 13, 11, 11, 12, 11, 11, 11, 41, 11, 22, 11, &1, 12,
Ray: Training = 10
Transport - 20
ASW - 30
SAR - 40
Shortest flight duracion = | (0.75 hour)
Middle flight duratiomn =~ 2 (2.25 hours)
Longest flight duration = 3 (3.75 hours)
therefore 23 is a transport flight of the longest durationm
Table 2 Iable 3
LOAD MATRIX FOR HELIX
YOMEER QF FLIGEIS OF EACH SORTIE FOR THE TERES
FLIGET DURATIONS IN HELIX AND FELIX
AlTsroacing scruss 20 [ 24]?; | 2 | 36 | 40
Na, Hanoauvrs l::::. No. of eyclas
Flight Humher of £lighes ; rm-::: ;_: g T T
: H £lighe 20 %n § -t =] =i =} -
duration - 3 | rarvara ﬂ;:h: 10 %n i | =|12| 2| - -} -
(R) Traimizg | Transport | ASW | SAR s | rorvard fiisnc 50 i A TS I I s e e
& | Porwerd flighe (03 W 13 4 4112 =] =) -
7 | Haximum powsr climb 70 kn L) bl =] =1 =] =] =
] hall ch h . 56 12 §| &{ 8| 4| =
0.75 47 38 2 | s 3 | Rorual spovoach to naver | 80 |ui| 2| 4] 2| 5|7
10 | Hov - w| 2| = | =] -
2.25 Il 20 i lnn:rl:um port 58 -t g 1| -t -
12 | 3ank tucn sgarboazd 68 «l 1pie) 1] -] -
3.73 1 5 2 1 t3 | Sidewayn Efight paec, 3G xn| % 30 =t =l -] =} =
54 | Recovery from i1 52 1l st 9 t 2 -
t3 | Sidwways £light scarboard 60 I3 33 =t =~ -
16 | Racavery from (S 52 W 24 3 24 41
17 | Raarwarda Elighe 20 ¥xn 48 1 «l =] =] =l =
18 Racovery ftom 17 &0 & - 4] 10 1 -
LLLTE R 19 | Spec turn pert 6o (0] a| 2} - -7 -
LUAD MATRIX fO8 FELIX 29 | Spot turn starbeoard &8 1] =] =} =] 2]
- 21 Aucaregacion &0 19 = =1 =| =~| =
21 { Recovery froa 2| 60 - 2j10f &4 1] =
Altecnacion strees ialzalzninﬂeluiu‘lszlm 13 | Dascaac 50 TR Y T Y
26 | Landing 12 v oatb o] -] -1 -
Ha Racseuvce .:::::. N9, of cycles
. ALl scTwesan arw expressed in Helix units.
1| Tukasotf ” rlastal o] =f = -] =} -
1§ Forward flighe 0.2 VHE 3 [ S A B BN Y B
3 ] fucvard “5““ 9.4 VHE o : : : : : : : : :
btk S I L B ‘ e
; 2;‘::: ;:::‘:?;L-Tl;‘inq“ Ef “- I- : : : Y 4 SEQUENCE OF LOADS FOR FIRST THRES OF TEE HELIX MANCEUVRES
3 | Transition e hover .0 10 1§ ~f =] =f «)] = «f =
9 { Huvar J6 1) v -] el =] =) =} = -
1] Cru!.n turnu g;:?.;mz :2 52 I-'; ; - : : : : : :
iI; i::::y:u;:gn; porr.. b1 I bl ; !' = - bl Bt - i Taka Aff 1
Clwwayu ighe scarsuar L - - -1 - - N N
A ettt S 1 S 0 e e w, 20, 10
15 Spat tuche b1 1% LN B R B Bl B :
| aucarocaciun (a) LN ETI LN N A L Sl Bl e 2 Forvard flight 20 = ]
R Bt iog ey bl B IR UE N IO I 4 B 72, 20, 29, 20, 20, 20, 20, 20, 20, 20, 0, 20, 0, 20, |
9 | Coutsul cevervale Qb vHE W f3zfiz] sfoa o) - =4 - - j
10 | Cantrol revermale 9.7 vHE ) SN NE RN BT - I T I 3 Forward flighec 30 k3 i
2% Dawi et 16 - [ ] 2 - - - | - . . 0 A l
22 | Landtay 3 B A ] B Y B 88, 24, 24, 14, 24, 24, 2%, 25, 24, 24, 24, 34, 24, 24, g
Al} sLc@ndvd 30w exorusewd 48 Feiix ualta. L ece
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bl Table 9
FIRST SIY MANCELVRES IN TRADNING SORITLIE

BELIX RAINFLOW ANALYSIS

'ositicn u HanoeuvTk Tina i Myzeix
No. Taceuvre Ho. TATOCRUVTE applicacions Distribu:ion Of the ranges
1 Takw off 1 % §
2 Forvard flighc 20 tn H 1z 3
3o | fommrd flidke W = ; :: ; Range size Na. of Cumul ..
; :::::322:: 3 18 1 (Helix units) ranges No.
4 Forward flighe 20 % 2 0 5
4 5688 4264048
8 1312 4258060
12 554 4256748
16 138 4256194
20 280 4256056
Table 7 24 0 4255776
28 554 4255776
CORRESPONDING SEQUENCES OF LOADS FOR 32 0 4255222
TWO MANOEUVRES IN HELIX AND HELIX/32 36 464 4255222
40 959084 4254758
44 738 3295674
13 Sideways flight port 48 910654 3294936
Halix 52 7176 2384282
56, 20, 20 56 2336362 2377106
Helix/32 60 4452 L0744
56, 20 - 64 20658 36292
’ 68 542 15634
16 Recovery from aideways £lighr to acarhoard 72 1796 15082
Helix 76 830 3296
52, 36, 20, 36, 32, 20, 28, 40, 36, 36, 20, 20 80 1884 24666
24, 20, 26, 20, 20, 28, 20, 28, 20, 20, 32 gg Zgg ggg
x 92 0 280
Helix/32 36 a 280
52, 36, 36, 12, &40, 3&, 36 100 0 280
104 0 280
108 0 280
112 0 280
116 0 280
120 280 2890
Table 8

JUMBERS OF FULL CYCLES I¥ HELIX AND FELIX BOTH
IN FULL AND SHORTENED FORM

Sequence No. of whole cycles
Helix 2132024
Belix/32 145862

Falix 2285072
Felix/28 161034
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Iable 10

HELIX ANALYSIS OF PEAKS/TROUGHS

AND OF POSITIVE LEVEL CRCSSINGS

Table 11}

FELIX RAINFLOW ANALYSIS

Distribution of the ranges

Lavel No. of No., of Positive
(Helix unics) peaks troughs levelcrT.
=20 o 140 1540
-16 0 ) 140
-12 o 0 140
-8 0 0 140
-4 0 0 140
0 0 0 140

4 0 o 140

8 0 0 140
12 0 281 421
16 o 1688 2109
20 0 2233 4342
24 Q 10412 14754
23 0 7093 21847
32 0 16898 38745
36 0] 1163994 | 1202739
40 0 676930 | 1879869
44 Q 210951 2090620
48 a 5651 [ 2096271
52 0 32039 2128310
56 141 88 | 2128257
60 160 1010 | 2129107
64 1834 2283 | 2129556
68 2798 333 | 2127091
72 7012 0 | 2120079
76 6346 0 | 2113733
80 248246 0 | 1865487
84 253998 0] lai1s88
g8 382222 0§ 1229267
92 1150931 0 78316
96 73302 0 5034
100 3034 0 0

95-14

Value refers to interval T
berween the defined level

and the one below it.

Range size ¥o. of Cumul,
(Felix unita) ranges Na.

4 1374 4570144
8 832 4568770
P2 3482 4567938
16 2072 4564256
20 3378 4562184
26 2462 4558808
28 1681 4556346
32 4055804 4554665
36 1795 498861
40 10516 497066
44 960 486550
48 342776 485590
52 3184 142814
56 105036 139630
60 3930 34594
64 20528 30664
68 2158 10136
72 6756 7978
76 234 1222
80 312 988
84 68 676
88 50 608
92 180 558
96 18 378
190 16 360
104 16 344
108 14 328
112 13 34
118 ¢ 301
120 285 301
124 g 16
128 i 16




Table 12 Table 13

FELIX ANALYSIS OF PEAKS/TROUGHS
AMD OF POSITIVE LEVEL CROSSINGS

HELIX/32 RAINFLOW AMALYSIS

{(Helix with omission level 32

Lavel No, of Na: of Positivae and below)
(Felix unica) peaks troughs leveler.
-28 0 546 546
-24 g 22 gf;g Range size No, of Cumul.
:fg 0 0 570 (Belix units) ranges No.
-12 0 8 578
-8 e 24 602
-4 0 40 842
0 0 1472 2114 4 5988 291724
4 ¢ 9442 11556 8 1312 285736
8 146 49938 61354
2 0 53619 116373 t2 554 | 284424
16 0 9146 126119 16 138 283870
20 0 157152 | 283271
24 0 81595 364866 20 0 283732
28 0 43200 408066 24 0 283732
a2 o] 1750246 21582312 28 280 283732
6 $40 17641 2175813
40 354 14290 2189749 32 0 | 283452
44 470 77633 2266912 36 138 283452
48 3196 17056 2280772
52 141552 0 2139220 40 15270 283314
56 8836 0 2130384 44 0 268044
60 99163 0 2031219 48 40882 268044
54 1796322 0 234897
63 22370 a 212527 52 732 | 227162
72 83615 0 128912 56 190524 226430
76 86940 0 47972
80 17408 [ 30564 60 142 35906
84 15500 0 15064 64 20130 35764
88 13960 0 1104 68 547 15634
92 1080 " 24
96 5 a 24 72 11796 15092
100 24 o 0’ 76 830 3296
f 80 1884 24686
84 20 582
Value refers to interval
becween chesdefi;:deievel 88 282 562
and the one below jr. 92 0 280
g6 0 280
100 4] 280
104 g 280
108 0 280
112 0 280
116 0 280
120 280 280
124 0 0
128 0 0
132 G 0
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Table 4

SELIX/28 RAINFLOW ANALYSIS

(Falix with omission lawvel 28

and helow)
. !
Rangs size Ya. af | Cumul.
(Felix uni¢s) | rvangss do.
4 1374 | 332063
8 812 1 120694
{2 3682 | 119842
] 1628 | 315140
a0 4 | 318532
24 4338 31465438
28 433 MaEI2
3z 4118 ¢ 313853
k1] 4331 308535
4 j£.7.7:5 65154
&4 493 303490
43 162886 ;| 302794
32 872 | 140132
56 1045886 139260
&0 3938 4594
84 20528 0664
LT 2158 5138
72 &755 7578
b 34 1222
&G 3i2 3588
as &3 875
84 30 538
a2 130 558
46 18 38
100 L& 350
134 . Jhd
108 14 3z8
112 i3 34
118 G 3al
120 8% hisk:
f24 4] 111
128 14 ié
132 i o}
Table 15
SURTET OF TEE JOINT TEST PROGRAMME
Hazerial Ti 5 AL &V Al Cu ¥g 2 {eq 2024) Unidin. GRY Hulzidivecsional GRD
Speciman type Open bole, K, » 2.3 | Upen hole, X, = 2.3 ODunotebed - Lugs, il oo hola dia
{hickress 2.2 m 3.5 mm S om 10 {lod dealivery: 5}
Laading ype Axial Axial beaoiot bending Axial
Laboratory RaAE ¥LR TABG L3F RAE TABG LABG i LEF
Tegtiang cype o, af uases
Conscant amplitude 5 L5 s 25 i 43 2
Heliz sgandard 1% 21 i
Helix weduced 14
BEeiiz block 5 HH 9
Talix scandasd 1 17 7 13
Falix hlock 3 3 3 11
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Fig 1  Section of generated waveforms in FALSTAFF

I

Fig 2 Section of generated waveforms in TWIST
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Forward . ]
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Fig 3  Example of the load time history for the first phase of a

training flight in Helix
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Fig 5 Comparison of Helix and Felix spectra - positive - going levels
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701 Sea King stress factored by 0.78
Sea King cycles represent 180.5h flying
Helix
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Fig 6 Comparison of Sea King transport spectrum with Helix
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Fig 7 Comparison of Felix spectrum with those for B0-105 and Lynx

§5-19



- 280

280
10075 — g0 98.5 %, 100 % 14500
33.27% 2 857,
. 75%,
N 1] 2 3
560000
36.2 % _
20.5% 560000) 529,
12 %,
0 —
~22%y— . 307
He[ix Fetlx
Sequence 1-2-3-3-2-1-1-2--2atc
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