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FOREWORD

The Structures and Materials Panel of the NATO Advisory Group for Aerospace
Research and Development (AGARD), is composed of engineers, scientists and technical
administrators from indusiry, governmental establishments and universities in the NATO
nations. Qur part in assisting the Mission of AGARD, recorded on a previous page, is
reflected in the nature of the Panel activities which cover more than 20 different technical
subjects in progress at the present time.

It is many years since the Panel observed, in relation to the assessment of cumulative
fatigue damage, that the Palmgren-Miner rule was frequently used without an appreciation
of the assumptions upon which the rule is based. Many who uscd the rule in important
design calculations, even when aware of its limitations, had no more certain rule to guide
them and this situation may not change markedly until a rational law for the assessment
of fatigue damage is available. The Panel agreed that an investigation of the state of
knowledge surrounding fatigue damage accumulation should be undertaken, in the terms
recorded in Professor Schijve’s introduction to this report.

We hoped to provide a sound background tc those concerned with fatigue Hroblems
in design and to identify significant lines of further investigation for research workers.

The task has taken many years and the Panel was fortunate in having Professor
Schijve to undertake this work and is indebted to him for the skill and tenacity he has
applied in bringing it to the present state of completion.

Anthony J.Barrett
Chairman,
AGARD, Structures and Materials Panei
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SUMMARY

The available literature is surveyed and analysed. Physical aspects of fatigue damage
accumulation are discussed, including interaction and sequence effects. Empirical trends
observed in variable-amplitude tests are summarized including the effects of a high preload,
periodical high loads, ground-to-air cycles and the variables pertaining to program loading,
random loading and flight-simulation loading. This also includes results from full-scale
fatigue test series. Various theories on fatigue damage accumulation are recapitulated.
The significance of these theories for explaining empirical trends as well as for estimating
fatigue properties as a design problem is evaluated. For the latter purpose reference is
made to the merits of employing experience from previous designs. Fatigue testing
procedures are discussed in relation to various testing purposes. Emphasis is on flight-
simulation tests. Finally several recommendations for further work are made,
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THE ACCUMILATION OF FATIGUE DAMAGE IN AIRCRAFT MATERIALS AND STRUCTURES

J. Schijve

1, INTRCDUCTION

In a classic fatigue test the load is varying sinuscidally with a constant mean load and a constant load
amplitude, The fatigue ioad on a structure under service conditions, however, generully has a more or
less arbitrary or random character, Nevertheless it may well be assumed that the accumulation of fatigue
damege under such an arbitrary fatigue load is a process which occurs in the material in a similar way
a8 in the classic fatigue test, It is just one step further to siate that the fatigue life for an
arbitrary load-time history can be predicted from fatigue life data obtained in classic fatigue tests.
Tne well-known Palmgren-Miner rule (X n/N = 1) was based on such assumptions, which also applies to more

complex laws proposed by others,

It has to be admitted, however, that a rational law for the calculation of fatigue damage accumulation is
not yet available., There is an abundant literaturw on fatigue which has revealed several characteristic
features of the fatigue process in metallic wateriala, Fatigue tests with a varying load-amplitude wers
also carried out by many investigators. This has indicated many empirical trends for which physical
explanations were sometimes given, Moraover, calculation rules for the accumulation of futigue damage
were published from time to time, Nevertheluss the fresent situation is far from satisfactory, even from

an engineering point of view,

The purpose of this report is to survey the va-ious aipects of fatigue damage accumulation and to analyse
the problems associated with this phenomenon, Tie implications of the present knowledgs for making life
estimates in the design phase of an aircraft and iosr pla nning fatigue tests will be considered also,

In summary the aims of the report ares
To review the present siate of knowledge about fatigue damage accumulation (Chapters 2 and 3).

o I

To summarize the empirical trends obtained in teats with variable-amplitude loading and to see
whether they can be axplained (Chapter 4).

To survey the various life calculation theories {Chapter 5).

" lo

To analyse the design problem of estimating fatigue lives and crack propagation rates {Chapter 6).
To assess the merite and the limitations of various fatigue testing procedures adopted for fatigue

life evaluations (Chapter 7).
The report is completed (Chapter 8) by sections giving a summary of the present study and recommendations
for future work.
It should be pointed out that aspects associated with elevated temperature due to aerodynawic heating

have been excliled from the survey,

It is hoped that this repert will provide a buckground to those dealing wiih fatigue life problems in the
sircraft industry. On the other hand, it is also hoped that it will give a better picture of the real
problem to scientists in universities and laboratoriea when approaching fatigue damage accumulation froa

a more theoretical point of view.

<. T™E FATIGUE PHENOMENON IN METALLIC MATERIALS

Our preaent knowledge about fatigus in metals has to a large extent been obtained by means of the
microscopes. In 1903} Ewing and Humfrey observed that fatigus cracks were nucleated in slip bands., Around
1930 classical studiss were conducted by Gough and Lis co-workers, who furtber emphasised the signific-
ence of slip systems and resolved sheer atresses, After 1345 the numbec of microscopical investigetions
has considerably :ncreased and the information becoming available has broadened for a variety of reasons.

It turned out that the observations co:.d be dependent on the type of material, the type of loading and
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and the level of magnification, The electron microscope has added a nunber of details unknown before, It
will be tried in this chapter to recapitulate briefly the main points of the numerous phenomenological

investigations, More detailed surveys are given in references 1.6,

Three phases in the fatigue lifs

An important observation is that cracks may nucleate rslatively early in the fatigue life, As an illustra-
tion figure 2,1 shows results of optical microscopy during fatigue tests on aluminum alloy specimens
(Ref,7). Cracks of 0,1 millimeter (100 # ) were present after 40 percent of the fatigue life had elapsed,
The electron microscope has revealed cracks at earlier atagen, almost from the beginning of a fatigue
tesi. Nevertheleas the lower part of figure 2,1 suggests that nucleation is relat rely more difficult at
stress lavels near the fatigue limit,

It appears useful to divide the fatigue life into three phames, namely: crack nucleation, crack propaga-
tion and final failure, see figure 2,2 A difficulty t™us introduced is that of the definition of the

transition from the nucleation phase to the propagation phase,

Slip
It is well esiablished that fatigue requires cyclic slip., The presert etate of our knowledge about dis-

locations and metal physicas leave no doubt sbout the essential contribution of slip to fatigue,

Fatigue on the atomic level, decohesion
If there were no decohesion there would be no fatigue., In principle decohesion may occur by sliding-off,

by cleavage or by vacancy diffusion, Disruption of atomic bonds is involved in any case,

Although it 18 (ifficult to rule cut cleavage type conceptionz, it is thought that sliding-off is the
mere plausible mechanism for relatively ductile materials, Sliding-of{ implies that dislocations are
cutting through the free surface which may alsc be the tip of a fat.gue crack. A second posasibility is
that dislocaticns are generated at the tip of a crack, In the latter case the tip of a crack acts as a
dislocation source rather than a dislocation sink., In general terms fatigue may be visualized as the con-
version from cyclic slip into crack nucleation and corack growth,

Chemical attack may facilitate “he decohesion procaess but the environmental effect on the atomic level is

not well understood.

Fatigue on the microscopic level, striations

(ross sectiong of fatigue cracka, as viewed through the optical microscope, usually show the crack to be
transgronular. The path of the crack appears to have a fairly irregular orientation at this level of

magnification.
Replicas from the fatigue fracture surface studied in the electron microscope have revealed the so-

called striatiuns, see for an example figure 2.). Such striations clearly prove that crack extension
occurred 1n every loa. cycle, This type of evidence was mainly obtained for macro-cracks, while for micro-
cracks striations cannot be observed for several rsasons, However, if crack propagation occurs as :.
cyclic sliding-oft mechaniam it appears reasonabie to assume that crack growth of a microcrack also
occurs 1n every load cycle,

For aluminium alloys evidence is available that sirongly suggest crack extension and siriation formation

to nccur As a ro-operative siiding-off on two differently oriented {111} alip planes (Refs.9,10).

~vpe of loading (teus:on va, torsion;

iirief reference may "2 made hers to thes work of Wood et al. (Ref.11) corcerning tcrsion fatigue tests on

copper specizens, 1t turned out that <rack nucleation occurred by the forming of pores and this was a
ptocess of & relatively long duration. It appears that the process say be essentially different from
fa.jgus wnder cyclic tension because in pure tenwion the planes with a maximum shear stress have a zero
tensile stress, It 1z thought that this will alinw & much slover crack nucleation and even a different
disiocation mecha.'sm may be applicable. Siace fatiguc in aircraft structures 18 associated with cyclic

tension, torsion will nmot be conwidsred in the present repors,




Nucleation sites

In fatigue tests on unnotched specimens the probability to observe more than one fatigue crack in the

same specimen is increasing at higher stress amplitudes, Ar low stress levale near the fatigue limit

quite frequently only one crack nucleus is observed, This observation msy inspire statis'icians to devei-
op a weakest-link theory to explain size effects, Anothe r consequence, not generally recognized, is that
special fatigue sensitive conditions apparently exist at the site of crack nucleation, Grosskreutgz and
Shaw (Kef.12) in this respect have studied crack nucleation at intermetallic particles in an Al alloy (see
alsc Kef.13). Nucleation at inclusionse in high strength steels were alao reported. Other special condi-
tions can easily be thought of, such as cladding layer, surface scratchems, local inhomogeneity of the

material,

Plane strain vs, plane stress conditions

kacroscopically a slowly propagating fatigue crack is growing in a plane perpend.cular to the maximum
tensile stress (main principal stress), However, if the crack rate 1s accelerating the growth will cont-
inue on a plane at 45° to the maximum tensile siress, This transition occurs gradually, see figure 2,4,
starting at the free surface of the material with the development of shear lips. It is generally accepted
that this is tc be related to the transition from plane-strain conditions tv plane-stress conditions at
the tip of the crack, After the transition has occurred, it is more difficult to observe the striztions
but there are still indications that crack extension occurs in every lcad cycle,

The transition from the tensile mode (plane strain) to the shear mode (plane siress) and Forsyth's

Stage I/Stage 11 (Ref.2) proposition should not be confounded. Stage I was associated with the initial
and very slow growth along a slip plane and Stage II with later growth perpendicular to the taensile stress,
Stage II should correspond to the tensile mode, Stage I, howevar, is thought to occur only at the free
surface of the material at both low and fast propagation rates (Ref,6), It is promoted uy the lower

restraint on slip at the free surface,

Cyclic strain-hardening (and softening)

Since fatigue and crack growth are a consequence of cyclic slip, cyclic strain-hardening (or softening)
will occur, That means that the structure of ths material will be changed. The spatial configurations of
the dislocations will change. Dislocation multiplication may occur as well as dislocation reactions and
pinning, According to Grosskreutz, a cel structure will be formed (Ref.l4).

If the ..aterial was already wocrk-hardened, ra-arrangement of the dislocation distribution may lead to
cyclic stiain softening. Anyhow, crack growth will occur in a material that will not have the same dis-
location structure as the virgin material or the materia 1 in the "as received” condition.

A major problem 18 to define quantitatively the structure of the cyclicaily sirain-hardened material in

terms of dislocations. Secondly the mignificance for crack growt!. is not fully clear,

Rate effects

Fatigue being a conmequence of cyclis slip may well be a loading rate sensitive phenomenon, because slip
itwelf may be a function of the loading rate (creep). Fatigue as it is considered in this report, is
outside the creep domain, However, there are more reasons why rate effects may occur, Chemical attack
from the environment may be significant at the surface of the material (nucieation) but also in the

crack at its very apex (propagation), Secondly, diffusion in the matsrial may affect the mobility of the
dislocations and the fracture mechanisa,

It is very difficult (o get beyond speculative arguments. However, & few empiric:. trends seem to be well
established, Decreasing the loading freguency of a sinusoidal loading may decrease fatigue lives and in-
crease crack rates, These effects will denend on the type of material and on the environment, Empecially
crack propagation in aluminium ulloys got much attention. It was clearly observed that the crack rate was
reduced if the .umidity of the environment was lowe:, while this effect was dependent on the loading

frequency (Refs.15,16).

Type of material

It can hardly be a surprise that fatigue does not manile st itself as exactly the sase phenomenon in all

materials. Striations have beon noticed on many saterials, but differences were found, such as ductile

»




striations in the 2024 alloy and brittle striations in the 7075 alloy (Ref.2), There are also materials
{mome types of steel) vhere striations are hard to observe,

Since fatigue is a consequence of oyclic slip, it will be clear that fatigue is dependent on the possibil-
ities for slip (available slip systems, ease ot cross sli}), the hardening mechanisms present in the
ratrir, “ke tresk-duwn of such rechanivms, oyclic struin-haxiening [or softening), etc, Tnis implies that
the pictuxe can be diffareat for different materisls, Crack rucleation may also depund oan the material
due to tae prescnce .f second phase particles or iaciusions, that means on the cleanness ¢f the material,

Concluding renarks
It is travial to state that various details of the fatigue mechanism will be different for differant

conditions, At tLis 3tage, it is more relevant to ses whether fatigue in technical alloys under various
conditions has still enough features in common to postulate a simple fatigue wodel, that could be useful
for a discussion of fatigue damage accumulation under variable-ampliiude loading., It is thought that a
mcd-1 with the following characteristics could satisfy this need, while still being in agreement with the
noservations discussed before,

1. Since we are concerned with "finite life” problems, this implies that crack nucleation starts early in
the life, Hence the nucleation period may be neglected,

2, Crack growth vccurs by sliding-off at the tip of the crack, either by dislocations moving into the
crack or by dislocations emitted by the crack, that means it ncours by slip, which is local plastic
deformation,

3, As a consequence, the growth rute is dependent on the amount of cyclic slip and on the effectivity o
converting cyclic slip int - crack extunsion, Obviously, the amount of slip is a function of the local cou-
dition of the material aud the local siresses, The condi tion of the material is dependent on the prece-
ding strain history, while ths local stress is a function of the appliad siress and the geomeiry of the
specimen, including tne length of the crack,

4. The conversion of cyclic slip into crack extension will aiso depend on the local tensile siress
(fracture mechanism, disruption of bonds, strain energy release)., This stress should inolude residual
stress induced by the preceding fatigue loading.

Nore comments on fatigue damage wccumulatior will be given in the following chapter.

3, FATIGUE DAMAGE ACCUMULATION

In the previous chaptes the fatigue phenomenon has been discusssd in qualitative terms, tacitly assuming
that the fatigue loading did not vary during the test (constant mean, constant amplitude), If the tatigue
load does vary, how will this picture be affected? This will be discussed in the present chapter,

Pertinent queations are: saplitude;
Is fatigue under a variable fatigue loading still the ssme process as futigue under constant loading?

lor

How doss fatigue damage acoumulation nccur under s variadle fatigue loading?
To snswér the previcus ques..on, the following question has also to be anawered:

How do we describe fatiguc damage?

(5]

With respect to the first question it has to be expected ihat the qualitative demcription of fatigue
given in chapter 2 is still valid, It does cccur in the same mateorial, agein as a consequence of cyclic
slip. This does not imply that the fatigue process wili also be the mame in a quantitative wav, It need
not sven Le the same in consvant-amplitude teste at high and low amplitudes (high-level fatigue and low-
level fatigus), Th- discussion of quintitative aspects firet requires a definition of fatigue damage.

3.1 Fatigue damag:

Fatigue danage is most generally ucfined as being the changes of the material caused by fatigue lo-ding.
The wmount of cracking, apparently, is the most prominent aspect of these changes. However, there are
other caanges 1n the materisl thaz crackling alone, for iastance cyclis strain-hardening and the develop-~

ment uf residusl mstressecs.




Geometry of the crack

It should be recognized that the crack is not completely defined by giving & creck length or a crucked
area, Considering a crack as a separation in the material its size, as a first approximation, can be
defined by the position and the orientntion cf *he crack,front. The crack Irnont need .... be a single
straight line cr a circular arc. On a microscopic level it certainly will not be a straight line through
the various grains. At a macroscopic level the orientation of the crack front will be different for a

plane-sirain crack (tensile mode) and a plane-stiress crack (sheur mode) (Fig.2.4).

The geometiry of ihe crack tip ie another aspect to be considered, On the atomic level a detailed picture
is a matter of imagination, but even on & microscopic level this is a difficult problem, It has to beo
expected that the tip will be blunted after application of a high tensile load, while reversing the load
will induce resbarpening of the crack tip, Blunting and resharpering both will devend on the local ductil-
ity of the material and on the magnitude of the load applied,

If a cracked sheet is loaded in compression the crack will be closed. Hence it will be no longe. a severe
stress raiser since it can transmii compressive loads., This argument was suggested by Illg and McEvily
(Ref,17) whc confirmed it by comparing crack propagation data obtained in teets with the same smax’ tut
with S, = O in one case (R« 0) and Spin ™ = Spax iR the other case (Sm = 0, R= -1), Approrimately the
send ocrack rates were found. This result was mcre applicable to 7075-TG sheet material than to 2024-~T3
sheet material. The latter was explained by the higher ductility of the 2024 alloy, implying more crack
opening due to plastic deformation in the crack tip area. Hence a larger compressive stress was resquired

before crack closure occurs.

Recently, Elter (Rofs.18,19) observed that crack uvlosure may occur while the sheet is atill loaded in
tension, According to Elber plastic elongation will occur in the plastic zone of the growing crack. This
plastic defosmation will remain present in she wake of the crack and it will cause crack closure before
compiete unloading of the specimen, This phenomenon wae confirmed in an exploratory investigation at NLR,
The data in figure 3,1 illustrate the conception, As a ccnsequence of crack clusure ths crack opsning as
a function of applied stress shows a non-linear behaviour. For increasing ctrems, the crack is graduslly
operied until at S = So it is fully open, Iuring the fatigue tests 1 and 2, see lower graph of figure 3,7,
the crack was partly closed during a considerable part of the stress cycle, For tesats 3 and 4, the So -
level could only be determined after unloading the specimen below Smin'
The above aspects of the crack geometry have been listed in figure 3.2,

Strain-hardening effects

As said in chapter 2, cyclic slip will affect the structure of the material, In view of the stress concen-
trating effect ofthe crack,changee of the structure will have a iocalized character with large gradients,
Since it is already difficult tc describe the changes in a qualitative way, 1t will be ciecr that a

quantitative description is a termendous problem,

Residual siress

Plastic deformation at the tip of the crack will occur in the ascending part of a load cycle, If this
deformation is not fully reversed in the descending part it will leave residual stiresses in the crack tip
region, In the fatigue modal outlined in the previous chapter, the efficiency of converting slip into
crack sxtension is desrendent on the tensile stross in the crack tip region. Residual stresses have to be
added to the stresses induced by the applied loads. As a consequence, residual siresses wiil affect the
fatigue dumage accumulation and for this reéason ihey are an essential part of fatigue damags,

A calculation of the distribution and the magnitude of the residual stresses will be extremely difficult
in view of the cyclic plastic behaviour of the material, the lerge strain gracients and thé crystallo-
grephic nature of the material,

The picture is further complicated by crack closure as described above, [t will turn out latar that
several empirical trends, attributed to residual strusses in the crack tip region, may also be explained

by crack closure,
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3,2 Fatigue damage accwiulation. Intermction

Aspects of the previous discuseinn are summarized in figure 1.2 which wiil be dimcussed furthoy in this

section, In generel terms fatigue damage may also be formulated as follows:

changes of tha matarial crack geometry

Fatigue damage = ( )=
due to cyclic loading

cyclic strain hardening (3.1)

residual stresses |

Fatigue damage accumulation means an accumulation of damage increments in every load cycle, A damage
increment according to equation (3,1) involves incremental changes of the crack geometry, the cyclic
strain-hardening and the residual stress, If these thres espeots were uniquely correlated, fatigue would
bs the same prccess irrespective the magpitude of' the fatigue loading. The damage could then be fully
descrived by one single damage parametier, for instance the crack length, Unfortunately such a unique
correlat.on does not exist, Compare as an example high-level fatigue and low-levsel fatigue, Crack propa-
gation occurs in beth cases, but the amount of cyclic strain-haidening and tae residual stress at a
certain length of the crack will be different. Even the crack will not be the same, It may be & shear mode
crack for high-level fatigue and a tensile mode crack for low-level fatigue, This implies that quantits~
tively, fatigue is not the same process, irrespective of the magnitude of the fatigue loading. Consequent-
ly, it is impossible to describe tlLe damage by a single damage parameter.

For a variable fatigus loading, the problem is otill more complex than for constent-amplituds loading,

A crack propagation teat with a constant-amplitude loading and a few intermittent high loads is a relativ-
ely simple case, while at the sams time it is a very illustrative exawple,

As snown in figure 3,3, three upward peak loads had a large delaying effect on the orack propsgation,
compare C and A, If the upward peak load was immediately followed by a dowmward one (sequence B), the
delaeying effect is much smaller, but nsvertheless the increase of life is noticeable, Some comments
on these resulta may now be made.

During the peak load crack extensiocn does occur. Although, being small from & macroscopic point of view
the extension nould be observed, The question is whether this increment of the crack length would have
been the same if the crack nad been grown up to the same length by pesk loads only (compare also Aand C
in Fig.3.2). There are various reasons to believe that this is not true,

1, The orientation of the crack front would be different tecaune peak load cycles would produce a shear
mode fracture, whereas the iow-umplitude cycles produced a tensile mode fracture. In cther words the peak
loads in figure 3,3 are faced with an orientation of the crack froant that is not compatidble with their
own magnitude, This incompatibility or mismatch between load amplitude and crack front orientation is
illustrated by figure 3.5 for some simple load sequences,

2. The low-amplitude cycles will produce a shurper crack tip than cgycles of the peak load magnitude wyuld
nave done, This may also affect the crack axtension of a single peak load,

1, The cyclic strain history is obviously different for low-amplitude cyoles and high-amplitude cycles,

1t 18 extremely difficult to quantify these three aapects,

Let us now consider the crack growth during the low-amplitude cycles after a peak lcad wa, applied, that
means during the delayed growth period, The delay can also de explained by various mechanisms,

1. The high peak load in test C induced compressive residual stresaes in the orack tip region, This will
not necessarily restrain cyclic slip but according to ibe model outlined in the previous chapter, it will
suppress the conversion into crack extension. In t<st B, the subsequent downward peak load reversed the
81gn of Jhe resiuual stress but this occurs in a ssaller plastic sone bdecause the crack is closing under
compression, Hence the crack tip 1s surrounded by & small sone with tensile residual stresses and a
larger scne with compressive residual stresses, ses figure 31,4 In agreement with this picture the oreck
growth started faster. then slowed down and finally resumed normsal speed,

2, The observations in figures 3.} and }.4 can also be explained by Elber's crack closure argusent. This
was recent)y studied by Von Buw (Ref,21), The argument is that the delaying effect of the positive pesk
load caused by crack closure should cocur after the crack has peretrated the plastic sons with the residu-
ul compressive stresses, Consequently the crack rate should reach a minisum after wome further growik,
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Von Euw could substaniiate this siew by fractographic observations (8sce aiso hef,26),

3. Crack blunting might qualitatively explain the dela; in test C, Howevar, the delay woulc be very large
for u crack that is bluntud on a mirroscopic scale oniy, whereas it is still a sharp crack on a macrceropic
scalo, Further, it is difficult tc see that crack blunting can oxplain the delay in test B since the down-
ward peak load should resharpen the crack tip again,

4. Strain-hzrdening in the craci tip region is also a mechanism to explain the observations, although in
this ceee it aiso is difficult tc¢ reconcile the large differencet beiween the delays in tests B and C.

It would require a more detailed picture about strain-herdening under cyclic load,

Another example is given in figure 3,5b, The crack extension due tc the batch of low.amplitude cycles was
asmaller than in & constant-amplitude test with the same low amplitude, Arguments mentioned before, such as
residual stress, crack ~losure, incompatible crack front orientattion, cyclic sirain hardening and crack
blunting may all be relevant in this case, It is indeed difficult to design & test and means for observa-

tion such that just one mechanism can be studied separately,

Interaction effects

48 illustrated by the above tesis, crack exiension in a load cycle is depending on the faivigue damage
being preseni, This damage is again dependent on the load history that produced the damage. In oiher
words, a damage increment in a certain load cycle will be a function of the damage done by the preceding
load cycles, A recapitulation of the various aspects is given in figure 3.2.

It may also be said that the damage produced in a certain lvad cycle will affect the damage produced in
the subsequent load cycles, These effects were labelled in the past as intsraction effects. as 1t was
supposed to be an interaction between the damagigg effects of load cycles of different magnitude, We will

°
still use the word "interaction effect" in orderYto damage nccumulation under variavls fatigue loading

as being different from damage accumulation under coastant-amplitude loading.

3,3} Fatigue damage at final failure

The end of the fatigue life could be defined as the presence of a specified amount of fatigue cracking.
In most theories, however, the end of the fatigue life 1s asscciated with complete failure. Cbviously,
the length (or the area) of the fatigue crack will then be a function ol the highest load occurring in
the test, as indicated by Valluri (Ref.23). Tnis applies to both constant-amplitude testis as well as
variable-amplitude tests. For the former type of testing 1t 1s illustirated by figure 3.6, which has teen
drawn for this illustrative purpose only. Unfortunately this aspect 1s ignored by most cumulative damage

theories to be discussed in chapter 5.

In & variable-amplitude test the oscurrence of the final failure will be dependent on the maxima of the
load history and the size of the growing crack. One may zsk whether the condition of the material at the
tip of the crack could also affect the cccurrence of the final failure, Hroek's work (kef.24) suggesis
that this will hardly be true, The fina) fa:lure {unstable crack growth) will be preceded by a small

amount cf stable crack growth, Moreover, hs found the. saw cute and fatigue cracks gave similar residual

strongth values, It thus appears to be just.fied to apply the fracture toughness conception for the pre-

diction of the final failure, 1.e, the end of the fatigue life,

3.4 Micro and wacro aspecta

The various possibilities for interaction effects during the sccumulation o! fatigue damage are summailzed
in figure 3,2. It is good to realize how we arrived at the knowledge ox the recogni.ion cf ihe ex:isience
of such interaction mechanisms. [t then has to be admitte. that macroscopic concepis (strees and strain
0.8.) were quite frequently employed. Microscopic observailons {striations) were usually obtained for
macroarscks, Crack growih delays were also observed for macrocracks. tor micrccracks the growih rats s

s0 low that detailed observations are extremsly dif“icult, Nevertheless, it i1s thought that the damage

sccumulation picture outlined before will gualitatively apply in the micro range ulsc. lHowever, since the




picture for macrocracks is also largely qualitative it will be clear that there is a good deal of intui-
tive speculation involved in our conceptions. It is expected that our knowledge for a long time will still

have a yuaiitative character,

4, EMPIRICAL TRENDS OBSERVED IN VARIABLE-AMPLITUDE TESTS

As explained in the previous chapter, fatigue damege accumulation is a fairly complex phenomenon charact-
erized by various mechanisms for interaction effects. In this chapter it will be enalyssd whether variable-
amplitude tests have rovealed systematic irends with respect to interacticns, For this purpose we will
first consider the methods for measuring interaction effects, Secondly various types of variable-amplitude
loading will be listed., The major part of the chapter is covered by summarising empirical trends observed
in various test series (Secs.4.3-4.18), It is not the intention to give a complete compilation of all
available data. Representative data will be showa, however, to illustrate the various trends.

4.1 How to measure interaction effects?

In chapter 3} the interaction effect was defined as the efrect on the damage increment in a certain load
cycle as caused by the preceding load-time history. It can be similarly defined as the effect of the
damage being present on subsequent damage accumulation,

Fractography

In view of the significance of cracking for fatigue damage, the best method for measuring interaction
effects would be by fractographic means, With the electron microscope striations can be observed, that
means crack length increments of individual load cycles, It is beyond any doubt that fractography is the
most direct method to measure interaction effects. However, there are limitations because striations can-
not always be observed, especially in the microcrack range. Moreover, interpretation problems may also
arise, Reference may be made here to the work of McMillan, Pelloux, Hersberg (Refs,25,26) and Jacoby
(Ref.4). More investigations of this nature are thought to be very worthwhile.

Visual crack growth observations

The examples of interaction discussed in the previous chapter (Sec.3.2), were studied by visual observa-
tion of the crack growth., The effects could still directly be observed because thers were considerable
crack growth delays. A similar observation was made (Refs.27,28) after changing the stress amplitude from
a high to a low valus (two-step test), as illustrated by figure 4.1a. When changing the amplitude from a
low %o s high value, the crack apparently resumed immediately the propagation rate pertaining to the high
stress amplitude, see figure 4.1b. In other words, macroscopically an interaction effeot could not be ob-
served 1in the second case, Nevertheless, a significant interaction effect during a small number of cycles
could easily escape such visual crack growth observations, Electron fractography is then required and
there are indeed some indications (Ref,21) that the orack rete immediately after a low-high step was high-

or during a few cycles,

Fatigue life
In the majority of variable-amplitude test series reported in the literature, observations on orack growth

were not made, Since favourable interaction effects increase the life, whereas unfavourable effects will

sliorten 1t, interaction effects can also be derived in an indirect way froa fatigue life data,

Damage values I n/N

Since the value of Y n/N at the moment of failure may be considered as s relative fatigue life, this
value may also be adopted for studying interaction effects, We may expsct zn/l >1 to be the result of
a favourable interaction effect, whereas zu/l < Y wnuld indioate an unfavourable interaction effect.
Other ressons for deviations from :n/N = 1 are defined in ssction 5.3.2.

The value of 1 a/N can give a- indioation of interection only if the fatigue losd is varied no more than
once 1n s test, see figure 4.2, A! and A2. If the fatigue load is changed more than once, see for a




simple exampie figure 4.2B, a value ¥ n/N >1 may again be interpreted as an indication of favourable
interaction effects, However, it is impossible to say whether 1t was a favourable interaction of the high-
amplitude cycles on subsequent damage accumula‘ion during low-amplitude cycles or the reverse., It is even
possible that there were unfavourable and favourable interaction effects both, with the latter ones pre-
dominating. Hence, in general, the L‘n/N value will only indicate some averags of all possitle interac-
tion effects,

4.2 Various types of variable-amplitude loading

There is obviously a multitude of load-time histories deviating from the fatigue load withi constant mean
and constant amplitude, A survey of several types applied in test series reported in the literature and
the nomenclature to be used, are given in figures 4.2 and 4.3, The more simple ones are presented in
figure 4,2, The number of variables is esmall and the variables can easily be defined, For the more com.
plex load.time histories shown in figure 4.3, a statisticel descrip.ion of the loads has to be given,
This may be the distribution function of the load amplit udes, The function may be a stepped one, as for
instance for the programloading F and the randomized block loar:ng G ir. figure 4.2, An example of 3uch a
stepped function is given in figure 4,22,

Program loading was proposed in 1939 by Cassner (Ref.29), while the randomized block loading was advised
by NASA (Refs.30,31) as a variant of program loading. In & program test, the blocks with load cycles of
the same magnitude are applied in a systematic sequence, whereas this sequence is a random one for the

randcmiged block loading.

If random loading is a stationary Gauassion process, it is fully described by its power spectral density
function (PSD-function). Other statistical paramstiers characterizing the random load are the root mean
square value of the load (Srmn) and the ratio between the number of peaks and the number of mean-load
crossings, For & narrow-band random loading, the latter ratio is approaching one, while the distribution
function of the amplitudes is a Rayleigh distribution. Aspects of describing random loads are discussed
in the literature (for instance Refs,32-34).

The sequence of peak loade of a quasi-random or pseudo-random loading is derived from random numbers, 1in

such & way that there is no correlation at all between the magnitude of siccesazive load cycles,

In & realistic flight simulation test (M in Fig.4.3), flight loads are applied in sequence which are
different from flight to flight, see also figure 7.3, The load-time history may be a calculated one,
whereas actual load records obtain i in flight can be adopted if available (Branger, Ref.35)., In the
past, many full-scale structures have been tested with simplified flight-simulation lcadings such as

shown in figure 4,3, all flights being identical.

In figures 4.2 and 4.3, only the major tyres of fatigue loadings are given, The list 18 not complete
since many variants on the examples shown can be thought of, For instance in a program test, the mean
load need not be constant but may vary from dblock to block. As another example in a random load test,
the Sr-. need not be constant but can be varied from time to time as proposed by Swanson (Ref.}3),
Nevertheless, the liat is complete enough for the discussion in the following section on systematic
trends in the results of variable-amplitude loading, The merits of several testing methods are dis-

cusaed in more detsil in chapter 7,

4.3 Trends vbserved in tests on unnotched specimens

If an unnotched specimen 1s axially loaded, the stress distribution will be homogeneous, ixceedins the
yield limit will not induce residual stress on a macro scale, This 1s an important difference as compared
to notched specimens. Consequently, a significant mechanism for interaction effects wiil uot occur in
axially loadel unnotched specimens,

If unnotchsd specimens are loaded in rotating bending, the mean stress 18 cqual to zero and the sign of

the stress will change in each cycle, This 18 again an 1mportant difference with notched specimens
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loaded at a positive mean stress,

A8 a consequence, we have to expect thot the cumulative damage bahaviour of unnotched specimens especially
1f loaded at S G, may be significantly different from the behaviour of nctuhed specimens lcaded at a
pnsitive mean stress. For instance it may be said that £ n/N <1 is a fairly common observation for un-
notched specimens loaded 1n rotating bending, whereas :n/N >1 is a relatively common observation for
nntched specimens loaded at a positive mean stress. An example of different sequence effects in unnotched
and notched specimens is given in fivure 4,4. It 18 thought that the explanation for tkLa nequence effact
of the unnotched specimens 18 mainly & matter of crack nucleation, Nucleation will more readily occur with
the high stress amplitude at the beginning of the testis, Subsequently, cycles with a lower amplitude may
then carry the crack to failure, For the notched specimens, residual strusses are responsible for the
raversed sequence effect, see the following section,

Unnotched specimen data were reviewed in references 33,39. In view of their limited practical significance

the data will not be further considered in this report.

4.4 ‘lhe effect of a high preload

Various investiyators have studied the effect of a single high preload on the subsequent fatigue life of
notched elements, A survey 1s given in table 4.1 which shows that the effect of preloading was studied
for a variety of materials and specimens including built-up stiructures, while the fatigue loading encomp-
asses constant-amplituae loading, program loaiing and random loading.,

althout any exception an increased fatigue life due to the preload was found in all the investigations.
This was generally attributed to residual stresses at the root of the notch. Already Heyer in 1943
(hef.41) attributed the increased life to compress.ve residual stresses, It is shown in figure 4.5 how
these siresses are introduced by a high load., Tue compressive residual stress at the root of the notch
implies that the local mean stress in subsequent fatigue testing will be reduced with an amount equal to
the resrdual stress, Two examples of the effect of a preload on the S5-N curve are shown in figure 4.6,
one for constant-amplitude loading and one for random loading,

#8 a general trend, the investigations mentione. in table 4.1 also indicate that the preload effect is
larger for higher preloads, This 18 illustrated by heywood's results in figure 4.7.

In some 1nvestlgations the effect of a negative preload (compressive load) was also studied (Refs.41-43,
4/,49) and reductious of the life were found indeed, see figure 4,7. These losses are to be attributed to

tensile residual stresses.

4.5 hesidual stresses

compressive residual stresses will increase the life for reasons discussed in chapter 3}, Unfortunately
residual stresses may be released by subsequent cyclic loading. (rews and Ha drath introduced a new
technique for measuring the residual stresses at the root of a notch by means of very minute stra‘n

yauges (kers.52,53). w1th the strain pgauges the local strain histor)y is measured, The corresponding stress
history 1s then deduced from tests on unnotched specimens to which the same strain histcry is applied,
some results trom .aibach, Schlitz and uvenson (hefs.54,55) for a simple flight simulation loading, are
Fiven 1n tigure 4.3, nfter the peak load * the local mean stress is lower than before the peak load and
this will reduce the damaje rate, idowever, the downward load 4 (ground-to-sir cycle) has a reversed
elfect and hence 1t 18 unfavourable for a long fatigue life, Limilar measurements were reported by

dwardd (hel,5 ),

‘he residual stresses al a noteh will remain present only if the local stress range does not cause local
yielding, this 15 ‘bvicusly deperding on the fatigue load applied. the geometry of the specimen (including
cracas, and the cyclic stress-strain behaviour of the mater:al, when gyclic plastic deformation occurs,
either at the reot of the notch ~, 1u the crack t1p region, relaxation of residual atresses will occur.
‘tviously Jhe residual stress can be restored bty a new high load, Consequently periodic repetit:ion of

nigh loads will have a mull. larger effuct on the fatipgue life than a single preload of the same magnitude,

.Xamp les ~ill be discussed later on,

imie (aeil.d9,; performed Iitigue tests on edge-notched Ti-alloy specimens and he found a life increase f{rom

V4 ,
SO ke Y4 W cycies e to a preload of U sy, mm (cyclic stress rauge 0-35 kg/mm ), He could largely
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eliminate the residual stress induced by preloading, by applying a new heat cycle (28800) to the specimens,
This reduced the life from 145 000 cycles to 55000 cycles,

It might be expected that residual siresses can fade away if given enough time, This could apply to
strain-ageing materials, such as mild steel. However, it has not been observed in aluminium alloys.
Smith (Ref.45) found the same fatigue life for preloaded 7075-T6 specimens when tested immediately after
preloading or tested half a year later. Preloading had more than doubled the life., Program tests of
Gassner (Rof.57) on a tube with 3} holee may also be mentioned here, Frequent interruptions of these tests

for two days rest periods did not systematically affect the life,

4.6 Periodic high loads and residual stresses

Investigations on this topic have been listed in table 4.2. Fatigue tests are interrupted froem time to
time for the application of a high load (i'1g.4.2D). The general trend is that thess periodic high loads
are considerably more effective in increasing the life than a single preload. An illustration of this

sbservation is presented by figure 4.7. The delayiag effect on crack propagation was already discussed

in chapter 3, see figure 3,3, The effect will be larger for higher periodic loads (Refs,26,60,62),

The relaxation and restorstion of residual stresses is illustrated by the results of reference 39, Riveted
lap joints were tested under program loading, see figure 4,9, The periodic high loads considerably in-
creased the life, If the application of the high loads was stopped after the S0th period (series 6a), the
residual stresses could be relaxed by the subsequent fatigue loading and failure occurred after 3 addi-
tional periods, Similarly, applying the high loads after each 2 periods (series 6b) alsc allowed more
relaxation of residual stress and gave a three times shorter life, It is also noteworthny that the applica-
iion of the program loading in the Hi-lLo sequence (series 17) instead of the Lo-Hi sequence, gave a much
shorter life, Apparently, applying the maximum amplitude immediately after the periodic high load reduced
the residual stresses and the subsequent lower amplitude cycles could be more damaging than in test

series 6,

In some investigations, listed in table 4.2, it was studied whether a high negative load would reduce
the life increasing effect of a high positive load. This was true in all cases, An illustration concern-
ing crack propagation was already discussed in chapter 3, see figure 3,3 Another example for the fatigue
life of riveted joints is shown in figure 4.10. 1f a single load cycle with a very high amplitude 1is
applied, it is apparently very important whether this cycle starts either with the positive peak or the
negative peak. The last peak load applied has a predominant effect on the damage accumulation, see dis-

cussion in section 3.2,

Hudson and Raju (Ref.62) also performed constant- smplitude tests with intermittent batches of 5, 10, 20
or 28 high load cycles, The effect of crack propagation 1n aluminium alloy sheet material was studied and
it turned out that the crack growth delays were larcer ithan for single high loads, It may be assumed that
more high load cyclea will further increase the compressive residual siresses in the plastic sone, It may
also be assumed that the size of the plastic zone will still become larger., Another explanation is to
attribute the increased growth delay to a more intensive strain hardening in the crack tip zone, It 18
difficult to indicate the significance of the various contributions, It is noteworthy that Heywood
(Ref.42) found a few test results indicating that 10 high preloads on a notched element induced a larger

increase of the fatigue life than a single high preload,

4.! The damaging effect of periodic negat:ve louds on CTAC

For wing structures, ground-to-alr cycies {GTAL), also called ground-a:r-ground transiiions (CAC), are
frequently recurring load cycles, A survey oi' .nvestigations on the effect ol JTAL on fatigue life 14
presented in table 4,3, The UTAC has the reputation to be very damaging, It 18 true indeed thal GTAC are
reducing the life considerably, that means tc a much greater extont than the Palmgren-Miner rule predicte

(see for summaries Kefs,/6 and 79). In flight-simulation tests, life reduction factcrs in the range 2-%
are comeon,

Iy S
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A GTAC may be damaging for two reasons, First, it generally is a severe load cyole which certainly will
contribute to crack growth, Second, it will partly sliminate compressive residual stresses as explained
in sectisn 4.5. see also figure 4.8, These two argumenis explain the results of Barrois (Ref,70) :in
figure 4.11, which illustrates that the life in cycles is shorter if there are more GTAC,

From the above arguments it lLas to be expected also, that the damaging effect will he iarger if the
minimun load in the GTAC is goi’g farther down into compression., This is illustrated by results of
Naumann {Ref.67) and Imig and Illg (Ref,80), soe figure 4.12,

The effect of GTAC was also studied for macrocrack propagation. The effect in simplified flight-simula-
tion tests was observed tc be small (see Ref,72)}. It was more significant with realistic flight simula-
tion loading (Refe.77,78) as shown by the results in figure 4,13. The reduction factors for the crack
propagation life are nevertheless noticeably smaller than the usual values for notchod specimens and
structures (range 2-5). Hence the damaging effect of the GTAC appears to be smaller for crack propagaticn.
Reversing the load on a notched element implies that the stress at the root cf the .iotch is also reversed

and may thus reverse the sign of the remsidual stress if plastic deformaiion occurs, Tne reversion would

also occur if snall microcracks are present, However, for a macro crack, reversing the load from tension
to compression implies that the crack will be clored thus being able to transmit compressive loads as
discussed in section 3.2. Tue crack then is no longer s stiress raiser,

As a consequence of the above reasoning, it appears that GTAC are more dameging for crack nucleation (in-

cluding micro-crack growth) than for macrocrack propagation.

o

4.3 Sequence effects in two-step tests

In the previous sections the effacts of high loads were discussed and it turned out that residual stresses

could well explain the trends cbserved, As a consequence, a high peask load cycle could extend the life if

it started with the negative half cycle and ended with the positive half cycle, Reversing the sequence of

the two high loads had a detrimental effect on the fatigue life,

Another example of a sequence effect is given in figure 4.4vo. In this figure the first block of high-

amplitude cycles apparently exerted a favourable interaction effect ( = n/N = 5.35) on the remaining life B
under the second block of low-amplitude cycles, This effect may again be due to residual stresses,
although cyclic strain hardening and other interaction erfects may also have been active,

The following illustrative example has been drawn from Wallgren (Ref.81). In figure 4,14 resulis are

shown from two series of two-step tesis that are almost identical, since the lame-sm and S. values apply
to the first and the second block. The only difference is in the transition from the first block to the
second one, which had a significant effect on the life. The life is relatively short if the first block
ends up with Smxn and relatively long if the block ends with S, .+ which is juet a matter of one addition-
al half cycle, This observation is strongly in favour of residual strees as the major mechanism for inter-
action, The observation iz also in good agreement with Edwards' measurements of residual stresses at the
root of & notch (Ref.56), showing that the sign of the residual stiress may change in each cycle if the

applied stress range is large snough,

With respect to macrocrack propagation in sheet smpescimens, crack growth delays after a high-low amplitude
step have been mentioned before {Section 4.1). It was alsc emphasized that an interaction effect after a
low-h1gh ntep, being significant during a few cycles only, could easily escape macro observations, but

1t can be detected by electron fractography. (rack growth accelsration after such a low-high step was
succesafully explained by Elber (Raf.19), using the crack-closure argument. Duriig the low-amplitude
cycling little plastic deformation 18 left in the wake of the crack. Consequently, after changing over to
the high amplitude thers is less crack closurs and more crack opening as compared to crack growth at the
high amplitude only. ifter some further crack esiension the crack closure is again representative for the

high wmplitude {Kef.27).




4.9 Sequence effects 'n program tests

In a two.step test the stress amplitude is changed only once, In a program test it is chanped many times,
both by increasing and decreasing its value. As a consequénce, results of two-step tests will not necess-
arily allow a direct interpretation of sequence effects in program tes's,

There is another reason why explaining sequence effects in progran tests may be problematic. In most
program tests & change of Sa is8 supposed to occur stepwise, If this were true, it 1s important whether
the change is made either after the minimum or alter ths maximum of the last cycle of a step, see the
previous section and figure 4,14, Unfortunately this information is rarely given in the literature for
those casce where the change is really step-wise (manual operation, slow-drive machine, closed-loop
machine with load control on individual cycles), Many program tests were carried cut on resonance fatigue
machines, which implies that changing the amplitude from one level to another level did occur gradually,
that means in a rather large number of cycles. Apparently, there is a poor definition of details of the
load sequence in program tests although these details could be important for interaction effects and hence

for the fatigue life.

Gassner proposed the program test in 1939 (Kef,.29) and shorily afterwards he studied already the effect
of period size (number of cycles in one period, see figure 4,3F) and the effect of the sequence o, ampli-
tudes in a period (Ref.82), A survey of investigations cn tha methods of program testing is given in
table 4.4.

Size of period

The investigations listed in table 4,4 indicate that the fatigue life may depend on the size of the
period but unfortunately a clearly systematic trend was not found in all cases. Reducing the size of the
period in several but not in all cuses, reduced the life,

Reducing the size of the period to relatively smell numbers of cycles while maintaining the same load
spectrum, implies that the highest amplitudes occur less than once in a period. The amplitudes then have
to be applied in a limited numoer of periods, Adopting this procedure, Lipp and Gassner (Refs.94,95) and
Breyan (Ref.98) reported a systematic effect on the program fatigue life, The results, as shown in

fisure 4.15, indicate that the effect was far from megligible, In an NLR study (Refs.96,97) on crack
propagation, a similarly large affect of ihe period size was found, see figure 4.16, while the load apec-

trum of amplitudes was exactly the same for the short and the long period.

Sequence of amnlitudes

Sequences frequently applied are:

a increasing amplitudes (Lo-Hi)

b increasing-decreasing amplitudes (Lo-Hi-lo)

¢ decreasing amplitudes (Hi-Llo)

d randomized sequence of blocks with the same amp litude,

Various comparative studies are reported in the literature. The effect of the sequence is illustrated by
the NASA results in figure 4.17, and for crack propagation by the NLK results in figure 4,16, The results
are generally systematic in & way that the life for the Lo-Hi-lo sequence is always in between that of the
Lo~H1 and the Hi-Lo sequence. Unfortunately, the resulis are not syatematic with respect to the compari-
son between the io-Hi and the Hi-lo sequence. In both figures 4.16 and 4.1/, the fatigue life wus longer
for the Hi-Lc sequence, a trend also confirmed by tests on wingreported by Parish (kef,9!'). However,
results of Gassner (Ref,y1) and NLK tests on riveted joints (Kefs.39,53) showed the opposite trend,that
means longer fatigue lives for the l.o-Hi sequence. As said before, the way of changing from one amplitude

to another one may be important for having either favourable or unfavourable interaction effects,

Both the effect of tbe sise of the period and the effect of the sequcice of amplitudes indicate that the
damage accumulation rate is a function of the frequency of chaunging the amplitude (periocd size) and the
pattern of changing the amplitude (sequence), From u fatigue point of view it cannot be surprieirg that

these varisbles will affect the damage accumulation and hence the fatigue life, However, a detailed
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picture sbout how interactione cculd explain the data, would ask a good deal of speculation,

4.0 high-applitude cycles in program lesta

In a program test the utatisiica) distridutiun function of ths amplitudes is usually based on an assumed
load opectrum, Asses?ing the maximum value rf the stress amplitude to be applied in : program test, is
making e more or less arbitrary choics, Sometimos the choive is dictated by the possibilities of the
avajilable fatigue machine., in view of the large efZect thut periodic high loads could hava on ihe fatigue
1life (see Sec.4.6), it has to be expacted that the assessment of sa.,max in a program test may be a critioc-
al issue, A survey of relevant investigations has been given in table 4.4.

High-amplitude cycles may either extend or reduce the fatigue life for the following reasons:
a These cycles will be damaging since they will substantially contribute to crack nucleation and propaga~
tion, They may contribute to crack growih even more than in a constant-amplitude test carried cut at

) '
a, max
b High-amplitude cycies will alsc reduce the life because final failure will ocour at a shorter crack

length,
¢ On the uther hand, high-amplitude cycles may extend the 1ife if they introduce compressive residual

because of unfavourable interactions caused by cycles with lower Sa values,

stresses which is not unlikely, The crack closure argument alsc appears to be applicable,

In view of theze arguments it will be clear that fully systematic results cannot be expected. The trend
sould be dependent on the question whether there are relatively many high amplitude uyclea (manoeuvre
spectrum) or just a few (gust spectrum)., Secondly, the question whether compressive or tensile residual
stresses are introduced will be dependent on S, . the detailed load sequence, the geometry of the
notch and the material, Consequenily, it should not be surprising that data from the literature indicate
both 1life extension and reductions if higher amplitudes are applied in a program test. Illustrations of
both are given in figure 4,18, The results of the tailplanes reported by Rosenfeld (Ref.48), were ob-
tained with S;, = + 13,32 # P (P, = limit load) and hence the increased life obtained by adding higher
load cycles may well be due to introducing compressive residual siress, which apparently outweighed the
damaging effect of these cycles per se, In Faumann's tests (Ref.87) on the edge notched specimens, the
addition of higher load cycles was coupled to negative minimum loads which may have eliminated compress-~
ive residual stress and thus the cycles were damaging cnly, Effects as found in other investigations were
generally smaller then those in figure 4,18.

Kirkby and Bdwards carried out narrow-band random load tests on lug type specimens (Ref,99). They also
performed test series with three Sm. values in a programmed aequence, see figure 5,2, Omission of the
higheet sm roduced the life 2.5 times, Apparently, the higher-amplitude cycles had a bheneficial effect

in the first teste, Comments on high-amplitude cycles in flight-simulation tests are given in section 4.13.

4.1 Low-amplitude cycles in program tests

In aircraft structures fatigue load cycles with a low amplitude usually occur in relatively large numbers,
Consequently, if such cycles could be omitied from a test a large proportion of the testing time would be
saved, This topic was studied in several inveatigations smploying progrem loading, see for a survey

table 4.4.

Low-amplitude-cycles may be damaging for mors than one reasoni

a Due to the large nuabers, they may induce fretting corrosion damage and thus enhance crack nucleation,
b low-amplitude cycles may contributt to crack growth as scon as a crack has been created by higher-
smplitude cycles, Thir implice that ¢.oles with an emplitude belew the fatigue limit can be damaging.

¢ Loweamplitude cycles may enhance the crack growth at subsequent cycles with a higher smplitude, see

the discussion in section 4.8.

It 18 well-known that fretilng corrosion can have 1 most detrimental effect on the fatigue limit and on
the lower part of the 3-N curve, However, tne sffect 18 relatively ssall at high S‘-vuun because crack

nucleation does occur quite eariy and is less deperndent on the sssistance of frettisgoorrcsion, Similarly,




we may expect fretting coirosion to be less important in program tests, Nevertheless, Gassner (Ref,100)
8till found a 50 percent life raduction if fretting was applied at the rouvt of a notched 2024-T4 specimen,
Jeonans (Raf,89) also in orogram iests, found a life reduction of about 65 percunt when comparing dry and
greased bolted joints of the 2014 alloy.

Program tests from which low-amplitude cycles were omitted, always indicated either a negligible 2ffect
on the fatigue life (in periods) cr an iacrease of the life. In other words the available data confirm
that cycles with amplitudes below the fatigue l.mit may be dszmaging, An example is given in figure 4.19
wyth results reported by Wallgren (Ref.83), The last colwnn of the table illustrates the reduction of
testing time obtained when emitting low-amplitude cycles,

4,12 Comparison between the results of program tests and random tests

In comparison to a random load test, the variation of the stress amplitude in a program test occurs in a
simple and systematic way. For random loading the emplitude (a3 well as smax and smin)
ly different from cycle to cycle, In a progrem test, however, the amplitude may remain unchanged during
large numbers of cycles, The number of amplitude changes is relatively small, In view of the present

knowledge abcut inieraction effects, it has to be expected that the fatigue damage accumulation rate may

be different for the two types of loading. Any similarity between the results of random tests and prcgram

may be significant-

tests cannot be claimed on physical arguments but has to be shown by tests,

A second aspect of the comparison between random and program loading is concerned with the concept
“1andon', A random signal may be stationary or non-stationary, it may be Gaussion or non-Gaussion
(Refs.32-34). If it is a stationary Gaussion process, the sequence is still dependent on the power-
spectral density function (PSD-function). An illustration is given in figure 4,20 by two record samples
of Hillberry (Ref,101). The effect of the shape of the PSD-function on tha random load fatigue life was
studied in some investigations, see table 4.5. As 8 gene ral trend, it was found that the effect was
either small or nogligible, It is thought, however, that these data are still too limited to justify a
generalization,

The importance of the "randomness" for fatigue life¢ has aleo been rtudied under differeni paeudo random
loading conditions. In figure 4.21, results or Naumann (Ref,67) illustrate that the fatigue life is
apparently depending on the questicn whether we consider full cycles (atarting and ending at Sm) or half
cycles (also starting and ending at Sm)' It should be pointed out that the astatistical distribution func-
tions of the maxima and the minima were exactly the same for all test series in figure 4,21, It should

also be pointed out that tr~ statistical distribution functions of stress ranges (differences between

successive values of Smax and Smin

a closer luok at the sequence samples in figure 4.21,

) are not the same for these test series, which will be evident after

A second example of sequence effecta in random load tests is shown in figure 4,16, giving data from NLR
tests on crack propagation., In two test series sxactly the same random sequence of complete load cycles
were applied. In the first series the cycle started with the positive half cycle, whereas in the second
series it started with the negative one. Also here it is true that the statist.cal distribution functions
were the same for the peak values but different for the stress ranges, which apparently has some effect

on the crack propagation life, although the e¢ffect was small,

A comparison bstween the results of random tests and program tests was recently published by Jacoby
(Refs,107,108), Some new results bscame available since then. A survey of compurative invest-gations is
given in table 4.6, As Jacoby pointed out, there is ne unique relation between the fatigus lives for
random loading and tor program loading. He mentioned (Hcf.109) varicus aspects that could affect the
comparison. dome inportant ones are the type of random loading, the type of program loading, the maximum
stress in the test, the mean stress and tiie shape of the load spectirum,

I+ 18 dafficult to draw general trends from the investigations listed in table 4.6, lu general, th: l1fe
in the "equivalent" program test 18 larpger than in the random test, ln several investigaticns the differ-
ence .s not very large. However, Jacoby (hef,10/) arrive d at program fatigue iives that wele about six

times longer than in random load tests., In figure 4,16, Nii rusults on crack propagation indicate about
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three times longex lives if the comparison is mace with program loading with 40000 cycles in a period,
Fractographic observations alao indicated different orackirg modes, For the sticrt period (average

40 cycles), the difference between random and program loading was small, Thii i# in agreement with the
observation that the sequence effect in the progrsm tests (Lo.Hi, lo-Hi-Lo and Hi-Lo) was small for ths
short psriod (alihough still systematic), Cassner's and Lipp's results (Refs.94,95, see fig.4.15) also
point to a small difference between random and program test results if the period of the program is short,
There are some indications that the differences may also be smaller for a more severe load spectrunm,
Unfortunately the large differences mentioned above still give some uneasy feelings about the equivalence

of random tests and program tests,

4.13 '‘rends ob.erved in flight-simulation tests

4 survey of inventigations on fiight-simulation testing is preaented in table 4.7. In these invesiiga-
tions several trends were observed that are qualitatively movre or lees similaxr to thome discussed befors,

Sequence effects

Naumann's tests on the effect of the random saquence of either complete cycles or half cycles also in-
cluded flight-simulation tests., As the resulis in figure 4,21 show, a similar sequence effevi was found
in the random tests and in the flight-simuiation tests, However, the effec’ was much smaller in the
flight-simulation tests., A simiiar observation was made by Jacoby {Ref.107).

The sequence effect in flight-simuletion tests was one of the topics studied in a recent NLR investiga-
tion (Refs,77,78) on crack propagetion in 2024 and 7075 sheet material, The gust load spectrum applied is
shown in figure 4,12, while different mequences are presented in figure 4,23, In theze tests 1D different
types of weather conditions were simulated in different flights, Apart from test serieus H the gust
sequenceé in each flight was random, while the sequence of the various flights was also random, In

figure 4,23 a comparison is made betwesn a random sequence of complete cycles, the same sequence of
"reversed” compleis cycic® and a Lo-Hi-Lo programmed sequence, As the data in the figure show, the
sequence effect was practicelly negligible. This result is in good agreement with the small sequence
effect found in figure 4,16 wheu comparing random ioading and program loading with a shori period.

A small sequence effuct was also found by Gassner and Jacoby (Refs,66,73), and by Imig and 1llg (Ref,80)
with one excention, Jassner and Jacoby, testing 2024-T3 epecimens (Kt = 3,1}, found fatigue lives of
2500, 2800 and 58C0 flights for a random gust sequence, a Hi-ln.Hi gust sequence and a Lo-Hi-Lo gust
sequence respectively, Tha latter result is considerably higher than the former iwo results, They applied
400 gust cycles in each flight which is a relatively high number,

Low-amplitude cycles

As said in scction 4.11, low-amplitude cycles may be significantly damaging in a program test, In such a
test these cycles are applied in blocke of large numbers of cycles, In random loading the low-amplitude
cycles are randomly dispersed between cycles with aighur amplitudes. This implies that the information
¢>om program tes4s is not necessarily valid for reudom loading.

Some investigations cn flight-simulation testing have aiso explored this aspect, ses table 4.7. Average
results are ~ollected in figure 4.24, Naumann (Ref,.5.) found a very small increase of the fatigue life
when cmitting low-amplitude gust cyclss, shile 3ranger (Ref,110) found a small reduction of the life,
Gassner and Jacoby {Ref,73), however, found a significant increase, They umitted 370 low-5, cycles from
408 cycles in each flight, Hoth numbers are large, »hich may have ccntributed to the result, The NLR
results on crack propagation are recapitulated in figure 4.25., Here also it is evident that omitting low-
R cyclem inorvases the litfe,

With respect to omitting taxiing lnads from the groind-ic-air cysles, the trend appears to be that this
has & minor effeot on life, It is thought that the taxiing cycles were hardly damaging because they
ocourred in Yompression.Consequently the low damaging effest of ths texiing loads will rot be applicable

! the mean stress of the GTAU is a tensile strass (upper skin of wing atructure).




High-amrplitude cycles

In section 4.6 it turned out that periodically applied high loads could considerably increase the fatigue
life, It then may be expected that high-amplitude cycles in a flight-simulation test may also have a
similarly large effect, if applied now and then in a few flights, This aspect was not intensively studied
so fer, see table 4.7. Gassner and Jacoby (Ref.73) reported 25 percent longer life if increasing the
maximum stress amplitude from 0,55 Sm to 1.1 Sm (Sm is mecn etress in flight), In these tests the gust
loads in each flight were applied in a programmed sequence. Branger (Ref.111), employing a manoeuvre
spectrum, found 10 to 40 percent longer lives when raising the maximum peak loads with 15 percent,

At the NLR we performed one test eseries on a sheet specimen with a c»~tral hole and several series on
crack propagation in sheei specimens (Refs.77,78). The results of ike hole notched specimens are shown

in figure 4.26, Load sequences were similar to those shown in figure 4,25 (sequence B), while the load
spectrum given in figure 4.23 was applicable, In three comparative test series the apectrum was truncated
at sa,max = 4.4 , 6,6 and 8.8 kg/mm2 respectively, Truncation implies that cycles, which should have

higher amplitudes according to the load spectrum, wero applied with an amplitude equal to S (trunca-

a,max
tion level). Figure 4.26 clearly shows a systematic effect of the truncation level on both tge nucleation
period and the crack propaga*ion life, Both periods are longei for Ligher Sa,max values, More data from
the crack propagation tests are collected in figure 4,27, which clearly confirms the longer fatigue life
if higher amplitudes are included in the flight-simulation test, In one test on a 7075-T6 specimen the
gust spectrum from figure 4,22 was applied without truncation, that means Sa,max = 12,1 kg/mm +» The crack
rate was extremely low and decreased as the crack grew longer. The test had to be stopped in view of
excessive testing time,

It is thought that the predominant effect of high gust load cycles, as illustrated by figures 4.26 and
4.27), has to be explained by the effect of compressive residual stresses on crack growth and by crack
closure, Practical asnects of the effect of the truncetion level are discussed in chapter 7,

Some remarks on the effects of loading frequency and environment as observed in flight-simulation tests

are made in section 4,17.

4.14 The effects of the design siress level and the type of load spcctrum

The design stress level will obviously affect the Tatigue lifo of an aircraft, uapirical studies for a
long time could only be made by program tests, Gassner started the work about 30 years ago (Refs.29,57,
82); another eariy publication ie from Wallgren (Ref,83), see also table 4.4 The major part of this type
of work was carried out in Gassner's latcratosy &t Darmsiadt, Much of this work was recently summarized
by W, Schiitz (Ref,115),

From a large amount of program data obttained with stanuardized load spactira (Res,116), Uassner found a
linear relation between log stress level and iog program fatigue life, This trend is tllustrated by

figure 4,28. The relation can bewritten ass

Sl(
& ,max

Y3l

= constant {4.1)

Many tes;s indicated the trend for «~ to be in the order of 5-7. In squation ‘&.17, N' is the program

life and % 18 Vhn magimum amplitude of the standardized load spectrum which i1s truncated at a ievel

‘a,max
asccurring once in 500 000 cycles.

Since Sl,max as well as Sm are linearly related to the ultimute design stress lavel, the merit of the
above relation is that it immediately indicates the change of life spsociated with a certain percentage
change of iesign stress levnl, The question is, however, whether equation (4.1} would aleo ve valid for
realistic service lcad-time historiea, This could not te checked empiricaily until the elecirnhydraulic
fatigue rachine with closes lecop load control became ave 1lable., As pointed out in 2ectian 4,17 1t

remain® to be explored whether .rends valid for propram tests arc alwo applicable *o random loadi:g,

In the more recent literature some test results are presented rerarding the effect of desiprn sireéss leve]

on fatigue life 1n flight-eimulation tests, see table 4,/, These, by now, are apparently tne most
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realistic data available to judge this effect, The data are summarized in figure 4.29. It should be
pointed cut that for each tz2mt series in this figure changing the stress level did not affect the shape

: of the load time history, Hence the shape of the load spectrum also remained the same, Changing the
atress level only implied trat all load levels were multiplied by the same factor, Evidently, the data

| in figure 4.29 are too limited for deriving a general trend. The relation of equation (4.1) is not

£ applicable to the NLR crack prepagation data. In the other graphs the slope factor « is outaide the

range 5-7 usually found for program tests. Three graphs indicate a higher value (average 8), while the

data of Branger and Ecnay indicate a very low «x -value , Further comments cn this topioc are made in

5 section 5.3.7.

In variable-amplitude tests based on a service load spectrwum, a gust spectrum or a manoeuvre spectrum was

usually adopted. The investigations, in general, do not allow a direct comparison between the two spectra,
since there were more variables than the spectrum shape alone (for instance airees ratios, truncation
level).

E Mevertheless, maroeuvre spectra ar¢ generally considered to be more severe than gust spectra, because the

proportion cf higher-amplitude cycles is larger,
The effect of the spectrum shape was systematically studied in one investigation cnly, ramely by
| Ostermann (FRef.117). He performed program tests on notched 2024-T3 specimens and kept all variables

constant except the spectrum shape, The number of cycles in one pe.iod was also constant, The test

resuits iudeed confirmed thet the life became shorter if the proportion of high-amvlitude cycles in-
creased {arnd the proportion of low-amplitude cycles decreased). Some further comments on this work are

made in secticn 5,2.5.

4,195 Observations from full-scale fatigue test series

This section 18 partly similar to Appendix J of referencs 76, entitled "Tha influence of the loading

history on the indication of fatigue-critical components”. i

A8 explained before, high loads will introduce local stress redietributione around noiches and the effect
? on the fat:=ie life may be different for different notches, depeuding on Kt' stresa gradient and nominal
stress level, .,ne consequence i8 that the indications of the most fatigue-critical componrent in a
structure may deperd on the selected load spectrum and the truncation level, Fatigue tests on large

structures reported in the literature give some information on this question. They are summarized below. €

Tests on Mustang wiugs

Results of an extensive test program on Mustang wings were reported in raferences 44,74 and 118, The
following typed of teste were carried out:

(1) Constant-amplitude tests, various P‘ and Pm values

(2) Program tests with 3 amplitudes, P = 33 b S P,

{3) Handom load tests, gust spectrum, P = 63 % P

{4¢) handom load tests with GTAC, same gust spectrum, P . for GTAC = - 24 4 P,

(5) Random losd tests, manoeuvre spectrum, including negative manceuvre loads, Pnax =15 % Pu.

e Al s e

The 1-g load level for teat msries 2-5 was 20 % P, The atrcsses at P were 1. the nrder of 28 kg/mmz.
Cracke were mainly found in two areas, indicated as the ank bay arsa and the gun bay arsa., For the two
areat intersecting S-N curves were found in test series no.1, beth for initial oracking and final failure,
This ahcws thet a certain componsnt, which under constant-amplitnde loading is more fatigue.critisal than
ancther component, can be less critical at another load level,

In test sories 2-; the initial failure was always first observed in the gun vay area. However, cracking
in the tank bay area could be more serious., The final failure cccurred in both areas in test teries 2
{iower Prax value} and in the tank bay area only in test revies 3}, 4 and 5. In the random gust teste

without CTAC the gun buy area was then in an advanced stage of oracking, whereas this failure was aimont

completely suppreswed in the random gust teste with GTAC. The latter was partly true alsc for test series 5,
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Tests on Commando wings

Remults of teeits on Commando wings were reported by Huston in reference 119, Three iypes of teste were
cnnducted, vig,s

(1) Constant emplitude tests (Ppay Vvalues < 59 %P,)

(2) Program tests with a gust spectrum (Pmax ~75 % Pu)

(3) Program tesis wiilL a munoeuvre spectrum (Ppgx ~ 78 %P.)

A limited amoun: cf service experience was available, The prograsm tests wera randomized step tests, The
stress at P was low, viz, nbout 19 kg/mm2,

Conntant-amplitude tests revealed only 1 or 2 fatigue-critical locations, which were different for high
and low amplituder, Ir test serius 2 and 3, cracks were fourd at 7 different locations, With respect to
the first crack that appeared, the crack at location F (code of Ref,119) was the most frejquent one in
test series 2 and 3. whereae this location was not very important in the constant-amplitude tests. The
uost critical crack with retpect to final failure was found at location B in the constant-amplitude
terts and et location III in the program tests,

A comparison betwaen the cracks found in service (4 aircraft) and in the program tests (gust spectrum),

yielded a reasonable agreement regarding the locations at which cracks were found,

Tests on Dekota wings

In referuence 71 Winkworth reported the results of testing 4 Dakota wings and A comparison with service
experience,

The following four tesis were carried out:

(1) Gust cyciea only, constant amplitude, P, corresponding to 12 ft/sec gust,

(2) Simplified flight simulation, 15 gust cycles (as applied in %est 1) per flight.

(3) Same s test 2, except 5 instead of 15 gust cycles per flight,

(4) GTAC only, Pruy 8t 1-g level, pmin < 0.

Cracks occurred at three different locations, 4, B and C. Tie most critical crack in tests ! and 2
occurred at location A and in tests 3 and 4 at location C, Cracks at location B were found in all tests,
In service cracks were predominantly found at location L and cracks at location 4 did not occur, Cracks
were also found in service at & locatiorn at which no cracke were found in the tests, It cannot be said
that a fair sgreement between service experience and testing was obtained, This may be partly due to the

gsimplified flight-simulation load sequence adopted for the tests,

Tests on & swept back wing

Revults of constant-anplitudea teasts end program tests un a wing of a fighter were reported by Rosenfeld
(Ref.da). In the program tests two different manoeuvre spectira were usad, In one test series GTAC were
inseried (in batches), which in this case were upward loz !s rather than downward loads. Values for Fmax

from 55 to 100 % P (PL is limit load) were used in the constant-amplitude tests and from 15 to 125 ¢ P

in the program tests, Pm;n

In each wing, failure ulways occurred at a tolt hole, In the progran tests (4 different programs)

wag 13,3 % PL in all tests,

failures occurred at locations A (€ times), C (once}), E (twice) and F (once). In the constani-amplitude
tests, failures occurred at locations 4 {7 times), especially at the higher lcad levels), B {twice),

C (once) and D (twice, at the lowest load levei unly).

Tests on the pro-mod F-27 center section wings

Random and program tests were carried cut, both with and without ground-tu-air cycles (He!,7A), Constant-
amplitude tesis were carried out representing (TAC loading and guest load cycles, In the rardom and the
program tests a very severe gusti spectrum was adopted, the maximum load being Ihax 2 Y4 'u where ru

is the ultimate design load. In the constant.amplitude tests, Pmax values covered a range fvom !4 to

4T % F,

Although the name type of crack wau the most critical one irn #ll tests, considerable differencer were
found betwaen the random and the program tests at the nns hand and the constant-ampliiude temts on the
other hand., Contrary to Huston's findings, the number of locativns at which cracks were found was larger
in the constant-amplitude tests, UJecondly, some typee of cracks occurred predominantly it not exclusively

in the random and the program tests, wherwas other typas of cracks were found in the constant-ampiiltude
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tests only,

Tests on Venom wings

Branger (hefs,120,121) has reported interesting data on the indication of fatigue critical locations in
the structure. Information was available from:

(1) One constant-amplitude test (Prgx = -1€)

min -0.87 &)

g . . . . v g . s -

(3) six half wings tested with & most realistic flight-simulation loading (Pmax 6.5 g, Prin 308 Pmax)

(2) Two program tests (Pmax 2 7.25¢, P

(4) Service experience,

In the flight-simulation tests, two explosive failures ocrurred. One of thess failures had not been
detected in the constanti-amplitude test and the program tests, Initial cracking corresponding to this
failure was observed in service, On the other hand, five main failures occurring in the constant-

amplitude test and the program tests did not occur in the flight-simulation tests and in service,
One general trend emerging from the available evidence im that the picturs of fatigue-critical elements
in an aircraft structure is significantly depending on the load-time history applied, This emphasizes the

need for realistic load-time histories for application to full-scale testing, see chapter 7.

4,16 Fatigue by two superimposed sinusoidal loads with different frequencies

The superposition of two cyclic loads with different amplitudes and frequencies may occur in certain
components under service conditions, This especially applies if a component is subjected to high-frequen-
cy vibrations, while at the same time a low-frequency fatigue loading occurs, Even gust loads and taxiing
loads may be considered as high-frequency loads superimposed on the ground-to-air cycle,

Apart from the technical significance, the superposition of two cyclic louds is an intrigueing variable-
amplitude load sequence to check certain assumptions about fatigue damage accumulation, Two examples are

shown in figure 4,30, which can be written as

Se S + 5, sinut+S, wt (4.2)
mth W K Wy W being the angular frequency.

Investigations on superimposed cyclic loads have been listed in table 4.8 which shows that there is a
Zood deal of variety between the various studies. Neveriheless some general findings may be reported,

If SA2 18 small enough to be below the fatigue limit, the Palmgren-Miner rule would suggest the cyclic
load Saz ain uzt to be non-uamaging., Consequently the life should be N1 if N1 is the fatigue life
associated with 5.1. However, it turns out that the life is shorter. This has to be expected since the
cyclic load S‘z sin wzt will anyhow increase the stress range of the low-frequency component from

2 Sa1 to 2 (S“1 + 5.2), see figgure 4,30a, In other words, a life N; associated with an amplitude

Sn‘ + 5.2 should be expected at most, Usually a shorter life is found depending on the ratios 5.1/3.2

and wz/u1. Apparently, apart from increasing the stiress range, the high-frequency cyclic¢ load itssll is
also contributing some damage,

The example shown in figure 4,30b has more the character of a cyclic load (5.2 sin uzt) with a slowly
varying mean, Available results indicate this varying mean to be damaging, implying that the life will be
shorter than N,, 1f N2 13 the life associated with 5.2. Here also the stress range is increased to

2 (54 *+ 5.2) and even in case that 5., « 5.5, the material will remember this to some extent depending

’
on wy/ W

In some 1nvestijzations the low-frequency component was cyclically changed step-wise or following a
triangular wave form. With respect to the high-frequency component, a randomiy varying 3.2 value has been
arplied (Ref,12y), This is further complicating the picture but 1t 1s more similar to practical conditions,
Such complex load histories raise the problem of how 1o define a load cycle, This already applies to the
examples i1n figure 4,30, A cycle with a range ¢ (S‘1 + 5.2) does 1n fact not occur in these examples,
although the range has still some meaning for the fatigue life. The problem how tg d:txno cycles for moren

complex load-time histories is xiven more attention in chapter 6. It may be noted ‘hat fatigue under
super:mposed cyclic loads 18 also being studied by following the sirain histories (Rofs,123,129),
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4.17 Effects of environment and loading frequency

In chapter 2 brief reference was made to the possible effects of environment and loading frequency.
Effects were observed in oconstant-amplitude tests and although the humidity of the environment appears
to be important, a full understanding of these effects has not yet teen obtained, Only a f~.+ investiga-
tiors have been made under veriable-amplitude load.ing.

Bavironment

In a comparative investigation at NLR (Ref,106) on 2024 and 7075 shest material, crack propagation was
simultaneously studied in an indoor and an outdoor environment. Program loading and random flight-
gimulation loading were used. The results indicated a negligible effect for the 2024 materiasl, but for
the 7075 alloys the crack growth outdoors was 1.5 to 2 times faster than indoors., Figge and Hudson
(Ref.130) in a recent study found a similar trend, Branger (Ref,111), testing two-hole &pecimens under
flight-simulation loading, found a doubling of the life when testing in pure nitrogen instead of air, The
specimens were produced from 7075-T6 bar material,

Loading freguency

In a recent NLR investigation crack propagation tests have been carried out on 2024 and 7075 sheet apeci~
mens under flight-simulation loading, The variables being studied are of the design stress level and the
loading frequency. Three frequencies have been adopted, namely 10 cps, 1 cps and 0.1 cps, The investiga~
tion is not yet complete, but abailable data (see Ref.64) indicate a rather small and not fully systemat-
ic influence, Although such a small effect 19 a very convenient result, it is not yet justified to
generalize this empirical observation.

Branger (Ref.111), in flight-3imulaiion tests on light «lloy specimens notched by two holes, found a
Blightly lower life at 96 cpm (cycles per minute) as compared tc 173 cpm (1.6 cps and 2.9 cps respect-
ively). Surprisinglyenough he found a reversed frequency effect in another test series with frequencies
of 210, 40 and 5.4 cpm (3.5, 0.7 and 0.09 cps respectively)., The longer life was obtained at the lower
frequency.

4.18 Aspects related to the type of material

The majority of variable-amplitude tests was performed on aluminium alloy spe:imena and structures. There
is some work available on titanium alloys ard low-ailoy steels, (Tabls.4.1-4.8). The :uestion now is
whether these materials show emp.rical trends similar to those of the aluminium slloys. Indications of a
significantly different behaviour have not been obtizined 8o far.

There are some reasons why certain materials may show a similar cumulative fatijue damage behaviour, The
accumulation of fatigue damage has been described in chapter 3. The interaction mechanisme, see

figure 3.2, were related to cracking, residual stress at the tip of the crack due to local plastic deform-
ation, crack closure, crack blunting, cyclic strain-hardening, ctc. All these mechanisms are related to
the ductility of the material, Consequently it is thought that materiuls with a similar plastic behaviour
could show a cumulative damage behaviour that is qualitatively similar, With respect to preloading notch-
ed slements this was clearly confirmed (Refs.41,46,49).

A qualitative similarity, however, does not yoet imply a quantitative similarity. This can bte illustrated
by comparing data for the two well.cnown aluminium alloys 2024 and 7075. Both alloys are neither extreme-
ly ductile nor brittle, but the ductility of the 7075 alloy is certainly smaller than that of the 2024
slloy. Favourable interaction effects have been noted for both alloys. Nevertheless, Hardruth, Naumann
and Guthrie (Hefs.30,31,88) found systematically higher I n/N values for the 7075 alloy. Similarly
figure 4.27 shows that the TUTS5 alloy 18 indeed more sensitive to the effect of high-amplitude cycles.
Larger favourable interaction effec:s are also confirmed by the NLR crack propagatinn data in figure 4.29,
the more so since constant-amplitude data suggested & much longer life for tha 2024 alloy as compared to
the 7075 alloy. An incressing ductility will imply tha: the residual stresses will be smaller and that

relaxation of residu... streseses due to cyclic straining will be easier,

As & general concluclon, similar qualitative trends may te expected within certain limits, The similarity
should no longer be axpected 1f the material has a significantly differeat ductility, for instance a very

higis ductility (low strength alioys) or respcnds to unetable ylelding (mild steel). Brittle materials for

i




which a very small crack may be disastrous and for which the life is mainly occupied by crack nucleation,
may also behave differently.

5. THEORIES ON FATIGUE DAMAGE ACCUMULATION

5.1 Introduction

In the literature a variety of cumulative damage theories have been presented. The question now is
whether these theories can account in a realisiic way for the trends described in the previous chapter,
In this chapter an attempt will be made to give a sysiematic survey of the various aspects characterizing
the theories, In view of this goel, some salient features of fatigue damage wiil be summariged first
(section 5.2), Secondly, damage theories will be discussed in three groups, each group being character-
ized by a certain similarity of the damage accumulation model adopted (section 5.3). Finally the plysical
and practical limitations of the theories are discussed in section 5.4, The significance of the lim.ta-

tions for practical applications is a topic also covered by chapter 6.

5.2 Fatigue damage

Fatigue and damage accumulation in metallic materials have been discussed in chapters 2 and 3. The
fatigue life was divided in some periods, for instance (see also figure 2.2):

- crack nucleation

- crack propagation

- final failuras,

These periods are recognized by some theories but certainly not by all. An obvious difficulty is the
definition of the termination of the first period and the start of the second period. This problem does
not occur in those theories that assume crack growth to start in the very beginning of the fatigue life,
Since the most essential part of fatigue damage was described in chapter 3 as decohesion of the material,
a physical theory should incorporate crack growth as a minimum requirement,

However, it was explaired in chapter 3 that the amount of cracking alone could not give a compleie des-
cription of the state of fatigue damage. Several additional damage aspects were mentioned, see figure 3,2,
From these aspects only residual stress haa been incorporated in a few theories, The other aspects have
been mentioned 1n the literature to explain certain trends observed in teats, but these aspects are not
an explicit part of a quantitative theory.

The occurrence of the final failure should be a function of the crack length and the applied maximum
stress. A few theories try to account for this aspect by employing fracture toughness criteria.

Several theories predict fatigue life only, without any referenca tu the physical damage occurring
between the beginning and the end of the fatigue life. Moreover, the end of the life in most theories

means "complete failure' without any further specification.

5.3 Thecries

5¢3.1 General survey

The number of cumulative fatigue damage theories ia large. This is certainly true if we keep in mind that
the theories try to solve the same problem, whicn is to predict the fatigue life (or crack propagstion
life) under variable-amplitude loading from available data. For a good appreciation of the various

theories, three different approaches may be recognised, as listed in table 5.1,

In the incremental damage theories 1t is assumed that each cycle or each batch of cycles causes a nertain

damage increment. This increment 18 quantitatively equal to the percentage of fatigue life consumed by

those cycles. The complete life expires and failure will occur at the moment that the sum of all damage

increments becomes equal to one,
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The similarity approach refers to those theories, which presume that similar loading conditions at the
fatigue-critical locations in two different specimens should produce similar feti~ue lives, The stress
bistory or the strain history could be adopted for characterizing the loading condi‘ion, For crack pripa-
gation the similuerity approach implies that similar stress iniensity factors should produce the same

crack rates,

The interpolation methods appear to be the most direct approach, since interpolation is made between
available fatigue data, Nevertheless, the interpolation procedure may be a critical issue., Interpolation
can be made for a large variety of variables, such as Sm, Kt' load spectrum shape, etc,

More details of the theories are given in the following sections. An evaluation of the theories is given
in section 5.4,

5.3.2 The Palmgren-Miner rule

This rule is the most well-known representative of the incremental damage theories, Palmgren (Ref,131),
as early as 1923, assumed that n; load cycles with the same mean load andload amplitude will consume a
portion of the fatigue life equal to "i/Ni where N1 is the life to failure in a constant-amplitude test
with the same mean and amplitude. Secondly, Palmgren assumed that failure will occur if the sum of the

consumed life portions equalsiOC percent, This implies that the condition for failure is:

Without any detailed knowledge about fatigue in metals, Palmgren's assumptiions are the most obvious ones
to be made, One might well ask how many times the assumptions were made independently afterwards, Well-
known is the publication of Miner in 1945 (Ref.132) and curiously enough less well-known is the earlier
publication by Langer (Ref.133) in the same journal, The assumptions were also independently made in a
Dutch publization in 1940 by Biezeno and Koch (Ref.134).

Langer should be especially quoted, since he already made the refinement to divide th> life into a crack

nucleation period and a crack propagation period, langer suggested
[ " ' .
Yal/u =1 and quﬂﬂ- 1 (5.2)

where n; and nl are numbers of cycles spent in the crack nucleation period and ‘he crack propagation
period, while N; and Nq are the corresponding crack nucleation life and crack propagation life, Obviously
the problem is how to define and to determine the moment that the first period terminates and the second
one starts, Langer's assumptions were also repeated, namely by Grover in 1960 (Ref,135) and by Manson

et al in 1966 (Ref.136).

In the literature, the Palmgren-Miner rule is aleo referred to as the linear cumulative damage rule,

Miner indeed assumed that the damage in a constant-amplitude test is a linear function of the number of
cycles, However, Bland and Putnam {Ref,137) in the discussion on Miner's paper, indicated that the
linearity was not required in order to obtain ¥ n/N = 1. It wae sufficient to assume that the damage
rate vas a function of n/N which is independent of the magnitude of the cyclic siress. Moreover, thease
authors emphasized that the material should be insensitive to load cycle sequences, A similar assumption
vas mede by Nishihara and Yamada (Ref.133) by stating that the degree of fatigue damage D was a function
of the cycle ratio n/N, independent of the stress amplitude (affine damage curves after Shanley, Kef,139):

Ne f (n/x) (5.3)

In reference 140 the present author argued that n/N = i ragquires that:
1 The fatigue damage 18 fully characterised by a single fatigue damage parameter D,

2 The damage D 18 indeed a single valued and monotonously i~creasing function of the cycle ratio n/N,
which 1s the same in any constant-amplitude test (stress independent after Kaechtie, Hef,141), Hence
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failure will always occur at ‘he same amount of damage,
A consequence of the first statement is that interaction effects will not exist., The second one implies
s n/N = 1 at failure,

S5¢3¢3 Incremental damage theories

Theories based on constant-amplitude data, ignoring sequence effects

Several objections nave been raised against the Palmgren-Miner rule, associated with interaction effects,
sequence effecte, damage due to cycles below the fatigue limit, favourable effect of positive peak loads,
etc,, vhich all lead to 3 n/N § 1, These effects have been illustrated in chapter 4. Moreover, irom a
physical point of view it appears incorrect to state that a single damage parameter can uniquely indicata
the state of fatigue damage. This has been discussed in chapter 3,

The short-comings of the Falmgren-Miner rule have stimulated several new theories which still yreserve
the idea of progressive damage accumulation and also the concept of summing damage increments cycle by

cycle, A survey of the theories is given in table 5,2,

It is not the purpose of this report to give a complete list and full details of all theories, Several
sureys have been given in the literature, see for instance references 47, 142, 143, A recent survey has
been given by O'Neill (Ref.144). It will be tried here to indicate essential features of the main groups
of theories, There are two important questions in this respect, see table 5.2. The first question is
whether the theory employs constant-amplitude fatigue data or variable-amplitude fatigue dat:., The
majority etill employs the first type of data. A second question is whether fatigue damage accumulation
is sensitive to variations of the load sequence.

The first group of theories to be mentioned is characterized by some kind of adjusted S-N curves,
Freudenthal and Heller (Refs,145,146) s*arted from the idea that damage increments ir a random load test

will be affected by stress interaction effects. They finally arrive at formulas which they call a

"quasi-linear rule of cumulative damage". Their failure criterion can be written as

n.
b 7—": el (5.4)

where the "interaction factor" w; is either constant or a simple function of Sai’ to be determined from
fatigue tests, It may also depend on the type of load spectrum, Equation (5.4) indeed implies the
appliciation of the Palmgrer-¥iner rule to adjusted S-N curves, Since these authors assume w > 1, the

curves are reduced life curvea,

Marsh (Ref,147) suggests to adopt a hypothetical S5-N curvs with a different slope and a lower fatigue
limit (80 X) as compared to the original curve. Ha recognises the problem of arriving at such an adjusted
curve 1n order to match the empirical data with I n/N‘ = 1, where N_ is derived from the adjusted curve.

Haibach (Ref,143) also allows for load cycles below the fatigue limit ty stating that the fatigue limit
is continuously decreasing &s a result of increasing fatigue damage., For random and program loading his
analytical evaluation is equivalent to applying I n/N = 1 to a S-N curve, which is adjusted below the
fatigne limit only, see figure 5.1,

Henry (Ref,149) assumes that fatigue damage may be described as a notch in the material which will
proportionally lower the 5-N curve over tha entire stress range. A darage i.cremen’ is an incremental

shift of the 5-N curve,

smith (Ref,45) suggested that I "1/N1 « 1 could not be valid for a program test because residual stresses
introduced at the higher ampiitudes affected the damage accumulation at the lower stress amplitudes, He
therefore proposed that N 1in the Palmgren-Miner rule should be replaced by the fatigue life of the
spucimen preloaded to the muximum stress occurring in the prograx test, The preloading should induce the

same residual strese bein: present in the program test, This presumes that a relaxation of the residual




stress will not ocour,

In later publications (Refs,150,151) Smith propossd two other theories, In the "linear sirain theory"

it is assumed that the strain at the root of the notch will be Kt' nominal’ also after local plastic
deformation, With the aid of a stress-strain curve the residua’ siress at the root of the notch may then
be determined. The stress at the root of the notch is then S = Kt'snominal + sreuidual‘ Fmploying this
siress=value, corresponding N-values are obtained from unnotched 5-N curves for different R-values, These
N-values are ueed for the Palmgren-Miner rule.

The second theory ("'Smith method”) starts from the idea that the maximum stress at the root of & notch in
a program test will be of the order of the yield stress, provided local plastic deformation occurs., The
residual strese is now determined indirectly from a constant-amplitude test on the component, tested at
the maximum load cycle to be applied in the variable-amplitude test, The fatigue life obtainsd in this
test and the assumption sbout 5 . at the root of the notch in conjunction with the unnotched S-N data,
will then indicate the applicable R-value and hence 5 . at the root of the nctch. This is sufficient for
determining the complete stress history at the root of the notch Zor the variable-amplitude test,
Knowledge of the Kt-vulue is not required, Again the Palmgren-Miner rule and the unnotched fatigue data
are used for the life calculation.

In both proposals Smith has assumed that the material at the root of the notch behaves slastically after
the residual stress has been introduced by plastic deformation induced by the maximum load cycle,
Secondly, a relaxation of the residual stress should not occur, Since he adnpts the Paimgren-Miner rule
sequence effects are ignored,

Several authors were reasoning that damage accumulation is progrsssive crack growth, Shanley (Ref.139)
assumes an exponential creck growth law for each constant-amplitude test:

4
Q -aq e €t (5+5)

where a, f and © are constants and n is the number of cycles. Failure should occur ai a constant crack
length Ec independent of the cyclic stiress

R

AR (5.58)

Damage accumulation was assumed to be the summing of creck length incremen*s without interaction effects.
Equation (5.5) and (5.5a) can be written as
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20, - (B fe) (5.6)

which is of the type of equation (5.3). Consequently, Shanley's formulas imply the validity of the
Palmgren-Miner rule, More commentis on Shanley's formulae are given in reference 18.

Valluri (Ref.23) alsc adopted the idea thai damage accumulation was a cumulative process of crauk growth
increments without interaction effects, However, he stated that the crack length at failure was depending
on the highest siress amplitude applied, see section 3,3, Since the N-values in Y n/N « 1 are 1n lact
related to different amounts of cracking depending on the stress cycle, Valluri doss not arrive at the
Palmgren-Niner rule,

Corten end Dolan (n.r.152) included interaction effects in their crack propagation councept. They poatulat-
od that in a program test the maximum load cycle will be decisive for the initial damage, since it will
determine the number of loci st which crack growth wili atart., After this number has been established
crack growth is again assumad to be a ocumulative p-ocess without any 1ateraction. For a progrem test they
arrive at the formuls
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where Ng is the program fatigue life, 3‘1 is the maximum stress amplitude with the corresponding constant-
amplitude fatigue life Ny, a; is the percentage of cycles applied at amplitude S“ and d is a constant,
that should follow from tests, Since a; N_=n, equation (5.7) can be rewritten as:

(4 i
d
SRR ] 68)

Note the similarity with equation (5.4). Further, if the S-N relation could be written as Ni Sn-‘l -

constant, equation (5.8) reduces to the Palmgren-Niner rule,

In the last 10 years high-level low-cycle fatigue got wunoh attsntion, Many constant-strain aamplitude
tests were carried out involving large amounts of plastic strain. Ohji, Miller and Narin (Ref.153) have
suggested that the Palmgren-Niner rule should apply to variable-strain-asplitude tests. In this case ny
is the numbar of cycles with strain amplitude &y while Ni is the constant-strain ~mplitude fatigue 1life
asvcciated with €yt The same concept has recently been adopted by Dowling (Ref.129), but he first splits
up the life in a nucleation period and a propagedion period, similar to Langer's treatment, see section
5.3.2.

Inciemental damage theories based on constant-amplitude data, inocluding vequence effecte

For several yeurs sequence effectis wers almost sxclusively attridbuted to residual stresses only, these
stresses being caused by lockl plastic yielding at the root of & notck or the tip of & orack, Consequent-
1y a theory predicting sequence effects should include the evaluation of the residual stresses during a
variable-amplitude test.Presently available theories are deriving residusl stresses from the strain-
history at the root of a notch, This work was started by Crews and Hardrath (Refa.52,5)) as disoussed in

section 4.5.

A fow theories for life calculations employing the above concept have now been published. The basic line
of reasoning includes the following steps:

-

1 The starting data are: a The load-time history, b the material and ¢ the geometiry of the specimen.
2 The second step consists of calculating the strain history and the stress history for the fatigue
critical location of the apecimen. For a notcned specimen this is the root of the notch, The atrain
history will include plastic stiains and the stress hiatory will include the local residusl stress.

1 The strain history or the stress history celculated in the previous step is split up into individual
cycles., Each vycle is assumed to cause a damage increment AD equal to 1/N, where N is the corresponding
constant-amplitude life, The failure criterior is again X AD = 1.

The eecond siep is a difficult issue. The atrain history may be measured and the stireas history may then
be derived froe the strain history by additicnal %esting. This was diwcussed in section 4.5, ses also
figura 4.3, Howsver, a 1ife caloulation theory requires thai these data bs cbtained by means of caloula-
tion rather than experiment., Morrow and co-workers (Refs.%1,154,155) at the University of Illinois are
working on this topic, They adopt ths Neuler equation, relsting the sirsas and the strain at the root of

the nntch by:
2

‘a . “ - ‘1 (5-9)
wher” Ka is the streass concentlation factor including plasticity, K‘ is the strain concentration factor,
also .n: luding plastic strain, and l,‘ is the well-known stress concentration fector for elastic behaviour,
Equation (5.9) seems o bs satisfactorily rubstantiated., Morrow et al. then adopt the oyclic strees-
strain bebaviour froa unnotched material. Por aluminium alloys shis appeazrs to be justified by the obser-
vation that the stress-strain hystereais loop rapidly stadilises, also after s charge of asplitude, The
strain history and stress history can then be calculated. Norrov et ol. also cerried out test series to
check the theory and the data reported loak promising. The evaluation of this concept is still not yet
complete and further work is going on,

Impellisxerr: (Rer.156) has been reasoning slong similar lines. Mowsver, since results as showm in

figure 4,9,iadicate a relaxation of residual etress, he introduces the relaxat.oa into his calculatioa.
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The rate of change of residual stress & S /dn  in each cycle is assumed to be equal to:

ros.

d srol. - 5 SR
8 Sres. %R S

yield

where Sr.'. 1& the residual stress, & and SR are the applied strain and stress range at the root of the
notch, and "a" is an empirically determined conetant of proportionality, With a computer progras
Impellizserri has treated program fatigue test data from NLR, NASA and hic own duata. He found a very good
agreement. In a recent publication (lief,157) Martin, Topper and Sinclair also introduced stress relaxa-
tion. Moreover, their stress-wtrain model also allows cyclic strain hardening or softening to be account-

ed for, Agreement with low-“vcle variable-amplitude data was good.

With respect to the third step, both Morrow st al., Martin et al., and Impellizgerri adopt n/N -1,
Morrow and Martin prefer constant-strain amplitude dats whereas Impellizzerri employs constant-stress
amplitude data. In fact, the former are mainly working in the low-cycle fatigue range whereas
Impellizgerri applies Lis calculations io high-cycle fatigue data,

One difficulty in calculating I n/N may still be mentioned here, For a variable-amplitude loading, a
load-time bistory in general will not consist of a sequence »f complete load cycles. This also applies

to the stress and strain history st the root of a notch if 1esidval stresses ars included. The definition

¢f nin ¥ n/N then bacomes a problem, This issue is discusied in section 6,2,

Incremental damage theories based on varisble-amplitude data, ignoring sequence effecis

In the Palmgren-Miner rule I n/N = 1, the values of N are derived from corstant-amplitude fatigue data,
However, it is also possible to adopt variable-amplitude fetigue data for thim purpose. Gacsner (Ref.158)
proposed to uee program fatigue test data while Kirkby ard Edwards (Ref.99) suggested to adopt narrow-
band random load fatigue data. The basic idea comprises the following steps:

1 A load spectrum for a variable-amplitude test should be standardized.

2 Variable-amplitude tests with this load spectrum should be carried out for different intensities of
the load spectrum, The resulis can be plotted as S'- N' curves, where 5' is a stress value characterizing
the intensity of the load spectrum and N' is the fatigue life in cycles obtained in the variable-ampli-
tude tests.

3 An arbitrary load spectrum can now be decomposed into the sum of a number of the standardized load

spectra, If n; is the number of cycles of the spectrum characterized by S; the failure criterion is

v2iog (5.10)

The procedure is 1llustrated by figure 5,2 for narrow-band random load fatigue data, although the
principle is essentially the same for program fatigue test data (Ref,159). In a narrow-band random load
test, the load spectrum of the stress peaks :s in accordance with a Rayi~igh distribution. This distribu-
tion is the standardized load spectrum mentioned 1n step 1| ubove, The characteristic stress value s' ia
most conveniently taken as the rooi-maan-square value Srm, of the variahble stress. Kirkby and rdwards
carried out tests on lug specimens and ihe results have bean plotted in figure 5.2a (step 2), In sub-

sequent tests, the Sr was varied periodically, see figure 5. b. This was done in such a way thai the

sum of the three npec::n A, B and C wae approximately similar to a gust spectrum (step }). In cther words,
the gust spectrum can be decomposed into the three spectra A, b and ( all obeying a Rayleigh distribution.
For the tests in figure 5.2b, botn X n'/N' and the clussical ¥ n/N values were calculated, moe figure
S.2d. From these results the authors drew the followiag concliusions:

& Dumage calculations according to the proposed methcd (L n'/N') gave resulta wsuperior to the classic-
al Palmgren-Miner X n/N values, 1.e. the values were devia'ing less frca 1,

b The n'/N' values astill deviate considerably from 1,

As shown in figure 5.2b, the Srm. value was progrumemsd in a lLo-Hi sequency, However, woms tests carried

out in & Hi-Lo sequence gave similar fatigue lives. It should be noted that the calcwiation of n' A

sti1ll 1gnores the sequence.
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Kirkby and Edwards also performed some tests Irom which the most severe step C was omitted., As mentioned
in chapter 4, this reduced the life 2,5 times, Unfortunatsly also thy I n'/N' value was considerably
affectad, see fig.5.2d, This implies that tha new ccncept in this case does not well account for the
chenge in lcad spectrum,

5¢3.,4 The eimilarity approach

The similarity apprcach based on stress

In section 5.3.1 the similarity approach was defined as the conception that similar loading conditions at
the fatigue c¢ritical locaticns in iwo different specimens of the same material should produce similar
fatigue results, This concept is easily illusirated by referring to the notch effect under constant-
amplitude loading.

Compare a notched and an unnotched specimen, If the cyclic stress at the root of the noich is the same es
in the unnotched specimen, the same fatigue life may be expected. This had led to the well known I(f- Kt
relation, where Kf i@ the fatigue sirength reduction factor and Kt is the thuoretical stress concentra-
tion factor assuming elastic behaviour. The shortcomings of this relation are slso well recngnised. Part
of ihem wre due to plasticity effects and another part may be attributed to differences betwsen the
voluses of highly stressed material {stress graiient effect). Actually, these arguments imply that the
conditiont at ihe fatigue critical locations were not really the same.

With respact to plasticity effects an improvement was the work of Crews and Hardrath, &nd Morrow et al,
mentioned bofore. Hy accounting for the plastic deformation at the root of the notch, the cyclic stress
at that location could be deacribed more accurately, This cyclic stiress was again compared with the same

stress in an unnoiched element.

For juints and other complicaied componente, Kt values are usually unknown, For such cases effectivs

stress concentration factors, l(“.f have bsen adopted in the literature., A survey was given by Schlts

{Ref.115). The background is in fact a similarity approach. I* is assumed tha* a component to which a
certain l(.ff-valne applies, will show the same fatigue 1ifa as & simple noiched specimen for which the
Kt-vnlua is equal to K.“. This should be valid for any cyclic stress, The empirical determination of
K
simple notched specimens with a sufficient range of K‘-valun.

off for a certair component should therefore be made by comparative testing of the component and of

Obviously the conception again ignores the effec:is of sisze and plasticity. Moreover, the fact that differ-
ent components may exhibit intersecting S-N curves, see figure 7.2, is not easily reconciled with this
K.“. nsoncept, It requires that for a comporeni baving a lower l(“.f than another component, the S5-N curve
should be superior at all stress amplitudes,

The K rr conception need not be restricted to constant-amplitude loading conditions. Gassner and Schilts
(Ref,159} have proposed the application to the results of progras fatigus itests, They performed numerous
tests of this iype on 2024-T3 specimens with a range of [‘-valuu. They suggest to use the data [or
estimeting the program fatigue life of a component by assuming some K."-vuluo for the component. The life
is then obtained by interpolation between the specimen data for adjaceat Kt-nluu.

The similarity approach based on strain

The wimilarity approach based on strain was adopted in the measurements described in section 4.5, nee
alsc figure 4,8, The assumpti-n made was that similar strein history, i.e. at the root of a notoh and in
an unnotched specimen, should produce similar stress histories, Anotber sssusption is that similar straun
histories should also product similar fatigue lives,

For practical application the similerity approach based on strain is not yet easily used. The strein
history has to be either measured or calculsted. Subsequently, life data for a similar khistory if nc*
available, should be datermined empirically.




The similarity acprosch for crack propsgation

The spplication »f the stress intensity factor K to the correlation of fatigue crack propagation data is
s mcst outstanding example of the simiiarity approach.
The stress distribution arcund the tip of crack can be written in the following form (Ref.160)
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S is the nocainal streus on the specimen, E is the orack lengtr «nd r snd @ are polar co-ordinates, The
geometry of the specimen is accounted for by the non-dimensional constant C., It chould be pointed out
that equation (5.11) is essenticlly a sclution for lineariszed elasticity., Moreover it is assymptotically
valid only for small values of r/ Q , that means for the orack tip region., Further, diiferent values of
tu(e') apply tc the turee crack opening modes, It is sufficient here to consider only the tension opening
mode (tensile mode, 90° mode in £ig.2.4).

Equation (5.11) can be written ar

SU -

== (8) (5.12)

with the stress intensity factor K « C sV1 (5.13)
Bpution {5,12) implies that the stress distribution at the crack tip is fully determined by K.

The similarity approach can now be defined. Compare two different specimens,with different geometry,
crack length and loading stress, bui the same stress intensity factor. Then the stress distribution at
the orack tip according to equation (%.12) will be the rame, For a cyclic stress, Paris et al. (Refs.161,
162) proposed that equal K-vaiues should imply equal crack propagation rates, and consequently the crack
rate should be a unique function of the stress intensity factor

:—,—f = f (k) (5.14)

4 oyclic stress is determined by two of the quantities Sm. Sum, S‘, S-. The ratios batween these
quantities are constant for fatigue tesis with a constant stress ratio R (= )e Hence it whould

be axpeocted (Ref.163) that f (K) in equation (5.14) is dependent on Ri

Snin/ snx

g = Ip(K) (5415)

There is now abundant evidence from constant-amplitude tesis confirming the applicability of

squation (5.15). TLe similarity approach here implies that orack growth in a certain type of specimen
can be predicted from relation (5.15) determined empirically on another type of specimen, The latter may
be & simple sheet specimen,

Available data mainly comes from macrocrack growth observations. It was stimulating to see, however, that
the concept war still applicable to corner cracks in different 2024-T3 specimens with sizes as amall as
De 0,2 mm, see figure 5,3, Nevertheless, there should te a lower limit to the validity of the K concept,
which implies that it cannot be used in the crack nucleation period (Ref,163).

Limitations should also be expected from other arguments. The K-value is essentially an elastic concep-
tion, whereas fatigue crack propagation is due to cyclic plastic strain. If the plastic sone is amall,
an compared to the region whers equation (5.12) is still approximstely valid, the streams intensity
factor may also be a charsctsristic value Jor the wumount of plasticity in the small plastic sone.
Howsver, for large plastic sones the validity of equation (5.15) sbould get lost. Nevertheless, 1t 1s
surprising to ses that crack rates at fairly high values of stress and orack length could still be
correlated by K, despite the fact that the trsnsiticn from a 90°—nodo crack to a 45°-lodo crack bad
ooourred already.
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dnother stimulus was offered by comparing resulis of two differanily loaded specimens, see figure 5.4
(Ref.164)., One specimen was siressed at the ends, wherass the cther speciren was loaded at the opposite
edges of the crack, For crack growth under consiant-umplitude loading this implies that K will increase
in the former specimen, whereas K will decrease in the latter one, Gee figura 5.4%. This is clearly con-
firmed by the two crack propagation curves shown in figure Y.4a. Neveriheless, the two types of specimen
loading produced the same dg/dn-l( relation, 88 illustrated by figure 5,4c,

The crack rate in each cycle of a variable-amplitude test could be drawn from equation (5.15), that means
from data obtained in constant-amplitude iests, However, this is only allowsd if there ure no interaction
effects, Since there are such effects this procedure cannct be valid, vrack growth delays, ao dircussed
in chapter 3, amply illustrate this point.

The similarity approach could still be applied to variable-smplitude tests Ly comparing crack rate data
obtained in different varisole-amplitude tests. Paris (Ref,162) suggeated that K should be applicable to
random load tests if 5, is substituted in equation (5.13). Limited evidence available (Refs,165-167)
seems to confirm this viewpoint. A recent NLR test program is concerned with crack propagation under
flight-simulation loading (Ref,64) with the design stress level as a variable, It was tried to oorrslate
the daia for different design stresses with the stress intensity faclor. Uafortunately the attempt was
unsuccessful. In fact the similarity approach is not satiafied by simiiar K-values alons in order to
predict similar crack rates, A second requirement should be that “he crack tip regions should have gone
through similar K-histories. In general the two reguirements are incompatible. For constant.amplitude
tests, the zecond requirement apparently is not important. It may be rore important for variable-amplitude
tests dus to interaction effects, Further investigations are required to sslve this problam, It would
indeed be of practical signitficance if the K-concept cculd be applied to random loading and flight-simula-
tion loading,

93,5 Interpolation methods

Interpolation, extrapolation and generalisation of erpiricel trends may be illustrated by ¢ome propoeal
nade Ly Gassner and Schiitz in reference 159. The type of information employed has already been discussed
in section 4.14. Figure 5.5a is illuetrating equation (4.1) oace again, The relation can be written as:

log N' + a log S.,rux “«C (5.16)

where N' is the program fatigue life, s"m is the maximun stress amplitude of the standardized load
spectrum applied in the iest and . is a constari, This linear relation was confirmed by many tests. From

a graph as given in figure 5,5a, the program fatigue life can be read for any value of Sa,ux‘ either by
interpolasion or extrapolation, Usually the slope factor « had & value in the crder of 6,

In figure 5.5b the slope of figure 5.5 has bean adopied to draw the line through a siagle available data
point, Obviously, this im a generalisation of an empirical irend.

The effect of the shape of the loaa spestrum hus also bsen mentioned in sectiun 4.14. Results from Cassner's
group for four different shapes shown in figure 5,5¢, (spevtrum D is a oconstant-amplitude loading)

produced a curvo as plotted in figure 5.5d. Curves shown in figure 5,54 can now be adjusted to another

load spectrum by generalizing the applicebility of figure 5.5d (Ref.159). If figure 5.5a is valid for spec-
trum A, it can be adjusted to spectrum B by sultiplying the N' values with a life reduction factor H'B/N"
drawn from figurs 5,5d. This implies a horizontal shift of the ouive over a distance log "1'; - log NA '
wvhile the slope remains the same, This is anothexr case of genaralising wn empirical trend,

Employlng empirical trends is similar to applying past experisnce. It is betier justified if more experience
is available, It is yully justified only Lf the tr+.~ is obeying a recognised physical law, Unfortunately
such laws are not yst established for fatigue, The quality of the results ohtained will therefore depend

on the amoun® of available information and ths perasonal ability of interpreting and judging the validizy

of the date,
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The comparison between the rewults of random load tests and program testis, as discussed in section 4,12,

is an example where generaliging irende is apparently unjustified, Trends indicated hy one iype of iests

|
|
i
|
|

are not necessarily valid for the other type of itesting, For Flight-simulation tesis the irends may
again be different, at least quantitatively, In fact figure 4,29 is slready illustrating tkis point.

Obviously, ihe safe way or handling available information is to interpolate between data rather than to
extrapolate duta by generalizing empirical trends. For the purpose of making life eatimaies, interpola-
tion will produce only relevant information if we ptart from realistic test data. It is now believed that
tho most realistic data should come frow flight-simulation testis. As & consequence of thie position, the
present author in references 64 and 96 has proposed the following concept, which might be labellad as
the "flight-simulatinn interpolation method". in order in avoid extrapviation extensive data obizined in
flight-simulation tests should be compiled. The data should scver the main variables of this type of
testing. Life estimates can then be made by in‘erpolation. The following test program was proposed:
Randcm flight-simulation tests for a ceriain structural material shoull be carried out, including the
following varisbles:

& Specimens. Representative riveted and bolted joints should be used,

b Shape of load spectrum, Some typical shepes should be used, for inatance represc;uting gust spectra
and manoeuvre spectra,

¢ Design siress level. Some values should be adopted in order to study the effect of the stress levsl
in & similar way as Gassner has done for progrer tests,

d Ground-to-air c¢ycle. The number and the magnitude may be varied,

Taking for example four cases for eack item a-d th:s would imply 44 = 256 test oconditions if all possible
combinations are made.

Evidently it is a large test program, but it would serve more than one purpose, Firstly, the data could
indeed be used in the design stage for making life estimates by interpolation betwesn the data. Secondly,
the results would reveal the effacts of several variables under flight-eimulation conditions, which are
not well known up to fow. Thirdly, withcut actually having to design a standardized test one could use
the data as a standard for comparison when checking the fatigue quality of a new component. & handbook
with this type of data could be extended from time to tiwme,

Of course the above flight-simulation interpolation wethod will not exclude all extrapolations, mainly
because the geometry of an actual component will deviate from ihose of the specimens tested. However,

soma aiditional flight-simulation tests on the actual component may indicate the applicability cf the

svailatle data, Moreover, this will add to the compilation of flight-simulation test data,

5.4 Evsluation of the theories

In the introduction of this chapter the quistion was asked whether one of the proposed theories could

account in a realiztic way ror the trends described in chapter 4. Actually, if one of *the theories could

do so the present repcrt wruld not have been prepared, Nevartheless, some theories can account for one

or a few trends Lecause thess theories wers based on those trends. The principal question now is:

¢ A

vhat do we expect from a thoory, which requirements should it satisfy, which questions should it answer,

e

accepting the fact that it will be unable to answer all questions.
There are two diffsrent approachss to this question, the physical one and the practical one, With respect

gt

to the first approsch it 1s iamportant that the theory has a physical base which appears to be sound
rather than speculutive, The theory as a physical model saoculd be in sgreement with the phanomenclogical
observaticns on crack nucleation and crack growth. The agreement may be qualitative, out anyhow the model
' should make s~nse,
‘ With vespect to the practical approact the question is whether a theory can zZive reasonable answers to
life prediction probleas as they occvr in aircraft design or in service,
The two approachus are specified in some more detail by a number of questions listed in the table 5.3,

Nors questions could easily be formulated, but those in the table are pertinent ones for a discussion on

tre significance of the iheories presented in the previous sections,
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5.4.17 Physical significance of the theories

Most incremental damage theories in table 5.2 ignore the existence of orack nucleation and crack growth
and for that reason these theories are to be labelled as non-phymical, In fact most theories ignore all
aspects a-d from table 5,3,

Fatigue damage in some theories (Shanley, Valluri and Corten and Dolan), is associated with a fatigue
orack, while the accumulation of damage is then similar to crack growth, However, these theories do not
explain such simple sequence effects as illustrated in figures 3,3, 4.4 and 4,14, The effect of single
overloads may be qualitatively explained by Elber's argument, which is the plastic deformation left in
the wake of the crack., Recently Von Euw showed this argument to be applicable (mee sestion 3.2), However,
a quantitative treatment of the delay has not- yet been achieved. This would require tae solution of

extremely difficult problems related to cyclic stress-strain distributions around oracks,

A residual stress concept was introduced by Smith in a simplistic way. A more advanced approach is the
prediction of stress stirain histories at the root of a notch (Crews and Hardrath, Jo Dean Morrow et al,,
Impellisserri), This is indeed a refinement of the description of the load history at the fatigue critic-
al location which then appears to be sensitive to load sequences, The effect of high preloads on the
fatigue life of notched elements are well predicted by this approach, However, for more complex sequences
the translation of the stress-strain history into fatigue lives is just another problem.

Acccrding to the incremental damage theories, the damage increment per cycle AD equals 1/N, if N is the
constant-amplitude life associated with the magnitude of the individual strain cycles or stress cycles,
The N-value is derived from adjusted S-N curves in some theories., From a physical point of view, AD = 1/N
is at most "plausible" but in fact it is pure speculation, It also implies that interaction effects on the
damage accumulation are accounted for only by adopting the real siress-strain history at the root of tne
notch, which includes residual stress, Other interaction effects and damage paramsters as outlined in
chapter 3 are ignored. Moreover, the nucleation and the growth of cracks do n.t form a part of these

theories,

In conclusion it has to be admitted that available theories are physically speaking rather incomplete and
hence fairly primitive. The complexity of fatigue damage accumulation as a physical phenomenon is much
better recognized than in the early days, At the same time this offers tremendous problems for postulat-

ing & quantitative physical theory.

5.4.2 Practical significance of the theories

If a life prediction is made for a practical problem, the reliability of the result may be limited for
several reasons, These reasons are only partly associated with the validity of the cumulative damage rule,
adopted, as will be discussed in chaptér 6, Here the discussion is restricted to the cumulative damage
theory itself and the fatigue data required for itms applicatiom.

The majority of the incremental damsge theories are based on consiant amplituds data, see table 5.2.
Frequently, 1t 1s tacitiy assumed tbat these data are available or can easily be estimated, Since pract-
1cal questions are associated with components and joints, this is incorrect. Moreover, an empirical
determination of S-N data of joints is ususlly costly and time consuming. Apparently, the S-N data ars a
weak link 1n the application of the incremeantal damage theories, Nore comments on this sspect are given

in chapter 6.

Prediction of fatigue life until visible cracks (topic ¢!, table 5.3)

Kost theories do not pay much attentior to tie definition of the end of the fatigue life. In general it
should be understood to be the iife until a vieible crack is preaent, or the life until complete failure
of a small ccmponent. It 18 not realistic to consider the life until complete failure of the entire
aircraft structure, unless 1t 1s a safe-life structure. In a fail-safe structure the propagation of the

visible crack should be treated separately.
Assuming that 5-N data are available, ihe Palmgren-Miner rule is the most simple rule to be used., Many
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investigations were carried out to check the validity of the rule and considerable deviations were found,
Although the deviations do not show a clear pattern, it may be said that most values of ¥ n/N < 1 were
found for gero mean stress and for unnotched material (Ref,168). For positive mean stress and noiched
elements, quite a lot of 3 n/N values are in the range 0,5 - 2,0 (Refs,168,169), It was concluded else-
where (Ref.78) that the Palmgren-Miner rule in many practical applications will be good enough for a
rough life eatimation, provided realistic S-N data are available,

If unconservative estimatee have to be feared, for instance in case of gero mean siress or many cycles
below the fatigue limit, the application of the Palmgren-kiner rule to an adjusted S.N curve, such as
proposed by Haibach (see figure 5.1), may be recommended. For the combination of flight loads with GTAC
some conservatism could be added by simply starting from £ n/N = 0,5,

A comparison between a number of incremental damage theories was made by several authors (Refs.47,142,170).
In general the conclusion was that it is hard to prefer one of the rules to the Palmgren-Miner rule,

Better predictions were sometimes found by the Corten-Dolan theory if the constant "d' in equation (5.7)
could be adapted to the test results, Actually, a more accurate validity for practical loading conditions
until now, cannot be claimed by any of the incremental dumage theories based on constant-amplitude fatigue
data,

It may be expected that theories based on stress-sirain histories at the root of a notch have the potenmtial-
ity to give more accurate life predictions, This is thought to be irue because they may account for
residual stress effects, which probably play an important part in fatigue damage accumulation, Even relax-
ation of residual stress could be incorporated. Results published by Impellizgerri look promising but a
wider exploration is required before definite conclusions can be drawn. One improvement of the situation
may be wentioned here, Present computers allow damage calculations to be made from cycle to cycle, even

if the tutal life is & high number of cycles.

Another improvement, ss compared to the Palmgren-Miner rule, appears to be obtained by the procedures
proposed by Gassner and by Kirkby and Edwards ( I n'/N' = 1). Also here a general validiiy will probably
not upply. Similar to the application ofthe Palmgren-Miner rule, the availability of relevant fatigue
curves {S'- N' dats) may be a problem. Moreover, the advantage of these procedures may be weakened by the
problem of how to account for deterministiz loads such as the ground-to-air cycles. The most logical con-
sequence then appesars to be to start from data obtained in flight-simulation tests., This is the proposal
discussed in section 5.3.5. The purpose is indeed to minimige extrapolation as far as possible. More

comments are given in chapter 6.

Prediction of macro-crack propagation (topic e2, table 5¢3)

The most logical approach appears to be an estimation by employing the stress-intensity factor. A crack
growth curve may be calculated by integrating AQ for each cycle, where o) is derived from

dg./dn - fp (K) (Eq.5.15) a8 obtained in constant amplitude tests, Interaction effects are ignored by
this procedure and sinoce such effecti are predominantly favourable to macro-crack growth, a conservative
result wil, be obtained, Moreover, it will be necessary to calculate K-values for the structure as a
function of orack length. The relevanie of this procedure was recently proven (Refs.171,172) for cracke
in stiffened panels. A good agresment between prediction and test results (constant-amplitude louding)
was found. More comments on predicting crack growth are made in section 6.4.

Complicated sequence effects {topic f, tatte 5.3)

In section 4,13 it was indicated that a change of the load sequence in a flight-simulation teat probably
had & small effect on life only, This is a convenient trend because almost all incremental damage theories
do not account for different sequences, The exceptions are theories baced on etress stirain histories which,

however, are not yet sufficiently checked for practical load histories,

Effect of a change of the load spectrum (topic g, table 5.3)
If an sircraft is used for two different missions, two differeat load speotra will apply. It is a practic-

al question to ask how the fatigue lives associated with theae missions will cospare, A similar probdblea
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nsocurs if the service load spectrum turns out to be different from the load spectrum adopted in design
calculations and full-scale fatigue tests,

If the lives for load spectra A and B are L‘ and LB respectively, the ratio LJ"‘A may be caloulated by
means of the Palmgren-Miner rule, It is sometimes suggested that the invalidity of the rule, which could
leaw to misleading values of both L, and LB' would have a smaller effect on the acouracy of the caloula-
ted ratio Ly/L,. This euggestion is unjustiied.

Although the rule may give rough life estimates it is in fact unable to give indications of the damage
contributions of the verious load amplitudes Sg;. Some may be larger than ni/"i' others may he smaller.
If the modification of the load spectrum is in s range of S.-vnlun, where ni/"i gives a false ind.ca-
tion of the damage contribution, the ratio LH/LA will also be a false indication.

Ths so-called "level of maximum damage’, was defined in reference 173 (see also Ref.168) as the load 1
.wplitude of a load speotrum giving the largest contribution to £ "1/“1‘ However, it is far from sure
tast it will indeed give the largest contribution. All the misleading suggestions tacitly assumed the
absence of interaction effects, which do exist, however,

Some simple examples of misleading indications were discussed in chapter 4. If a gust spectrum is changed

by having some more high-amplitude cycles the Palmgren-Miner rule predicts a slightly shorter life. In
reality the life may he much longer. A second simple example is offered by modifying the spectrum in the
low-amplitude range. According to the Palmgren-Miner rule this will have no effect at all, contrary to
test results,

Unfortunately, the fact that the Palmgren-Niner rule is unreliable to account for modifications of the
load spectrum, also applies to the other incremental damage theories. The only way out is testing, that
eans comparative flight-simulation tests with different load spectra. Once again we arrive at the
proposal for systematic flight-simulation tests made in section 5.3.5. Curves similar to the curve in
figure 5.5d, determined by Gassaner and co-workers for prograa fatigue tests, would be required.

Effect of a few high-amplitude cycles (topic h, table 5.3)
Aocording to most theories the effect of a few high-amplitude cycles will be negligible, whereas in

reality it may be very large, Theories including a residual siress concept iry to account for the effect
of a few high-amplitude cycles, This applies io the Smith theory and the theories based on the strain-
history at the fatigue critisal location, As said befors, a satiafactory solution has not yet been ob-
tained but a further exploration is certainly worthwhile.

Effect of many low-smplitude cycles (topic j, table 5.3)
If low-amplitude cycles are below a fatigue limit, most incremental damege theories will predict these

cycles to be non-damaging., The exceptions are the theories that include a reduced fatigue limit.
Unfortunately these thoories do not account for the effect of a few high-amplitude cycles,

In susmary

With respect to making life estimates, a theory that is distinctly superior to the Paimgren-Kiner rule,

is not available, Secondly, a life estimate obtzined with the Palmgren-Miner rule is a rough life
estimate only. Its accuracy is not only dependent on deviations from the rule but also on the reliability
of the S-N curves used, Thirdly, for the purpose of estimating the effect of modifications of the load
spectrum the Palmgren-Miner rule is unreliable, The same applies to the other rules,

There is some prospect for the thsories based on stiress-sirairc histories at the fatigue critical locations,
but & further evaluation and empirical checking is necessary.

Until .ow most theorics had the character of incremental damage theories. The similarity approach, in
principle, 1s a fully justified approach, but unfortunately there are still considersble limitations,

The K.".-uthod being the most prominent exponent for life estimates is not satisfactory. For crack
propagation, the siress-intensity factor 1s successful for constanti-amplitude tests, Theie are indications
that the stress-intensity factor will not work for service load-time hisiory, but s further exploration
is desirable,

The interpolation approach will probably give the most accurate life predictions, provided that it can be
based on realis’'c flight-sisulation tests data, Such data are still largely to bs collected.,
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6. ESTIMATING FATIGUE PROPERTIES AS A DESIGN PROBI. Ed

6.1 Survey of aircraft fatigue problems

A large variety of empirical trends has been reported in chapter 4. Cumulative damage theories have }een
discussed in chapter 5 and 1t has to be admitted taat the picture of theories, in view of explaining the
empirical trends, is not a bright one, There 18 some qualitative understanding of the trends, but tae
Fossibilities for quantitative predictions is still rather limited as yet,

It should now be analysed how this affects the determination of fatigue properties of aircraft siructures,
both in the design stage and later on, It cannot be the purpose of this report tc discuss all aspects

of fatigue in aircraft structures. It is sufficient here to list the most prominent aspects and this
has been done in table 6.1 drawn from reference 78. The list 18 not neceesariiy complete, but sufficient
for the present analysis, It is important to note that there are three phases in the history of an air-
ocraft, namely, the dewign phase, the construction of the first aircraft and the performance of test
‘.ights, and firally, the utllisaticn of the &ircraft in service.

In the first phase the designer has to stert with the actual design work, including general lay-out of
the structure, joints, detail design specification of the materials, etc, He then has to estimate the
fatigue performance of the structure, which broadly ocutlined involves the steps indicated in table 6,2,

The description of the fatigue environment is a complex prohlem, not only because ii involves a good
deal of guesswork but aleo in viet of the large variety of aspects. This is illustrated by table 6,3.
Several topics i1n the table will be briefly touched upon when discussing the merits of life calculations
and fatigue tests,

The second step of table 6.2 includes ths dynamic responss of the structure to arrive at ihe fatigue
loads in the stiructure, A modern trend in this area 1s the application of power spectral density (PSD)
methods, The calculation of the fatigue loads in the structure is beyond the scope of this paper, but
it has to be said that the aircraft response may be a significant source of uncertainties, It can be
partly circumvented by direct load measurements in flight,

The last step in table 6.2 is concerned with the estimation of fatigue lives and crack propagation. In
the present chapter comments will be made on the statistical description of service load-time histories
(Sec.6.2), while the protlem of estimating fatigue lives and crack propagation data is dealt with ia the
remainder cf the chapter, Asmpects of testing procedures, in order to get relevant information, sre dis-
cussed in chapter 7.

6.2 The description of the service load-time history

In general service load-time histories are described by atatistical means. There are two different
approaches, namely:

1, Counting methods

2, The power spectral density method .

Before making comments on these msthods some thought should be given to the definition of a load cycle,

Definition of a load cycle

In conatant-amplitude tests the fatigue life N 18 given ar a number of cycles until failure, In the
Palmgren-Miner rule, “1/Nx = 1, the meaning of n, alwso 1s a number of cycles applied at a certain
cyclic load, Mathematically it may seem attractice to define the size of the load cycle by specifying
its mean and smplitude, for instance S, and S, (F1g.6.18), However, considerins fatigue am a damaging
phenomenon in the material, the moments of reversing the loading direction are the more important
nilestones of .he load-time history., ln other words, ‘he load peaks, 1,e, @inima and marima, are the
characteristic occurrences of thc cyclic load, Consequently from a physical point of view it would be
bettexr to define a cycle by its minimum and maximum, see figure 6,1b. In order to complete the defini-

tion ¢" a lrad cycle it should be said that 1t consiets of a rising and a falling part, that means 1t
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consists of two half cycles. For the time being the loading rate will not be considered.

A few variable-amplitude load sequencas are given in figure 6,1 o-f, Figure 6.%c shows the case vhere
the amplitude is reduced, while maintaining the same minimum. The definition of load cycles 1-4 gives no
problem.

If the amplitude is reduced whila tho mean remains the same, this can be done in two ways, see figures
6.1d and e. Clearly enough cycle 3 in figure 6,14 and oyole 2 in figure 6.1c cannot be defined by a singls
value for Sm and smin' As shown by the empirinal trends in figure 4,14, the difference betwean the two
cases is not irrelevant for fatigue damage accumulation,

Another problem is illustrated by figure 6.1f, The small intermediate load fall BC implies an additional
maximum and minisum, Hence one might say that there are two cycles in this figure, although the material
from a damaging point of view will respond to it as a single cycle ALE, Comsidering the two gust load
records in figure 6,2 it will be clear that a definition of load cycles in these practical cames is far
from sixmple,

Counting methods
The aim of counting methods is to givo a statistical distribution of characteristic magnitudes of the

load-time histories. Whether useful data can be produced in this way will be discussed later, In the
following a survey of some counting methcds is given to illustrate the type of data obtained,
Characteristic occurrences of a load-time history adopted for counting may be either peaks, level
crossings or ranges., This has led to a variety of counting methods (Refs,174-176). Examles are illustrated
by figure 6.3, while a more complete list is given by Van Dijk (Ref.176).
In methods & and b peaks are counted. In ths second one only the most extreme peak between two mean-
crossings is counted. The purpose of this is to ignore smaller load variations which are thought to be
irrelevant to fatigue, The VGH records were svaluated with this pesk-between-mean crossings count method.
In method ¢ levea crossings are ocounted, One might assume that the number of maxima above a certain level
is equal to the number of crossings of tbat level (with positive slope). This, however, is incorrect
although it is approximately valid under certain conditions,
Method d is a variant of method ¢ invelving a second condition t¢ be met tefore a level-orossing count
is made, A level-crossing in the upward direction is counted only if the load has gone downwards to a
lower level, Thim eliminates level crossings from smaller load variations. The well-known Fatiguemeter
is operating according to this method.
In the simple range count method (Fig.6.3s), positive and negative ranges betwsen successive pesk values
are counted. The bamic idea is that ranges are more important for fatigue than the absolute peak values.
The range count method has one ssrious disadvantage. The counting result is axtremely sensitive to the
smallest load variations still to be considered, In figure 6.1f, the range AD will a0t be counted, but
instead of one large range three smaller ranges AB,BC and CD have to be counted,
With the range-pair exceedance count method, range exceedances are counted in pairs of equal magnitude
and opposite sign. The disadvantage of the range count method is thus eliminated.
Recently, De Jongs (Ref.1(7) proposed the NLR counting method (referred to as the range-pair-range oount
method by Van Dijk (Ref,176). This method is a further development and extension of the range-pair-
exceadance counting method. It alsu gives information on the mean of the range counted, This implies
that peak load levels can alao be derived from the counting result. Noreover, counts for a ralatively

11 time interval can be processsed separetely. As a consequence, the "mesm)ry" for pairing positive
and negative ranges has now been set to certain limits. Hence the method is thought to give more relevant
information from a fatigue damaging point of view as compared to previous methods, It should be noted
that the rain-flow counting method (Ref.129) can produce siamilar information as the NLR counting method.

The power spectral density ocoancept
The spplicatica of power spectral analysis to randomly varying loads, sspecially to gust loads, is being

explored to an sver-increasing extent. The sathematical frame work for application to random loads camnot
be dizcussed here. It may be found, for instance, in references }2-34,178. It is assumed that the extermal
load, for instance turbulent iir, may be considered to be a stationary Gaussian process during a ocertain
period, Such a process is fully described by its power speciral density funotion ﬁ.(u), where w is an
angular frequency, If the responss of the struotwre to the externel load is linear, the power speotrsl
density funciion of the internal load g, (w) can be caloulated from ﬁ.(u) sad the transfer funotion of
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the structure, This is &n elegant way to accouat for the dynamio behaviour of the structure,

3 It is possible to calculate from ¢i(w) the statistical distribution funcvions for level crossings and
peak loads, The weaknessp is that all crossings snd all peaks are obtained, also if they are caused by
very small load fluctuations, Results obtained by counting methods based on rarnges, cannot he cajiculated,
Nevertheless, f(w) is fully characteristic for a random sequence and any ‘uformation that cannot be

o caloulated mathematically can be determined by measurements from a signal with the same speciral density
' funotion. The effect of P(w) on the irregularity of the rendom load was already illustrated by

figure 4,20, It may be emphasized here ihat the puwer spectral density methcd requires the extsrnal load
to be a Gaussian phenomenon,

The usefulness of the counting methods

The guestion about the usefulness bas to be related to the purpose of the data being collected, Three main
} objeotives may be mentioned here.

1, Collecting data for load spectra to be used for future aircrafi design.

2, Establishing data for the application to a full-scale fatigue test,

; 3. Collectir3 data for estimating the consumed life of individual aircraft,

' The first topic is of interest to the designer, the second one to the test engineer, while the third one
is important for the aircraft operator.

Starting with the last objective there is a fairly axtensive literature on collecting in-flight dsta for
this purpose., A discussion would be beyond the acope of this report. Reference may be mede here to a
recent publication by De Jonge (Ref.177). He made a proposal for a fatigue load monitoring system, Two
ossential feaiures ares (1) Load statistics should be derived from strain recordes instead of acceleration
measurements, (2) The strain record should be analysed by the NLR counting method, The first recommenda-
tion was made bacause the relation vetween accelerations and locads in the structure is not unequivocal

in many cases. The second recommendatior is mads because it is thought that the NLR couniing method gives
more appropriate indications about the fatigue load ervironment.

The second objective mentioned above is diacussed in chapter 7., Some commenis will be given there, The

first objective is important for estimating fatigue lives which is the subject of the present chapter.

Various counting methods were compared for the application to gust load records (Ref,174) and manoeuvre
load records (Ref,176). It turned out indeed that the range method was fully inadequate in view of its
sensitivity to small load fluctuations as menticned before., Almo the simple level.crossing count method

and the simple peak count method are believed to count tuomany irrelevant cccurronces,

The restricted-level-crossing count method (Fatiguemeter) and the peak-between-mean crossings count method

(VGH records) give more relevant information. Moreover, the two methods show relatively small differences
between their counting results. The range-pair exceedance count method appears attract.ve but tne disad-
vantage i8 that no information is obtained about peak values of the load-time hirtory. This disadvantage
is eliminated in the NLR counting method, Unfortunately, almoet no data obtained with this method are
available as yet,

The question whether a counting method gives useful informaticn for calculating fatigue lives does not

yet allow & definite answer, If statistical data obtained with some counting method could give a realist-

ic estimation of the actual load-tire history, we are still left with another problem. This is how to

calculate the fatigue life from this lcad-time history. In the previous chapter 1t had to be admitted
that this problem 1s not yet solved. As a consequence, a comparison between service life and calculated
life can neither prove nor disprove the quality of the ccunting method since the uncertainties about the
life calculation method are involved also, At best we may ask whether statistical counting results allow
a relevant estimation of the service load-time history. The estimation 1s considerad to be relavant 1f
tests with the real load-time history and the eustimated one would produce similar fatigue lives, Keeplng

in @aind this criterion some more comments will be made later,

Sequence of loads

It should be pointed out that all ccunting methods do not give any information about the sequence of the

losds counted. (Scme information about ; 'ssihle sequences will be retained by the NLk counting method).
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The results nf statistically counted loads are usually presented as exceedance curves, such as shown in
figure 6.4 for gusis and for msnoeuvrea. For gusts it is assumed that the load spectra for positive and
negative gusts are symmetric which allows a presentiation by a single curve. For manceuvre loads the same
procedure cannot be adopted since positive manosuvre load increments are usually muzh more severe than
negative increments. A presentation by iwo curves is necessary, see figure 6.4b,

Sinca curves as shown in figure 6.4 do not contain information about the sequence of the loads, the
usual procedure for estimating fatigue lives is to combine upward peak lcads and downward peak loads,
that heve the same frequency of occurrence, in order to form complete load cycles, This is illustrated
for a single cycle in both figures 6.4a and b, Actually, load records such as shown in figure 6.2 duv not
Justify this procedure, However, it is gererally thought to be conservative since it has the character
of maximizing load cycie amplitudes. The counting results produced by Van Dijk (Ref,176) suggested that

it most probably will be conservative for manceuvre loadings.

Ground-to-air cycles

Contrary tc gusts and manceuvre loads, the ground-to-air cycle has a more or liss deterministic character.
Several loads occur once par flight such as the transition from ihe static load on the ground to the
static load in flight, fuselage pressurisation, flap loads and empennage loads during take-off and ’~i.ii.g,
etc, The flignt-load profile thus corsists of a mixturs of these deterministic loads and other loads that

are mainiy statistical in nature with respect to occwrrence and magnitude,

Flight-load profiles

The asseasment of flight-load profiles for & certain type of aircraft requiics an analysis of the various
vissions to be periormed by the sircraft. Bnth deterministic and stochastic loads can then be estimated,
As a result of combining these loads, synthetical flight-load profiles will be obtained, Two simplified
sxamples applying to wing hending, are shown in figure 6.5. A number of comments on this figure should te
made:

1, Those portions of the flight during which the load is not varying have been omitted.

2. Gusts manoeuvresa and taxiing loada were assumed tu occur as complete cycles. As said before this is
probably & conservative procedure,.

3. The sequence of gusts, manceuvres and taxiing lcads ~us assumed to be random without any sequence
correlation, For gust loads the PSD-method might allow a more realistic dstermination of the seiuence,

4. Flight-load profiles may be different from flight to flight. For gustis this has to be expected sirce
flighte both in good weathex and in poor weather will occur.

5. The two sxamples in figure 6.5 skow that there may be one important additional cycle per flight.
Basizally it is the static ground-air-ground tramsition, but it ia enlarged Ly additional loads both at the
ground and in flight, The minimum and the saximum of this additional cycle are indicated in figure 6.5.
The magnitude of this cycle may vary from flight to flight. In view of the discussion in the previous
chapters this cycle may well be eapescted to give a significant damage contribution. Buxbaum (Ref,179)
measured the maximum load cycle of each flight of a transport aircraft and he made a statistical evalua-
tion of its magnitude,

In suamary: The asvessaent of flight-load profiles implies the prediction of the segquence ol various
fatigue loadas froa flight to Flight, i.e. the service load-time history. It is flying the aircraft by
imaginatinn at & moment that 1t still bas to go into service., This i# necessary for planning a realistic
full-acale test, see chapter 7. However, it is also necessary in view of defining the cycles asaociated
with the ground-air-grourd transition. Such cycles are certainly important enough to be considered in

making ii1fe estimates,

§.3 Methods for satimating fatigue lives

The fatigue lite in this section ahould Le underatood to be the life until a visidle crack is preseat, or
the life unt)l cceplete failure of s small compoudzt. If life sstimates as accurate as possible are
required, ~ealistic flight-simulation tests are essential. Thie will be discussed in chapter 7. However,
if provisional estimates have tésﬁﬁd- several procedures cen be adopted. The 0481 elements involved in

such estimates have been listed in table 6.4. The first topic of the table i1s the estimated service load.
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time history, This aspect was discussed in the previoua section. The second element is the structure or
component for which & life eutimate is requested, It will be assumed that the dimensions and the material
have been chosen already. Insufficient fatigue life could cf course modify these data,

The third element of table 6.4 includes a veriety of poesibilities concerning available fatigue data. A
survey is given in table 6.5. As an example of similar materials one may adopt fatigue data from 2024-T3
materisl for apnlicaticne where 2024-T8 cor 7075-T6 materisl was aselected. Obvously, this may afrect the
quality of the life estimate to be based on the data,

The type of specimen for which data are available may vary from the unnotched specimen to the component
iteelf, Thim implies that it may vary from a highly unrealistic representation to the moat realistic
representation of the component for which the life estimate has to be made. Also for the type of loading
the qualification of available data may vary from a low similarity (constant-spplitude loading) to & hig
nimilarity (experience in service).

The fourth topic in table 6.4 is the fatigue life calculistion theory. This subject has been analysed in
chapter 5. It was made clesr that tbere weie no reasons io be optimistic with respect 1o the accuracy of
available theories.

For completeness, additional fatigue tests have been mentioned as the last aspect in table 6.4, It will
be clear that the quality of a life estimate can be improved by additional tests.

|
Several procedurss for making life estimates can now be specified. A survey is given in table 5.6 which :

will be discussed below., For all cases it is assumed that estimated service load statistics we.-e collect-
ed already.

Methods based on available data

As illustrated by table 5.6, the calculated life will depend on the type of available data, on corrections

made to these data by accounting for deviating aspects and on the life calculation theory. Apparently
thers may be several weak links,

The most simple type of fatigue data would be S-N curves for unnotched specimens, The S-N curves for the
component under consideration have to be derived from these data and this will introduce unknown in-
accuracies. The reliability of the required S-N data would be improved by starting from S-N data for
notched specimens, while data for components could be a still better starting point. Method. for obtain-

ing optimal S5-N data, improved by accounting for material, Sm ’ Kt' size, etc,, are beyond the scope of

this report (msee for instance Refs,180,181). It may be said here that the relsvarce and the quality of

SN data to be obtained are a matter of judgement and ability to evaluate available information,

As said in chapter 5, a better cumulative damage rule than the Falmgren-Miner rule does not appear to be
availabl s yet. Starting from fatigue data obtained under a more complex fatigue loading, such as program i
loading, random loading or flight-simulation loading, has as its aim to reduce or eliminate uncertain-
ties about tne life calculation theory (methods 1c,id,!e in table 6,6). This approach 1s %ill hampered
by insufficiently available fatigue data. Other aspects aave been discussed in chapter 5,

[P

Netiods based on service experience from previous designs

A new design may have & high similarity with a previous design. It even may be a further development of ;
the previous one. In this situation it will he clear that most valuable information shoula coxme¢ from the

service record of the older design (see for instance Kef.182). This information can be utiligzed in s

rather general way by adopting the stress level, that for a certain material allowed a satisfactory

service behaviour in the past (method 2a in table 6.6). If cracks did not occur ir the previous design,

the life drawn from its service experience 1is a lower limit, The life should be longer. Obviously it 1is

necesaary to prove that the new design is at least as good as the previous one, The proof could be given

analytically, for instance by conasidering K‘-vulucn for 1mproved detail design. For Joints the stress

severity factor proposed by Jarfall (Refs.133,184) may turn out to be a useful criterion for judyging

the fatigue quality (Ref.185), The alternative to the analytical Comparison 1is comparative testiag, see
section 7.4.

A further evaluation of past experience, method 2b 1in table 6.6, includea a consideration of all
relevant conditions instead of considering the stress level only. This implies that service sxperience

is mow considered to be a fatigue test on specific components, The conditions for ‘he old design have
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now to be translated to the new design by azcounting fnr deviating aspects. This offers similar problems
as correcting S-N data, and in addition one naw prohlem, which is accounting for a lifferent load spectra,
As said before, the Palmgren-Miner rmle is unreliable for the latter purpose, Comparative testing, see
section 7.4, is the best solution. If this is not feasible conservative assumptions may be made,

The attractive feature of employing past experie:sce is that we start from data obtained under most realist-
ic conditions, Secondly, the information may come from a large number of aircra’t, which increases the
statistical confidence. Limitations already mentioned are associated with deviaiions between the new and
the old design. Another limitation is that the load-time history for the old deeign, in many cases, will

not be acrurately known, which requires estimatss to be made,

Testing of a new component or a complete siructure

This method (method 3 in table 6,6) will he advisable in many cases, Nevertheless it appears to be fully
Justified only if & realistic load-time history will be applied in the test, That means that a flight-

simulation test should be carried out. Tuis topic is discussed further in chapter 7.

Comparisni of the methcds

Speaking in general term: there are three alternatives apart from new methods still under developmeat:
1. Estimates hased on S-N data employ.ng the Palmgren-Miner rule,

2, Estimates based on the evaluation of the experiences obtsined with previous designs.

3. Estiuates based on fligut-simulation teats,

The first method will give rough life indications only, 7 ->uld not be tair to say that the Palmgren-
Minser rule is the only weak link in this method, The estimated S-N curves may also bc a source of
inaccurancies, Ohvously addivional coustant-amplitud. component testing could improve the situation.

The second method has a good appeal for reasons mentioned above., There are also limitations. However,

if a careful analysis is incorporated intc this method it shculd be prefarred to the first method,
Comparative fiight-simulation tests may ~ignificantly add to tbe value of the second method.

The third method, still to be discuased in chapter 7, is to be recommended only if a carefully planned
flight-simu,ation test will be zarried nut, The method is certainly preferable to the first method. In
comparison to the seccad method, testing the component or structure itself .mplies a more rcalistic
simulation in ihia respect. Thi: may also apply to the load-time history adopted in the test., TLa» secmnd
method, however, may be more realistic with respect to the environment (corrosive effects, rate effects),
while the statistical .onfidence may also be superior. It is difticult to say which of the two methcds
will give the best answers, An evaluation of past experience should be recommended in rny case. However,
a realistic fli~~t-simulation test >n a component need nvt be a relatively costly effort if a modern
fatigue machi. available. Hence in many osses such tests are recommendable as well, A full. scale
fatigue test with a realistic fl ght-simulation should anyhow be recsmmended, since such a test serves

more purposes than obtaining lif: indications only (see chapter 7).

6.4 Methods for est:mating crack propegation rates

Problems of estimating ~rack propagation rates are to a large extent similar t- those involved in
estimating lives, Some specific features will be discussed,

Information about the prepagation of macro-cracks is desirubls in view of judging the safety of an air-
creft. For avsessing the quality of a fail.se.e deasign this information is ever indiwsyeasable. 1t may be
tried to give a similar survsy as given in table & for estimating fatigue lives, This has heen done in
table 6.7,

The amount of dvailable data fr.» constant-amplitude tests is 3teadily increasing and ae discussed in

section 5.3.4, such data ailow a presentation as
d?/d.. -1, (K) (6.1

it should be pointed out that almost all data in the literature wwiec obtained by tes.ing sheet muterial

under axial loading, However, in thick ssct:ione with predominzntly plane-strain conditions .he crack
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rate may be higher, The crack rate in a pressurized fuselage will also be higher in view of bulging of
the crack due to the pressure on the edges of the crack,.

The most simple case would be to predict the crack propagttion rate in an axially loaded sheet metal
structure for which K-values can be calculated. Tests on stiffened panels have shown that equation (6.1)
is indeed capable of correlating the crack propagation rates obtained under constant-amplitude loading
(Refs.111,172), For a service load-time history the crack ratec could be estimated by tae formulas

4
! DI T (k)
S0 .d (6.2)
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where the subscript i is referring to the various stress levels involved,

Equation (6.2) gives a weighted average crack rate, but the same formula is obtained if the Palmgren-
Miner rule is applied to the fatigue lives required for an incremental crack length extension,This
implies that equation (6.2) is ignoring any interaction effect between successive siress cycies with
different magnitudes. Since interaciion effects are predominantly favourable for macro-crack growth,
equation (6.2) will produce a conservative result and it oven may be very conservative depending on the

type of load spectrum (see for instance Ref,186).

More realistic estimates will be cbtained if data from flight-mimulation tests can be adopted., Such tests
were recently carried out at NLR (see table 4.7), but 8o far this appears to be the only source.

Additional testing is to be recommended because crack propagation may be sensitive to the type of alloy.
Different crack rates may even be found for the same alloy producea by different manufacturers while
also batch to batch variations have been noted (Ref,163)., The recommendation for additional testing is

easily made since simple and inexpensive specimens can be used for ihis purpose.

Service experience froi previous designs with respect to crack propsgation will in general not be avail-
able, It is common practice to repair a crack in service immediately after it was found. However, data
from full-scale tests on previous designs may give useful indications about crack rates to be expected in
a new design, Testing the new design itself obviously should give the most direct information. Thim is
discussed in chapter 7.

6.5 The significance of life estimates

The significance cf a life eatimate and the sccuracy required or desirable will depend on the consequences
that the estimated life values may have, This part of the problem has meveral aspacts. Some aspects are

briefly mentioned below in order to further complete the picture cf the practical problem,

The conssquences of tte life estimate will obvicusly depend on the resuli cbtained. The esiimated life

may be highly insufficient, it may be ~f the currsct order of magnitude, and it also may be such larger
than required, Cbviovsly these three cases will ask for different actions to be taken, It will be clear
that the follow-up of the eatimate should also depend on the quelity and reliahiiity ~f the satisate,
Foreover, scatter of fatigue propertiss hae to be ccnsidered,

Decisiona to be made will also depend on design aspects. If the design is an entirely new type for which

no experience 14 avallable, a realistic life estimate secums desirable. Ancther aspsct is the [uestion
whethe. the structure hss a fail-safe or a safe-life ckharacter, In the latter case accurate life estimataes
ace again requested., For coming to decisions it may also bs important whether a redesign is easily possible.

Twst facilities available are another aspect of the problem in view of ccaplementary testing.
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The question whether the result of a life estimate shculd ba considered as being satisfactery, in many
cases, will not xllow an easy answer due to the muny aspeots involved, The problem will nct be disoussed
any furtber here. It may be said, however, thet the philosophy of the aircraft firm with respect to
designing ror safety and scoromios, airworthiness requirements and requesis of the aircraft operetor may
also affect the answer,

7. FATIGUE TESTING PROCEDURES

7.1 Survey of tssting procedures and toﬁwolon

With respect to testing purposes, the main aspects characterizing a fatigue test are the type of specimen
and the type of fatigue load applied., From a testing point of view the fatigue testing machine is
important, In this connection the questiion is whether available fatigue equipment is capable of handling
the specimen and of applying the fatigue load sequences required. Some general comments on the above
aspects will be rade in this section, while the usefulness of various testing methods for specific testing
purposes will be discussed in subsequebt sections,

Test purposes
Being confronted with the vast amount of literature on fatigue investigations, it is useful to recognize

some categcries of purposes, In general terms three groups may be mentioned,

1. Basic fatigue studies,

2, Bmpirical investigations to explore the effect of various factors on fatigue life,

3. Test series to provide specific data for «.sign purpcses,

The purpose of the first group is to increaew cur physical understanding about fatigue, io describe the
fatigue phonomenon qualitatively, and if possilile also quantitatively. Investigations to improve our
knowledge about fatigue damage accumulatioun are in this group.

The second group comprises the investigations on the effectis of notches, metallurgical conditions, surfece
treatment, fretting corrosion, production aspects, etc, Experience obtained in such investigations provides
useful qualitative information for the designer with respect to the selection of materials, dimensions,
production techniques, etc,

The main purpose of test series in the third group is to provide test data for estinmating fatigue proper-
ties of structures and its components. This typc of data was referred to in tables 6.6 and 6.7. Some more
specific testing purposes of the third category are indicated in figure 7,1.

Since basic fatigue studies are important here with respect to damage accumulation, some comments on
testing procedures for this purpose will be made in section 7.2, The second category is largely outaide
the scope of the present report, Planning tatigue tests for the third category requires knowledge about
trends in damage accumulation under variable-anplitude ioading. Tests will be discussed in sections

Te3 - 7.7,

Type_of specimen

A survey of different types of specimens is given in table 7.1. Specimens with simple ncotches may reveal
the notch aensicivity of a material. Since most cracks in & structurs are starting in joints, a simple
notched speciren is not yet a relevant reyresantation of a fatigue critical location in a structure. In

a Joint fratting corrosion is generally significant, This can be simulated in simples joint specimens.

The advantage of a component over a simple joint specimer is that all dimensions and the production
technique are fully realistic. Testing a fuli-scale atructure is obviously still more realistic, This may
eliminate questions about the correct losds for the various components of the structure, Noreover, unknowm

accentricition of the loads on the varicus components are automatically simulated,




Load sequencee in fatigue testis

A survey of possible load sequences has previously been given in figures 4.2 and 4.3, while examples of
variants are given in several other figures., With respect to deeign purposes the discussion will be
res.ricted to constant-amplitude tests, program tests, random testis and flight-simulation tests, see
figure 7.1, For basic rtudies on damage accumulation simple variable-amplitude load sequences may be

attractive,

Patigue testing machines

For a long time fatigue machines were primarily designed for carrying out constant-amplitude tests, If
the machine was designed as a resonance system, high loads and high loading frejuencies could relatively
easily be obtained, Such machines wore not well suited for variable-amplitude tests but a slow variation
of the amplitude was poasitle, Hence program tests could be carried ocut. A major d.fficulty was to apply
small numbers of high-amplitude cyclies, This had to he done either manually cr by non-resonant siow-drive
loading mechanicms,

In some laboratories resonance fatigue machines have been successfully adapted for carrying cur narrow-
band random load fatigue tests (Refs.99,187).

A break-through in this situation was the development oi the electro-hydraulic fatigue machine with
closed-loop load control. (Refs.33,188)., Eazh load-time sequence that could be generated as an electrical
signal could te applied. By now several fatigue machines of this type are commercially available, In many
full-scale tests hydraulic jacks operating according tc the same principles have been employed, It is true,
however, that a test in such a machine will be more expensive than & constant-amnplitude test in an old
machine, The problem may then be whether the more reievant information from a complex lcad sequence is

worth the price,

7.2 Tests for basic fatigue studies

In chapter 3 fatigue has beendescribed ar a cumulat.ve process. Although cracking was the most prominent
feature of fatigue damage, the accumulation of damage turned out to be a complex phenomenon. Under
variable-amplitude loading a number of different interaction mechanismi could be operatiag. Aithough there
is some qualitative urderstanding it is not free from speculation, In fact there is atill ample room for
studying the damage accumulation phenomenon. Partly this should occur by refining our knowledge about
local strees-sirain history, For another part microscopical observations on damage accumulation should be
very worthwhile,

Load sequences for basic fatigue studies should be simple sequences in order to bring out the observations
to be made as explicitly as possibie. Two-step teats, interval tests and tests with periodic high loads
may be mos: appropriate, With a more complex sequence the rick of mixing up a variety of favourable and
unfavourable interaction effects i® present, It may be imposeible then to distinguish the various effects.
It will be clear that for detailsd observations the electron microscope and fractougraphy are indispens-
able tools, It should also be aaid here that basic studies will not immediately svlve the life estimating
probless of the designer. However, a basic understanding is a prerequisite for arriving ultimately at

qualitative improvements of the present situation,

7.3 Determination of fatigus da\a for making life estimates

As illustraied by fig.7.1, different types of teats could be adopried for the determiration of bakic data
for life estimates. The merits and limitations of constant-amplitude teste, program tests and randoem
tests have besn discussed in mection £,3, Furiher 1e was :tud:cated thai data from flight-simulation tests

could provide the most relevant inforwation for this purpose, sse also section 5.3.5.

From the discussion in chapter 4 it follows that the test results of program tests, random tests and
flight-simulation tests will depewi on some varisbles associated with the loads applisd, The main varis-
bles are listed in table 7.1. The need for standardising is apparent and in fact Uassne:r has made

proposals for the progras test, Steandardisz:ng is justified only if we know the effect of the variables
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to be standardised on the test result. In this respect the program test, the random test and the flight~
simulation test are all sensitive to the maximum load amplitude allowed in the test, With respect to the
sequences, the effect is probably small for random loading and flight-simulation loading, whereas it may
be significant for the program test. This aspect and the uncertain ratio beiween the results of program

tests and random load tests have led to a preference for random losding instead of program loading (sse
also section 4.12).

For a narrow-band random load test, the distribution function of tbe load pesss is a Rayleigh distribu- {
E tion, while for broad-band random load the same distribution is approximately valid accept for the lower
amplitudes,

A flight-simulation test can be carried out only on a fatigue machine witb closed loop load control, This
implies that any load spectrum can still be adopted. Standardizing a& flight-simulation test at this stage
appears to be somewhat premature, since the influence of several variibles has still to be explored in
greater detail, For this purpose the iest program in section 5.3.5 was proposed, Nevertheless, some re-
commendations can be made already now, for instance with respect to sequence and iruncation. This is dis-

cusgsed later in this chapter,

Final),., some unbalanced approaches with respect to determining fatigue data for life estiimates may be
mentioned hers, It is not realistic to carry out flight-simulation tesis on unnotched specimen, This is
combining an advanced testing methcd with a primitive and unrepresentative specimen, Similarly, it is
an unbalanced approach to apply a constant-amplitude test on a full-scale structure, which is the most

simplified test on the most realistic sizmulation of the structure.

E 7.4 Comparative fatigue tests

Many psople still feel that constant-amplitude tesis are a good means for comparing alternative designs,

production techniques, etc., However, the possibility of intersecting or of non-parallel S-N curves is

waking this very dubious, In figure 7.2 comparative tests at stress level S‘1 would .ndicate design A
to be superior to design B, At siress level S‘3 the reverse would apply, whereas at 8‘2 both designs
would be approximately equivalent, Some commenis on this issue were made in section 5.3.4 when dis-

cussing the Kat‘f. concept, Fretting corrosion is one aspect where constant-amplitude tests may give a

misleading of its effect in service,

The numerocus itest series with program loading carried out by Gassner and his co-workers suggeat that the
H risk of a misjudgement would be smaller if program loading were adopted for comparative testing. This

: will apply also to random loading. Nevertheless, if flight-simulation loading can be adopted it appears
that it is the most prefarable solution. Real problems should be tackled with realistic testing methods
if possible, Hecently, Ronay (Ref.189) adopted random flight-simulation loading for exploring the
fatigue behaviour of & high-strength steel, Imig and Illg (Ref,8C) sdopted this test method for studying
the effect of temperature on the endurance of notched titaniuw alloy specimens, Schlts and Lowak {Ref,190)
studied the effect of plastic hole expansion on the fatigue life of an open hole 2024 alloy specimen by
employing flight-sisulation loading. At the LR, as part of an ad-hoc problem, we compared two alterna-
tive types of joints with random flight-simulation loading. Some aircraft firms have slready started
coaparative testing for design purposes employing & kind of flight-simulation loading.

As an illustration of different answers to the same question, a recent investigation (Ref.64) indicated
that the crack pror sation in 7075-T6 was four times faster tban in 2024-T) according to constant-
smplitude loading. However, under flight-simulation loading :%e ratios wers only 1 to 2 (vee Fig.4.29).

7.9 Direct determination of fatigue life and crack propagation data by flight-sisulation testing

In the previous chapter it wae concluded that life estimatos based on available data may have a low
acouracy, If a better aoccuracy is required, a realistic test is necessary. This implies that both the
specipen and the load sequence abould be repressntative for service conditions., For the specimen this

means that the test should be carried out on the actual component or a complete part of the struoture,
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With respect to the fatigue load, a flighi-simulation teat representaiive for service loading is required,
Aa exact simulation of the load-time history in service would be the preferable solution, Usually a ser-
vice record will not be available, but in case that it can be measured before the fatigue test it is the
best starting point as advocated by Branger (Ref.35), For reasonse of time and economy, periocds during
which the load does not vary could be left out,

In general, a load-time history will have to be designed on the basis of miesion analysis and load
statistics obtained with other aircraft, It is thought that it is possible to compose a representative
load-time history (see the discussion in section 6.2). A good knowledge of the empirical trends is
essential for thies purpose. 4s an illustration, figure 7.3 shows a sample of a load record from the test
on the F-28 wing, Different types of weather conditions were simulated in accordance with statistical
information, The sequance of the gust loads in each flight was a random sequence without any sequence
correlation. This may be a deviaticn from the random sequence in service, but fortunately the deviation

will probably have a minor effect as discussed in section 4.13,

4 major problem is the assessment of the highest load level to be applied in the flight-simulation test,
As discussed before, this level may have a predominant effect on tke life and the crack propagation., If
the load level that will be reached {or exceeded) once in the target life of the aircraft is applied in
a test, we know that it may have a favourable effect on the fatigue life, It ther should be realized that
this load level is subject to statistical variations, that means some aircraft will meet this load more
than once in the target life, whereas other aircraft will never be subjected to it. In view of this
aspect and the flattering effect of high loads, it was proposed elsewhere (Refs,58,76) that the load
spectrum should be truncated at the load level exceeded ten times in the target life (see Fig.7.4 for
illustration).

In reference 76 a similar recommendation was made for crack growth studies, out then, instead of the
aircraft life, one has to consider the inspection period, The predominant influence of high loads on
crack growth was illustrated by the results presented in sections 3,2 and 4,6, If a full-scale structure
with cracks is tested to study the crack rate, high loads will considerably delay the crack growth. The
application of high loads may again considerably flatter ihe test resulti., Therefore a truncation is

necessary to avoid unsafe predictions for those aircraii of the fleet that will not meet the high loads,

Sometimes fail~safe loads are applied at regular intervals during a full-scale fatigue test to demonstrate
that the aircraft is etill capable of carrying the fail-safe load, If this load exceeds the highest load
of the fatigue test, the rssult may be that a number of cracks that escaped detection so far, will never
be found because of crack growth delay. In other words, this precedure could eliminate the possibility of
obtaining the infnrrmation for which the fatigue test io actually carried out. The crack growth delay in

a full-scale structure was recently confirmed (Kefs.63,64) in additional tests on the F-28 wing. The
certification test was completed after simulating 150 000 flichts. Then fail-safe loads (limit load) were
applied. In a subsequent research program it turned out that several cracks did not grow any further as

shown in figure 7.5. New artificial cracks, however, showed a rormal growth,

The significance of low-amplitude cycles has been d:scussed in section 4.13. Leaving out these cycler

from a flight-simulation tesz will considerably reduce the testing time. For the F-23 wing, omitting the
gust cycles with the lowest amplitude reduced the testing time per flight from 115 seconds to 46 seconds.
However, since such cycles may contribute to crack nucleation (fretting) and crack growth, the cyclee were
not omitted during the certification tests,

Taxiing load cycles can be omitted under certain conditions. In fact 1t appears admissable only 1if the
cycles occur in comrression for the components being tested (eee section 4,13). Care should be taken

that the ground-to-air cycle reaches the most extreme minimum load cccurring on ihe ground, including
dynamic loads (see }ig.6.5).

The development of hydraulic loading systems with closed-loop load control has considerably affected the
present stste of the art. iy now 1t seema inadmissable to simplify the loading program in a flight-

simulation test for experimental reusons to a sequence of the type shown in figure 4,1%l.




s T

46
The result of a flight-simulation test will be a fatigue life in numbers of flights or a orack propaga-
tion rate in millimeters per flight. There are limitations tc the meaning of these data, which are dis-

cussed in the section 7.7.

7.6 Full-scale fatigue tests

A full-scale test on a new aircraft design is an expensive test. Hence there should be good reasons to
carry out such a test (Refs.191-194). In most general terms the test is carried out to avoid fatigue
trouble in service, Reference may be made to table 7.2 giving & survey of several types of fatigue problems
and possible consequences. In view of these consequences and the costis of the test there is every reason

to require that the tesi gives realistic and relevant information, As seid before, a full-scale fatigue
test should be carried out with a carefully planned realistic representation of the ssrvice load-time
history.

Comments on the application of high-amplitude and low-amplitude cycles were made in the previous section
(see also Ref.76), It may be emphasised once again that the application of a high pre-load for statioc
testing purposes (strain measurements for instance) or high fail-safe loads during the test, should be
prohibited, Such loads may have a large flattering effect on fatigue lives and crack rates, and quanti-
tative indications from the test may become worthless. Some more information from test series in full-

scale structures bearing on this aspect were recapitulated in section 4.15.

Several aspects can be mentioned that make full-scale testing of a new aircraft structure desirsble, It
is thought that the most important ones are listed below (Ref.76).

(1) Indication of fatigue critical elements and design deficiencies,

(2) Determination of fatigue lives until visible cracking occurs.

(3) Study of crack propagation, inspection and repair methods.

(4) Measurements on’'residual strength,

(5) Economio aspects.

Items 4 and 5 are beyond the scope of the present discussion.

With respect to the first purpose mentioned above, Harpur and Troughton (Hef.191) observed that in
several cases fatigue cracks occurring in service wers not found in the full-scale test, because the
structure tested was not sufficiently representative, This was not only due to manufacturing differences
and modifications, but also to simplifying the test article, Due consideration should therefore be given
to the structural completeness of the specimen,

Fatigue critical elements will only be indicated in the correct order if the fatigue lives obtained in
the full-scale tests are correct indications of the service life, The test should not indicate component A
to be more critical than component B if service experience indicate the reverse order. This risk can be
avoided only by a realistic and representative test. In section 4.15, several examples of misleading
information obtained in full-scale tests due to unrealistic fatigue loadings have been mentioned.

It will be clear that a representative fatigue loading also implies, that due consideration has to be
given to simulate all types of fatigue loads that may be significant for ceriain parts of the structure,

The full-scale test is also a training experiment with respict to inspection techniques, This problea will
not be discussed in t. & report. If a structure is a good dssign, inspecting for cracks during a full.
scale test is a tough job because cracks will hardly occur.

In order to obtain information about crack propagation rates it is common practice to apply artifioial
cracks to the structure for initiating fatigue crack growth, Usually this is done by msking saw-cuts,

The information about crack growth is needed in order to establish safe inspection periods, As suggested
in the preaviocus section, the truncation level of tae load spectrux should be lowered after epplicatioa of

the artifictal cracks, This was in fact done during the certification tests on the P-28 wing.

The limitations of the information obtained in a full-scale tyst are discussed in the fu))owing section.
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7.7 Limitations of flight-simulation testis

Assuming that the load-time history to be applied in a fligni-simulation tes¢ was arefully planned,
there are still some limitations to the information obtained in the test. Aspects to be briefly mentioned
here are associated with loading rate, corrosive influences, scatier and cdeviating load spectra in service.

Loading rate
A full-scale test on a structure is an accelerated flight simulation that may last for 6 to 12 months,

while representirg 10 or more years of service experience, A flight-simulation test un a component in a
modern fatigue testing machine may take no more than a week.

Considering loading rate effecis, one should not simply compare testing time with flying time, but rather
the times that the structure is exposed to the high loads, Orders of magnitude are given in figure 7,6.
This argument is speculating on the fact that any effect of the ioading rate is a matter of soms time-
dependent dislocation mechanisms occurring at high stresses. It might imply that the effect is relatively
small for a full-scale test but it could have eome effect in a component test in a fatigue machine
running at a relatively high load frequency (see also the discussion in section 4.17).

Corrosive jnfluencesn

Diffeiences between testing time and service life also imply differen* times of exposure to corrosive
attack, Therefore, if corrosion is impo: ;ant for crack nucleation (corrosion fatigue) one certainly should
consider this aspect., In practice cracks frequently originate from bolt holes and rivet holes whers the
accessibility of the environment is usually poor and the corrosion influence probably not very significant,
However, as soon as macro-cracks are present the environment will penetirate inio the crack and the effect
on crack growth should be considered, Safety factor should be applied to inspection periods depending on

the material and the environment (see also the discussion in section 4.17).

Scatter

Testing a symmeiric structure generally implies that at least two similar parts are being tested, However,
fatigue properties may vary from aircraft to aircraft because the quality of production techniques and
materials will not remain exactly constant from year to year. It will not be tried here to speculate on
the magnitude of the scatter, although snme interesting data are available in the literature, It is
recognized, however, that the shortest fatigue lives in a large fleet of aircraft, in general, will be

shorter than the result of the fill-scale test as a consequence of scatter,

Deviating load spectrum

Load measursments in service may indicate that the service load history is significantly deviating from
the load history applied in the test, Suggestions were heard in the past that the test result could be
corrected for such deviations by calculation, employing the Palmgren-Miner rule and some S-N curves,
However, as explained in section 5.4,2 this rule is higkly inaccurate for this purpose,

If the structure has good fail-safe properties, the question of deviating l-ad spectra in service is
probably less important., This is certainly true if the impression ies that the service load spectrum is
less severe than the test spectrum, However, if one feels that the service loading could be more severe

than the test loading, it appesirs that additional testing is indispensable for a safe-life component.

Comparison between test and service axperiance

After having summarised several limitations of a full-scale flight-simulation test, the proof actually 1is
the comparison between service experience and vest reasults, A few papers on this issue have been presented
in the literature (Refs,120,191,196,197) and some comments will be made.

As far as data are available, the service life .» usually shorter than the test life, although there ire
some cases where the agreement is reasonuble, However, 1t the service life is from 2 tc 4 times shorter
than the test life, further clarification is obviously needed.

There are a number of reasons why discrepancies between test results and service experience may occur.
Several of them have been lirted above, for instance scatter and environmental effects. secondly, a fair

comparison requires that the test is a realistic simulation of the sarvice loud history and this is a
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severs restriction on the comparisons that could be made in the past, Thirdly, if a test reveals a

serious fatigue failure it is likely that the aircraft firm will modify the structure, thus eliminating
the possibility of a comparison,

In summary: The accuracy of the quantitative resulis from a full-scale test is limited by the above
aspecis, It ie difficult to quantify these aspects, Depending on the possible consequences associated

with the fatigue indications obtained in the test, scatier factors or safety factors imay be applied. The
selection of these factors is again a matter of philomophy, as briefly commented on in section 6.5.

8. SURVEY OF PRESENT STUDY AND RECOMMENDATIONS

8.1 Survey of the present study

Several features of the fatigue phenomenon have been recapitulated in chapter 2, The fatigue process was
described as a sequence of crack nucleation, micro-crack growth, macro-crack growth and final failure,
Subsequently, it was tried in chapter } to describe fatigue damage and damage accumulation, In most
general tarms faiigue damage is a change of the material as caused by cyclic loading., Fatigue cracking,
i.e, decohesion, is the most prominent feature of fatigue damage. However, the amount of cracking alone
is insufficient to describe the damage., A definition of the fatigue damaged maierial should include a
description of all aspects of the fatigue crack geometry and the condition of the material around the
fatigue crack, including cyclic straiu-hardening and residual stress distributions. A survey is given

in fig.3.2, Damage accumulation in a certain load cycle therefore implies incremental changes of all
these aspc:*s, The incremental changes will depend on the initensity of the load cycle, but at the same
time they will be a function of the damage already present, This has led to the definition of inter-
action effects, which in general terms means:; the damage increment due ic a certain load cycle will
depend on the damage csused by the preceding load cycles, This also implies that the damage caused by a
certsin load cycle will affect the damage increments of subsequent load cycles., Interaction effects may
be either favourable or unfavourable, which means that they may either decelerais or accelerate the
damage accumulation, As a consequence, it is important for the damage accumulation in which sequence load
cycles of various magnitudes will be spplied. Such sequence effects have been observed in many test series,

Various examples of interaction effects and sequence effectis are presented in chapter 4, which gives a
survey of empirical trends observed in teets with & varicble fatigue load. This includes the sffects of
high prelosds, periodically applied high load cycles, ground-to-air cycles and the effects of several
variables of program loading, random loading and flight-simulation loading. Thu investigations are
summarised in tables 4.1 - 4.8, while various illustrative test results are shown in figures 4,1 - 4,30.
The empirical trends can sometimes be explained qualitatively, fatigue cracking and residual siresses
bsing the main arguments, Neverthelesa, the trends clearly confirm that fatigue damage accumulation is &
complex phenorenon which will not easily allow & satisfactorily quantitative treatment,

Some thought was givea to the comparison between fatigue under program loading and randow losding. In a
random losd test the load ssplitude is varied fros cycle to cycle, The load amplitude in a classic pregram
test, however, is varied infrequently and in a systematic way, i.e. in a progrssmed sequence. Consequently
sequence effects on the damage sccumulation may te differect, which implies that & strict ocrreiation
between the fatigue lives in the two types of tests may not be expscted, Dmpiricsl evidence has substen-
tiated this view, In fact, a realistic simulation of fatigue damage accumilation as it ocours in servioce,
requires a test that preserves the essentisl features of the service losd-time history. With the present
knowledge it can be coacluded that a flight-simulation test may satisfy this requirement, whereas s aore
simple test will not do so.

A survey of theorivs for life caloulations has been given in chapter 5. An important question is whether
the theories sre capable of predicting the sspirical trends as susmarised im chapter 4. The theories

were grouped im three oategories, which are (1) the incremental dasage theories, (2) theories based on a
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similarity approach and (3) interpolation procedures. Most theories are in the first group, see table 5.2.

o e

However, they poorly satisfy the picture about fatigue damage accumulation and it i1e not surprising that
the prediction of empirical trends is also poor. Alsc the mimilarity approach, although being less
dependent on knowledge sbout fatigue damage, does not yield accurate life prediction. The quality of
predictions with the interpolation methods is apparently dependent on the quality of the data from which
the interpolation is made, In view of the knowledge of interaction effects und sequence effects, interpo-
! lations should preferably be based on results of flight-simulation tests. Since such data are hardly

available, a proposal is made for a systematic test program that could fill this gap.

In chapter 6 the consequences of the present state of the art for estimating fatigue lives and crack
propagation rates in the aircraft design phase are analysed. First a survey is given of the various
aspects of designing an aircraft from tbe point of view of fatigue. This indicates that the fatigue

theory is not the only weak link in predicting fatigue properties. One aspect briefly discussed is the
definition of load cycles if the load is varying in some random way as occurs in service, Attention is
then paid to estimation methode based on available fatigue data and, as an alternative method employing
service experience from previously designed aircraft, The advantages and limitations of both approaches
are emphasized, Reliable and accurate information of fatigue properties in many cases can be obtained only
by carrying out relevant testa,

i Several testing methods are discussed in chspter 7, Different testing purposes are listed first, which
i are: (1) basic fatigue damage studies, (2) test series exploring the effects of various factors on
fatigue life and (3) estimation problems with respect to fatigue life and crack propagation as a design
offort, Some comments are made on the first topic, but mejor emphasis is on the last one. Four types of
tests are considered, which are constant-amplitude loading, program loadirg, random loading and flight-
simulation loading. Specific goals are: (1) compiling basic data for life estimates, (2) comparative
design studies and (3) determination of direct estimates of life and crack propagation. The conclusion is
that the flight-simulation tests should be preferred to the other types of teets. It is emphasized that
comparative tesis on different designs may give unreliable information if constant-amplitude testis are
1 used. Actually, if realistic answerz are required realistic testing procedures have to be adopted. This
E appears to be a trivial conclusion. Nevertheleas, it is well substantiated by present day knowledge of

fatigue damage accumulation and by empirical evidence from a vast amourt of variable-amplitude test series,

For a full-scale fatigue test, a realistic flight-simulation loading 18 a necessity. If a uwimplified

fatigue loading is adopied, the test may give incorrect indications of fatigue critical components and

misleading information about fatigue lives and crack propagation rates. Relevant evidence from test
scries on full-scals structures was summarized in chapter 4 (section 4.15). It 18 also emphL:isized ““at
i the application of fail-safe loade during a full-scale test may fully obliterate thes relevance of the

test results, Ry introducing residual stresees, such a high load may considerably increase the fatigue

life and it may completely stop the growth of fatigue cracks. Comments are also made on the significance
of truncating the load spectrum, omitting low-amplitude cycles and cthar aspects of flight-simulation

testing.

In 1965, Herbert Hardrath (Ref.198) presented a review on cumulative fatigue damage. le tnen came to the

conclusion that new break-thrcughs of our knowledge should not be expected in the near future, In fact

this has been true for ine past six years, Hardrath's review 1s still relevant to day but some aspects
have become more clear since then, These aspects are liste! below i1n view of making recommendations for
future research,

1 Electro-hydraulic cylinders and fatigue machines with closed-loop loed control are now being used 1n
many laboratories. Actually this 14 scme sort cf a break-through with respect to the possidilities of
perforaing fatigus tests with any required load-time history. Advantages ciready exploited are related to
an increasing knowledge adbout fatigue damage accumulation and to more realistic testing methods for
practical problems.

2 Our phenomenological knowledge about fatigue damage accumulations :s etesdily increasing. The phenome-

aon sppears to be more complex than thought before, but this trend is not! uncommon in science.
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2 dequence effects and interaction effects are better recognized than before.
4 FProgress bas been made with respect to predicting the strain and stress history at the root of a notch,

Calculaticas to be made from cycle to cycle are 1o longer objectionable in view of computer capabilities,

3.2 Hecommendaticns for future work

basic research and empirical research are still required both, Basic research cannot be neglccted because
the evaluation of trends, as observed in empirical studies, requires a physical understanding or the
phenomenon occurring in the material. Empirical investigations on the other hand are necessary because we
simply cannot wait until our physical understauding is good enough to answer a number of practical ques-
tions, Apparently we are learning slowly and extensive efforts have to be made to improve our «nowledge,
Therefore, it bas to be emphasized that all laboratories should be fully aware of the various aspects of
the practical preblem. We should avoid to look for soluticns of problems that do not exist by outlining
what the real problems are. It 1s hoped that the present report will prove to be helpful in this respect,

bome more specific recommendations will now be made,

Rasic research

t, hicroscunic studies

The phenomenological picture of fatigue damage accumulations is still highly qualitative in nature,
Microscopic studies providing quantitative data about the various aspects of the damaging process should
therefore be welcome. Studies with both the optical and the electron microscope can be useful., There ie
st1li ample room for fractographic observations of crack growth under variable-ampliiude loading. At the
same time thin-foil studies of fatigue damaged material appear to be worthwhile, It then should be kept
in mind that fatigue is a highly localized occurrence, that means that the local state of the material
may differ from that of the bulk material.

2. Stress-stirain histories at the notch

In this report reference was made to investigations on the prediction of strees.strain histories at the
root of a notch under variable-amplitude loading. Such stucies included speculative assumptions about
increment: damage accumulation, Nevertheless the stress-strain histories at a notch root may be consider-
ea :n 118 own right. As such it ie a more detailed description of the fatigue environment for the material
at the critical location, Without this information it is difficult to see how a rational cumulative
fatigue damage theory for notched elements could be formulated. Already for thies reason alone this type

of investigations should be recomm-nded,

3, track closure

Crack ciosure as described by Elber, has recently entered our picture of fatigue crack growth, More
quantitative information about this phenomenon under various conditions should be welcomed.

4. Plastic stress-strain distributions

Theoretical calculations of stress-strain distributions around roiches and cracks, including plasticity,
18 a difficult problem, It :s even more difficult for cyclic loading since the cyclic stress-str.in
behaviour of the material can usually not be described in a simple way, It should be recommended to ex-
ploit the potential usefulness of finite element methods to this problem,

% Lnvironmental etfacts

Laboratery results to be extrapolated to service conditions are still aZllicted by the possibility of
unknown environmental effects, Investigations to improve our physical knowledge about the mechanisms of

enviroimental effects are to be recommended,

dJrpiriczl 1nv-Stigations

5. Flight-simulation testing

For man: practical problems, flight-simulatior testing was recommended in thiz report. 0. knowledge of
the effects »! several variables pertaining to flight-simuiation testing, 18 8till 1nsufficient, For that
reascn investigatlonsd on notthsd elements exploring these effects should be advised. Luch investigations

may; be somewhat similar to test scries carried out by NLK on futiy.: crack propagation {(section 4.!}).
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7. Compilation of flight-simulation test data

In this report the compilation of flight-simulation test data was advccated. A test program for this
purpose was described in section 5.3.5. A handbook with this type of data may be useful for estimating
fatigue properties, Moreover, it could be a reference for comparative testing in order to judge the
fatigue quality of a new design.

8. Service exnerience

In chapter 6 it was emphasized that experience on fatigue in service gives most useful information. Such
data are obtained under hignly realistic conditions with respect to load-time histories and environment,
The statistical reliability may be high if many aircraft are involved., In would be extremely useful if
such data could be collected and analysed, and be made generally available,

9. Statistical analysis of service load-time histories

The prediction of fatigue properties in the design phase, the performance of realistic flight-simulation
tests, and the monitoring of fatigue life in service all require information about service load-time
histories, Investigations on the question how relevant information can be ohtained should be recommended.
Problems involved are partly associated with measurement techniques, while another aspect is the statist-
ical analysis in relation to fatigue damage accumulation,

10, Fatigue machines

A flight-simulation test requires a fatigue machine with closed-loop load control, Electro-hydraulic
machines of this type are now available. It would certainly stimulate more realistic testing procedures
if these machines could be produced at a lower price, Secondly, the generation of electrical signals for
controlling the load in such a machine is also a topic where a development of new and cheaper apparatus

is desirable,

A final recommendation is related to the dissemination of information, Several times it was noticed that
good solutions were not reached because of insufficient knowledge about the real problems, although the
information was available elsewhere, Equally regretful is the situation where prejudice prevents improved
solutions, In this respect, flight-simulation testing is sometimes labelled as a "sophisticated" type of
testing. 4ctually a flight-simulation test is a rather trivial solution because it 1s aiming at a simula-
tion of service loading. A constant-amp'iiude test on thes other hand, being & convenient type of test
from an experimental point of view, is in fact a highly artificial simulation of service ioading. We
should be careful that progress is not hampered by historical traditions starting at the time of

August Wdhler., The problem is partly a matter of education and dissemination of information. It is hoped
that the present report may be helpful alsc in this respect by outlining the various aspects of ths

eircraft fatigue problem and by the analysis of and cross references to tiae literature.
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Table 4.1 Investigaiions on the effect of a nrelvad on fatigue life

Investigatiorn Material Specimen l Type of f:tigue loading (a)
Forrast Al-alloy (2014) V-notch Rotating bending, C...
(1946, Ref.40) (preload in tension)
Heyer Al Zn Mg alloy Lug Axial, C,A. with
(1943, Ref.41) Al Cu Mg alloy V-notch positive mean
Cr Mo ateel
Heywood Al-alloys Lug Axial, C.A, with
(1955, Refs.42,43) Hole notched posit.ve mean
Channel specimen
Wing Jjoints
Heteor tail plang Bending, C.A. with
positive mean
Payne 2024-a1loy Kustang wing Bending, C.A. with
(1955, Ref.44) positive mean
Smith 7075-alloy Hole-notched Axial, C.A, with
(1958, Ref,.45) Jositive mean
Boissonat Al-alloys Edge-notched Axial, C.A, R = 0,1
(196, Ref.46) Strap joint
Ti-alloy Edge-notched
Wing fitting
iLow alloy steel Tensile bolt

Mordfin and Halsey
(1962, Ref.47)
Rosenfeld

(1962, Ref.43)
imig

(1967, Ref.49)
Kirkby wnd Fdwards
(1969, Ref.50)

Jo Dean Morrow, Wetsel
and Topper (1970, Ref.51)

7075-alloy

7075-alloy
Ti-alloy (8~1-1)
Al-alloy (2014)

2024-alloy

Riveted box beam

Wing structure
Edge-notched
Pinned lug and

clamped lug
Hole notchec.

Bending, C.A. with

constant pos. .‘5,‘I in

Bending, program louding
wing manceuvre spectrum

Axial, C,A, R= 0

Axizl, random loading
with positive mean

Axial, C.A, with
positive mean

{8) C.A, = constant-zaplitude tests




g

59

Table 4.2 Investigations on trhe effect of perisdic-high loads on fatigue life and crack propagation

‘ . ] . . Type of Typs of
--}nvestxgatxnn Faterial Specimen high load (a) | fatigue load (b)
Heywood ‘Al-alloys Lug [\_ C.A.
(1955, hef.42) Liann2l specimen l -4k
Met eor tailplane
7075-alloy Channel specimen -1}_ _f\]
Schijve and Jacobs 2024-alloy Riveted lap joint AR r _[\] qu' program loading
(1959,1960, hefs.39,53) 7075-alloy
Schijve, Broex, De hijk 2024~alloy Sheet specimen (e) Jﬁ_ J} _Uﬂ_ C. A,
(1960,1961, Lets.27,99) J
Boissonat Ai-alloys Edge-notched specimen| -[)_. C.A.
(1951, Hef.46)
Nordfin and ilalsey 7075-alloy Riveted box beam ~/}_. C.A.
(1962, hef.47)
Hudson and Hardrath 2024-alloy Bar specimen (e) C.A.
(1963, Ref.60)
3mith Ti-alloy (8-1-1) | Sheet specimen (e) -[X_ C.hA.
(1966, Ref.61)
kchillan and Hertzberg 2024-alloy Sheet specimen (e) 13- l)t[ ijk C.A,
\1963, Ref.26)
Hudson and kaju 7075-alloy Sheet specimen (e) _[}N CeA.
(1970, Ref.62)
Schijve and De Fijk 2024 and 7075 Wing structure (e) (\ flight-simulation
(1971, Kefs.63,64) alloy - loading
(s) _(}- periodic high positive load
ava " "  npegutive "
load cycle starting with positive part

L

] " "

(b) C.A, = coastant-amplitude loading

" negative

(c) crack propagation was studied in cnese investigations,

e
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Table 4.3 Investigations on the effect of ground-to-zir cycles on fatigue life
(comparative testing with and without GTAC)

Investigation

Material

Specimen

Type of frtigue loading

Gassner and Horstmann
(1961, Ref.65,
Gassner and Jacoby
(1964, Ref.66)
Naumann

(1964, Ref.67)

Melcon and McCulloch
(1961,1965, Refs.68,69)

2024 alloy
2024 alloy
7075 alloy

7075 alloy

Central notch
Central notch
Edge notched specimen

Elliptical hole
specimens

Program loading

Barrois

(1957, Ref.70)
Winkworth

(1961, Ref.T71)
Schijve and De Ri jk
(1966, Ref.72)

2C24 alloy
2024 alloy

2024 alloy

Riveted lap joint
Dakota wings

Sheet specimen,
crack propagation

Simplified flight simulation

Gassner and Jacoby
(1964,1965, Refs.66,73)

2024 alloy

Ceniral notch

Programmed flight simulation

Mann and Patching
(1961, Ref.74)

Finney and Mann

(1963, Ref.75)

Melcon and McCulloch
(1961,1965, Refs.68,69)

Naumann
(1964, Ref.67)

Schijve ot al,
(19651 le.76)

Schijve, Jacobs, Tromp
(1968,1970, Refs.77,78)

2024 alloy
4-4l alloys
7075 alloy
2024 and
7075 alloy
7075 alloy

2024 and
7075 alloy

Mustang wings

Round specimens
with V-notch

Elliptical hole
specimens

Edge notched
specimen

Wing center section

Sheet specimen,
crack propagation

Random flight simulation

(a) Randcaised block loading




Table 4.4 Investigations on program testing

ol

jslariublu stu li-l.dh | ]
. rami i ige | Low ig Decignj Load
Investigation Muterial Specimen Sequence of 5y 5, stress| spec-
period| cyclos| cyclee! level | trum

Gassner (1941,Ref,82). 2 Al-alloys Hole notched specimens x x x x 5‘:;:",
Wallgren (1949,Ref.83)] <2024 and 7075| Hole notched specimen x x gust,

alloyve and riveted joints manoeuvr
Wallgren and Petreliud 2024 and 7075| Lug x manoeuvr
(1954, Ref,84) alloys
Fisher (1958, Ref.35) AlZnCuMg Edge notched specimen x x manoeuvre
Fisher (1958, Ref.86) AlZnCuMg Bdge notched specimen x x gust
Hardratu et al. 2024 and 7075 | Edge notched specimen X x x gust
(1959, Refs, 30,31) alloys
Schijve and Jacobs 2024 and 7075 | Kiveted lap joint x X x x gust
(1959, Ref®, 39, 57) alloys
Naumann and Schott 7075 alioy Edge notched specimen x x X mam():‘)w"
(1962, Ref.87)
Naumann (1962,Ref.88) | 2024 and 7075 | Edge notched specimen x I x x gust,

alloys manoeuvrs
Rosenfeld(1963, Ref.43)| 7075 alloy Wing, tailplane x x manoeuvre
dordfin and Halsey 7075 a’loy Boxbeam x manoeuvre
(1963,301'.47)
Jeomans (1963, Ref.89) Bolted joint, x gust

grecsed and dry
Corbin and Naumann 7075 alloy Edge notched specimen x x x manoeuvre
(1966, Ref.90) (a)
Parish (1967/1968, Al alloy Wing x manoeuvre
Refs.91,92;
Duneby (1963,Ref,93) | 2024 alloy Edge notched specimen X x gust
Lipp and Gasesner Cr steel Hole notched specimen x x gub .
(1963, Ref8.94,95) loaded 1n bending,5 =0
Schijve (1970, Refs.96, | 2024 alloy Shaet specimen, crack x x lgust
97) propagation
Ereyan (1970,Ref.98) | 7075 alloy Box beam x i X |manceuvre
Impellizzerri 7075 alloy Hole notched specimen, i x noeuvrs
(1970, Ref,156) including cr. sk ;
propagat:on L

(a) In these investigau’ions randomized block loadinz was applied.




Table 4.5 Investigations on the shape of the spectral density function for random load fatigue life

I Investigation Material Specimen Type of loading
Kowalewski 2024~T3 Notched, K, = 1.8 Bending, Slll =0
(1959, Ref.102)
Fuller 2024-T3 Unnotched Bending, Sln =0
(1963, hef.103)
Neumann 2024-T3 Bige-notched, K, = 4 Axial , S = 12.2 kg/mm2
(1965, kef.104)
Smith 2024-T3,7075-T6 | Sheet, crack propagation | Axial , Sm = 8.4 - 13,3 kg/mm2

(1966, Lef. 61)

Clevenson and Steinmer
{1967, Kef,105)

Hillberry
(1970, Ref.101)

Ti-8-1-1,Ti-6-4

2024-T4

2024-~T3

Notched, Kt = 2,2

Mildly notched

Axial , Sm =0

[}
o

Bending, Sm

random teats

Table 4.6 Investigalions on the comparison tetween the resulis from program tests and
Investigation Material Specimen Load spectrun Remarks
Kowalewski 2024 alloy Notcaed, K, = 1.8 Rayleigh distribution Sm = 0, bending
(1959, Ref.102)
Melcon and McCulloch | 7075 alloy Elliptical hole, Gust and manoeuvre sgzzzuzlégltgnd
(1961/63, Refe.68,69) K, = 4 and 7
Rosenfeld 7075 alloy Wing Manoeuvrea
(1962, Ref.48)
Naumann 707% alloy Edge notched specimen, | Severe gust spectrum | Tests with and
{ 964,Ref.67) K, = 4 without GTAC
Naumann 2024 alloy Edge notched specimen, | Severe gust spectrum | Different types of
(1965, Ref, 104 ) K, =4 randem and
program tests
Corbin and Naumann 7075 elloy Edge notched specimen, | Manoeuvre 3 load spectra
(1966, Ref', 90) K, =4
Schijve et al. 7075 alloy Wing center section Severe gust spectrum | Tests with and
(1965, Ref.76) without GTAC
Schijve and De Rijk 2024 and Sh.et specimen (c) Severe gusti spectrum | Tests with and
(1965, Re<,106) 7075 alloys without GTAC,
tests indoors and
oubdoors
Lipp and Gassner Cr steel Hole notched specimen Gust spectrum, Sm-O Sm = 0, bending
(19681R°f3-94195)
Jacoby 2024-13 Elliptical hole Gust spectrum 2 design stress
(1970, Refs,107,108) specimen, K, = 3.1 levels
Jacoby CoCrNiW alloy | Circumferential notch Rayleigh distribution |3 Sm~vuluu
{1970, Ref,109) Ti6Al 4V alloy = 3.1
2024-T3 Eiliptical hole,K,=3.1
BEreyan 7075 alloy Riveted box beam Nanoeuvre ¢ design stress
(1970, hef.98) levels
4 load spectra
Schijve et al, 2024-T3 Sheet specimen (n) Gust Different types of

(1970, Ref8.96,97)

random and program
loading

(c)

crack propagation specimen
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Table 4.7 1lnvestigations on flight-simulation testing
Variables studied
. . . . . . Load Load Flight loads GTAC
Investigation Materisl Specimen spectrum | sequence Low-Sa H;’Lgh-sa Smin Taxiing| Design
stress
cycles |cycles loads level
Naumann 7075-T6 Edge notched | Severe x x x
(1964, Ref,67) 2024-T3 specimen, K, »4| gust x
Gassner and Jacoby 2024-T4 Elliptical gust b4 X X x
(1964/65,Ref8.66,73) hole specimen
Kt = 3,1
Jacoby 2024~T4 same gust N
(1970, Refs,107,108)
Branger (1967,1971, 7075 bar Hole notched | manoeuvre x x x x
kefs.100,111) 2014 plate specimen
1(t = 3.6
Branger and Konay CrNi steel Hole notched | manoeuvre X
(1968, Ref.112) specimen
Kt = 203
Imig and Illg Ti-8A1 1Mo1V| Elliptical typical x I x x x
(1969, Ref.80) hole specimen|for
Kt =4 supersonic
aircraft
Schi jve,Jacobs, Tromp 2024-T3 x X x X X
(196811969oRef5-77|78) 7075~16
Schi jve, Jacobs, Tromp 2024-T3 Sheet speci- [gust x
(1969, Ref.113) men, crack
precoagation
Schi jve 2024-T3 J x
(1971, Ref.64) 7075-T6
D, Schiitz 7075-7$ Lug-type gust ‘ x
(1970, Ref.114) specimen ;
Schi jve,De Rijk 2024-"3 Wiag struc- |gust x x
(1971, Ref8.63,64) 7075-76 ture, crack
propagaiion

Investigations on the effect of omitting GTAC are mentioned in table 4.3

Table 4.8 Investigations on the superposition of two cyclic lcads

Investigation Material Specimen Kg;i:; w2/w1 Variables studied
Locati 2024~73 Unnotched Bending | 14 8,5/5.1
(195, Kef,122) Steel 7and 19| 2 ?
Nishihara and Jamada | Carbon steels | Notched Bending | 115-740 S >
(1956, kef, 123) a
Starkey and Macro AlZn alloy Unnotched Axial 2 Sa.Z/S 1» Phase angle
(1957, Ref.124) SAE 4340 steel } &
Gassner and Svenson | Nild steel Notched Bending 30 ’ S aZ/S 1+ S, also programmed
(1962, Ref.125) { a a
Jacoby AlNg alloy Crack Axial 500 | Fractographic observations
(1963, Ref,126) propagation
Jdnmada and Kitawage 7075 alloy Unnotched Bending CIVEM
4ot Tef,127) 17 ST4 ;

I
fowach 2024-T3 Notched Axial 2 5a2/sa2 , Phase angle
(1969, hef,123)
Dowling 2024-74 Unnotched Axial 2-600 Sa2/sa1 y 5., also random
(1971, ke, 129) Be




Table 5,1 Three different approaches for calculating fatigue life

« Incromental damage theories, see table 5.2

siress
« Similarity approach based on strain

siress intensity facior
» Interpolation methode

N ML T G, e T T s

R e

Table S.3 Some test cases for the significance of
cumulative damage theorios

@ Aspects of the physical relevance of a theory
v»8ck nucleation and crack growth
residual stress

other damage parameters

12 (o o |1p

simple sequenre effertis
® Aspects of the practical ussfulness of 2 theory
& 1, prediction of life until visible cracks

2. predicticn ol mac.o .rack propagation

o

complicated sequxnce efiects
effect of a cihange of the load spectrum
effsct of a few Ligi-amplitude Qycl 3

(SR

effect of many low-amplitude cycles
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Table 6.1 Survey of aircraft fatigue problems (Ref.78)

DESIGN PHASE Type of structure, fail-safe characteristics
Joints

Detail design

Materials selection

Surface treatments

Production techniques

Design
efforts

Airworthiness requirements

Prediction of fatigue environment
mission analysis
lcad statistics
required target life

E Estimations . Dynamic response of the structure
" Calculations
Testing

Estimation of fatigue properties
fatigue lives (-]
crack propagation -]
fail-safe strength

. Exploratory fatigue tests for

design studies

N support of life estimates

[+ X ]

CONSTRUCTION OF AIRCRAFT PROTOTYPES
TEST FLIGHTS

Load measurements in €light

Proof of satisfactory fatigue properties by °
testing components or full-structure
Allowances for service environment o
Structural modifications

Inspection procedures for use in service

Load measurements in service

Corrections on predicted fatigue properties
Cracks in service, relation to predction
Structural modifications

AIRCRAFT IN SERVICE

000

e s s

Problems involving aspects of fatigue damage accumulation are indicated by ©
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FATIGUE ENVIRONMENT

RESPONSE OF THE
STRUCTURE

INTERNAL
LOAD DISTRIBUTION

—

ESTIMATION
OF

FATIGUE
PROPERTIES

L LN

Y

FATIGUE
LIFE

CRACK RESIDUAL
PROPAGATION
STRENGTH

DATA

-
INFORMATION FOR FAIL ~SAFE
QUALITY

TABLE 6.2 SEVERAL PHASES OF ESTIMATING

FATIGUE PROPERTIES
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Table 6,3 Various aspects of the aircraft fatigue environmen: (Ref,78)

Load-time history o« Missio- 2. . 'yu.®, flight profiles
. Fatigue loads
gusts
manoeuvres
GTAC
ground loads
acoustic loading
etc,
. Statistical description of fatigue loads
Counting of peaks, ranges, etc,
PSD apprcach
Unetationary character of environment
Scatter of environmenial conditions
Sequence of fatigue loads
Loading rate
Time-history
Wave form
Rest periods

Tempsrature-time + Fatigue at low and high temperature
histery . Thermal stresses

F » Interaction creep-fatigue
Chemical . Corrosion, influence on crack initiation
environment crack propagation

. Interaction stress corrosion-fatigue

Table 6.4 Basic elements of fatigue life estimating
procedur. : in the design stage

Estimated service load-time history
Structure, componen.: dimensions and msterial
Available fatigue data

Fatigue life calculation theory

Additional fatigue tests

fo I o (o I




Table 6,5 Aspects of available fatigue data for

making life estimates

Aspect Specification of available data
Material » Similar material
» OSame material
Type of specimen « Unnotched
+ Simply notched specimens
+ Similar structural element
« Same comporent
Type of loading « Constant-amplitude test data
« Data from more coaplex fatigue
load sequences
» Loading in service

Table 6.6 Various procedures for making life estimutes in the design stage

[iL]

Star.ing point

Type of data

Improvement of data
by accounting for 3

Life calculation

1., Available fatigue life data

S5-N data for:

[N

1a. simple specimens z:% =1
1b. components Material

Program tesi data or > S

random load test data for: K? and size 5 hl .

1c. simple specimens “N

1d. components (Bect.5.3.3)
le, Flight-simulation test data Interpolation

between available
data (Sect,5.3.5)

2, Service experience from
previous design

2a, Stress level giving
sufficient crack free life

New design is
superior to old
design, Result:
At least same
life

2b, Crack free life for
specific components

Material,l ,K, ,size

and load spectrun:

 Similar life as

for old design

3. Testing of new component
or structure




Ty~ T

g s RSN S n

70

Table 6,7 Procedures for estimating crack propagation
rates in the design stage

Starting point

Type of data

Available crack
propagation data

Data from constant-amplitude tests

Date from flight-simulation tests

Experience from
previous design

Date from panel tests of full-scale
fatigue tests

Testing of new
component or full-
scale structure

Table 7.1 Survey of fatigue specimens

Type of specimen

Hemarks

Unnotched specimen

Simple notched specimen

Simple joint specimen

Component

Full-scale structure

Ky ~1

Examless Edge notched specimens,
specimens with central notch.
Specimens mainly characterized by
Kt-value and notch root radius r.
Lap joint, strap joint, either
riveted or bolted.

Lug type specimens,

Part of a structure, full sige,
Exanmplee: joint, skin panel with
fatigue critical details, brackets,
etc,

Large part of an aircraft structure.
Examples: wing, fuselage, empennage,
or large parts of these items, for
instance ncse section of fuselage,

tailplane, etc.




Table 7.2 Survey of different types cf fatigue trouble in service (Ref.195)

Type of fatigue trouble

Possible consequence

Safe-life component
Irsufficient fatigue strength

Faii-safe component

Deficiencies of the detail design

Fatigue cracks in components that were
assuned to carry no cyclic load

Fatigue cracks in secondary structure

Fatigue cracks due to incidental service :amage

Catastrophe

Expensive repair

Extra maintenance
by repair, .nodification

or replacement

Depende on type of component

71




T

5 40
max Pe0.1mm 0.2 0.5 1
(kq/mmz) J L
) o— 41$, Na= 45000
32 & 1 T N= 70000
28 & I &N . 110000
241 -© o I N = 180000
‘&} N a 280000
20 N a 550000
N = 1000000
= 4000000
16
0 20 40 60 80 100

FIG. 2.1 PERCENTAGE OF FATIGUE L!FE COVERED BY CRACK PROPAGATION IN 2024-T3
SPECIMENS UNTIL A CRACK LENGTH £HAS BEEN REACHED (REF, 7).
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N = 30000 CYCLES

40 mm

MICRO RANGE

MACRO RANGE

| FINAL FAILURE

FIG. 2.2 THREE PHASES IN THE FATIGUE LIFE.
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BN

o TR
‘-\k\\ \
Ny, N ‘.\

10 CYCLES

-
\\

"NEGATIVE PEAK LOAD

FIG. 2.3 ELECTRON MICROGRAPH FROM A FRACTURE SURFACE OF A FATIGUE CRACK.(REF.8)
PROPAGATION FROM LEFT TO RIGHT, MATERIAL 2024 -T2 ALCLAD SHEET.
EACH STRIATION CORRESPONDS TO A SINGLE LOAD CYCLE.

“»
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DIRECTION OF
LOAD!NG

SUCCESSIVE
POSITIONS OF
CRACK FRONT

TENSILE
MODE

45°
DIRECTION OF
\ CRACK GROWTH

FIG. 2.4 THE SURFACE OF A FATIGUE FRACTURE IN SHEET MATERIAL DURING THE
TRANSITION FROM THE TENSILFE MODE (90° MODE ) TG THE SHEAR MODE

(45° MODE ), SEE ALSO FiGURE 3.5.
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2024 - T3 SHEET SPECIMEN
WITH FATIGUE CRACK

TSTRESS 5 STATIC MEASUREMENT OF CRACK OPENING

8§ mm
STRESS LEVEL S

~ wU>

» \} CRACK OPENING =
, 160 mm - NON ~LINBAR, INCREASE OF DISTANCE A B
g THICKNESS 2mm CRACK PARTLY CLOSED

TEST RESULTS (CONSTANT —~ AMPLITUDE FATIGUE TESTS)

FATIGUE i 2 3 4
STRESS CYCLE

(kg/mm2)

S, = LEVELS

" AT 2+ 30 mm
20 mm

10 mm

v
.S

FI1G. 3.1 CRACK CLOSURE ACCORDING TO ELBER (REF, 18). RESULTS FROM NLR TESTS
(REF. 20).
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AT e
v e~

SEMI - CRACK LENGTH

{mm)

40 ¢

w _ ]

2 [ o —T

| =

0 100 200 300 400 500

NUMBER OF KILOCYCLES

FIG. 3.3 THE DELAYING EFFECT OF PEAK LOADS ON CRACK PROPAGATION IN 2024 ~T3
ALCLAD SHEET SPECIMENS, WIDTH 150 mm, THICKNESS 2 mm ( REF. 27).
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CRACK LENGTH

/ DELAY

PLASTIC ZONE

CYCLES
RESIDUAL

COMPRESSIVE
STRESS

RESIDUAL
TENSILE STRESS

FIG. 3.4 CRACK GROWTH AFTER A PEAK LOAD CYCLE, SEQUENCE B IN FIG. 7.
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CRACK
LENGTH

CRACK
LENGTH

vV
Sq AR SN CURVE FOR COMPLETE FAILURE
AN Y

FIG.3.6 S-N CURVES FOR CONSTANT AMOUNTS OF CRACKING
(2 INMILLIMETERS ) AND S - N CURVE FOR COMPLETE FAILURE .

A CRACK GROWTH DELAY IN TWO-STEP TEST.

TIME
B APPATTNT ABSENCE OF INTERACTION EFFECT IM TWO-STEP TEST

FIG.4.1 MACROCRACK PROPAGATION, INTERACTI N EFFECTS IN TWO-
STEP TESTS.




T TR T TR T e

T R TR T

Al TWO-STEP TEST
WITH HI - SEQUENCE
Al
A2 TWO-STEP TEST
WITH LO —HI SEQUENCE
A2
B INTERVALTEST
PERIODIC REPETITION OF
N LOAD CYCLES
B
C  SINGLE HIGH PRELOAD
n
TRV
C
D  PERIODIC HIGH LOADS
HiGH LOADS MAY BE EITHER
UPWARDS OR DOWNWARDS,OR
A W BOTH, SEE FIG.3.3
D
E  SUPERPOSITION OF TWO
CYCLIC LOADS WITH
']ﬂﬂm.“ DIFFERENT FREQUENCEES
E

FIG.4.2 SEVERAL SIMPLE TYPES OF VAVIABLE - AMPL!DE LOADING.

X1




Ty

1 PERIOD

ETC.

/\/ | . _
! 1 FLIGHT |/ U
|

N\/\[\[\{\]‘U i ETC.

i U

|
| n! f |
YUY 1 FLIGHT A

- .
- -

PROGRAM LOADING WITH
LO-HI-l.O SEQUENCE.

LO-~Hi AND H!-1L0O SEQUENCES
WERE ALSO ADGPTED,SEE
FIGURE 4.17

RANDOMIZED BLOCK LOADING
SIMILAR TO PROGRAM LOADING,
HOWEVER, BLGCKS OF CYCLES
IN RANDOMIZED SEQUENCE

NARROW -~ BAND RANDOM LOA-
DING (SEE FIG 4.20)

BROAD ~- BAND RANDOM L QOA-
DING (SEE FIG 4.20)

QUASI - RANDOM LOADING
PSEUDO ~ RANDOM LOADING

SIMPLE FLIGHT - SIMULATION
LOACING ALL FLIGHTS SIMILAR

COMPLEX FLIGHT ~SIMULATION
LOADING

DIFFERENTS FLIGHTS, SEE FIG.
7.3

F!1G.4.3 SEVERAL TYPES OF COMPLEX FATIGUE LOAD HISTORIES.
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ST RN

g ST T 3 e

Smax/ Su
Y4 ~ 0.7

L
— 4
7] 0.6\
t=3mm \\\
0.5 4.
\ \& 1\
- \
I mm N . 75 % Su
S ] PRELOA
0.4 ~ > 4 OAD
~S- . ot e /60 % Su
N ~~ )
-f A -4 - . .
20 mm 0.3 \ = e e e e | a—e) o
30 mm . N\
» 0.2 0 s
-
LOAD
04
/'/
A7
l 103 104 10° 10— & 10
Ki=3,5 A CONSTANT - AMPLITUDE TESTS ON TI=ALLOY SPECIMENS (R=0.1)
RESUL™S FROM BOISSONAT (REF,46)
rms (kg /mm )
3 N
N
A
PRELOADED
25mm % M 470 317kg /e
86 mm 2 A N .
SLLL L — N -
) N
4}\ N
! ™~ R
[ Y
~L
. i
1 i
\
( \'“Nnu
l 103 108 CYCLES 10’
Kr=2.56 B NARROW- BAND RANDOM LOAD TEST ON AL - ALLOY LUG SPECIMENS

(Sym10kg/mm?) RESULTS FROM KIRKBY AND EDWARDS (REF.50)

FIG.4.6 THE EFFECT OF A PRELOAD CN FATIGUE CURVES FOR CONSTANT - AMPLITUDE
LOADING AND NARROW - BAND RANDOM LOADING.

o i s b
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120

HTY

80

60

40

20

~20

- 40

- 60

- 80

- 100

-120

S0.1 (%]
POSITIVE PRELOAD X
X O»
X >
X ° F(-z/1
4>/.‘7
[ ]
[ ]
14'
n.01 0.1 I 1 10 100
N WITH PRE-LOAD
#-RATIO
x/ N WITHOUT PRE -LOAD
® r/ & 1
X O SIMPLE LUG
1/’ 4+ CHANNEL SPECIMEN
> @ X TRANSVERSE HOLE SPECIMEN
g@e—" | ;1 (BAR MATERIAL )
® } ® WING JOINTS
O SPAR FAILURE}METEOR
SKIN FAILUREJ TAILPLANE
|
lNEGAT)VE PRELOAD

PRELOAD STRESS

RATIO

MEAN STRESSES 3.4 = 14.2 kg/mm 2

STRESS AMPLITUDES 2.7 — 5.4 kg/mm 2

N WITHOUT PRELOAD 80ke TO 850kc EXCEFT FOR @ (7700 ke)
RESULTS REPORTED BY HEYWOOD (REF. 42)

FIG. 4.7 ETFECT OF THE MAGNITUDE OF A PRELOAD ON FATIGUE LIFE UNDER
CONSTANT — AMPLITUDE LOADING.
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L_.__.I_.__._

NOTCHED SPECIMEN
CENTRAL HOLE, K = 2.5

STRESS S

aRBAA

$STRAIN GAGE,
SAME € HISTORY

20

T

MATERIAL 2024-~T3
THICKNESS 5 mm

UNNOTCHED SPECIMEN

m

N

+p l !
| | (.
AL BN
R
L
Y

v

" l |l

N e Y
1 FLIGHT |

| amaadil T I —1

+€ l M\\l

Y i | )
j ' r

- | |
| . JE—

.

| |

LOAD HISTORY (P)

STRAIN HISTORY MEASURED
AT ROOT OF NOTCHED AND
APPLIED TO UNNOTCHED
SPECIMEN (E)

STRESS HISTORY w

DERIVED

L FROM
UNNOTCHED
SPECIMEN
BEHAVIOUR

PLASTIC STRAIN

RESIGUAL STRESS/

MEASUREMENTS FROM HAIBACH, D. SCHUTZ AND SVENSON (REF. 54, 55)

FIG. 4.8 DETERMINATION OF RESIDUAL STRESS AT THE ROOT OF A NOTCH DURING A
SIMPLE FLIGHT--SIMULATION LOADING
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T T

TEST LOADING SEQUENCE REMARKS FATIGUE
SERIES LIFE
(PERIODS)

S ‘ S+ 6.3 kg/mm?
PROGRAMMED

10 ——I_——— . n

GUST CYCLES

IR,

% $ = 18.1 kg/mm?

1 HIGH LOAD PER PERIOD 126

HIGH LOADS OMITTED
— AFTER 50th PERIOD

ba 58

S o * 11:0 kg/mm?

m

R Sk

1 HIGH LOAD
PER 2 PERIODS

6b 40

SIMILAR TO SERIES 6
BUT GUST CYCLES IN 22
REVERSED ORDER

o E— ——— T T L Y
—
~

RESULTS FROM REF. 39
FATIGUE LIFE IN PROGRAM PERIODS, 1 PERIOD % 81500 CYCLES
EACH RESUL T iS THE MEDIAN OF 7 TESTS.

e e T

FIG. 49 THE EFFECT OF PERIODIC HIGH LOADS ON THE ®ROGRAM ~ FATIGUE LIFE OF
7075-T6 RIVETED LAP JOINTS.
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TEST LOADING SEQUENCE REMARKS FATIGUE
SERIES LiFE
(PERIODS)
Sy 9 km/mm?
' 1 PROGRAMMED
; 21 ’ GUST CYCLES 31
(5 ampl.)
S, % 22.5 kg/mm? ,
HIGH LOAD CYCLE
27 IN POS. -NEG. "
SEQUENCE
Us : ~4.5 kg/mm?
PROGRAMMED
24 GUST CYCLES 14
(4 AMPL.)
HIGH LOAD CYCLE
28 ] IN NEG. - POS. 85
4 Y SEQUENCE
FIG. 4.10 THE EFFECT OF THE SEQUENCE OF A PERIODIC HIGH LOAD CYCLE ON THE iJ
PROGRAM-~FATIGUE LIFE OF 2024-T3 RIVETED LAP JOINTS.
RESULTS FROM REF. 39
FATIGUE LIFE IN PROGRAM PERIODS, 1 PERIOD = 432300 CYCLES
EACH RESULT IS THE MEDIAN OF 7 TESTS




SEQUENCE a SEQUENCE b (HIGHER GUST AT
END OF FLIGHT)

STRESS
GTAC (kg/mm?
l ,,,,,, 217
18,5
— AN —-15.4
" 23
CYCLES \
25
1 FLIGHT TIME
SPECIMEN : RIVETED LAP JOINT, 2 ROWS OF 5 RIVE TS, 2024 - T3 MATERIAL
CYCLES PER FLIGHT (X) 5 10 49 99 999
a| 19740 30 380 58 400 50850 | 125800
Ui CYCLES  u | 22400 28350 51500 55431 84600
al| 320 2762 1168 598 126
FLIGHTS 3733 2577 1010 554 85
a 0.53 0.51 0.44 0.37 0.63
S /N b ¢.40 0.48 0.38 0.34 0.42

ALL DATA ARE THE MEAN OF THREE TESTS

FOR GUSTS ONLY N = 205300 CYCLES. FOR GTAC ONLY (Spgx =217 AND 5. = 2.5 kg/mmz)
N = 7360 CYCLES

RESULTS REPORTED BY BARROIS (REF. 70)

FIG. 4.11 THE EFFECT OF GROUND~TO-AIR CYCLES ON THE FATIGUE LIFE IN A
SIMPLIFIED FLIGHT SIMULATION TEST.

S, INGTAC|  LIFE
TERIAL LOAD SPECTRUM

MATER (kg/mm?) | (FLIGHTS)

0 2699

7075-T6 SEVERE GUST SPECTRUM

-7.0 1334

FAIRLY SEVERE SPECTRUM 0 > 52000

Ti<8Al=IMo=IV | REPRESENTATIVE OF A SUPERSONIC ~10.5 16600

TRANSPORT. TESTS AT ROOM TEMPERA - |  =21.1 8500

TURE

7075~ T6 SHEET SPECIMENS, TWO EDGE NOTCHES, K, = 4

Ti=8Al~IMo~IV, Ti ALLOY SHEET SPECIMENS, QUASI ELLIPTICAL HOLE, K, = 4
ALL DATA ARE THE MEAN OF 5 = 7 TESTS

RESULTS REPORTED BY NAUMANN (REF. 67) AND BY IMIG AND ILLG (REF. 80).

FIG. 4.12 THE EFFECT OF THE MINIMUM STRESS OF THE GROUND-TG~AIR CYCLE
ON THE FATIGUE LIFE IN RANDOM FLIGHT SIMULATION TESTS.

-



MATERIAL CRACK PROPAGATION LIFE (FLIGHTS)

RATIO
WITHOUT GTAC WITH GTAC
7075-T6 7518 5062 1.5
2024-T3 20869 11781 1.8

SHEET SPECIMENS WITH A CENTRAL CRACK, SPECIMEN WIDTH 160 mm.

CRACK LIFE COVERS PROPAGATION FROM 20= 20 mm TO COMPLETE FAILURE.

FLIGHT SIMULATION LOADING WITH GUST SPECTRUM, S_ = 7.0 kg/mmz, )
ALL DATA ARE MEAN RESULTS OF 4 TESTS.
RESULTS REPURTED BY SCHIJVE, JACOBS AND TROMP (REFS. 77, 78)

min

IN GTAC = 3.4 kg/mm?

FIG. 4.13 EFFECT CF THE GTAC ON CRACK PROPAGATION LIFE UNGER FLIGHT

SIMULATION LOADING.

’ STRESS m
S -_-_1 S, =20 kg/mm2, N = 7 ke

S, =7 kg/mm?
N = 800 ke

'O O it o
<

27 mm

____l___:

2024-T3 SPECIMENS n
WITH 2 HOLES S N=204

n
N

RESULTS REPORTED BY WALLGREN (REF. 81), MEAN VALUES OF 9 TESTS

FIG. 4.14 TWO-STEP TESTS WITH DIFFERENT WAYS FOR CHANCING THE AMPLITUDE

9]




"S1INS3Y 1531 GVO WOANVY HLIM NOSI¥VJIWOD "34177 3N91LVd WVHO0¥d NO A0IN3d 40 3Z1S ANV 3ION3IND3S avol 40 S1D3I443 o'y ‘Ol4

"SLSIL ¥ — Z 40 SINIVA NVIW L6 ‘96 "S43¥ WONS SL1M153
(wwool =3z 0L wwyz =32) (wwz = 4 ‘Ww Q9L HLAIM) SNIWIDIJS LITHS QVIDIY € L —¥Z0Z NO S1S3L NOILYOVAONd YIveD
(§37242 401) 3417 XOV¥D _ .
14 £ z
o —

S37TOAD 0000Y

S1S3 1L wWviooid S3T1DAD OFr

JOVYIAY

FON3IND3S

S3D4AD
SOd/93N

S1SZ1 AvO WOANvVH

S3DAD

93N/sSOd
L




93
SO, max
2 2
75 kg/mm 56 kg/mm
6 Z j
NUMBER oF  3-10 Cr—~STEEL, SPECIMEN
CYCLES IN WITH CENTRAL HOLE
ONE PERIOD LOADED IN PLANE
5.105 A BENDING, S_ =0
SERVICE LIFE OBTAINED
IN FATIGUE MACHINE
j MOUNTED IN A VOLKSWAGEN
5.104 . # RESULTS FROM
/ GASSNER AND LIPP ( REFS.
/ 94, 95), MEAN VALUES
OF 10 TESTS.
5.108 y:
» PROGRAM TESTS
@ SERVICE LIFE
{
10 107 108

LIFE IN CYCLES

FIG. 4.15 EFFECT OF SIZE OF PERIOD ON PROGRAM FATIGUE LIFE AND COMPARISON
WITH RANDOM LOAD FATIGUE LIFI

AMPLITUDE/SEQUENCE IN ONE
PERIOD

Lo=Hi

Lo=Hi-Lo

Hi=-Lo

RANDOMIZED

S

0.4 - e a
Lo-Hi Lo=Hi<Lo Hi-Loe RANDOMIZED

FYVON

TESTS ON EDGE NOTCHED SPECIMENS, Ky = 4, 5_ IN kq/mm2 RESULTS REPORTED BY HARDRATHET
AL (REFS. 30,31), MEAN VALUES OF 3 -~ 4 TESTS.

FiG. 4.17 THE EFFECT OF THE AMPLITUDE SEQUENCE ON THE FATIGUZ LIFE IN PROGRAM
TESTS.
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SPECIMEN 54— SEQUENCE
LIFE LIFE RATIO EFFECT OF ADDING
SPECTRUM IN ONE PERIOD
CYCLES [Zn/N [CYCLES/CYCLES|E/Z | HIGH 5.~ CYCLES
RIVETED JOINT
6130000 .3
2024-T3
2.14 2.21| INCREASED LIFE
GUST SPECTRUM
13060000 2,90
(REF. 39)
TAIL PLANE
44000 3.0
7075=-T4
2.08 2.17| INCREASED LIFE
MANEUVER
91800 6.5
SPECTRUM (REF. 48)
EDGE NOTCHED
41520 2.16
SPECIMEN
0.43 0.61] REDUCED LIFE
7075~T6
17730 1.31
MANEUVER
SPECTRUM (REF. 87)

DATA ARE MEAN VALUESOF 7,7, 3, 1,7 AND 6 TESTS RESPECTIVELY.

FIG. 4.18 DIFFERENT EFFECTS OF HIGH-AMPLITUDE CYCLES IN PROGRAM TESTS.

s S _VALUES LIFE RATIO
RIVETED JOINT m 2 e
(kg/mm2) |BELOW FATIGUE LIMIT | PERIODS] CYCLES(KC)|PERIOD/PERIOD)CYCLE/CYCLE

2024-T3
DOUBLE LAP 3.5 3 15 | 166000 11 160
JOINT OMITTED 16 1040

9.3 | 98 3080 1.3 3.3
7075-T6 OMITTED 129 900
SINGLE STRAP
JOINT o7 2 20 | 107000 7 16

OMITTED 34 6500

RESULTS REPORTED BY WALLGREN (REF, 83). ALL DATA ARE MEAN VALUES OF 2-4 TESTS.

FIG. 4,19 THE EFFECT OF OMITTING LOW-AMPLITUDE CYCLES FROM £ PROGRAM TEST ON FATIGUE

LIFE AND TESTING TIME.
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NORMALIZED POWER

SPECTRUM R
.25 N
NARROW BAND
20 L .006
L 005 | BROAD BAND
i i\
r .004 ¢+
0034
A0
002}
.05 |-
.001 ¢
i 0 | — i | . L 1
190 200 210 220 230 240 0 40 80 120 160 260 240 280 32
FREQUENCY, CPS FREQUENCY, CPS§

a. POWER SPECTRA NORMALIZED TO GIVE UNIT AREA UNDER THE CURVE.

NARROW BAND
IRREGULARITY FACTOR W 1

BROAD BAND
IRREGULARITY FACTOR 0.79

b. STRESS-TIME HISTORY FOR NARROW-BAND AND BROAD-BAND LOADING.

FIG. 4.20 ILLUSTRAT!ON OF THE EFFECT OF THE POWER SPECTRAL DENSITY FUNCTION ON
THE LOAD-TIME HISTORY (REF. 101)
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INVESTIGATION (o)

PERCENTAGE INCREASE OF LIFE IN FLIGHTS CAUSED BY

OMITTING

LOW- AMPLITUDE CYCLES

OMITTING
TAXIING LOADS (b)

NAUMANN
(1964, REF. 67)

GRASSNER AND JACOBY
(1964, 1965, REF. 66, 73)

BRANGER
(1967, REF. 110)

IMIG AND ILLG
(1969, REF. 80)

NLR
(SEE FIG. 4.25)

SCHIJVE AND DE RIJK
(1971, REF. 63)

6% AND 17 4

150 %

-14%

18% TO 93 %

0 - 50%

-23%

2% TO0 12%

-8% AND 4+ 16 %

(a) FOR MORE INFORMATION SEE TABLE 4.7
(b) Smin IN THE GTAC HAD THE SAME VALUE WITH AND WITHGUT TAXIING LOADS

FIG. 4,24 THE EFFECT OF OMITTING LOW - AMFLITUDE CYCLES FROM FLIGHT -

SIMULATION TESTS.
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TAXIING | GUST SEQUENSE
LOADS | it EACH FLIGHT
O A NO RANDOM
Oe NO PROGRAMMED
sc-,max2 oe YES RANDOM i
(kg/mm*) §
//
/./.
8
| 7/
.‘b ’
4 )
0> A
1“ 4/
0>
6 / ' /f'
/ S
u:nﬁ
4 s
P Vd '
2 l 3
1000 10000 50000
CRACK PROPAGATION L!FE (FLIGHTS) #

ALL DATA POINTS ARE MEAN VALUES OF 4-6 TESTS. THE CRACK LIFE COVERS PROPAGATION
FROM 2B = 20 mm TO COMPLETE FAILURE. SPECIMEN WIDTH 160 mm.

r1G. 4.27 THE EFFECT OF TRUNCATING THE GUST LOAD SPECTRUM ON THE CRACK
PROPAGATION LIFE IN FLIGHT-SIMULATICN TESTS (REFS. 77, 78)
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Sa’ Saq mox LOG BINOMIAL DISTRIBUTION

S
STEPPED APPROXIMATION
s /s NUMBER OF
0.8 ] R 7 a’ “a, max EXCEEDINGS
- 1 2
0.6 ™. 0.95 18
N 0.85 298
0.725 3018
0.4 W 0.575 23000
N 0.425 115000
0.2 I D ] 0.275 395000
\ 0.125 1000000
1 10 102 103 104 10° 108

NUMBER OF EXCEEDINGS
a. STANDARDIZED LOAD SPECTRUM

44
70 70 N ER OF CYCLE
680 680 UMBER OF C >

5000 5000
23000 23900
70 000 70000
151250 151250

—— - - - - s
—_— m

1 PERIOD A 500 000 CYCLES

b. LOAD SEQUENCE IN PROGRAM TEST AND NUMBERS OF CYCLES IN ONE PERIOD
log S

a, max

log N

c. ENDURANCE CURVE, RESULTS FROM TESYS WITH DIFFERENT S VALUES, BUT SAME
/$_RATIO. '

a, max

FiG. 4.28 ENDURANCE CURVE OBTAINED IN STANDARDIZED PROGRAM TEST
ACCORDING TO GASSNER
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S1q )
(kg/mm*)
6 T T T°1T 7
~— | *2 751 J075-T6 BAR
; S %\1'*4 - TWO-HOLES SPECIMEN, X, * 3.6
( L Lo \9\ MAMEUVER SPECTRUM
\ \ BRANGER, 1967 (REF. 110)
4 ~t . b (MEAN RESULTS OF SIX TESTS)
Py
3.5 L
104 FLIGHTS 10°
14 rr T
] ! ‘l Xs 3
e i | CeNiMo STEEL
1\ TWO-HOLES SPECIMEN, K, = 2.3
MANEUVER SPECTRUM
10 | \0~ BRANGER AND RONAY 1968 (REF. 112
. | 3 (MEAN RESULTS OF SIX TESTS)
NN
104 FLIGHTS 10°
30 TP T
| !k I— xeB.5
_
La%c ~ 8-1-1 Ti=ALLOY
t ol | ELLIPTICAL HOLE SPECIMEN
[ [ ‘ SUPERSONIC TRANSPORT SPECTRUM
‘ FaY \{L}@: IMIG AND Ittg, 1969 (REF. 80)
oA ) (MEAN RESULTS OF 3=9 TESTS)
o8| DIFFERENT
ac TYPES
o V0| OF FLIGHTS
104 FLIGHTS 10°
T
xa8
127
sy 7075-Té
LUG=TYPE SPECIMEN
wk Lo o> o GUST SPECTRUM
D. SCHUTZ, 1970 (REF. 114)
© (INDIVIDUAL TEST RESULTS)
~-L
8
104 FLIGHTS 10°
10
~
Y De, - L A4
| L 2024-T3 ALCLAD O
| \\ Ny 7075-T6 CLAD @
o ,L e SHEET SPECIMEN FOR CRACK
B T \ PROPAGATION, LIFE FOR
l \ GROWTH FROM 2La 24 mm TO
¢t i R A 20460 mm
T SCHIJVE, 1971 (REF. 64)
s ’ | (MEAN RESULTS OF 2-4 TESTS)
193 104 FLIGHTS  10°

FIG. 4.29 THE EFFECT OF THE DFSIGN STRESS LEVEL ON FATIGUE LIFE UNDER FLIGHT-
SIMULATION LOADING. S)g + CHARACTERISTIC 1g~-STRESS LEVEL IN FLIGHT,




105

I Sa2
b
o S a. SUPERIMPOSED
.2—_ p VIBRATION (S_ % S _5)
ol | Sin
o~
-

| N ﬂ i
F f | ﬂ 1 [ r [ ﬂﬂ | ’\ Sa2 b. VARYING MEAN
(5,74 5,7
4+ 1 1 S
i raratil \ R A
h J U U L J J | U J
FIG. 4.30 TWO TYPES OF SUPERIMPOSED CYCLIC LOADS.
log S, - SLOPE )
N SLOPE —(2x=1)"" ‘
N / ORIGINAL FATIGUE LIMIT
N /L L
\\[/\ ADJUSTED S=N CURVE
\\\Z
~—

log N

FIG. 5.1 ADJUSTED S-N "URVE FOR LIFE CALCULATIONS ACCORDING TO HAIBACH (REF.148)
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rms

)

n -
?

(kg 'mm

| |o RESULTS OF NARROW -
BAND RANDOM ~LOAD

| FATIGUE TESTS WITH

CONSTANT 5,

\Q o (S,, = 11 kg/mm?)

_*__._) N _jﬂw.____,_,-,-wr._.._,_. ’L
| N
2 r «Nr-ﬁ'
DIAM. @ MP| | [0)
13mm l !
, T{ h
‘t = 5Smm \
-—— [0] - @
32mm
LUG SPECIMEN - T 1 N
MATERIAL 2L65
(~ 2014) j | .
106 10" -——e N (CYCLES)

S

rms

b. TEST PROGRAM OF NARROW —~BAND
RANDOM LOAD TEST WITH §

rms

PERICDICALLY VARRIED IN THREE

, : STEPS A, B, C.
le TIME
7200 2100 N200 CYCLES
RELATIVE NUMBER OVERALL 5 OF SUM
OF EXCEEDINGS SPECTRUM {kg/mm <)
N |
C§s SIM 1515 =
S o e N
. . !‘ 0 ]/r/
\\ 0'4 ',/
A 0.5 —
01—
, ‘\
\L | 2 3 4 5 6
»
.001 -, T
z N ’ Z N)
\ d. DAMAGE VALUES FOR TESTS ACCORDING TO
\ FIGURE b.
L0001 n
\ \ .z..N. BASED ON S, ~ N CURVE
nl
O 7 BASEDONS, - N' CURVE
0 2 3 " 3 % y {a) STEP C OMITTED

NON -~ DIMENSIONAL STRESS

c¢. LOAD SPECTRA CORRESPONDING TO STEFS
A, B, AND C, AND SUM SPECTRUM OF 77 % A 4
21%B42%C.
FIG. 5.2 NARROW ~ BAND KANDOM LOAD TESTS WITH CONSTANT S, AND PROGRAMMED §
RESULTS FROM KIRKBY AND EDWARDS (REF. 99).

rms*
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S0 100

150

200

KILOCYCLES

a. EXAMPLES OF DIFFERENT CRACK PROPAGATION CURVES

@, pm
dn CYCLE

1bf « in —32

Kmax'

0 l l .
0.1 1.0 10 100
dd pin.
haaad |}
dn CYCLE

c. CRACK RATES AS A FUNCTION OF K mox

LMN . m—3/2

K
max

30

-3/2
Kmm‘(kg mm /)

b. CORRESPONDING K~-VALUES

UNIFORMLY LOADED PANEL

?54

29 I
il 8
-2b -—J

R

WEDGE-FORCE PANEL

=T
b

[e— 22—

2€-‘ = 0.2 in.
(9.5 em)

2b =12 n,
(30 cm)

2h « 36 in.
(91 cm)

2"- = 0.5 in.
(1.3 em)

2b m 12 in.
(30 cmj

2h 235,8,12 17, 25 in.
(13, 20, 39, 43, 64 cm)

d. DIMENSIONS OF 7075-T6 SHEET SPECIMENS
1= 0.09 in, . = INITIAL CRACK LENGTH

TESTS AT R = 0.05

FIG. 5.4 A COMPARISON BETWFEN THE CRACK RATES IN UNIFORMLY LOADED AND
WEDGE - FORCE LOADED SPECIMENS

RESULTS FROM FIGGE AND NEWMAN (REF. 164).
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'09 Sa, max |°9 Sa, max
~N
~ ~
~ \
\\/— ADOPT SAME SLOPE -~ 1/a¢
SLOPE -1/ \\ GENERALIZATION
OF EMPERICAL
INTERPOLATION ~ TREND
SINGLE DATA POINT \\
~
~ \\
EXTRAPOLATION \\
log LIFE (log N') log N
FiG. 5.5 a FIG. 5.5. b

EFFECT OF DESIGN STRESS LEVEL IN PROGRAM FATIGUE TESTS

SPECTRUM CYCLES AT S

, max

1
102
104
108
001 01 A 1
NUMBER OF EXCEEDINGS RELATIVE PROGRAM—FA JIGUE LIFE
(NN )
FIG. 5.5 ¢ FIG. 5.5 d

EFFECT OF LOAD SPECTRUM SHAPE (A-D) ON PROGRAM FATIGUE LIFE

Fli-. 5.5 SOME CONCEPTS OF GASSNER AND CO-WORKERS FOR EMPLOYING PROGRAM FATIGUE
TEST DATA.




110

|
|
—
|
B(ﬂ
|
!
gm

Smin

o
E
i
.

o

FIG. 6.1 EXAMPLES OF SIMPLE LOAD VARIATIONS REGARDING THE DEFINITION OF
LOAD CYCLES

AIRCRAFT A

e

——t
1 sec

1 sec

E FIG. 6.2 STRAIN GAGE RECORDS OF THE /NG BENDING MOMENT OF 2 AIRCRAFT FLYING
IN TURBULENT AIR (REF. i74)
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MEAN
Le N

o

MAXIMA COUNTED
MINIMA COUNTED

PEAK COUNT METHOD

MEAN CROSSING
PEAKS COUNTED

PEAK-BETWEEN-MEAN CROSSING
COUNT METHOD

LEVEL CROSSINGS COUNTED

LEVEL-CROSSING COUNT METHOD

FIRST COUNTING CONDITION,
LEVELS 1,2, 3

SECOND COUNTING CONDITIONS,
LEVELS 1,2, 3

RESTRICTED LEVEL-CROSSING COUNT
METHOD

POSITIVE RANGERS e 3 50 1y

NEGATIVE RANGERS ry, ry, 14, 1g

RANGE COUNT METHOD

.

\/|

® O

FIRST COUNTING CONDITIUN, r> 4 1y
SECOND COUNTING CONDITION |~r| > | r

RANGE-PAIR EXCEEDAMCE COUNT
METHOD

1

FiG. 6.3 SEVERAL COUNTING METHODS FOR A STATISTICAL DESCRIPTION OF A LOAD-TIME

HISTORY. NAMES OF METHODS AFTER VAN DIJK (REF.176)




GUST
VELOCITY

LOAD FACTOR
INCREMENT

GUST SPECTRUM

>
| _~~" NUMBER OF EXCEEDANCE
| o —— .

1 - (log SCALE)

NEGATIVE GUSTS, SYMMETRIC TO
P POSITIVE PART OF SPECTRUM

MANEUVER SPECTF UM

1
J///___.NUMBER OF EXCEEDANCE

L

FIG. 6.4 DIFFERENCES BETWEEN GUST AND MANEUVER SPECTRA

e




113

=== MAXIMUM RANDOM SEQUENCE OF
GUST CYCLES,
SYMMETRIC GUST
SPECTRUM

RANDOM SEQUENCE
OF TAXIING LOAD
CYCLES

MINTMUM

Y FLIGHT

a. TRANSPORT AIRCRAFT.

T MA XIMUM
RANDOM SEQUENCE OF

MANEUVER LOAD CYCLES,
ASYMMETRIC MANEUVER

SPECTRUM

MINIMUM

1 FLIGHT

b. FIGHTER AiRCRAFT.

FIG. 6.5 TWO SIMPLIFIED EXAMPLES OF ESTIMATED FLIGHT--LOAD PROFILES FOR THE
AIRCRAFT WING ROOT STRUCTURE.




114

‘SH(YdIY ‘NOILITdSNE
*SILVY NOVUD!

SIN3IW3T3 TVDILIAND]
1911V 40 NOILYDIAN

'$3S0duNd ONILSIL ANV SIIGVINVA NIVW ‘§3IN3INB3IS AVOT 1831 INOILVYS IWOS | £ 7O

§°€°9 NOILD3S
(vS0dOodd §IN)

SNOILIGNOD aVvO1 3DIAYIS AIWM3SY

LHOING |

IPYNLONYLS NC m SNIWIDI S NO

._ 1531 NOILVINWIS—LHOITS

L% ,
AL A ?L.f 4

ONILS31 40 SWIY

3 ﬁ :
._ OILVY ONIddITD xew g
0LV >:m<._:om_mum_ QoI¥3d dO H1IONIT Qv01 3HL 40
s -]
“%s) WNaL1D3dS avo s $3718VIHVA NIVW
w w w
S s s

-

qoiy3d i .. i

nn
MM || meren
: ! 1
M J :
1531 3N91LVvd
AYNOILNIANGCD 2531

1S3L WCANYY J 1S31 Wvyoldd _L 1




log N

FIG. 7.2 TWO INTERSECTING S—N CURVES

HITIT Ty g | »

FIG. 7.3 SAMPLE OF A LOAD RECORD, ILLUSTRATING
WING FATIGUE TEST. TEN DiFFERENT TYPE
FLIGHT TYPE E CORRESPONDS TO FAIRLY S

EVERE STORM WHILE FLIGHT TYPE K |
FLOWN IN GOOD WEATHER (REF. 96)

115

|

e |

THE LOAD SEQUENCE APPLIED IN THE F--28
S OF WEATHER CONDITION ARE SIMULATED,
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THESE LOADS ARE REDUCED, TO

/ THE TRUNCATION LEVEL.
LOAD

AMPLITUDE

[
Y

777770 TRUNCATION LEVEL
:”r\%

NUMBER OF EXCEEDINGS IN
IN THE TARGET LIFE OF THE
THE AIRCRAFT

FiG. 7.4 EXAMPLE OF TRUNCATING THE INFREQUENTLY
OCCURRING HIGH AMPLITUDES OF A LOAD SPECTRUM.




CRACK
LENGTH

{mm)

SKIN

60

50

40

30

STRINGER

200

L.L
R A B C
20 —Dﬂ—-—N——N—j
20 Ll 1 1 [ R
100 120 140 160 180 200 100 120 140 160 180
SPAR WEB " DOOR COAMING
120 / 40
100 |- ’ []—
0 - T
L.L.
60
40 F R A B C 9 30
Ve @
100 120 140 160 180 200
LIFE (1000 FLIGHTS)

R: :CERTIFICATION TESTS

LL : CRACK EXTENSION DUE TO LIMIT LOAD APPLICATION AT END OF CERTIFICATION TESTS

A, B, C: PERIODS OF SUBSEQUENT RESEARCH PROGRAM

A LOW-AMPLITUDE GUST CYCLES OMITTED

B LLOWER TRUNCATION LEVEL

C :LOAD LEVELS INCREASED 25 PERCENT

FIG.7.5 THE EFFECT OF LIMIT LOAD APPLICATION ON CRACK PROPAGATICN.
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