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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 industry, governmental establishments and universities in the NATO
nations. Our 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 ustd 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 to those concerned with fatigue ')roblems
in design and to identify significanit lines of further investigation for research wurkers.

The tusk 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 Panel



SUMMARY

The available literature is s,1rveyed 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 prcload,
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 refeiýnce 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.

ivt
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THE ACCUMULATION OF FATIGUE DAkAG1E IN AIRCRAFT MATERIALS AND STRUCTURES

J. Schijve

1. INTRODUCTION

In a clasaic fatigue test the load is varying sinusoidally with a constant mean load and a constant load

amplitude. The fatigue load on a structure under service conditions, however, generally has a more or

less arbitrary or random character. Nevertheless it may well be assumed that the accumulation of fri tigue

dsamge under such an arbitrary fatigue load is a process which occurs in the material in a similar way

am in the classic fatigue test. It is just one step further to state that the fatigue life for an

arbitrary load-time history can be predicted from fatigue life data obtained in classic fatigue tests.

The well-known PaLmgren-Miner rule (x n/N - 1) tax 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 literatur, on fatigue which has revealed several characteristic

features of tha fatigue process in metallic materials. Fatigue tests with a varying load-amplitude were

also carried out by many investigators. This has in\dicated many empirical trends for which physical

explanations were sometimes given. Moreover, calculation rules for the accumulation of fatigue damage

were published from time to time. Neverthelss the Iresent situation is far from satisfactory, even from

an engineering point of view.

The purpose of this report is to survey the va.'ious avpects of fatigue damage accumulation and to analyse

the problems associated with this phenomenon. Tte impl 'cations of the present knowledge for making life

estimates in the design phase of an aircraft and 3r pla nning fatigue tests will be considered also.

In summar7 the aims of the report are:

a To review tho present state of knowledge about fatigue damage accumulation (Chapters 2 and 3).

b To sumsarize the empirical trends obtained in tests with variable-amplitude loading and to see

whether they nan be axplained (Chapter 4).

c To survey the various life calculation theories (Chapter 5).

d To analyse the design problem of estimating fatigue lives and crack propagation rates (Chapter 6).

e To assess the merits 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 aerodynamic heating

have been excli.ed fr-om the survey.

It is hoped that this report will provide a background to those dealing with fatigue life problems in the

aircraft 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 laboratories when appeoaching fatigue damage accumulation from

a more theoretical point of view.

Z. THE FATIGUE PHIYOMENON IN METALLIC MATERIALS

Our present knowledge abo,'t fatigue in metals has to a large extent been obtained by means of the

microscope. In 1903 Wing and Humfrey observed that fatigue cracks were nucleated in slip bands. Around

1930 classical studies were conducted by Gough and jis co-workers, who further emphasised the signific-

ance of slip system" and resolved shear stresses. After 1945 the number of microscopical investigotions

has considerably increoeed and the information becoming available has broadened !or a variety of reasons.

It turned out that the observations co' d be dependent on the type of material, the type uf loading and



and the level of magnification, The electron microscope has added a number 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 life

An important observation is that cracks may nucleate relatively early in the fatigue life. Am 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 !i ) were present after 40 percent of the fatigue life had elapsed.

The electron microscope has revealed cracks at earlier stages, almost from the beginning of a fatigue

test, Nevertheless the lower part of figure 2.1 suggests that nucleation is relal 'ely more difficult at

stress levels near the fatigue limit.

It appears useful to divide the fatigue life into three phases, namelys crack nucleation, crack propaga-

tion and final failure, see figure 2.2. A difficulty thus introduced is that of the definition of the

transition from the nucleation phase to tho propagation phase.

Slip

It is well established that fatigue requires cyclic slip. The presert state of our knowledve about din-

locations and metal physics leave no doubt about the essential contribution of slip to fatigue.

Fatiue 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 diffubion. Disruption of atomic bonds is involved in any case.

Although it is difficult to rule cut cleavage type conceptions, it is thought that sliding-off is the

nore plausible mechanism for relaiively ductile materials. Sliding-off implies that dislocations are

cutting through the free surface which may also be the tip of a fati.gue crack. A second possibility is

that dislocations are generated at the tip of a crack. In the latter case the tip of a crack acts as a

dislocation source rather thar., a dislocation sink. In general terms fatigue may be visualized as the con-

version from cyclic slip into crack nucleation and crack growth.

Chemical attack may facilitate .he decohesion process but the environmental effect on the atomic level is

not well understood.

Fatigue on the microscopic level, striations

Cross sections of futigue cracka, am viewed through the optical microscope, usually show the crack to be

transgraunular. Tho path of the crack appears to have a fairly irregular orientation at this level of

magnification.

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

called striatluns, see for an example figure 2.3. Such striations clearly prove that crack extension

occurred in everv loa. cycle. 1his type of evidence was mamnly obtained for macro-cracks, while for micro-

cracks striations cannot be observed for several rsasons. However, if crack propagation occurs am r.

cZiclic al.ditxg-oft mechanism it appears reasonable to assume that crack growth of a microcrack also

occur& in every load cycle.

For aluminium alloys evidence is available that strongly suggest crack oxtension and s"r:ation formation

to occur as a ro-operative siiding-off on two differently oriented f1111 slip planes (Refes.9,10).

Type of loadivg (teijson vs. torsion'

brief reference may "o made here to tho work of WooA et al. (Ref.11) concerning torsion fatigue tests on

copper specimens. It turned out that ý.-ack nucleation occurred by the forming of pores and this was a

process of i relatively long duration. It appears that the process may be essentially different from

fa.igue ,nder cyclic tension because in pure tension the planes with a mwAinum ehear stress hav.e a zero

tqnsile stress. It ii thought that this will allow a such slower crack nucleation and even a different

di-'.ocation aschaj.•sa may be applirable. S-.ce fatiguc in aircraft structures is associated with cyclic

tcnsiin, torsion will not be considered in the present repor..



Nucleation sites

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

same specimen is increasing at higher stress amplitudes. AT low stress levels near the fatigue limit

quite frequently only one crack nucleus is observed. This observation may inspire statisticians to devel-

op a weakest-link theory to explain size effects. Anothe r consequence, not generally recognised, is that

special fatigue sensitive conditions apparently exist at the site of craok nucleation. Orosskreutz and

Shaw (Ref.12) in this respect have studied crack nucleation at intermetallic particles in an Al alloy (see

alse Ref.13). Nucloation at inclusions in high strength steels were al]o reported. Other special condi-

tions can easily be thought of, such as cladding layer, surface scratches, local inhomogeneity of the

material.

Plane strain vs. plane stress conditions

Macroscopically a slowly propagating fatigue crack is growing in a pkane perpendicular to the maximum

tensile stress (main principal stress). However, if the crack rate is accelerating the growth will cont-

inue on a plane at 45 to the maximum tensile stress. 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 to be related to the transition from plane-strsin conditions to plane-stress conditions at

the tip of the crack. After the transition has occurred, it is more difficult to observe the striations

but there are still indications that crack extension occurs in every load cycle.

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

Stage I/Stage II (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 tensile stress.

Stage II should correspond to the tensile mode. Stage I, however, is thought to occur only at the free

surface of the material at both low and fast propagation rates (Ref.6). It is promoted ly 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 the material will be changed. The spatial configurations of

the dislocations will change. Dislocation multiplication may occur as well as diulocation reactions and

pinning. According to Groasereutz, a cel structure will be formed (Ref.14).

If the .aterial was already work-hardened, r3-arrangement of the dislocation distribution may lead to

cyclic strain softening. Anyhow, crack growth will occur in a material that will not have the same dis-

location structure aa the virgin material or the mater.a 1 in the "as received" condition.

A major problem is to define quantitatively the structure of the cyclicaily strain-hardened material in

terms of dislocations. Secondly the significance for crack groWt•. is not fully clear.

Rate effects

Fatigue being a consequence of cyclic slip may well be a loading rate sensitive phenomenon, because slip

itself may be a function of the loading rate (creep). Fatigue as it in 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 material mlay affect the mobility of the

dislocations and the fracture mechanism.

It in very difficult La) get beyond speculative arguments. However, a few empiric.., trends seem to be well

established. Decreasing the loading frequency of a sinusoidal loading may decrease fatigue lives and in-

crease crack rates. Theme effects will denend on the type of material and on the environment. Especially

crack propagation in aluminium alloys got much attention. It was clearly observed that the crack rate was

reduced if the va±midity of the environment was lowe,, while this effect was dependent )n the loading

frequency (Refs.15,16).

,ype of material

It can hardly be a surprise that fatigue does not aanife at itself as exactly the same phenomenon in all

materiale. Striationm have been noticed an mary aaterials, but difrerencee were found, such as ductile
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striations in the 2024 alloy and brittle striations in the 7075 alloy (Ruf.2). There are also materials

(some types of steel) where striations are hard to observe.

Since fatigue is a uonsequence of cyclic slip, it will be clear that fatigue is dependent on the possibil-

ities for slip (available slip systems, ease ot •ross slip), the hardening mechanisms present in the
Platrix, tho tri~k-down of such lechani.ems, oylic strain-harldening .or softening), eto. T'is implies that

the picture can be d.fferest for different materials. Crack nucleation maoy also depend on the material

due to the prcscnce _f second phase particibe or iniclusions, that means on the cleanness cf the material.

Concludinr renarks

It is trivial to state that various details of %he fatigue mechanism will be different for different

conditions. At this itage, it is more relevant to see whether fatigue in technical alloys under various

conditions has still enough features in common to postulate a simple fatigue iodel, that could be useful

for a diecusseon of fatigue damage accumulation under variable-amplitude loading. It is thought that a

mdal with the following characteristics could satisfy this need, whila still being in agreement with the

vhxervations discussed before.

1. Since wo 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 occurs by sliding-off at the tip of the crack, either by dislocations moving into the

cra.* or by dislocations emitted by the crack, that means it scours by slip, which is local plastic

deformation.

3. Am a consequence, the growth r#4te is dependent on the amount of cyclic slip and on the effectivity ol

converting cyclic slip int crack extwnsion. Obviously, the amount of slip ip a function of the local con-

dition of the material and the local stresses. The condi tion of the material is dependent on the prece-

ding strain history, while the local stress is a function of the applied stress and the geometry of the

specimen, including tne length of the crack.

4. The conversion of cyclic slip into crack extension will also depend on the local tensile stress

(fracture mechanism, didruption of bonds, strain energy release). This stress should include residual

stress induced by the preceding fatigue loading.

More comments on fatigue damage &ý.ccwmulation will be given in the following chapter.

3. FAT!OUE DAMAE ACCUMULATION

In the previous chapta: the fatigue phenomenon has beon discussed in qualitative terms, tacitly assuming

that the fatigue loading did not vary during the test (constant mean, constant amplitude). If the latigue

load does very, how will this picture be affected? This will be discussed in the present chapter.

Pertinent questions arme

a Is fatigue under a variable fatigue loading still the seie process an fatigue under constant loading?

b How does fatigue dawe.re accumulation occur under a variable fatigue loading?

o To anax.r the previous quea..on, the following question hah also to be answeredi

How do we describe fatigue damage?

With respect to the first question it has to bt expected that the qualitative description of fatigue

given in chapter 2 is still valid. It does c.cur in the same material, agoin as a consequence of cyclic

slip. This does not imply that the fatigue process bxli also be the same in a quantitative Way. It need

not even be the same in constant-amplitude tests at high and low amplitudes (high-level fatigue and low-

level fatigue). Th- discussion of qmantitative aspects first requires a definition of fatigu, damage.

Fatigue damage is most generally %:cfined as being the changes of the material oaused by fatigue os--dinS.

The awount of cracking, apparent.y, is the most prominent aspect of these changes. However, there are

other cnaoges in the material thaL crackling &)one, for instance cyclic strain-hardening and the develop-

ment of reoidual strease,.

s-



Geometry of the crack

It should be recognized that the crack is not completely defined by giving a crack length or a cracked

area. Considering a crack as a separation in the material its size, as a first approximation, can be

defined by tht position and the nrientitimn sf tý!'tc crac.front. The crauc fi-ont need •,. be a single

straight line or a circular arc. On a microscopic level it certainly will not be A straight line through

the various graiis. At a macroscopic level the orientation of the crack front will be different for a

plane-strain c.aok (tensile mode) and a plane-stress crack (shecr mode) (Fig.2.4).

The geometry of the crack tip is another aspect to be considered. On the atomic level a detailed picture

is a matter of imagination, but even on a microscopic level this is a difficult problem. It has to bo

expected that the tip will be blunted after application of a high tensile load, while reversing the load

will induce resharpening of the crack tip. Blunting and resharpering both will dev;end 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 transmit compressive loads. This argument was suggested by Illg and McEvily

(Ref.17) whc confirmed it by comparing crack propagation data obtained in tests with the same S max, ut

with Smin - 0 in one case (R - 0) and Smin - Sax in the other case (Sm - 0, R - -1). Appronimately the

see crack rates were found. This result was more applicable to 7075-T6 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 required

before crack clos'ure occurs.

Recently, Elber (Refs.18,19) observed that crack closure may occur while the sheet is still loadod in

tension. According to Elber plastic elongation will occur in the plastic zone of the growing crack. This

plastic deformation will remain present in ';he wake of the crack and it will cause crack closure before

complete unloading of the specimen. This phenomenon was confirmed in an exploratory investigation at NLR.

The data in figure 3.1 illustrate the conception. As a consequence of crack c]usure the crack opening an

a function of applied stress shows a non-linear behaviour, For increasing streas, the crack is gradu&lly

opened until at S - S0 it is fully open. Nring the fatigue tests 1 and 2, see lower graph of figure 3.',

the crack was partly closed during a considerable part of the streas cycle. For tests 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 mtructure will have a localized character with large gradients.

Since it is already difficult tc describe the changes in a qualitative way, it will be clear that a

quantitative description is a termendous problem.

Residual stress

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 lease residual stresses in the crack tip

region. In the fatigue model outlined in the previous chapter, the efficiency of convurting slip into

crack extension is dependent on the tensile @tress in the crack tip region. Residual stresses have to be

added to the stresses induced by the applied loads. As a consequence, reeiduikl stresses wil affect the

fatigue damaga accumulation and for this reason thed are an essential part of fatigue iaaemgs.

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 large strain gradients and the crystallo-

graphic nature of the material.

The picture is further complicated by crack closure as described above. It will turn out later that

several empirical trends, attributed to residual strosses in the crack tip rdgion, VAY aolo be explained

by crack closure.



3.2 F~atigue dams~e accwiulation. Interaction

Aspects of the previous diaclssion are eumearied in f~igue 3.2 Witch will be discussed furthr, in this

section. In generpl terms fatigue 1wApe ma~y also bg formulated as follows

changes of thn mat-erial crack geometry

Fatih•ue damage - ( ) - cyclic strain hardening (3.1)

due to cyclic loading residual stresses

Fatigue damage accumulation means an accumulatior, of damage inr.rements in every load cycle. A damag.

increment according to equation (3.1) involves incremental changes of the crack geometry, the cyclic

strain-hardening and the residual stress. If these three empeots were uniquely correlated, fatigue would

ba the same prccess irrespective the magnitude of the fatigue loading. The damage could then be fully

d6scribed by one single damage parameter, for instance the crack length. Unfortunately such a unique

correlat_ on does not exist. Compare as an example high-level fati.gue and low-levq! fatigue. Crack propa-

gation occure in bcth cases, but the amount of cyclic strain-haxdening and the residual stress at a

certain length of the crack will be different. Even the crack will not be the same. It may be a shear mode

:rack for high-level fitigue and a tensile mode crack for low-level fatigue. This implies that quantiti,

tively, fatigue is not the same process, irrespective of the magnitude of the fatigue loading. Consequent-

ly, it is impossible to describe the damage by a single damage paremeter.

For a variable fatigu.e loading, the problem is still more complex than for constant-emlitudi loading.

A crack propagation test with a constant-amplitude loading and a few intermittent high loads Is a relativ-

ely simple case, while at the same time it is a very illustrative example.

As shown in figure 3.3, three upward peak loads had a large delaying effect on the crack propagation,

compare C and A. If the upward peak load me ismediately followed by a downward one (sequence B), the

delaying effect is much smaller, but nevertheless the increase of life is noticeable. Some comments

on these results may now be made.

Auring the peak load crack extension does occur. Although, being •mll from a macroscopic point of view

the extension could be observed. The question is whether this increment of the crack length would have

been the same if the crack had been grown up to the same length by peak loads only (compare also A and C

in Fig.3.2). There are various reasons to believe that this is not true.

1. The orientation of thie crack front would be different tecauce peek load cycles would produce a shear

mode fracture, whereas the low-amplitude cycles produced a tensile mode fracture. In other words the peak

loads in figure 3.3 are faced with an orientation of the crack front that is not compadible 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 eharper crack tip than cgcles of the peak load mannitude would

nave done. This m also affect the crack extension of a single peak load.

3. Tht cyclic strain history is obviously different for low-amplitude cycles and high-emplitude cyoles.

It is extremely difficult to quantify these three apects.

Let us now consider the crack growth during the low-amplitude Lycles after a peak load UN applied, that

means during the delayed growth period. The delay ,an also be explained by various mchanisms.

1. The high peak load in test C induced compressive residual stresses in the crack tip region. This will

not necessarily restrain cvclic slip but according to %he model outlined in the previous chapter, it will

suppress the conversion into crack extension. In tket B, the subsequent downward peek load reversed the

sign of he resiiual stress but this occurs in a smaller plastic sone beceuse the crack is closing under

compression. Hence the crack tip is surrounded by a small sons with tensile residual stresses and a

larger sone with compressive residual stresses, see figure 3.4 In agreement with this picture the o.-'cb.

growth started faster, then slowed down and finally resumed normal speed.

2. Mhe observations in figures 3.3 and 3.4 can also be explained by Elber's cra& closure argument. This

was recentl.y studied by Von E.w (Ref.21). The argument is that the delaying effect of the posittve peek

load caused by crack closure should occur after the crack has peretrated the plastic gone with the residu-

al compressivu stresses. Consequently the crack rate should reach a minimui aftr dcme further growth.



Von Flw could substantiate this 4isw by fractograrhic obse-r-ations (see aiso Ref.26).

3. Urack blunting might qualitatively explain the delaý in test C. However, the delay would be very large

for a crack that is blunted on a microscopic scale only, whereas it in still a sharp crack on a macrcesopic

scalo. Further, it is difficult tc see that crack blunting can axplain the delay in test B since the down-

ward peak load should resharpen the crack tip again.

4. Strain-hardening in the cracx tip region is also a meechanism to explain the observations, although in

this cone it also iL difficult tG reconile the large differenceo- between the delays in teats B and C.

It would require a more detailed picture about strain-hardening under cyclic load.

Another example is given in figure 3.5b. The crack extension due to the batch of low. amplitude cycles was

imaller than in a constant-amplitude test with the same low amplitude. Arguments mentioned before, such as

rreidual stress, crack closure, incompatible crack front orientattion, cyclic strain hardening and crack

blunting may all be zelevant in this case. It is indeed difficult to design, a test and means for observa-

tion such that just one mechanism can be studied separately.

Interaction effects

sillustrated by the above teats, crack extension in a load cycle is depunding on the fatigue damage

being present. This damage is again dependent on the load history that produced the damage. In other

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 a~ao be said that the damage produced in a certain load cycle will affect the damage produced in

the subsequent load cycles. These effects were labelled in the past as interaction effects. as it was

supposed to be an interaction between the damaging effects of load cyc.les of different magnitude. We will

still use the word "interaction effect" in ordes age iccumulation under variable fatigue loading

as being different from damage accumulation under constant-aziplitude loading.

3.3 Fatigue damage at final failure

The end of the fatigue life could be defined a& the presence of a specified amount of fatigue cracking.

In moot theories, however, the end of the fatigue life is associated with complete failure. Obviously,

the length (or the area) of the fatigue crack will then be a function of the highest load occurring in

the test, as indicated by Valluri (Ref.23). This 4pplies to both constant-amplitude tests an well an

variable-amplitude tests. For the former type of testing it is illustrated by figure 3.6, which has been

driwn for this illustrative purpose only. Unfortunately this aspect is ignored by most cumulative damage

theories to be discussed in chapter 5.

In a variable-amplitude test the occurrence of the final failure will be dependent on the maxima of the

load history and the size of the growing crack. One may ask whether the condition of the material at the

tip of the crack could also affect the occurrence of the final failure. Brook's work (hef.24) suggests

that this will hardly be true. The final failure (unstable crack growth) will be preceded by a small

amount cf stable crack growth. Moreover, hn found tha. saw cuts and fatigue cracks gave similar residual

strength values. It thus appears to be justified to applý the fracture toughness conception for th6 pre-

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

3.4 Micro and aacro aspects

The various possibilities for interaction effects during the accumulation oa fatigue damage are summaa-ized

In figure 3.2. It is good to realise how wr arrived at the knowledge oi the recognoi.on ct the existence

of such interaction mechanisms. it then has to be admsittes. that macroscopic concepts (stress and strain

e.g.) were quite frequently employed. Microscopic observaiions (striations) were t.su-mlly obtained for

macrooracks. Crack growth delays were also observed for macrocracks. •,or micrc(racaG the erowth rets is

so low that detailed observations are extremel) difficult. Nevertheless, il' is thought that the damage

accumulation picture outlined before will qualitatively apply in the eicro rane "ee'. Hiowever, since the



picture for macrocracke 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 quaLitative character.

4. EM2PIRICAL TRENDS OBSERVED IN VARIABLE-AMPLITUD TESTS

As explained in the previous chapter, fatigue damage accumulation is a fairly complex phenomenon charact-

erized by various mechanisms for interaction effects. In this chapter it will be analysed whethar variable-

amplitude tests have revealed eystemawtic Liends with respect to interactions. 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 shown, however, to illustrate the various trends.

4.1 How to measure interaction effects?

In chapter 3 the interaction effect was defined as the effect 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 microcreck 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 (See.3.2), were studied by visual observa-

tion of the crack growth. The effects could still directly be observed because there were considerable

crack growth delays. A similar observation was made (Refe.27,28) after changing the stress amplitude from

a high to a low value (two-step test), as illustrated by figure 4.1a. When changing the amplitude from a

low to a 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 effect could not be ob-

served in the second case. Nevertheless, a significant interaction effect during a small number of cycles

could easily escape such visual crack growth observations. Slectron fractograph is then required and

there are indeed some indications (Ref.21) that the crack rate imediately after a low-high step was high-

er during a few cycles.

Fatigue life

In the majority of varable-anlitude test series reported in the literature, observations on crack growth

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

shorten it, interaction effects can also be derived in an indirect WAY from fatigue life data.

Damege values I n/N

Since the value of 2: n/N at the moment of failure may be considered as a relative fatiAue life, this

value may also be adopted for studying interaction effects. We may expect I n/N > I to be the result of

a favourable interaction effect, whereas I n/N < I would indicate an unfavourable interaction effect.

Other reasons for deviations from 1 a/M - 1 are defined in section 5.3.2.

Th* value of ! n/N can give an indication of interaotion o&l if the fatigue load is varied no more than

once in a test, see figure 4.2, Al and A2. If the fatigue load is ohanged Mre than once, see for a



simple example figure 4.2B, a value X n/N > 1 may again be interpreted as an indication of favourable

interaction effects. However, it is impossible to say whether it 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. Hlence, in general, ,;he I n/N value will only indicate some average of all possible 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 with constant mean

and constant amplitude. A survey of several types applied in test series reported in the literature and

the nomenolature 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 small and the variables can easily be defined. For the more com-

plex load.time histories shown in figure 4.3, a statistical description 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 loa( ng 0 ir figurc 4. 2 . An example of 3uc~h a

stepped function is given in figure 4.22.

Program loading was proposed in 1939 by Gassner (Ref.29), while the randomized block loading war advised

by NASA (Refe.30,31) as a variant of program loadilig. In a program test, the blocks with load cycien of

the same msgnitude are applied in a systematic sequence, whereas this sequence is a random one for the

randomized block loading.

If random loading is a stationary Gaussion process, it is fully described by its power spectral density

function (PSD-function). Other statistical parameters characterizing the random load are the root mean

square value of the load (Srms) and the ratio between the number of peaks and the number of mean-load

crossings. For a 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 Refa.32-34).

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

such a way that there is no correlation at all between the magnitude of seccesaive load cycles.

In a 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, . in flight can be adopted if available (Branger, Ref.35). In the

past, many full-scale structures have been tested with simplified flight-simulation loadings such as

shown in figure 4.3, all flights being icentical.

In figures 4.2 and 4.3, only the major types of fatigue loadings are given. The list is not complete

since many variants on the examples shown can be thought of. For instance in a program test, the meen

load need not be constant but may vary from block to block. As another example in a random load test,

the Sr8 need not be constant but can be varied from time to time as proposed b. bwanson (Ref.33).

Nevertheless, the list 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-

cussed in more detail in chapter 7.

4.3 Trends observed in tests on unuotched specimens

If an unnotched specimen is axially loaded, the stress distribution will be homogeneous. i-Iceedi.r' the

yield limit will not induce residual stress on a macro scale. This is an important difference as compared

to notched specimens. Consequently, a significant mechanism for interaction effects will .%,t occur in

axially loade% unnotched specimens.

If unnotched specimens are loaded in ratating bending, the mean stress is cqual to zero and the sien of

the stress will change in each cycle. This is again an important difference with notched specimens
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loaded at a positive mean stress.

As a consequence, we have to expect th,,t the cumulative damage bahaviour of unnotched specimens especially

if loaded at 6', may Le sig~ificantly different from the behaviour of nctched specimenL Icad4d at a

positive mean stress. For instance it may be said that X n/N < 1 is a fairly common observation for un-

notched specimens loaded in rotating bending, whereas X n/N > 1 is a relatively common observation for

notched specimens loaded at a positive mean stress. An example of different sequence effects in unnotched

ani notched specimen• ia given in fi&-ure 4.4. It is thought that the explanation for tha sequence effect

of the unnotched specimens is mainlý a matter of crack nucleation. Nucleation will more readily occur with

the hijh stress amplitude at the beginning of the tests, Subsequently, cycles with a lower amplitude may

then carr5 the crack to failure. For the notched specimens, residual stresses are responsible for the

reversed sequence effect, see the following section.

Unnotched specimen data were reviewed in references 3d,39. In view of their limited practical significance

the data will not be further considered in this report.

4.4 The effect of a high preload

Various investigat.rs have studied the effect of a single high preload on the subsequent fatigue life of

notched elements. A surve, is given in table 4.1 which shows that the effect of preloading was studied

for a varietý of materials and specimens including built-up structures, while the fatigue loading encomp-

asses constant-amplituai loading, program loaiing and random loading.

.ithout 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.4l) attributed the increased life to compress.ve residual stresses. It is shown in figure 4.5 how

these stresses are introduced bv a high load. T'ie 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 residual stress. Two examples of the effect of a preload on the S-N curve are shown in figure 4.6,

one for constant-amplitude loading and one for random loading.

As a general trend, the investigations mentione,. in table 4.1 also indicate that the preload effect is

larger for higher preloads. This is illustrated bý heywood's results in figure 4.7.

In some investigations the effect of a negative preload (compressive load) was also studied (Refs.41-43,

4(,49) and reductions of the life were found indeed, see figure 4.7. These losses are to be attribtuted to

tensile residual stresses.

4.5 hesidual stresses

Gompressive residual stresses will increase the life for reasons discussed in cbapter 3. Unfortunately

residual stresses may be released b5 subsequent cý clic loading. Crews and HaL drath introduced a new

technique for measuring the residual stresses at the root of a notch by means of very minute strain

-auges (Hefs.52,53). ,ith the strain gauges the local strain historý is measured. The corresponding stress

history te thef deduced from tests on unnotched specimens to which the same strain histcry is applied.

ýome results from .Lifbach, 6chitz and ovenson (hefs.54,55) for a simple flight simulation loading, axe

fl-.enin •t•ture 1.3. After the pea" load F the Local mean stress is lower than before the peak load and

this will reduce the damAte rate. rowever, the downward load a (ground-to-air c~cle) has a reversed

iftect And hence . t is znfavourable for a long fatigue life. 'imilar measurements were reported by

,he resid-l str, ss,,s at a ntch will remain present onl.) if the local stress range doe* not cause local

ieildinrig. :tis 1;, Uvioul1 deper.ding on the fatigue load applied, the geometr) of the specimen (including

czrcucs, azd the e-cilc strea-atrain betnaviour of the material. 6hen c.)clic plastic deformation occurs,

either .&t lt.e root of the notch -. it the crack tip regtio, relaxation of residual stresses will occur.

"IvIo.slj 6ne reuidut1 streca c=u. be rest.red Lý a new high load. Consequently periodic repetit:,on of

nitn !,,d. will have a f.t. 1lrger effect onl the fatigue life than a single preload of the same magnitude.

.SxArves vi:ll be diac-.ssed later on.

..-:.•,3 performed :'•.ti'.e teats on edge-o•tched x-allo spe¢imens and he found a life increase from

to 1.1, \ c.cies -e to a vriload oIf', ae, am (cyclic stress rangse 0-35 kg/rmn ). He could largely
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eliminate the residual stress induced by preloading, by applying a new heat cycle (288°C) to the specimens.

This reduced the life from 145 000 cycles to 55000 cycles.

It might be expected that residual stresses 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 (Ref.57) on a tube with 3 holes 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 from time to

time for the application of a high load (1ig.4.21). The general trend is that these periodic high loads

are considerably more effective in increasing the life than a single preload. An illustration of this

observation is presented b) figure 4.7. The delaying 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 restoreionof residual stresses is illustrated by the results of reference 39. Riveted

lao 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 50th period (series 
6

a), the

residual stresses could be relaxed by the subsequent fatigue loading and failure occurred after 6 addi-

tional periods. Similarly, applying the high loads after each 2 periods (series 6b) also allowed more

relaxation of residual stress and gave a three times shorter life. It is also notewortny that the applica-

tion of the program loading in the Hi-Lo 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

tho 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. If a single load cycle with a very high amplitude is

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 effec~t on the damage accumulation, see dis-

cussion in section 3.2.

Hudson and Raju (Ref.62) also performed constant- amplitude tests with intermittent batches of 5, 10, 20

or 28 high load cycles. The effect of crack propagation in aluminium alloy sheet material was studied and

it turned out that the crack growth delays were lar-er than for single high loads. It may be assumed that

more high load cycles will further increase the compress-ve residual stresses in the plastic gone. 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 sone. It is

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 fatigbue hfe than a single high preload.

4.1 The danirg effect of periodic negat've loados on UTAC

For wing structures, ground-to-air cycles (IGAC). also called ground-anr-ground transn'ioeis (GAU), are

frequently recurring load cycles. A survey oi' nvedtigationu on the effect ot JTAC on fatiKue life ibi

presented in table 4.3. The UTAC has the reputation to be very damaring. It is true indeed that GTAC are

reducing the life considerably, that means tc a much greater extent than the Palmgren-Miner rule predicts

(see for sumaries hefs.t6 and 79). In flight-simulation tests, life reduction ractýrs in 'he range 2-5

are conon.
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A GTAC may be damaging for two roasons. First, it generally is a severe load cycle which certainlj will

contribute to crack growth. Second, it will partly eliminate compressive residual stresses as explained

in section 4.5. see also figure 4.8. These two arguments explain the results of Barrois (Ref.70) ;n

figure 4.11, which illustrates that the life in cycles is shorter if there are more GTA'.

From the above arguments it has to be expected also, that the damaging effect will be larger if the

minimum load in the GTAC is goi:'mg farther down into compression. This is illustrated by results of

Naumarn (Ref.67) and Imig and Illg (Ref.80), see figure 4.12.

The effect of GTAC was also studied for macrocrack propagation. The effect in simplified flight-simula-

tion tests was observed to be small (see Ref.72). It was more significant with realistic flight simula-

tion loading (Refu.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 notched specimens and

structures (range 2-5). Hence the damaging effect of the GTAC appears to be smaller for crack propagation.

Reversing the load on a notched element implies that the stress at the root cf the uotch is ls80 reversed

and may thus reverse the sign of the residual stress if plastic deformati.)n occurs. The reversion would

also occur if amall microcracke are present. However, for a macro crack, reversing the load from tension

to compression implies that the crack will be closed thus being able to transmit compressive loads as

discussed in section 3.2. T-.e crack then is no longer a stress raiser.

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

cluding micro-crack growth) than for macrocrack propagation.

4.8 Sequence effects in two-step tests

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

could well explain the trends observed. As a consequence, a high peak 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 4.4b. In this figure the first block of high-

amplitude cycles apparently exerted a favourable interaction effect ( I n/N - 5.35) on the remaining life

under the second block of low-amplitude cycles. This effect may again be due to residual stresses,

although cyclic strain hardening and other interaction effects may also have been active.

The following illustrative example has been drawn from Wallgren (Ref.81). In figure 4.14 results are

shown from two series of two-step tests that are almost identical, since the same Sm and So 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 Smin and relatively long if the block ends with S,,x, which is just a matter of one addition-

al half cycle. This observation is strongly in favour of residual stress an the major mechanism for inter-

action. The observation is also in good agreement with Edwards' measurements of residual stresses at the

root of a notch (Ref.56), showing that the sigfn of the residual stress may change in each cycle if the

applied stress range is large enough.

With respect to macrocrack propagation in sheet mpecimens, crack growth delays after a high-low amplitude

step have been mentioned before (Section 4.1). It was also emphasized that an interaction effect after a

low-high step, being significant during a rew cycles only, could easily escape macro observations, but

it (an be detected by electron fractography. Crack growth acceleration after such a low-high step was

successfully explained by Eliber (Ref.19), using the crack-closure argument. atri•• the low-amplitude

cycling little plastic deformation to left in the wake of the crack. Consequently, after changing over to

the high amplitude there is less crack closure 4an more crack opening as compared to crack growth at the

high amplitude only. After some further crack citension the crack closure is again representative for the

hieh amplitude (Ref.21).
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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 ohan•.pd mp•yr times,

both by increasing and decreasing its value. As a consequence, reiults of two-step tests will not necess-

arily allow a direct interpretation of sequence effects in program tests.

There is another roason why explaining sequence effects in prograi tests may be problematic. In most

program tests a change of 6a is supposed to occur stepwise. If this were true, it is important whether

the change is made either after the minimum or after tb'a maxiaum of the last cycle of a step, see the

previous section and figure 4.14. Unfortunately this informatian is rarely given in the literature for

those cases where the change is really step-wise (manual operation, slow..drive machine, closed-loop

machine with load control on individual cycles). lany program tests were carried out 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.

Gasener proposed the program test in 1939 (Ref.29) and shortly 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-

tudea in a period (Ref.82). A survey of investigations on 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

pariod but unfortunately a clearly systematic trend was not found in all cases. Reducing the size of the

period in several but not in all cases, reduced the life.

Reducing the size of the period to relatively small numbera of cyc'es 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 number of periods. Adopting this procedure, Lipp and Gassner (Refe.94,95) and

Breyan (Hef.98) reported a systematic effect on the program fatigue life. "be results, as shown in

figuAre 4.15, indicate that the effect was far from megligible. In an NLR study (Refs.96,97) on crack

propagation, a similarly large effect 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 amTlitudes

Sequences frequently applied are:

a increasing amplitudes (Lo-Hi)

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

o decreasing amplitudes (Hi-Lo)

d randomized sequence of blocks with the same amplitude.

Various comparative studies are reported in the literature. The effect of the sequence is illustrated by

the NASA results ir, figure 4.17, and for crack propagation by the NLR results in figure 4.16. The results

are generally systematic in a way that the life for the Lo-Hi-Lo sequence is alwes in between that of the

Lo-Hi and the Hi-Lo sequence. Unfortunately, the results are not systematic with respect to the compari-

son between the Lo-Hi and the Hi-Lo sequence. In both figures 4.16 and 4.1 , the fatigue life was longer

for the Hi-Lo sequence, a trend also confirmed by tests on winjAreported by Parish (Hef.91). However,

results of Gassner (Nef.81) and NLM tests on riveted joints (Rfe. 39,5d) showed the opposite trend,that

means longer fatigue lives for the Lo-Hi sequence. As said before, the way of changing from one amplitude

to another one may be important for havine either favourable or unfavourable interaction effects.

Both the effect of the size of the period and the effect of the sequ.:,ce of amplitudes indicate that the

damWage accumulation rate is a function of the frequency of chanwglng the amplitude (period site) and the

pattern of changing the amplitude (sequence). From a fatigue point of view it cannot be surprisie4 that

these variables will affect the damage accumulation and hence the fatitr4e life. However, a detailed
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apicture about how inreractiont could explain the given i+ table 4.4.
"4.1ý0 iol too aaodda f pc1to•

In a program test the dtatintigal distrebution function of thi amplltuder it usually based on an assumed

load spectrum. Aseescing the maximur value vn the stress inla tant-applied in t program test, is
making a more or less arbitrary choice. Sometimis the choice is dictated by the possibilities of the

available fatigue machine. in view of the large rfuest that periodic high loads could have on the fatigue

life (see H Sc-4.6), its l to be expected that the assessment of Sfaix in a program tast may be r critic-
al issue. A sur'vey of relevant investigations has boon given in table 4.4.

HOgh-amplitude cycles may either extend or reduce the fatigue life for the following reasonsi

a viose cycles will be daging since they will substantially rut co rak nucleation and propaga

tion. Tbey mad contribute to craik growth even more than in v constynt-gamplitude test carried (ut at

sa,mpx, because of unfwvo(ruble interactions caused by cycles with lower Sa values.

s sHigh-amplitude cycles will also reduce tho S the efinal failure will occur t t shorter crack
length.

c On the ether hand, hgh-amplitude cycles ma extend the life if they introduce compressive residual
stresses which is not unlikely. The crack closure arguent also appears to be applicable.

In view of thbt arghents it will be clear th4t fully systematic results cannot be expected. The trend

tould be dependent on the question whethei there are relatively main high amplitude cycles (manoeuvre

lpectruye or just a few (gust spectrum). Secondly, the question whether compressive or tenstle residual

stresses are introduced will be dependent on Saman , the detailed load sequence, the geometry of the

notch and the material. Consequensly, it shculd not be minising that data from the literature ndicate

both life extension and reductions if higher amplitudes are applied in prograin thet. Illustrations of

both are given in figure 4o.u The results of the tailplanes reported by Roesenfeld (Ref.48), were ob-

tained with srie s + 13.3 % PL (PL v limit load) and hence the increased life obtained by addiin higher

load cycles wad well be due to introducing coiproseit residual stress, which apparently outweighed the

dasaing effect of these cycles peo so. In li:aann't tests (Refl87) on tehe edge notched specimens, the

addition of higher load cycles nam coupled to negative minimum loads which t have eliminated compress-

ive residual stress and thus the cycles were daming loamlidet as focund in other investigations nmre
generally smaller then those in figure 4.18.

Kirkby and Edifrds carried out narrow-bbnd random load tests on lug type specimens (hef.99). Tiey also

performed test series with three Srme values in a programed sequence, see fimngre 5.2. Omission of the
higher% 3 rol reduced the life 2.5 times. Apparently, the higher-amplitude cycles had a beneficial effect

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

4.11 Low-amplitude cycles in proM reefst

In ailrcraft structu~res fatigue load cycles with a low amplitude usually occur in relatively large numbers.

Consequently,. if such cycle@ could be o•itted. from a toot & large proportion of the testing time would be

saved. This topic was studied in several investigations employing program loading, see for a survey

table 4.4.

Low-amplitudt-cycleas may be damaging for more than one reasons

a Due to the large numbers, they may induce fretting corrosion damage and thus enhance crack nucleation.

b Low-amplitude cycles may contributt to crack growth as soon as a crack has been created by higher-

amplitude cycles. Itiz implias that cilea with an amplitude below the fatigue limit can be damaging.

c Low-amplitude cycles may enhance the crack growth at subsequent cycles with a higher amplitude, see

the diec"eeion in section 4.8.

It is well-known that fretting corrosion can have a most detrimental effect on the fatigue limit and on
the lower rart of the S-H curve. However, the effect is relatively sall at high 3S-vaiuee because crack

nucleation does occur quite early and is less dependent on the assistance of frettiftoorrosion. Similarly,
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we may expect fretting corrosion to be lees important in program tests. Nevertheless, Gasener (Ref.100)

still found a 50 percent life reduction if fretting was applied at the root of a notched 2024-T4 specimen.

Jeomaa, s (liaf.89) also in program tests, found a life reduction of abolit 65 percint 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 increase of the life. In other words the available data confirm

that cycles with amplitudes below the fatigue lemit may be damaging. An example is given in figure 4,19

wjth results reported by Wallgren (Ref.83). The last column of the table illustrates the reduction of

testing time obtained when omitting low-amplitude cycles.

4.12 Comparison between the results of program tests and random tests

In comparison to a random load test, the ;ariation of the stress amplitude in a program test occurs in a
simple and systematic way. For random loading the amplitude (ani well as S.. and Smin) may be significant-

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 interaction 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 program

tests cannot be claimed on physical arguments but has to be shown b•° tests.

A second aspect of the comparison between random and program loading is concerned Vith the conlcept

"zandod'. A random signal may be stationary or non-stationary, it may be Caussion or non-Gaussion

(Refs.32-34). If it is a stationary 'sussion 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 th3 random load fatigue life was

studied in some investigations, see table 4.5. An a gene ral trend, it was found that the effect was

either small or negligible. It is thought, however, that these data are still too limited to justify a

generalization.

The importance of the "randomneas' for fatigue life has also been studied under different pseudo random

loading conditions. In figure 4.21, results of Naumann (Ref.67) illustrate that the fatigue life is

apparently depending on the question whether we consider full cy.cles (starting and ending at Sm) or half

cycles (also starting and endiiig at S,). It should be pointed out that the statistical 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 t1- statistical distribution functions of stress ranges (differences between

successive values of Smax and Smi) are not the same for these test series, which will be evident after

a closer look at the sequence samples in figure 4.21.

A second example of sequence effects in random load tests is shown in figure 4.16, giving data from NLR

tests on crack propagation. In two test series exactly 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 negativs one. Also here it is true that the staiest.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 effect was small.

A comparison between the results of random tests and program tests was recently published by Jacoby

(Hefa.10i,10d). Some new results became available since then. A survey of compurative invest'gat ions is

given in table 4.6. As Jacoby pointed out, there ,3 no unique relationr between the fatigu3 lives for

random loading and for program loading. He mentioned (Ref.109) various aspects that could affect the

comparison. Some Inportant ones are the type of randim loading, the type of progrem loading, the maximum

stress in the test, the mean stress and the *.hape of the load spectrum.

It is difficult to draw t-eneral trends from the investigations listed in table 4.6. ia Ceneral, th life

in thc "equivalent" program test is lar#,er than in the random teat. In several investigaticnu the differ-

ence .a not very large. However, Jacoby (Ref.10() arrive d at program faticgte ives that were about six

times longer than in random load tests. In figure 4.16, SIR rusults on crack propagation indicate about
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three times longei liven if the comparison is maea with program loading with 40000 cycles in a period.

Fractographic observations algo indicated different orackiig modes. For the short period (average

40 cycles), the difference between random and program loading WR3 small. Thi. is in agreement with the

observation that the sequence effect in the program tests (Lo..Hi, l o-Hi-Lo and Hi-Lo) was small for the

short period (although still systematic). Gasener's and Lipp's results (Refe.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 spectrum.

Unfortunately the large differences mentioned above still give some uneasy feelings about the equivalence

of random tests and program tests.

4.13 Trends ebb,erved in flight-simnulation tests

A survey of inventigations on flight-simulation testing is presented in table 4.7. In these investiga-

tions several trends were observed that are qualitatively moýe or less similar to those discussed before.

Sequence effects

Naumann's tests on the effect of the random sequence of either complete cycles or half cycles also in-

cluded flight-simulation tests. An the results in figure 4.21 show, a similar sequence effect was found

in the random tests and in the flight-simuieation tests. However, the effet. wan much smaller in the

flight-simulation tests. A similar observation was made by Jacoby (Ref.107).

The sequence effect in flight-simule, tion tests was one of the topics studied in a recent NLR investiga-

tion (Refs.77,78) on crack propaW.tion in 2024 and 7075 sheet material. The gust load spectrum applied is

sho•n in figure 4.12, while different sequences are presented in figure 4.23. In thete tests 10 different

types of weather conditions were simulated in different flights. Apart from test serie& H the gust

sequence in each flight was random, while the sequence of the various flights wan also random. In

figure 4.23 a comparison irs made between a random sequence of complete cycles, the same sequence of

"reversed' complete cycl., and a Lo-Hi-Lo programed 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 wheii comparing random loading and program loading with a short period.

A small sequence effect was also found by GOasner and Jacoby (Refe.66,73), and by Imig and illg (Ref.80)

with one excention. Ganener an• Jacoby, testing 2024-T3 speuimens (Kt - 3.1), found fatigue lives of

2500, 2800 and 5800 flights for a random gust sequence, a Hi-!,n-ki guat sequence and a Lo-1{i-Lo gust

sequence respectively. The latter result is considerably higher than the former two results. They applied

400 gust cycles in each flight which is a relatively high numbeT.

Low-aMplitude cycle@

As said in section 4.11, low-amplitude cycles may be significantly damaging in a program test. In such a

test these cyoles are applied in blocks of large numbers of cycles. In random loading the low-amplitude

cycles are randomly dispersed between Gycles with nigher amplitudes. This implies that the information

f.'cm program tests is not necessarily valid for ra.dom loading.

Some investigations on flight-simulation testing have also explored this arpect, see table 4.7. Average

remuits are collected in figure 4.24. Naumann (Ref.6':) found a ve-y seall increase of the fatigue life

when omitting low-amplitude guat cycls, while Branger (Ref.110) found a small reduction of the life.

Gassner and Jacoby 'Ref.73), however, found a significant increase. They omitted 370 low-Sa cycles from

408 c.cles in each flight. Both numbers are large, which may have contributed to the result. The ILR

results on crack propaeation are recapitulated in figure 4.25. Here also it is evident that omitting low-

.a cyciles Incrases the lift.

iith rc-pec, to omittinp taxiing loads from the groAnd-tc-aLr cycles, the trend appears to be that this

hat a minor effect on life. It is thought that the taxiing cycles were hardly damaging because they

occurred in Oompresstoz. Consequently the low damaging effect of the txziing loads will rot be applicable

i.! the mean streso of the (TAC is a tensile stress (upper akin of wing structure).
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High-amplitude, 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 intensivelý studied

so far, 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 5a (Sm is mec-n stress 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 series on a sheet specimen with a c.-tral hole and several series on

crack propagation in sheet specimens (Rofe.77,78). The results of the hole notched specimens are shown

in figure 4.26. Load sequences were similar to those shown in figure 11.25 (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 Sa,max (trunca-

tion level). Figure 4.26 clearly shows a systematic effect of the truncation level on both the nucleation

period and the crack propagation life. Both periods are longer for higher Samax values. More data from

the crack propagation tests are collected in figure 4.2 ,, which clearly confirms the longer fatigue life

if higher amplitudes are included in the flight-eimulatiorn test. In one test on a 7075-T6 specimen the
2

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 aspects of the effect of the truncation 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 aection 4.17.

4.14 The effects of the design stress level and the type of load soDctrrm

The design stress level will obviously affect the fatigue lifo of an aircraft. opirical studies for a

long time could only be made by program tests. Gasener started the work about 30 years ago (Refs.29,57,

82); another early publication is from Wallgren (Ref.83), see also table 4.4 The waJor part of this type

of work was carried out in Gasbner's la1.crato.'y at Darmstadt. Much of this work was recently summarized

by W. SchUtz (Ref.115),

From a large amount of program data obtained with st.•Aardized. load spectra (Rai'.116), Ussager found a

linear relation between log stress level and log program fatigue life. This trend is illustrated by

figure 4.26. The relation can bewTitten as:

-•' S '. constant (4.1)

a , max

:Many tesoe inditated the treaid for K to be :n the orier of 5-7. In equation 14.1j, N' iL the program

life and is a,max: in ho maximum amplitude of the standardized load spectrum which is truncated at a level

occurring once in 500 000 cycles.
Since Sa,maX as well as S. are linearly related to the ultimate dehiga stress level, the merit of the

above relation is that it immediately indicates the change of life iesnciated with a certatn perreatafge

charge of design stress level. The question is, however, whother equation (4.1) would also be valid 1cr

realistic service load-time histories. This could not te 'ohecked empirically until the elI4crn1ydrAulic

fatigue rachine with closefl loop load control became ave ilable. As pointed oIt in -ection 4.12 i't

remains to be explored whether 6ronds valid for proeram tests are also applicable ý.o random loacdll.

In the more recent literature some test results are presen•dt rs;'ardinV the effect t" desi•-nr attrees level

on fatigue lite in flight-simulation tests, see table 4.1'. These, by now, are apparentlý, tI.. moat

Lm



realistic data available to judge this effect. The data are summarized in figure 4.29. It should be
pointed out that for each tast series in this figure changing the stress level did not affect the shape

of the load time histor,. Hence the shape of the load spectrum also remained the same. Changing the

stress level only implied that all load levels were multiplies 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

applicabie to the NLR crack propagation data. In the other graphs the slope factor K is outside the

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

data of Branger and PRonay indicate a very low K -value . Further co.mments cn this topic are made in

section 5.3.7.

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

usually adopted. The investigations, in general, do not allow a diroct comparison between the tw' spectra,

since there were more variables than the spectrum shape alone (for instance stress ratios, truncation

level).

NTevertheless, masoeuvre spectra are 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 (Ref.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 con3tant. The test

results iudeed confirmed thot the life became chorter if the proportion of high-am'litude cycles in-

creased (and the proportion of low-amplitude cycles decreased). Some further comments on this work are

made in section 5.2.5,

4.15•Observations from full-scale fatigue test series

This s6ction Is partl, similar to Appendix J of reference 76, entitled "The influence of the loading

history on the indication of fatigue-critical componentd'.

As explained before, high loada will introduce local stress redistributions around notches and the effect

on the fatý:,,e life may be different for different notches, depeding on Kt, stress gradient and nominal

stress level. -.-e conoequence is that the indications of the most fatigue-critical component 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 wings

Results of an extensive test program on Mustang wings were reported in references 44,74 and 118. The

following types of tests were carried out:

(I) Constant-amplitude tests, various Pa and P. values

(2) Program toets with 3 amplitudes, Pma, - 33 % Pu

(3) handom load tests, gust spectrum, Pmax " 63 % Pu

14) handom load tests with GTAC, same gust spectrum, Pain for GTAC - - 24 % Pu

(5) Random Iced tests, manoeuvre spectrum, including negative manoeuvre loads, P , -75 % Pu" 2

The 1-g load level for test series 2-5 was 20 % Pu" The trrmses at P. were ii, the nrder of 28 kg/am

Cracks were mainly found in two areas, indicated an the tank bay area and the gun bay area. For tan two

areac :nnersc•t.ng S-N curves were found in test series no.1, beth for initial oracking and final failure.

""Mhs sicwe that a certain component, which under constant-amplitude loading is more fatigue-critical than

anothei component, can be leea critical at another load level.

In test series 2-' tne initial failure was always first observed in the gun cay area. However, osackib;

in the tank •ay area could be more serious. The final failire occurred in both areas in test teries 2

(loser P5 x vAlue) ant an the tank bay area only in test eeries 3, 4 and 5. In the random gust twat@

without MTAC the run bay area was then in an advanced stage of croAinl, whereas this failure was alsmoot

completely sappressed in the random gust tests with GTAC. The latter was partly true also for test series 5.

IL-



Teats on Commando wings

Results of tests on Commando wingi were reported by Huston in reference 119. Three types of testo were
cond~ucted, viz.t

(I) Constant amplitude tests (Pmax values 4 59 % Pu )

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

(3) Program tests with a m'noeuvre spectrum (Pmam - 78 % Pu)

A limited amoun- cf service experience was available. The program tests were randomized step tests. The
2

stress at Pu was low, via. about 19 kg/mm

Constant-amplitude tests revealed only 1 or 2 fatigue-critical locations, which were different for high

and low amplitudes. In test series 2 and 3, cracks were found at 7 different locations. With respect to

the first crack that appeared, the crack at location F (code of Ref.119) was the moat frequent one in

test series 2 and 3, whereas this location was not very important in the constant-amplitude tests. The

most critical crack with respect to final failure was found at location B in the constant-amplitude

tests and at lacation III in the program tests.

A comparison between 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 Dakota wings

In reference 71 Winkworth reported the results of testing 4 Dakota wings and a comparison with service

experience.

The following four tests were carried out:

(1) Gust cycles only, constant amplitude, Pa corresponding to 12 ft/sec gust.

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

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

(4) GTAC only, P1 max at 1-g level, Pmin < 0.

Cracks occurred at three different locations, A, B and C. Thle 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 I and cracks at location I. did not occur. Cracks

were also found in service at a location at which no cracks were found in the tests. It cannot be said

that a fair agreement between service experience and testing was obtained. This may be partly due to the

simplified flight-simulation load sequence adopted for the teett.

Tests on a swept back wing

Reoults of constant-aunplitude testa and program tests on a wing of a fighter were reported by Rosenfeld

(Ref.48). In the program tests two different manoeuvre spectra were used. In one test series GTAC were

inserted (i-i batches), which in this case were upward loe ls rather than downward loads. Values for Pmax

from 55 to 100 % PL %PL is limit load) were used in the constant-amplitude tests and from 35 to 125 % PL

in the program tests. PmIn was 13.3 % PL in all tests.

In each wing, failure always occurred at a tolt hole. In the program teats (4 different programs)

failures occurred at locationj A (6 times), C (once), L (twice) and F (once). In the constant-amplitude

tests, failures occurred at locations A (7 times), especially at the higher lAid levels), b (twice),

C (once) and D (tdios, at the lowest load level only).

Tests on the pro-mod F-27 center section sIng3

Random and program tests were carried out, both with and without pround-th-air cycles (he!'.76). Constant-

amplitude tests were carried out representing "rAC loading and guat load cycles. 
T
n the rar:uar arnd the

program tests a very severe gust spectrum. was adopted, the mac(imum load being FIa. 6, ' lu where Fu

is the ultimate design load. In the constant-amplitude testa, Pmax values covered a range f-nom 3' te

47 % Pu.

Although the same type of crack waL. the most critical one Irn ýcl tests, considerable differenceL .vrr

found between the random and the program tests at the nra thand and the constant-amlpiude tvetis ýn the

other hand. Contrary to Huston'& findingei, the number of locations at which crauxa were fi'nd was lar,.,r

in the constant-amplitude tests. iocondly, some types ol' cracks occurred ;,redomiranti t i riot excluoivul.r

in the random and the program tests, whereas other t~pes of cracks were found in the c•nstdlt-ampictudc
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tests only.

Tests on Venom wings

Branger (Fefs.120,121) has reported interesting data on the indication of fatigue critical locations in

the structure. Information was available fromi

(l) One constant-amplitude test (Pmax = -Ig)

(2) Two program tests (Pmax 2 7.25 g, Pmin -0.87 g)

(3) Six half wings tested with a most realistic flight-simulation loading (Pma.x 6.5 g, Pmin -30% Pmax)

(4) Service experience.

In the flight-simulation tests, two explosive failures occurred. One of these failures had not been

detected in the constant-amplitude test and the program tests. Initial cracking corresponding to this

failure was observed in service. On the othez- 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 in that the picture 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 silperposition of two cyclic loads with different amplitudes and frequencies ma~y 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 loads is an intrigusing 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

C - am + Sal sin wlt + Sa2 w2 t (4.2)

mith cI t 2'2 w being the angular frequency.

Investigations on superimposed cyclic loads have been listed in table 4.8 which shows that there is a

good deal of variety between the various studies. Nevertheless some general findings may be reported.

If Sa2 is small enough to be below the fatigue limit, the Palmgren-Miner rule would suggest the cyclic

load 6.2 sin w2 t to be non-aamaging. Consequently the life should be N1 if N1 is the fatigue life

associated with Sal. However, it turns out that the life is shorter. This has to be expected since the

cyclic load So2 sin w2 t will anyhow increase the stress range of the low-frequency component from

2 Sa1 to 2 (Sal + S,2), see figgure 4.30a. In other words, a life N1 associated with an amplitude

Sal + 6a2 should be expected at most. Usually a shorter life is found depending on the ratios Sai/Sa2
and w2/w1 . Apparently, apart from increasing the stress range, the high-frequency cyclic load itsalr is

also contributing some damage.

The example shown in figure 4.30b has more the character of a cyclic load (Sa2 sin w2 t) with a slowly

var3ing mean. Available results indicate this varying mean to be damaging, implying that the life will be

shorter than N2, if N2 11 the life associated with Sa2.. Here also the stress range is increased to

2 (Sal + Sa2) and even in case that Sa, << '.a2, the material will remember this to rome extent depending

on w2/ I

In some investiiations the low-frequency component was cyclically changed step-wise or following a

triangular wave form. With respect to the high-frequency component, a randomly varying S.2 value has been

applied (Ref.129). This ins further complicating the picture but it is more similar to practical conditions.

Such complex load histories raise the problem of how to define a load cycle. This already applies to the

examples in figure 4.30. A cycle with a range ? (Sai + 6a2) does in fact not occur in these examples,

although the rwn4:e has still some meaning for the fatigue life. The problem how to define cycles for moron

complex load-time histories is eiven more attention in chapter 6. It may be noted that fatigue under

super-mposed cyclic loads is also being studied by following the strain histories (Refs.128,129).
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4.17 Effects of environment and 1 oading frequency

In chapter 2 brief reference wan made to the pomseble effects of environment and loading frequency.

Effects were observed in oonstant-amplitude teats and although the humidity of the environment appears

to be important, a full understanding of these effects has not yet been obtained. Only a f-. investiga-

tiops have been made under variable-amplitude loading.

Evironment

In a comparative investigation at NLR (Ref.106) on 2024 and 7075 sheet material, crack propagation was

simultaneously studied in an indoor and an outdoor environment. Program loading and random flight-

simulation loading were used. The results indicated a negligible effect for the 2024 material, 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 specimens 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 frequency

In a recent NLR investiCation crack propagation tests have been carried out on 2024 and 7075 sheet speci-

mens under flight-simulation loading. The variables being studied are of the design stress level and the

loading frequency. Three frequencies ha:re been adopted, namely 10 cps, 1 ops and 0.1 cpa. The investiga-

tion is not jet complete, but abailable d.Ata (see Ref.64) indicate a rather small and not fully systemat-

ic influence. Although such a small effect is a very convenient result, it is not yet justified to

generalize this empirical observation.

Branger (Ref.111), in flight-3imula.ion tests on 1Lgbt olloy specimens notched by two holes, found a

slightly lower life at 96 cpm (cycles per minute) as compared TG 173 cpm (1.6 cps and 2.9 cps respect-

ively). Surprisingyenough he found a reversed frequency effect in another test series with frequencies

of 210, 40 and 5.4 cpm (3.5, 0.7 aevd 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 spezimena and structures. There

in some work available on titanium alloys and low-alloy steels. (Table.4.1-4.8). The uestion now is

whether these materials show empirical trends similar to those of the aluminium alloys. Indications of a

significantly different behaviour have not been obtained so far.

There are some reasons why certain materials may show a similar cumulative fatig,.e damage behaviour. The

accumulation of fatigue damage has been described in chapter 3. The interaction mechanisms, 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, etc. All these mechanisms are related to

the ductility of the material. Consequently it in thought that materials with a similar plastic behaviour

could show a cumulative damage behaviour that is qualitatively similar. With respect to preloading notch-

ed elements this was clearly confirmed (Refs.41,46,49).

A qualitative similarity, however, does not yet imply a quantitative similarity. This can be illustrated

by comparing data for the two well-known aluminium alloys 2024 and 7075. Both alloys %re neither extreme-

ly ductile nor brittle, but the ductilit3 of the 7075 alloy is certainly smaller than that of the 2024

alloy. Favourable interaction effects have been noted for both alloys. Nevertheless, Hardrath, Naumann

and Guthrie (Refe.30,31,88) found systematically higher In/N values for the 7075 alloy. Similarly

figure 4.27 shown that the 7075 alloy is indeed more sensitive to the effect of high-amplitude cycles.

Larger favourable interaction effects are also confirmed by the NLR crack propagation data in figure 4.29,

the more so since constant-amplitude data suggested a much longer life for the 2024 alloy as compared to

the 7075 alloy. An increasing ductility will imply that the residual stresses will be smaller and that

relaxation of reeidu... stresees due to cyclic straining will be easier.

As a general conclubion, similar qualitative trends say be expected within certain limits. The similarity

should no longer be expected if the material has a significantly different ductility, for instance a very

higu ductility (low strength alLoys) or respcnds to unstable yielding (mild steel). brittle materials for

L



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

may also behave differently.

5. THEO)RIES ON FATIGUE DAMAGE ACCUMULATION

5.1 Introduction

In the literature a variety of cumulative damage theories have been presented. The quertion now is

whether these theories can account in a realistic way for the trends described in the previous chapter.

In this chapter an attempt will be made to live a systematic survey of the various aspects characterising

the theories. In view of this goal, some salient features of fatigue damage will be summarised 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 ptyeical

and practical limitations of the theories are discussed in section 5.4. The significance of the limita-

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 failure.

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 esuential part of fatigue damage was described in chapter 3 as decohesion of the material,

a physical theory should incorporate crack growth as a minimum requi:-ement.

However, it was explained in chapter 3 that the amount of cracking alone could not give a complete des-

cription of the state of fatigue damage. Several additional damage aspects were mentioned, see figure 3.2.

From these aspects only residual stress has been incorporated in a few theories. The other aspects have

been mentioned in the literature to explain certain trends observed in tests, 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 reference tj 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 Theories

5.3.1 General survey

The number of cumulative fatigue damage theories ius 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 propagation

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 it is assumed that each cycle or each batch of cycles causes a nertain

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

taose 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 similaritj approach refers to those theories, which presume that similar loading conditions at the

fatigue-critical locations in two different specimens should produce similar fati.ue lives. The stress

hiBtory or the strain history could be adopted for characterizing the loadinU condia.on. For crack propa-

gation the simil..rity approach implies that similar stress intensity factors should produce the bame

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

oan be made for a large variety of variables, suc'h as S10 Kt, load spectrun 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 ni load cycles with the same mean load andload amplitude will consume a

portion of the fatigue life equal to ni/Ni where N 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 equalalOO percent. This implies that the condition for failure is:

niiNi (5.1)

Without any detailed knowledge about fatigue in metals, Palmeren's assumptions 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 ii.dependently made in a

Dutch publication in 1940 by Biezeno and Koch (Ref.134).

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

nucleation period and a crack propagation period, Langer suggested

n'/ 1' and '5n/'=1(5.2)

where n' and ni are numbers of cycles spent in the crack nucleation period and the crack propagationi
period, while N' and N"• 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 Grovtr in 1960 (Ref.135) and by Manson

et al in 1966 (Ref.136).

In the literature, the Palrngren-Miner rule is also 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 I n/N - 1. It was sufficient to assume that the damage

rate was a function of n/N which is independent of the mkgnatuda of the cyclic stress. Moreover, these

authors emphasized that the material should be insensitive to load cycle sequenzes. A similar assumption

was made by Nishihara and Yamada (Ref.138) 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, Ref.139)a

=f (n/N) (5.3)

In reference 140 the present author argued that '. n/N - i riquires that,

I The fatigue damage is fully characterised by a single fatigue da.eaas parameter D,

2 The damage D is indeed a single valued and monotonously a'creasing function of the cycle ratio n/N,

which Is the same in any constant-amplItude test (stress independent after Kaechtie, Ref.141). |!ence
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failure will always occur at the same amount of damage.

A consequence of the first statement is that interaction effects will not exist. The second one implies

2: n/N - 1 at failure.

. 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 effects, damage due to cycles below the fatigue limit, favourable effect of positive peak loads,

etc., which all lead to 2 n/N ý 1. These effects have been illustrated in chapter 4. Moreover, from 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 ireserve

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

eur-eys have been given in the literature, see for instance references 47, 142, 143. A recent survey has

been given by O'Neill (Ref.14). It will be tried here to indicate essential features of the main groups

of theories. There are two important questions in thiu respect, see table 5.2. The first question is

whether the theory employs constant-amplitude fatigue data or variable-amplitude fatigue data. The

majority still 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) started from the idea that damage increments ir a random load test

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

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

n.

.1 (5.4)

where the "interaction factor" w is either constant or a simple function, of Sai, to be determined frora

fatigue tosts. It may also depend on the type of load spectrum. Equation (5.4) indeed implies the

ilpplicition of the PalnLrer'-.ii~er rule to adjusted S-N curves. Since these authors assume w i > 1, the

curves are reduced life curvea.

Marsh (Ref.147) suggests to adopt a hypothetical S-N curva with a different slope and a lower fatigue

limit (80 J) as compared to the original curve. He recognises the problem of arriving at such an adjusted

curve in order to match the empirical data with I n/Na - 1, where Na is derived from the adjusted curve.

Haibach (Ref.146) also allows for load cycles below the fatigue limit 6y stating that the fatigue limit

is continuously decreasing as 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, kt'ich is adjusted below the

fatig'es limit only, see figure 5.1.

Henry (Ref.149) assumes that fatigue damage mV be described as a notch in the material which will

proportionally lower the S-N curve over the entire stress range. A damage i,,creamnt is an incremental

shift of the S-N curve.

Smith (Ref.45) suggested that L nl/N- 1 could not be valid for a program test because residual stresses

introduced at the higher amplitudes affected the damage accumulation at the lower stress amplitudes. He

therefore proposed that N1 in the Palmgran-Miner rule should be replaced by the fatigue life of the

specimen preloaded to the vaximum stress occurring in the program test. The preloading should induce the

same residual stress beino present in the program test. This presumes that a relaxation of the residual
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stress will not occur.

In later publications (Refs.150,151) Smith proposed two other theories. In the "linear strain theory"

it is assumed that the strain at the root of the notch will be Kt. o also after local plastic

deformation. With the aid of a stress-strain curve the residua1 stress at the root of the notch may then

be determined. The stress at the root of the notch is then S - Kt.Sn + Sr Eploying this

strees-volue, corresponding N-values are obtained from unnotched S-N curves for different R-values. These

N-values are used for the Palmgren-Miner rule.

The second theory ("Smith methoi') starts from the idea that the maximum stress at the root of a notch in

a program test will be of the order of the yield utress, provided local plastic deformation occurs. The

residual stress 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 obtained in this

test and the assumption about Smax at the root of the notch in conjunction with the unnotched S-N data,

will then indicate the applicable H-value and hence Smin at the root of the notch. This is sufficient for

determining tLe complete stress history at the root of the notch for the variable-amplitude test.

Knowledge of the Kt-value is not required. Again the Palmgren-Niner 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 elastically 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 adopts the Palmgren-Niner rule

sequence effects are ignored.

Several authors were reasoning that damage accumulation is prograshive crack growth. Shanley (Ref.139)

assumes an exponential creck growth law for each constant-amplitude tests

a= me a (5.5)

where a, 0 and C are constants and n is the number of cycles. Failure should occur a. a constant crack

length k. independent of the cyclic stress

Ic e a • (5.5a)

Damage accumulation was assumed to be the summing of crack length increments without interaction effects.

Equation (5-5) and (5.5a) can be written as

(-dm) N (5.6)

which is of the type of equation (5.3). Consequently, Shanley's formulas imply the validity of the

Palogron-Miner rule. More comments on Shanley's formulas are given in reference 38.

V..lluri (Ref.23) aiso adopted the idea that damage accumulation wai a cumulative process of crak growth

increments without interaction effects. However, he stated that the crack length at failure was depending

on the highest stress amplitude applied, see section 3.3. Since the N-values in I n/N - 1 are in tact

related to different amounts of cracking depending on the stress cycle, Valluri doqs not arrive at the

Palogren-Niner rule.

Corten and Dolan (Ref.152) included interaction effects in their crack propagation concept. They postulat-

ed that in a pro"ram test the mixisma load cycle will be decisive for the initial dAmage, since it will

determine the number of loci at which crack growth wiLt start. After this number has been established

crack growth is again assumed to be a cumulative p-ocess without any interaction. For a program test they

arrive at the formula

Ng N 7 (5.7)
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where N in the program fatigue life, %I in the maximum satreas amplitude with the oorresponding conskant-

amplitude fatigue life N1 , "i is the percentage of cyoles applied at amplitude S&, and d is a constant,

that should follow from tests. Since ai N - ni equation (5.7) can be rewritten asn

6dni INi (&

N r ) I- I(58
al

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

.onstant, equation (5.8) reduce. to the PalWgeln-Miner rule.

In the last 10 years high-level low-cycle fatigue got munh attention. Many constant-utrain amplitude

tests were carried out involving large amounts of plastic strain. Ohji, Niller and Manin (Ref.153) have

suggested that the Palugron-Niner rule should apply to variable-strain-amplitude teats. In this case ni

is the numbsr of cycles with strain amplitude eai while Ni in the constant-straiL. splitude fatigue life

Fasi•iated with aw" The same concept has recently been adopted by Dowling (Ref.129), but he first splits

up the life in a nucleation period and a propagation period, similar to langer's treatment, see section

5.3.2.

Incr'emental damage theories based on constant-amplitude data, including sequence effects

For several years sequence effects were almost exclusively attributed to residual stresses only, these

stresses being caused by local plastic yielding at the root of a notch or the tip of a crack. Consequent-

ly a theory predicting sequence effects should include the evaluation of the residual stresses during a

variable-amplitude test.Preeently available theories are deriving residual stresses from the strain-

history at the root of a notch. This work was started by Crews and Hardroth (Refs.52,53) am discussed in

section 4.5.

A few theories for life calculations employing the above concept bave now been published. The basic line

of reasoning includes the following stepes

1 The starting data ares a The load-time history, b the material and c the geometry of the specimen.

2 The second step consists of calculating the strain history and the stress history for the fatigue

critical location of the specimen. For a notaned specimen this is the root of the notch. The strain

history will include plastic stra-ins and the stress history will include the local residual stress.

The strain history or the stress history calculated in the previous step is split up into individual

cycles. Each uycle is assumed to cause a daomge increment AD equal to 1/i, where N is the corresponding

conatnnt-amplitude life. The failure criterion is again I AD - 1.

The second sa4p is a difficult issue. The strain history may be measured and the stress history may then

be derived frio the strain history by additional testing. This was discussed in section 4.5, see also

figure 4.8. Howtver, a life calculation theory requires that these data be obtained by means of caloula-

tion rather than experiment. Morrow and co-workers (Refs.51, 154,155) at the University of Illinois are

wolking on this topic. They adopt tha Neuber equation, relating the stress and the strain at the root of

the nntch bys,

o a ., X6 2 (5-.9)

wher, X a is the stress ooncentxstion factor including plasticity, X is the strain concentration factor,

also n, luding plastic strain, and X, is the well-knowm stress ooncentration factor for elastic behaviour.

Evation (5.9) seems to be satisfactorily sabetsantiated. Morrow et &I. then adopt the cyclic stress-

strain behaviour from unsotched material. For aluminlum alloys this appears to be justified by the obser-

vation that the stress-strain hysteresis loop rapidly stailises, also after a change of amplitude. The

strain history and stress hastory cn then be calculated. Morrow et aI. also oarried out test series to

chock the theory and the data reported look promising. The eveluation of thIl concept ib still not yet

c.oaplot and further work is going on.

Ispetli%%errl (Ref.156) has been reasoning along similar lines 4owever, since results as howe in

figure 4.9,1nd'cat. a relaxation of residual -trees, he introduce* the rela•a•ion into his calculation.



The rate of change of residual stress d S /dn in each cycle is assumed to be equal toe

rem.
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yield

where Sres. ig the residual stress, c, and SR are the applied strain and stress range at the root of the

notch, and "a" is an empirically determined constant of proportionality. With a computer programi

Impellisserri has treated program fatigue test data from NLR, NASA and hic own duta. He found a very good

agreement. In a recent publication (Ref.157) Martin, Topper and Sinclair also introduced stress relaxa-

tion. Moreover, their streds-strain model also allows cyclic strain hardening or softening to be account-

ed for. Agreement with low-ýycLe variable-amplitude data was good.

With respect to the third step, both Morrow at al., Martin et al. and Impellizzerri adopt •. n/N - 1.

Morrow and Martin prefer constant-strain amplitude data whereas Impellizzerri employs constant-stress

amplitude data. In fact, the former are mainly working in the low-cycle fatigue range whereas

Impellizzerri applies his calculations to high-cycle fatigue data.

One difficulty in calculating I n/N may still be mentioned here. For a variable-amplitude loading, a

load-time history in general will not consist of a sequence )f complete load cycles. This also applies

to the stress and strain history at the root of a notch if zssidual stresses are included. The definition

of n in 1 n/N then becomes a problem. This issue is discusuied in section 6.2.

Incremental damage theories based on variable-amplitudc dati, ignoring sequence effects

In the Palmgren-Miner rule 1 n/N - 1, the values of N are derived from corstant-amplitude fatigue data,

However, it is also possible to adopt variable-amplitude fatigue data for this purpose. Gac.ner (Ref.158)

proposed to use program fatigue test data while Kirkby a,.d 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 results can be plotted as S'- N' curves, where S' is a stress value characterizing

the intensity of -he load spectrum and N' is the fatigue life in cycles obtained in the variable-ampli-

tude tests.

SAn 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

n.

i (5.10)
N

The procedure is illustrated b., 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 is in accordance with a Raylitgh distribution. This distribu-

tion is the standardized load spectrum mentioned in step 1 above. The characteristic stress value S' is

most conveniently taken as the root-moan-square value 6 of the variable stress, Kirkby and i4wards

carried out tests on lug specimens and the results have b&3n plotted in fii'ure 5.2a (step 2). in sub-

sequent tests, the Srms was varied periodically, see figure 5.Zb. This was done in such a way that the

sum of the three spectra A, B and C was approximately "imilar to a gust spectrum (step 3). In other words,

the gust spectrum can be decomposed into the three spectra A, B and C all obeying a PAyleigh distribution.

For the tests in figure 5.2b, both !: n'iN' and the classical 2. n/N values wGre calculated, see figure

5.2d. From these results the authors drew the folloi.ig conz:luniotst

a Damage calculations according to the proposed method ( ! n'/N') gave results superior to the classic-

al Palagren-Miner 2. n/N values, i.e. the v-alues were devia'ing less frcm 1.

b The 2. n'/N' values still deviate considerably from 1.

As shown in figure 5.2b, the Lrms value was progruammd in a Lo-Hii sequencv. however, vost teits carried

out in a Hi-Lo sequence gave similar fatijre lives. It should be noted that the calctlation of' 2- n'iN

still ignores the sequence.
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Kirkby and Edwardas alo performed aome teots from which the most severe stop C was omitted. As mentioned

in chapter 4, this reduced. the life 2.5 times. Unfortunately also thi 2 n'/N' value van considerably

effected, see fig.5.2d. This implies that thi new ccncept in this case does not well account for the

chenge in load spectrum.

5.3.4 The aimilarity approach

The similarity approach based on stress

In section 5.3.1 the similarity approach was defined aa the conception that similar loading conditions at

the fatigue critical locations in two different specimens of the same material should produce similar

fatigue results. This concept is easily illustrated 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 notch is the same as

in the unnotched specimen, the same fatigue life may be expected. This had led to the well known Kf" Xt

relation, where Kf is the fatigue strength reduction factor and Kt in the thsoretical stress concentra-

tion factor assuing elastic behaviour. The shortcomings of this relation are also well recngnised. Part

of them ure due to plasticit3 effecta and another part may be attributed to differences between the

volumes of highly stressed material (stress gradient effect). Actually, these arguments imply that the

conditions At t"bhe fatigue critical locations were not really the same.

With respect to plasticity effects an improvement was the work of Crows and Hardrath, and Morrow et al.

mentioned before. By accounting for the plastic deformation at the root of the notch, the cyclic stress

at that location could be described more accurately. This cyclic stress was again compared with the same

stress in an unnotched element.

For joints and other complicated components, Kt values are usually unknown. For such cases effectiva

stress concentration factors, Koff have been adopted in the literatiure. A survey was given by Schltz

(Ref.-115). The background is in fact a similarity approach. It is assumed that a component to which a

certain Keff-value applise, will show the same fatigue life as a simple nortched specimen for which the

(-value is equal to Keff, This should be valid for any cyclic stress. The empirical determination of

Koff for a certain componeni should therefore be made by comparative testing of the component and of

simple notched specimens with a sufficient range of Kt-valuea.

Obviously the conception again ignores the effects of miss and plasticity. Moreover, the fact that differ-

ent craponents may exhibit intersecting S-N curves, see figure 7.2, is not easily reconciled with this

Koff concept. It requires that for a component having a lower Koff than another component, the S-N curve

should be superior at all stress amplitudes.

The Koff conception need not be restricted to constant-amplitude loading conditions. Gassner and SchUta

(Ref.159) have proposed the application to the results of program fatigue toots. They performed numerous

testa of th.: type on 2024-T3 specimena with a range of Yt-values. They suggest to use the data for

estimeting the program fatigue life of a component by assuming som K1 off-value foe the component. The life

is then obtained by interpolation between the specimen data for adjacent Kt-values.

The similarity approach based on strain

The sisilarxity approach based on strain was adopted in the measurements described in section 4.5, see

also figure 4.8. The aasumptlzn made was tO'at similar strain history, i.e. at the rocot of a notch and in

an unnotched specimen, should produce similar stress histories. Another assumption is that similar stra:6n

histories should also produce similar fatigue lives.

For practical application the similarity approach based on strain is not yet easily used. The strain

hi•tory has to be either measured or calculated. Subsequently, life data for a similar history if mct

available, should be determined empirically.
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Ths similarity asyroaoo for crack propygation

The application of the stress intensity factor K to the correlation of fatigue crack propagation data is

a mcat outstrading example of the similarity approach.

The stress distribution around the tip of crack can be written in the following form (Ref.160)

Si C S fiji (0) .•)ij Z

V'- ,r rrc

S is the noAinal strens on the specimen, t is the ciack longtJ .Lnd r and e are polar co-ordinates. The

geometry of the specimen is accounted for by the non-dimensional constant C. It should be pointed out

that equation (5,11) is essentially a sclution for linearited elasticity. Moreover it is aasymptotically

valid, only for small values of r19 , that means for the crack tip region. Further, dilforent values of

fi (() apply to the three craok opening modes. It is sufficient here to consider only the tension opening

mode (tensile mode, 90 mode in fi,2.4).

Eua-tion (5.11) can be written ar

K - f (6) (5.12)

with the stress intensity factor K - C S4 (5.13)

Equation (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 dialforent geometry,

crack length and loading stress, but the same stress intensity factor. Then the stress distribution at

the crack tip according to equation (,.12) will be the Pasm. For a cyclic stress, Paris et al. (Refs.161,

162) proposed that equal K-values should imply equal crack propagation rates, and consequently the crack

rate should be a unique function of the stress intensity factor

d - f (K) (5.14)

A cyclic stress is determined b7 tiw of the quantities SMa9 %in, Sa Sm" The ratios between these

quantities are constant for fatigue tests with a constant stress ratio R (- Sin/S%.,). Hence it should

be expected (Ref.163) that f (K) in equation (5-.14) is dependent on Rs

U - fR•Oc) (5-15)

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

equation (5.15). 7t4 similarity approach here implies that crack growth in a certain type of specimen

can be predicted from relation (5.15) determined empirically on another type of specimen. The latter say

be a simple sheet speonen.

Available data mainly comes from macrocrack growth observations. It was stimulating to see, however, that

the concept wsz still applicable to corner cracks in different 2024-T3 specimens with sizes as small as

S- 0.2 am, see figure 5.3. Nevertheless, there should be 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, wheres" fatigue crack propagation it due to cyclic plastic strain. If the plastic sone is sall,

an oompared to the region where equation (5.12) is still approximately valid, the stress intensity

factor may also be a charsoteriatir. value .or the amount of plasticity in the small plastic tone.

However, for large plastic zones the validity of equation (5.15) should get lost. Nevertheless, it is

surprising to see that crack rates at fairly high values of stress and orack length could still be

correlated by K, despite the fact that the transiticn from a 90 -mode crack to a 45°-mode crack had

occurred already.
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Aother stimulus was offered by comparing resulis of' two differantly loaded specimens, see figure 5,4

(Ref.164). One specimen was streamed at the ends, whereas the other speoiren was loaded at the opposite

edges of the crack. For crack growth under oonstant-umplJtude !oading this implies that K will increase

in the former specimen, whereas K will decrease in the laetwr one, ase figura 5.4b. This is clearly con-

firmed by the two crack propagation curves shown in figure 5.4a. Nevertheless, the two types of specimen

loading produced the same dP/dn-K relation, as illustrated by figure 5.40.

The crack rate in each cycle of a variable-amplitade test could be drawn from equation (5.15), that means

from data obtained in constant-amplitude tests. However, this is only allowed if there &rs no interaction

effects. Since there are such effects this procedure cannot be valid. .rack growth delays, as discuseed

in chapter 3, amply illustrate this point.

The similarity approach could still be applied to variable-amplitude tests by comparing crack rate data

obtained in different varazble-amplitude tests. Paris (Ref.162) suggested that K should be applicable to

random load tests if Srms is substituted in equation (5.13). Limited evidence available (Refe.165-167)

seems to confirm this viewpoint. A recent NLR test program As concer.ned with crack propagation under

flight-simulation loading (Ref.64) with the design sereos level as a variable. It was tried to correlate

the data for different design stresses with the stress in.tensity factor. Unfortunately the attempt was

unsuccessful, In fact the similarity approach is not satisfied by simisAr K-values alone in order to

predict similar crack rates. A second requirement should be that the crack tip region* should have gone

through similar K-histories. In general the two requirements are incompatible. For constant-amplitude

tests, the cecond requirement apparently is not important. It may be vore important for variable-amplitude

tests due to interaction effects. Further investigations are required to solve this problem. It would

indeed be of practical significance if the K-concept oeuld be applied to random loading and flight-simula-

tion loading.

5.3.5 Intorpolation methods

Interpolation, extrapolation and generalization of erpirical trends may be illustrated by come proposal
nade by Gassner and Schlts in reference 159. The type of information employed has already been discussed
in section 4.14. Figure 5.5a is illustrating equation, (4.1) once again. The relation can be written ast

log N' + a log5. m - C (5.16)

where N' is the program fatigue life, 5 a,msx is the maximuz stress amplitude of the standardized load

spectrum applied in the test and I' is a constart. This linea"r relation wme confirmed by many tests. From

a graph as given in fignue 5.5a, the program fatigue life can be read for &an value of S either by

interpolasiou or extrapolation. Usually the slope factor K had a value in the order of 6.

In fi,ýure 5.,5b the slope of figure 5.5a has been adopted to draw the line through a single available data

point. Obviously, this is a generalization of an empirical trend.

The effect of tbe shape of the loaa epetrum hn also been mentioned in section 4.14. Nimults from Canener's

group for four different shapes shown in !igur' 5.5c, (spectrum D is a constant-amplitude loading)

produced a curvo as plotted in figure 5.54. Curves shown in figure 5.5a can now be adjusted to another

load spectrum by generalizing the applicability of figure 5.5d (Bef.159). If figure 5.5a is valid for spec-

trum A, it can be adjusted to spectrum B by multiplying the N' values with a life reduction factor W41

drawn from figure 5.5d. This implies a horizontal shift of the ourve over a distance log Ni - log Nj

while the slope remains the sane. This is another case of generalising an empirical trend.

kbployiAn empirical trends in similar to applying past experience. It is better justified if more experience

is available. It is iflly justified only if the tr^:', in obeying a recognited physioal law. Unfortunately

such laws are not yet setabliahec for fatigue. The quality of the results obtained will therefore depend

on the amount of available information and the personal ability of interpreting and judging the validity

of tha dato.
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The comparison between the rasulta of random load tests and program tests, as discussed in section 4.12,

is an example where generalizing ýrends is apparently unjustified. Trends indicated by one type of tests

are not necessarily valid for the other type of testing. For flight-simulation tests the trends may

again be different, at least quantitatively. In fact figure 4.29 Js already illustrating tkis point.

Obvioualy, %he safe way of handling available information is tV initerpolate between data rather than to

extrapolate data by generalizing empirical trends. For the purpose of making life estimates, interpola-

tion will produce only relevant information ir we start from realistic teit data. It is now believed that

the most realistic data should come fro, flight-simulation testo. As a consequence of this position, the

present author in references 64 and 96 has proposed the following ooncept, whioh might be labelled as

the "flight-simulation interpolation metho•.' in order to avoid extrapolation extensive data obtained in

flight-simulation tests should be compiled. The data should o•ver the main variables of this type of

testing. Life estimates can then be made by interpolation. The following test prcgram was proposed:

Random flight-simulation tests for a certain structural material shoulC be carried out, including the

following variables:

a Specimens. Representative riveted and bolted joints should be used.

b ehape of load spectrum. Some typical shapes should be used, for instance reprea,.uting gust spectra

and nanoeuvre spectra.

c Design stress level. Some values should be adopted in order to study the effect of the stress level

in a similar way as Gassner has done for program tests.

d Ground-to-air (ycle. The number and the magnitude may be varied.

Taking for example four cases for each item a-d th7.s would imply 44 - 256 test conditions 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 desien stage for making life estimates by interpolation between the data. Secondly,

the results would reveal the effects of several variables under flight-simulation conditions, which are

not well known up to dow. 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. A handbook

with this type of data could be extended from time to time.

Of course the above flight-simulation interpolation method will not exclude all extrapolations, mainly

because the geometry of an actual component will deviate from those of the specimens tested. However,

some additional flight-simulation tests on the actual component may indicate the applicability rf the

available data. Moreover, this will add to the compilation cf flight-simulation test data.

5.4 Evaluation of the theories

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

account in a realietic wv f'or the trends described in chapter 4. Actually, if one of the theories could

do so the present report wnuld not have been prepared. Nevertheless, some theories can account for one

or a few trends because these theories were based on those trends. The principal question now is:

What do we expect from a theory, which requirements should it satisfy, which questions should it answer,

accepting the fact that it will be unable to answer all questions.

There are two different approaches to this question, the physical one and the practical one. With respect

to the first approach it is important that the theory has a physical base which appears to be sound

rather than speculmtAive. The theory as a physical model snould be in agreement with the phenosenological

observations on craoL nucleation and crack growth. The agreement may be qualitative, but anyhow the model

should sake eýnse.

With 1-espect to the practical approach the question is whether a theory can give reasonable answers to

l.fe prediction problems as they occur in aircraft design or in service.

The two approaches are specified in some more detail by a number of questions listed in the table 5.3.

.Nor* questions could easily be formulated, but those in the table are pertinent ones for a discussion on

tho significance of the theories presented in tha previous sections.
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5.4.1 Physical significance of the theories

Most incremental damae theories in table 5.2 ignore the existence of crack nucleation and crack growth

and for that reason these theories are to be labelled as non-physioal. In fact most theories ignore all

aspects a-d from table 5.3.

Fatigue damage in some theories (Shnley, Valluri and Corten and Dolan), is associated with a fatigue

crack, 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 A4.T14h e 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 (see seition 3.2). However,

a quantitative treatment of the delay has not- yet been achieved. This would require tue solution of

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

A residual stress concept was introduced by Smith in a simplistic sWy. A more advanced approach is the

prediction of stress strain histories at the root of a notch (Crews and Hardrath, Jo Dean Morrow st 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.

According to the incremental damage theories, the damage increment per cycle AD equals 1/N, if N in 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 stress-strain history at the root of the

notch, which includes residual stress. Other interaction effects and damage parameters 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 eatly daya. At the same time this offers tremendous problems for postulat-

ing a 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 chapt6r 6. Here the discussion is restricted to the cumulative damsge

theory itself and the fatigue data required for its application.

The majority of the incremental damage theories are based on constant amplitude data, see table 5.2.

Frequently, it is tacitly assumed tkat these data are available or can easily be estimated. Since pract-

ical questions are associated with components and joints, this is incorrect. Moreover, an empirical

determination of S-N data of joilts is usually costly and time consuming. Apparently, the S-N data are a

weak link in the application of the incremental damage theories. More coments on this aspect are given

in chapter 6.

Prediction of fatigue lifs until visible cracks (topic el, table 5.3)

Most theories do not pay much attentior. to tvie definition of the end of the fatigue life. In general it

should be understood to be the itfe until a visible crack is present, or the life until complete failure

of a small component. It is not realistic to consider the life until complete failure of the entire

aircraft structure, unless it is a sofe-life structure. In a fail-safe structure the propagation of the

visible crack should be treated separately.

Assuming that S-N data are available, the Palnmren-Miner rule in 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 !r n/N < 1 were

found for aero mean stress and for unnotched material (Ref.168). For positive mean stress and notched

elements, quite a lot of 2 n/N values are in the range 0.5 - 2.0 (Refs.168,169). It was concluded else-

where (Ref.78) that the Palagren-Miner rule in many practical application@ will be good enough for a

rough life estimation, provided realistic S-N data are available.

If unconeervative estimates have to be feared, for instance in case of sero mean stress 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 1 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 tha* 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 damage theories based on constant-amplitude fatigue

data.

9 It ma be expected that theories based on stress-strain histories at the root of a notch have the potential-

ity to give more accurate life predictions. This is thought to be true 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 Impellisserri look promising but a

wider exploration is required before definite conclusions can be drawn. One improvement of the situation

may be mentioned here. Present computers allow damage calculations to be made from cycle to cycle, even

if the total life is a high number of cycles.

Another inprovement, an compared to the Palinren-Miner rule, appears to be obtained by the procedures

proposed by Gassner and by Kirkby and Edwards ( £ n'/N' - 1). Also here a general validity will probably

not Lpply. Similar to the application of the Palmgren-Miner rule, the availability of relevant fatigue

curves (S'- N' data) may be a problem. Moreover, the advantage of these procedures may be weakened by the

problem of how to account for deterministic loads such as the ground-to-air cycles. The most logical con-

sequence then appears 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 minimize 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 6ý for each cycle, where 6d is derived from

d9/da- fR (K) (Eq.5.15) -s obtained in constant amnlitude tests. Interaction effects are ignored by

this procedure and since such effocts 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 crack length. The relevanie of this procedure was recently proven (Refs.171,172) for cracks

in stiffened panels. A good agreement between prediction and test results (constant-amplitude lo&d.ing)

was foundi. More coments on predicting crack growth are made in section 6.4.

Complicated sequence effects (topic , ta-te 5-.3)

In section 4.13 it was indicated that a change of the load sequence in a flight-simulation test probably

had a smell effect on life only. This is a convenient trend because almost all incremental dAae theories

do not account for different sequences. The exceptions are theories baced on stress strain historiet which,

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

Efect of a change of the load spectrum (topic 1, table 5.3)

If an aircraft is used for two different missions, two different load spectra will apply. It is a practic-

al question to ask how the fatigue lives associated with these missions will cospare. A similar problem
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•ocurs if the service load spectrum turns out to be different from the load spectrum adopted in design

calculations and full-seal. fatigue tests.

If the lives for load speo.tra A and B are LA and LB respectively, the ratio LWLA may be calculated by

means of the Palogren-Niner rule. It is sometimes suggested that the invalidity of the rule, iwhich could

leaos, to misleading values of both LA an4 L,# would have a smaller effect on the accuracy of the calcula-

ted ratio LBLA. This suggestion is unjustilied.

Although the rule may give rough life estimates it is in fact unable to give indications of the damage

contributions of the vi~rioue load amplitudes Ssi. Some may be larger than ni/Ni, other. may be saaller.

If the modification of the load apectrum is in a range of a -values, where ni/Ni given a false indioa-

tion of the damage contribution, the ratV.o LBLA will also be a false indication.

Ths so-called "level of maximum damage", was defined in reference 173 (see also Ref.168) an the load

suplitude of a load spectrum giving the largest contribution to X ni/Ni. However, it is far from sure

tat it will indeed give the largest contribution. All the mialeading auggestion@ tacitly aseumed the

absence of interaction effects, which do exist, however.

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

by having some more high-amplitude cycles the Palagren-Niner rule predicts a slightlýý shorter life. In

reality the life may be much longer. A second simple example in offered by modifying the spectrum in the

low-amplitude range. According to the Palmgron-Niner rule this will have no effect at all, contrary to

test results.

Unfortunately, the fact that the Palmgron-Niner rule is unreliable to account for modifications of the

load spectrum, also applies to the other incremental damage theories. The only my out is testing, that

;oans comparative flight-simulation tests with different load spectra. Once again we arrive at the

proposal for systomatic flight-simulation tests made in section 5.3-5. Curves similar to the curve in

figure 5.5d, determined by Gaaener and co-workers for program fatigue tests, would be required.

Effect of a few high-amplitude cycles (topic h, table 5.3)

According 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 stress concept try to account for the effect

of a few high-amplitude cycles. This applies to the Smith theory and the theories based on the strain-

history at the fatigue critizal location. As said before, a satisfactory solution has not yet been ob-

tained but a further exploration in certainly worthwhile.

Effect of mazy low-amplitude -ycleo (topic 1, table 5.3)

If low-amplitude cycles are below a fatigue limit, most incremental damage theories will predict those

cycles to be non-doamaging. The exceptions are the theories that include a reduced fatigue limit.

Unfortunately these thories do not account for the effect of a few high-amplitude cyclos.

In summr

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

is not available. Secondly, a life estimate obtained with the Palogren-Niner 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 Palogron-Miner rule is unreliable. The same applies to the other rules.

There is some prospect for the theories based on stress-strain historian at the fatigue critical locations,

but a further evaluation and empirical checking in necesmary.

Until .1ow most theories had the character of incremental damage theories. The similarity approach, in

principle, is a fully justified approach, but unfortunately there are still considerable limitations.

The Koff.-method being the most prominent exponent for life estimates in not satisfactory. For crack

propagation, the stress-intensity factor is successful for oonstant-amplitude tests. Thai* are indications

that the stress-intensity factor will not work for service load-time history, but a further exploration

is desirable.

'The interpolation approach will probably give the most accurate life predictions, provided that it can be

based on reallit'c flight-simulation tests data. Such data are still largely to be collected.
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6. -STlMATING FATIGUE PROPERTIES AS A DESIGN PROBV.

6.1 Survey of aircraft fatiaue problems

A large variety of empirical trends has been reported in chapter 4. Cumulative damage theories have been

discussed in chapter 5 and it has to be admitted that the picture of theories, in view of explaining the

empirical trends, is not a bright one. There is some qualitative understanding of the trends, but toe

p-usibilities for quantitative predictions is still rather limited as yet.

It should now be analysed how this affects the determination of fatigue properties of aircraft structures,

both in the design stage and later on. It cannot be the purpose of thi, report to 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 lit is not necessarily complete, but sufficient

for the present analysis. It is important to note that there are three phases in the histo-y of an air-

craft, namely, the design phase, the construction of the first aircraft and the performance of test

'dghts, and finally, the uti.lisaticn of the aircraft in service.

In the first phase the designer has to start 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 outlined involves the steps indicated in table 6.2.

The description of the fatigue environment is a complex problem, not only because it involves a good

deal of guesswork but also in viety of the large variety of aspects. This is illustrated by table 6.3.

Several topics in the table will be briefly touched upon when discussing the merits of life calczulations

and fatigue tests.

The second step of table 6.2 includes thz dynamic response of the structure to arrive at the fatigue

loads in the structure. A modern trend in this area is 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

(o.6.2), while the problems of estimeating fatigue lives and crack propagation data in dealt with in the

remainder cf the chapter. Aspects of testing procedures, in order to get relevant information, are dim-

cuased in chapter 7.

6.2 The description of the service load-time history

In general service load-time hist,•ries are described by statistical means. There are two different

apprnaches, namely:

1. Counting methods

2. The power spectral density method

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

Definition uf a load cycle

In constant-amplitude tests the fatigue life N is given ae a number of cycles until failure. In the

Palmgren-Kiner rule, 1. ni/NI - 1, the meaning of n. also is a number of cycler applied at a certain

cyclic load. Mathematically it may seem attractic6 to define the size of the load cycle by specifying

its moan andi amplitude, for instance S5 and Sa (Fig.6.la). However, conaideriu6 fatigue ar a damaging

phenomonon in the material, the moments of reversing the loading direction are the more important

milestones of .he load-ties history. in other words, the load peaks, i.e. minima and azima, are the

characteristic occurrences of the cyclic loa4. Conmequentlyý from a physical point of view it would be

better to define a cycle by its minimum and maximum, see figure 6.1b. In order to complete the defini-

tion c' a lrad cycle it should be said that it consists of a rilmig and a falling part, that means it
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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 sequences are given in figure 6.1 o-f. Figure 6.11c shows the case where

the amplitude in reduced, while maintaining thesamers minimum. Thes definition of load cycles 1-4 gives no

problem,

If the amplitude in reduced while tho mean remains the same, this can be done in two ways, see figures

6.1d and s. Clearly enough cycle 3 in figure 6.1d and cycle 2 in figure 6.1c cannot be defined by a singli

value for 3.. and Sin" As shown by the empirinal treuds in figure 4.14, the difference betwean the two

case. 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 minimum. Hence one might may that tbere are two cycles in this figure, although the material

from a damaging point of view will respond to it as a single cycle ALE. Considering the two gust load

records in figure 6.2 it will be clear that a definition of load cycles in these practical oses is far

from simple.

Countinx methods
The aim of counting methods is to give a statistical distribution of characteristic magnitudes of the

load-time histories. Whether useful data can be produced in this way will be discusead later. In the

following a survey of some counting methods is given to illustrate the type of data obtained.

Characteristic occurrences of a load-time history adopted for counting my be either peake, level

crossings or ranges. This has led to a variety of counting methods (Refe.174-176). Examles are illustrated

by figure 6.3, while a more complete list is given by Van Dijk (Ref.1 76).

In methods a 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 maller load variations which are thought to be

irrelevant to fatigue. The VGO records were evaluated with this peak-between-mean crossings count method.

In method c levea crossings are counted. One might assum that the number of maxima above a certain level

is equal to the number of crossings of that level (with positive slope). This, however, is incorrect

although it is approximately valid under certain conditions.

Method d is a variant of method c involving a second condition to be met tefore a level-crossing count

is made. A level-orossing in the upward direction is counted only if the load has gone downwards to a

lower level. This eliminates level crossings from smaller load variations. The well-known Fatiguemeter

is operating according to this method.

In the simple range count method (Ftg.6.3e), positive and negative ranges between successive peak values

are counted. The basic idea is that ranges are more important for fatigue than the absolute peak values.

The range count method has one serious disadvantage. The counting result is extremely sensitive to the

smallest load variations still to be considered. In figure 6.1f, the range AD will not be counted, but

instead of one large range three smaller ranges AB, W, and CD have to be counted.

With the range-pair excesdance count method, range exceedanoes are counted in pairs of equal magnitude

and opposite sign. The disadvantage of the range count method is thus eliminated.

Recently, Do Jonge kRef.1(7) proposed the NLR counting method (referred to as the range-pair-range count

method by Van Dijk (Ref.176). This method is a further development and extension of the range-p•ir-

exceedance counting method. It alsu gives information on the men of the range counted. This implies

that peak load levels can also be derived from the counting result. Moreover, counts for a relatively

small time interval can be processed sepamately. As a consequence, the "memiry" 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 oompared to previous methods. It should be noted

that the rain-flow counting method (Ref.129) can produce similar information as the YLR counting method.

The power speot'al density concept

The application of power spectral analysis to randomly varying loads, especially to gust loads, is being

explored to an ever-increasing extent. The mathematical frame work for application to random loads cannot

be discussed here. It may be found, for instance, in references 32-34,178. It is assumed that the external

load, for instance turbulent Air, may be considered to be a stationary Gaussian process during a certain

period. Such a process is fully described by its power spectral density function 0,(w), where w is an

ang•uar freqvency. If tha response of the struct-re to the external load is linear, the power spectral

density function of the internal load 0,(w) Ca" be calculated from ,e(w) end the transfer fuAction of
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the structure. This is an elegant wy to account for the dynamic behaviour of the structure.

It is possible to calculate from Oi(w) the statistical distribution func~iona for level crossing&s and
peak loads. The weaknese is that all crossings and all peaks are oLtatned, also if they are caused by
very small load fluctuations. Results obtained by counting methods based on ranges, cannot be calculated.

Nevertheleess, $(w) is fully charaotcristio for a random sequence and any taformation that cannot be

calculated mathematically can be determined by measurements from a signal with the same spectral density

function. The effect of O(w) on the irregularity of the random load was already illustrated by

figure 4.20. It may be emphasised here that the power spectral density method requires the external load

to be a Gaussian phenomenon.

The usefulness of the counting methods

The question about the usefulness has to be related to the purpose of the data being collected. Three main

objectives may be mentioned here.

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

2. Establiehing data for the application to a full-scale fatigue test.

3. Collectirj 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 extensive literature on collecting in-flight data for

this purpose. A discussion would be beond the scope of this report. Reference may be made here to a

recent publication by Do Jonge (Ref.177). He made a proposal for a fatigue load monitoring system. Two

essential features are: (1) Load statistics should be derived from strain records instead of acceleration

measurements. (2) The strain record should be analysed by the NLR counting method. The first recommenda-

tion was made because the relation between accelerations and loads in the structure is not unequivocal

in many cases. The second recommendation is madq because it is thought that the NHLR coun-ing method gives

more appropriate indications about the fatigue load environment.

The second objective mentioned above is discussed in chapter 7. Some comments 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 (Hef.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 mentioned before. Also the simple level-crossing count method

and the simple peak count method are believed to count tuomany irrelevant occurrunces.

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 thow relatively small differences

between their counting results. The range-pair exceedance count method appears attract.ve but the disad-

vantage is that no information is obtained about peak values of the load-time hirtory. This disadvantage

is eliminated in the NLE counting method. Unfortunately, almost no data obtained with this method are

available as yet.

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

yet allow a 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 load-time history. In the previous chapter it had to be admitted

that this problem is not yet solved. As a consequence, a comparison between service life and calculated

life can neither prove nor disprove the quality of the counting method since the uncertainties about the

life calculation method are involved also. At beat we may ask whether statistical -ounting results allow

a relevant estimation of the service load-time history. The estimation is considerod to be relevant if

tests with the real load-time history and the estimated one would produce similar fatigue lives. Keeping

in mind this criterion some more comments will be made later.

Sequence of loads

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

loads counted. (Snme information about i Psshle sequences will be retained by the NLR counting method).
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The results nf statistically counted loads are usually presented as exceedance curves, such as shown in
fig.ure 6.4 for gusts and for manoeuvres. Y•or gusto it is assumed that the load spectra for positive and

negative gusts are symmetric which allows a presentation by a single curve. For manoeuvre loads the same

procedure cannot be adopted since positive manoeuvre load increments are usually mu-h more severe than

negative increments. A presentation by two curves is necessary, see figure 6.4b.

Sinc3 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 loads and downward peak loads,

that have the same frequency of occurrence, in order to form complete load cycles. This is illustrated

for a singlk cycle in both figures 6.4a and b. Actually, load records such as shown in figure 6.2 do not

justify thin procedure. However, it is generally thought to be conservative since it has the character

of maximizing load cycle amplitudes. The counting results produced by Van Dijk (Ref.176) suggeeted that

it most probably will be conservative for manoeuvre loading@.

Ground- to-air cycles

Contrary to gusto and manoeuvre loads, the ground-to-air cycle has a more or 14se deterministic character.

Several loads occur once per flight such as the transition from the static load on the ground to the

static load in flight, fuselage pressurisation, flap loads and empennage loads during take-off and .

etc. The flignt-load profile thus consists of a mixture of these deterministic loads and other loads that

are mainiy statistical in nature with respect to occurence and magnitude.

Flight-loa4 profiles
The assessment of flight-load profiles for a certain type of aircraft requiis an analysis of the various

missions to be per.ormed by the aircraft. Both deterministic and stochastic loads can then be estimated.

As a result of combining these loads, synthetical flight-load profiles will be obtained. TNo simplified

examples applying to wing bending, are shown in figure 6.5. A number of comments on this figure should be

made:

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

2. Gusts manoeuvres and taxiing loads were assumed tu occur as complete cycles. As said before this is

probably a conservative procedure.

3. The sequence of gusts, manoeuvres and taxiing loads As assumed to be random without any sequence

correlation. For gust loads the PSD-method might allow a more realistic determination of the setusnce.

4. Flight-load profiles may be different from flight to flight. For gusts this has to be expected since

flights both in good weather and in poor weather will occur.

5. The two examples in figure 6.5 show that there may be one important additional cycle per flight.

Basically it is the static ground-air-ground transition, but it is enlarged by additional loads both at the

ground and in flight. The minimum and the aaximum of this additional cycle are indicated in figure 6.5.

The rAgnitude of this cycle mauy vary from flight to flight. In view of the discussion in the previoui

chapters this cycle masy well b, expected to give a significant doame contribution. Buxhaum (Ref.1•9)

measured the maximum load cycle of each flight of a transport aircraft and he made a statistical evalua-

tion of its magnitude.

In summaryo The asasesment of flight-load profiles implies the prediction of the sequence o: various

fatigue loads from flight to flight, i.e. the service load-time history. It is flying the aircraft by

inaginatt.,n at a moment that it still has to go into servics. This is necessary for planning a realistic

full-scale test, see chapter 7. However, it is also necessary in view of defining the cycles associated

with the ground-air-grourd transition. Such cycles are certainly important enough to be considered in

msking !Ife estimates.

6.ý Nethod* for estimating fatitus lives

The fatigue lise in this section should be understood to be the life until a visible crack is present, or

the life until c(mplete failure of a small compouent. If life estimates as accurate ma possible are

required, realitic flight-simulation tests are essential. This will be discussed in chapter 7. However,

if provisional estimates have toiltds several procedures can be adopted. Tse eassi elements involved in

such estimates have been listed in table 6.4. The first topic of the table is the estimated service load-
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time history. This aspect was discussed in the previous section. The second element is the structure or

component for which a 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.

Tne third element of table 6.4 includes a variety of possibilities concerning available fatigue data. A

survq' is given in table 6.5. As an example of similar materials one may adopt fatigue data from 2024-T3

material for aorlicatiOne vhere 2024-T8 or 7075-T6 material was selected. Obvously, this may affect the

quality of the life estimate to be based on the data.

The type of specimen for which data are available say vary from the unnotched specimen to the component

itself. This implies that it may vary from a highly unrealistic representation to the most realietic

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-aqplitude loading) to a hiv'

similarity (experience in service).

The fourth topic in table 6.4 is the fatigue life calculation theory. This subject has been ana~.ysed in

chapter 5. It was made clear that there were no reasons to be optimistic with respect to the accuracy of

available theories.

For oompleteness, 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 procedures for making life estimates can now be specified. A survey is given in table 6.6 which

will be discussed below. For all cases it is assumed that estimated service load statistics we;-* collect-

ed already.

Nethods based on available data

As illustrated by table 6.6, 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

there 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. foz obtain-

ing optimal S-N data, improved by accounting for material, S , Kt, size, etc.. are beyond the scope of

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

S-.N data to be obtained are a matter of judgement and ability to evaluate available information.

Ae said in chapter 5, a better cumulative damage rule than the Falgren-Miner rule does not appear to be

availabhj yet. Starting from fatigue data obtained under a more complex fatigue loading, such as program

loading, random loading or flifht-simulation loading, has as its aim to reduce or eliminate uncertain-

ties about tne life calculation theory (methods lcld,le in table 6.6). This approach isetill hampered

by insufficiently available fatigue data. Other aspects hxave been discussed in chapter 5.

Netiiods based on service experience from previous designs

A new design may have a high similarity with a previous design. It even may be a further development of

the previous one. In this situation it will be clear that most valuable information should come from the

service record of the older design (see for instance Ref.182). This information can be utilised in a

rather general way by adopting the streas 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 in the previous design,

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

necessary to prove that the new design is at least as good as the previous one. The proof could bk given

analytically, for instance by considering Xt-values for improved detail design. For joints the stress

severity factor proposed by Jarfall (Rofs.183,164) may turn out to be a useful criterion for judgiag

the fatigue quality (Ref.185). The alternative to the analytical comparison is comparative testig, see

section 7.4.

A further evaluation of past experience, method 2b in table 6.6, includes a consideration of all

relevant conditions instead of considering tne stress level only. This implies that service experience

is mow considered to be a fati'ue test on specific components. The conditions for 'he old design have
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now to be translated to the new design by accounting for deviating aspects. This offers similar problems

as correcting S-N data, and in addition one now problem, which is accounting fox a Jifferent load spectra.

As said befo4 'e. the Palmgren-Maner rile 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 experience is that we start from data obtained under most realist-

ic condtitions. Secondly, the information may comr fronm a large number of aircra't, which increases the

statistical confidence. Limitatione already mentioned are associated with deviations between the new and

the old design. Another limitation is that the load-time history for the old deeijn, in many cases, will

not be acrurately known, which requires estimates to be made.I Vsting of a new component or a complete structure

This method (method 3 in table 6.6) will be advisable in many cases. Nevertheless it appears to be fully
jutified only if a realistic load-time history will be applied in the test. That means that a flight-

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

Comparison of the metbhcdi

Speaking in general tern there are three alternatives apart from new methods still under developmenta

1. Estimates based on S-N data employ.ng the Palegren-Miner rule,

2, Estimates based on tte evaluation of the experiences obtained with previous designs.
3. Estz~te8 based on flipat-eimulation tests.

The first method will give rough life indications only. T 3uld not be fair to say that the Palmgren-

Minor rule is the only weak link in this method. The estimated S-N curves may also be a source of

inaccirancies. Obtuely additional coustant-amplitut. 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 &nalyse is incorporated intc this m6thod it shculd be preTfrred to the first method.

Comparative flight-simulation tests may oignificantly add to tne value of the second method.

The third method, still to be discussed in chapter 7, is to be recommended only if a carefully planned
flight-simu-•ation test will be carried out. The method is certainly preferable to the first method, in

comparison to the second method, testing the component or structure itself implies a more r6alistic

simulation in this respect. Thi:' may also apply to the load-time history adopted in the test. Thv second

method, however, may be more realiutic with respect to the environment (corrosive effects, rate effects),

while the statistical nonfidence may also be nuperior. It is difficult to say which of the two methods

will give the best answers. An evaluation of past experience should be recommended in eny case. However,

a realistic fl'-"t-simulation test .,n a component need not be a relatively costly effort if a modern

fatigue machi. available. Hence _n manv oases such tests are recommendable as well. A full. scale

fatigue test witn a realistic tlght-simulation should anyhow be retoneended, since such a test serves

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

6.4 Methods for estimating crack propagation rates

Problems of estimating 'rack propagation rates are to a large extent similar tj those involved in

estimating lives. Some specific features will be discussed.

Information about the prvpagation of macro-crack2 in desirabls in view of judging the safety of an air-

,raft. For assessing the quality of a fail-si.. design this information is even indispensable. It may- be

tried to give a similar survey as given in table 6 for estimating fatigue lives. This has been done in

table 6,7,

The &mouint of Available data fr. n constanit-amplitude toets is steadily increa.ing ant as discussed in

section 5.3.4, such data ailow a presentation, as

d/u- fHk (K)(61

it bhould be pointed ot that almost al data in the literature woze obtained by teaing sheet material

iuder al.al loading. However, in thick sections with predominantly p)ane-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 propagation 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 rate. obtained under constant-amplitude loading

(Refs.1I1,172). For a service load-time history tIh crack ratc could be estimated by the formulae

• ni d- (Kji)

dPi

S(•- 2~) - (6.2)

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 stress cycles with

different magnitudes. Since interac-ion effects are predominantly favourable for macro-crack growth,

equation (6.2) will produce a conservative result and it even may be very conservative depending on the

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

More realistic estimates will be obtained if data from flight-simulation tests can be adopted. Such tests

were recently carried out at NLR (see table 4.7), but so 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 sinca simple and inexpensive bpecimens can be used for this purpose.

Service experience from previous designs with respect to crack propagation will in general not be avail-

able. It is common practics to repair a crack in setvice 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. This is

discussed in chapter 7.

6.-5 The significance of life estimates

The significance of a life e3timate and the accuracy required or desirable will depend on the consequences

that the estimated lire values may have. This part of the problem has several asp3cts. Some aspects are

briefly mentioned below in order to further complete the picture of the practical problem.

The ionsequences of tte life estimate will obviously depend on the result obtained. The estimated life

my be highly insufficient, it may be r-f the correct order of magnitude, and it also may be much larger

than required. ebvi•oely, these three cases will ask for different actions to be taken. It will be clear

that the follow-up of the estimate should also depend on the quelity and relialliity ^f the eatimake.

Moreover, scatter of fatigue properties has to be considered.

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

no experience id available, a realistic life estimate seems desirable. Another aspect is the ýoestion

whethvý the structure has a fail-safe or a .aafa-lifs character. In the latter zoas accurate life estimates

ae' again requested. F'or coming to decisions it may also be important whether a redesign is easily possible.

Nst facilities available are another aspect of the problem in view of ce-nplemeontary testing,
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The question vhether the result of a life estimate should be considered as being satisfaotorj, in many

cases, will not .11ow an easy answer due to the -uny aspeots involved. The problem will not be discussed

any further here. It may be said, however, that the philosobhy of the aircraft firm with respect to

designing for safety and economics, airworthiness requirements and requests of the aircraft operator may

also affect the answer.

7. FATIGUE TESTING PROCEDURES

7.1 Survey of testing procedures and testiA purpose'

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 question 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

aspect6 will be 'iade in this section, while the usefulness of various testing methods for specific testing

purposes will be discussed in subsequebt sections.

Ei• 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. Empirical investigations to explore the effect of various factors on fatigue life.

3. Test series to provide specific data for r,sign purpcoses.

The purpose of the first group is to increase cIr physical understanding about fatigue, -o describe the

fatigue phenomenon qualitatively, a"d if poseil.Le also quantitatively. Investigations to improve our

knowledge about fatigue damage accumulation are in this group.

The second group comprises the investigations on the effects of notches, metallurgical conditions, surface

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 estinmting fatigue proper-

ties of structures and its components. This type 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 accumalation, some comments on

testing procedures for this purpose will be made in section 7.2. The second category is largely outside

the scope of the present report. Planning fatigue tests for the third category requires knowledge about

trends in damage accumulation unter variable-anplitude loading. Tests will be discussed in sections

7.3 - 7.7.

Type of specimen

A survey of different types of specimens is given in table 7.1. Specimens with simple notches may reveal

the notch sensitivity of a material. Since most cracks in a structure are btarting in joints, a simple

notched specixn is not yet a relevant rej~reventation of a fatigue critical location in a structure. In

a joint fretting corrosion is generally significant. This can be simulated in simple joint specimens.

The advanta#,e of a component ovei a simple joint specimen is that all dimensions and the production

teochniqe are fully realistic. Teoting a full-scale structure is obviously still more realistic. This may

eliminate cptestionr about the correct loads for the vaxious como-nents of the structare. Moreover, unknown

eccentrici.ti.,s of the loads 3n ihv various components are automatically simulated.
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toad sequences in fatigue tests

A survey of possible .oact 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 design purposes the discussion will be

reN.ricted to constant-amplitude tests, program tests, random tests and flight-simulation testa, see

figure 7.1. For basic studies on damage accumulation simple variable-amplitude load sequences may be

attractive.

Fatigue 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 frequencies could relatively

easily be obtained. Such machines wxtre not well suited for variable-amplitude tests but a slow variation

of the amplitude was poasible. Hence program tests could be carried out. A major d~fficulty was to apply

small numbers of high-amplitude cycles. This had to be done either manually cr by non-resonant siow-drive

loading mechanisms.

In some laboratories resonance fatigue machines have been successfully adapted for carrying our narrow-

band random load fatigue tests (Refs.99,187).

A breakthrough in this situation was the development olf the electro-hydraulic fatigue machine with

closed-loop load control. (Refs.33,188). Eaoi load-time sequence that could be generated as an electrical

signal could be 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 a constant-amplitude test in an old

machine. The problem may then be whether the more relevant information from a complex lead sequence is

worth the price.

7.2 Tests for basic fatigue studies

In chapter 3 fatigue has beendescribed ar a cumulative 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 mechanisamr. could be ocerating. Although there

is some qualitative ux.derstanding it is not free from speculation. In fact there is still ample room for

studying the damage accumulation phenomenon. Partly this should occur by refining our knowledge about

local stress-strain history. For another part microscopical observations on damage accumulation should be

very worthwhilm.

Load sequences for basic fatigue studies should be oimple sequences in order to bring out the observations

to be made as explicitly as possible. Two-step tests, interval tests and tests with periodic high loads

may be mos- appropriate. With a more complex sequence the rick of mixing ur a variety of favourable and

unfavourab]e interaction effects is present. It may be impossible then to distinguish the various effects.

It will be clear that for detailed observations the electron microscope and fractography are indispens-

able tools. It should also be said here that basic studies will not immediately solve tht life estimating

problems of the designer. However, a basic understanding is a prerequisite for arriving ultimatel4 at

qualitative improvements of the present situation.

7.3 Determination of fatigum daa for making life estimates

An illustrated by fig.7.i, different types of tests could be adopted for the determinrtion of basic data

for life estimates. The merits and limitatiorS of constant-amplitude tests, program tests and random

tests have been discussed in section 6.3. Further is was iidcated that data from flight-simulation tests

could provide the *oat relevant inforu.ation for this purpose, see also section 5.3.5.

From the discussion in chapter 4 it follows that the test results of pzograin tests, random tests and

flignt-siuulation tests will dope... on some variables associated with the loads applied. The main varia-

bles are listed in table 7.1. The need for standardising is apparent And In fact Uasener has made

proposals for the program test. Standardis: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 rando's toet and the flight-

simulation toot are all sensitive to the maximum load amplitude allowed in -he toot. 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 teat. This aspect and the uncertain ratio between the results of program

tests and random load tests have led to a preference for random loading instead of program loading (see

also section 4.12).

For a narrow-band random load teat, the distribution function of the load peaks in a Rayleigh distribu-

tion, while for broad-band random load the same distribut4 on is approximately valid accept for the lower

amplitudes.

A flight-simulation tent 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 variables has still to be explored in

greater detail. For this purpose the test program in section 5.3.5 was proposed. Nevertheless, some re-

conmendations can be made already now, for instance with respect to sequence and truncation. This is dim-

cussed later in this chapter.

Final., some unbalanced approaches with rospact to determining fatigue data for life estimates may be

mentioned here. It is not realistic to carry out flight-simulation tests on unnotchod specimen. This in

combining an advanced testing method with a primitive and unrepresentative specimen. Similarly, it is

an unbalanced approach to apply a constant-amplitude test on a full-scale structure, whi:h is the most

simplified teot on the most realistic simulation of the structure.

7.4 Comparative fatigie tests

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

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

making this very dubious. In figure 7.2 comparative tests at streas level Sea would .ndicate design A

to be superior to design B. At stress level S3 the reverse would apply, whereas at Sa2 both designs

would be approximately equivalent. Some comments on this issue were made in section 5.3.4 when dis-

cussing the Koff. concept. Fretting corrosion is one aspect where constant-amplitude tests may give a

misleading of its effect in service.

The numerous test series with program loading carried out by Gasuner and his co-workers suggest that tie

risk of a sisjudgement would be wmaller 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 preferable solution. Real problems shoulcl be tackled with realistic testing methods

if possible. Recently, Ronay (Ref.189) adopted random flight-simulation loading for exploring the

fatigue behaviour of a high-strength steel. Imig and Illg (Bef.80) adopted this toot method for studying

the effect of temperature on the endurance of notched titanium alloy specimens. SchUts and Lcwk (Ref.190)

studied the effect of plastic hole expansion on the fatigue life of an open hole 2024 alloy specimen by

employing flight-bimulation loading. At the IR, as part of an ad-hoc problem, we compared two alterna-

tive types of joints with random tlight-simu.ation loading. Some aircraft firms have already started

comparative testing for design purposes employing a kind of flight-simulation loading.

As an illustration of different anamers to the some question, a recent investigation (Ref.64) indicated

that the crack pror ration in 7075-T6 was four times faster than in 2024-T3 according to constant-

amplitude loading. However, under flight-simulation loading is ratios were only 1 to 2 (see Fig.4.29).

7.5 Direct determination of fatigue life and crack propagation data by flight-simulation testing

In the previous chapter it wa" concluded that life estimates based on available data msy have a low

accuracy. If a better accuracy is required, a realistic toot in necessary. This implies that both the

spec*eon and the load sequence should be representative for service conditions. For the specimen this

mans that the test should be carried out on the actual component or a complete part of the structure.
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With respect to the fatigue load, a flight-simulation test representa.ive for service loading is required.

An exact simulation of the load-time history in service would be the preferable solution. Usually a se:r-

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 reasons of time and economy, periods 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 mission analysis and load

statistics obtained with other aircraft. It is thought that it is possible to compose a repreaentativ,

load.time history (see the discussion in section 6.2). A good knowledge of the empirical trends is

essential for this purpose. As 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 sequence of the gust loads in each flight was a random sequence without any sequence

correlation. This may be a deviation from the random sequence in service, but fortunately the deviation

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

A 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 the 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 triucated 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, -4ut 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

applicaiion of high loads may again considerably flatter the test result. Therefore a truncation is

necessary to avoid unsafe predictions for those aircraft 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 atill capable of carrying the fail-sife load. If this load exceeds the highest load

of the fatigue test, the result 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 information for which the fatigue test ia actually carried out. The crack growth delay in

a full-scale structure was recently confirmed (Refs.63,64) in additional tests on the F-28 wing. The

certification test was completed after simulating 150 000 flights. 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 ',rmal growth.

The significance of low-amplitude cycles has been discussed in section 4.13. Leaving out these cycle,

from a flight-simulation test will considerably reduce the testing time. For the F-28 wing, omitting the

gust cycles with the lowest amplitude reduced the testing time per flight from 116 seconds to 46 seconds.

However, since such cycles may contribute to crack nucleation (fretting) and crack growth, the cycles were

not omied during the certification tests.

Taxiing load cycles can be omitted under certain conditions. In fact it appears admissable only if the

cycles occur in compression for the components being tested (see section 4.13). Care should be taken

that the ground-to-air cycle reaches the most extreme minimum load occurring on the ground, including

dynamic loads (see .ig.6.5).

The development of h'ydrauli,; loading systems with closed-loop load control has considerably affected the

present ste.ts of the art. !V now It seems inadmisaable to simplify the loadingr program in d flight-

simulation test for experimental reasons to a sequence of the type shown in figure 4. 1...



The result of a flight-simulation test will be a fatigue life in numbers of flights or a arack propaga-

tion rate in millimeters per flight. There are limitations to the meaning of these data, which axe dis-

cussed in the section 7.7.

7.6 Full-scale fatigue tests

A full-scale teat on a new aircraft design is an expensive teot. Hence there should be good reasons to
carry out such a tcat (Refs.191-194). In most general terms the test is carried out to avoid fatigue

trouble in service. Reference may be made to table '.2 giving a survey of several types of fatigue problems

and possible consequences. In view of these consequences and the costs of the test there is every reason

to require that the toot gives realistic and relevant information. An acid before, a full-scale fatigue

test should be carried out with a carefully planned realistic representation of the service 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 static

testing purposes (strain measurements for instance) or high fail-safe loads during the text, 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 desirable. It

is thought that the most important ones are listed below (Ref.76).

(1) Indicatioc 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) Economic aspects.

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

With respect to the first purpose mentioned above, Harpur and Troughton (Bef.191) observed that in

several cases fatigue cracks occurring in service were 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 conuidfration ha" to be

given to simulate all types of fatigue loads that may be significant for certain parts of the structure.

The full-scale test is also a training experiment with respict to inspection techniques. This problem will

not be discussed in tý a report. If a structure is a good disign, 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 com•on practice to apply artificial

cracks to the structure for initiating fatigue crack growth. Usually this is done by making saw-cuts.

The information about crack growth is needed in order to establish safe inspection periods. Am sugested

in the previous section, the truncation level of the lad spectrn should be lowered after application of

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

'ihe imitations of the Information obtained in a full-scale %ist are discussed in the following section.
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7.7 Limitations of flight-simulation tests

Assuming that the load-time history to be applied in a fligr.t-simulation toe- was arefully planned,

there are stil.1 some limitations to the information obtained in the test. Aspects to be briefly mentioned

here are associated with loading rate, corrosive influences, scatter and deviating load spectra in service.

Loading rate

A full-scale teat on a structure in an accelerated flight simulation that may last for 6 to 12 months,

while representing 10 or more years of service experience. A flight-simulation test on a component in a

modern Pftigue testing machine may take no more than a week.

* Considering loading rate effects, one saould 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 some 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 PomS effect in a component toest in a fatigue machine

running at a relatively high load frequency (see also the discussion in section 4.17).

Corrosive influencesa

Differences between testing time and service lile also imply different times of exposure to corrosive

attack. Therefore, if corrosion is impoi kant for crack nucleation (corrosion fatigue) one certainly should

consider this aspect. In practice cracks frequently originate from bolt holes and rivet holes where the

accessibility of the environment is usually poor and the corrosion influence probably not very significant.

However, as soon as manro-cracks are present the environment will penetrate ir.to 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 symmetric 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 some 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 an a consequence of scatter.

Deviating load spectrum

Load measurements 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 highly inaccurate for thim purpose.

If the structure has good fail-safe properties, the question of deviating lýad spectra in service is

probably less important. This in certainly true if the impression is that the service load spectrum is

lees severe than the toot spectrum. However, if one feels that the service loading could be more severe

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

Comparison between test and service experience

After having suammrised several limitations of a full-scale flight-simulation test, the proof actually is

the comparison between service experience and test results. A few papers on this isaue 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 m usually shorter than the test life, although there ire

some cases where the agreement is reason..ble. However, it' the service life is from 2 to 4 times shorter

than the test life, further clarification is obviously needed.

There are a number of reasons why discrepancies between teat results and service experience may occur.

Several of them have been liptod above, for instance scatter and environmental effects. 6econdly, a fair

comparison requires that the tesst i a realistic simulation of the service load history and this is a
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severi 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 summear"y The accuracy of the quantitative results from a full-scale test is limited by the above

aspects. It is difficult to quantify these aspects. Depending on the possible consequences associated

with the fatigue indications obtained in the test, scatter factors or safety factors may be applied. The

selection of theme factors is again a matter of philosophy, 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 craak nucleation, micro-crack growth, macro-crack grovwh and final failure.

Subsequently, it wav tried in chapter 3 to describe fatigue damage and damage accumulation. In most

general terms fatigue 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 material should include a

description of all aspects of the fatigue crack geometry and the condition of the material around the

fatigue crack, including cyclic strai--hardening and residual stress distributions. A survey is given

in fig.3.2. Damage accunulation in a certain load cycle therefore implies incremental changes of all

these aapc;*e. The incremental changes will depend on the intensity 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 meanse the damage increment due to a certain load cycle will

depend on the damage caused by the preceding load cycles. This also implies that the damage caused by a

certain 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 decelerate or accelerate the

damage accumulation. An a consequence, it in important for the damage accumulation in which sequence load

cycles of various magnitudes will be applied. Such sequence effects have been observed in many test series.

Various examples of interaction effects and sequence effects are presented in chapter 4, which gives a

survey of empirical trends observed in tests with a variuble fatigue load. This Includes the effects of

high proloads, periodically applied high load cycles, ground-to-air cycles and the effects of several

variables of program loading, random loading and flight-simulation loading. T.i investigations are

summarised in tables 4.1 - 4.8, while various illuatrative test results are shown in figures 4.1 - 4.30.

The empirical trends can sometimes be explained qualitatively, fatigue cracking and residual strssses

bi-ing the main arguments. Nevertheless, the trends clearly confirm that fatigue damage accumulation is a

complex phenoesnon which will not easily allow a satisfactorily quantitative treatment.

Some thought wam givea to the comparison between fatigue under program loading and randoh loading. In a

random load test the load amplitude is varied from cycle to cycle. The load amplitude in a classic prcgram

test, however, is varied infrequently and in a systematic way, i.e. in a programed sequence, Consequently

sequence effects on the damage accumulation may te differeot, which implies that 4. strict oorreiation

betwon the fatigue lives in the two types of tests m•a not be expected. bpirical evidence has substan-

tiated this view. In fact, a realistic simulation of fatigue damage accumulation as it occurs in service,

requires a test that preserves the essential features of the service load-time history. With the present

knowledge it can be concluded that a flight-simulation test may satisfy this requirement, wereas a more

simple test will not do so.

A survey of theories for life ocloulations has been given in chapter 5. An important question is whether

the theories !.rz capable of predicting the empirical trends as sum-artsed in chapter 4. The theories

were grouped in three sategcries, which are (1) the increme•ntal damage theories, (2) theories based on a



4')

similarity approach and (3) interpolation procedures. Most theories are in the first group, see table 5.2.

However, they poorly satisfy the picture about fatigue damage accumulation and it is not surprising that

the prediction of empirical trends is also poor. Also the Pimilarity approach, although being less

dependent on knowledge about 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 and 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 the point of view of fatigue. This indicates that the fatig-te

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 methods based on available fatijue 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 tests.

Several testing methods are discussed in chapter 7. Different testing purposes are listed first, which

area (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

effort. Some comments are made on the first topic, but major 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 tests. It is emphasized that

comparative tests on different designs may give unreliable information if constant-amplitude tests are

used. Actually, if realistic answers are required realistic testing procedures have to be adopted. This

appears to be a trivial conclusion. Nevertheless, it is well substantiated by present day knowledge of

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

For a full-scale fatigue test, a realistic flight-simulation loading is a necessity. If a uimplified

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

misleading information about fatigue lives and crack propagation rates. Relevant evidence from test

series on full-scale structures was summarized in chapter 4 (section 4.15). It is also empl.tsized ",at

the application of fail-safe loads during a full-scale test may fully obliterate the relevance of the

test results. By introducing residual stresses, 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 other aspects of flight-simulation

testing.

In 1965, Herbert Hardrath (Ref.198) presented a review on cumulative fatigue damage. He 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 tne past six years. Hardrath's review is still relevant to day but some aspects

have become more clear since then. These aspects are list-,' below in view of making recommendations for

future research.

1 Electro-bydraulic cylinders and fatigue machines with closed-loop load control are now being used in

many laboratories. Actually this ia some sort cf a break-through with respect to the possibilities of

performing fatigue tests with any required load-time history. Advantages already exploited are related to

an increasing knowledge about fatigue damage accumulation and to more realistic testing methods for

practical problems.

2 Our phenomenological knowledge about fatigue damage accumulations i•s steadily increasing. The phenome-

non appears to be sore complex than thought before, but this trend is not uncommon in science.



SSequence effects and interaction effects are better recognized than before.

Progress has been made with respect to predicting the strain and stress history at the root of a notch.

CalculatitLs to be made from cycle to cycle are i.o longer objectionable in view of computer capabilities.

d.2 Recommendations for future work

basic research and empirical research are still required both. Basic research cannot be neglLeted because

the evaluation of trends, as observed in empirical studies, requires a physical understanding of the

phenomenon occurring in the material. Empirical investigations on the other band are necessary because we
simply cannot wait until our physical understanding 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 knowledge.

Therefore, it has to be emphasized that all laboratories should be fully aware of the various aspects of
the practical problem. We should avoid to look for solutions of problems that do not exist by outlining

what the real problems are. It is hoped that the present report will prove to be helpful in this respect.

oome more specific recommendations will now be made.

basic research

1. kicroscLnic studies

The phenomenological picture of fatigue damage accumulations is still highly qualitative in nature.

Yicroscopic 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 is

t still 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

majy differ from that of the bulk material.

2. Stress-strain histories at the notch

In this report reference was made to investigations on the prediction of stress strain histories at the

root of a notch under variable-amplitude loading. Such studies included speculative assumptions about

increment: damage accumulation. Nevertheless the stress-strain histories at a notch root may be consider-

ea in its Gwn 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 this reason alone this type

of investigatiins snould be recomm.-nded.

3. Crack closure

Crack closure as described by Elber, has recently entered our picture of fatigue ciack gro-th. More

quantitative information about this phenomenon under various conditions should be welcomed.

4. Plastic stress-strain distributions

Theoretical calculations of stress-strain distributions around rotches and cracks, including plasticity,

is a difficult problem. It ;s even more difficult for cyclic loading since the cyclic etress-strý.in

behaviour of the material can usually not be described in a simple wa. It should be recommended to ex-

ploit the potential usefulness of finite element methods to this problem.

5. ivironmental effects

LaboratorV results to be extrapolated to service conditions are still afflicted by the possibility of

unknown environmental effects. Investigations to improve our physical knowledge about the mechanisms of

enviro:,mental ef'ects are to be recommended.

:2rpiricral ).,v- at ieationis

ý. xetht-sim"Iatiozi testing

rOT man. practical problems, flight-simulatior. testing was recommended in thi, report. Ot knowledge of

tthe erracts ,I severAl .&riablee pertainitn to flight-simulation testin., is still insufficient. For that

rc-.'ri onvestioeuiona cn enot.hid elements exploring these effects should be advised. Siuch investigationu

ýi4ý be simewh~at similar to test series carried out by NLk on fatit..: crack propagation (section 4.13).



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 experience

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 obtained 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 macbineu

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 fo-

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. Actually a flight-simulation test is a rather trivial solution because it is aiming at a simula-

tion of service loading. A constant-amp,,L ude test on the other hand, being a convenient type of test

from an experimental point of view, is in fact a highly artificial simulation of service loading. We

should be careful that progress is not hampered by historical traditions starting at the time of

August W73hler. The problem is partly a matter of education and dissemination of information. It is hoped

that the present report may be helpful also in this respect by outlining the various aspects of ths

eircraft fatigue problem and by the analysts of and cross references to the literature.
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Table 4.1 Investigakions on the effect of a oreload on fatigue life

Investigation. Material Specimen T'Xpe of f!.+iCue loading (a)

iorrest Al-alloy (2014) V-notch Rotating bending, C.A.
(1946, Ref.40) (preload in tenuion)

Heyer Al Zn Mg alloy Lug .Uial, C.A. with
(1943, Ref.41) Al Cu Mg alloy V-notch positive mean

Cr Mo "teel

Heywood Al-alloys Lug Axial, C.A. with
(1955, Refe.42,43) Hole notched positive mean

Channel specimen
Wing joints
Meteor tail jlan4 Bending, C.A. with

positive mean

Payne 2 024-aIh3 Mustang wing Bending, C.A. with
(1955, Ref.44) positive mean

Smith 7075-alloy Hole-notched Axial, r.A. with
(1958, Ref.45) )ositive mean

Boiseonat Al-alloys Edge-notched Axial, C.A. R - 0.1
(1961, Ref.46) Strap joint

Ti-alloy Edge-notched
Wing fitting

Low alloy steel Tensile bolt

Mordfin and Halsey 7075-alloy Riveted box beam Bending, C.A. with
(1962, Ref.47) constant pos.S.in

Rosenfeld 7075-alloy Wing structure Bending, program loa~ding
(1962, Ref,48) wing manoeuvre spectrum

Imig Ti-alloy (8-1-1) Edge-notched Axial, C.A. R - 0
(1967, Ref.49)

Kirkby azný FAwards Al-alloy (2014) Pinned lug and Axial, random loading
(1969, Ref.50) clamped lug with positive mean

Jo Deav Morrow, Wetzel 2024-alloy Hole notcheý' Axial, C.A. with
and Topper (1970, Ref.51) positive mean

(a) C.A. e constant-amplitude tests

I
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'able 4.2 Investigations on tV- effect of periodic-high loads on fatigue life and crack propagation

Type of Type ofInvestigation katerial pecimenI -- ,high load (!I_ fati~ue load (b) _

Heywood -Al-alloys lug I C.A.
(1955, hef.42) Ciann .l specimen -

Meteor tailplane
7075-alloy Channel specimen -A.

•chij,,e and Jacobs 2024-alloy Riveted lap joint .Y _ _ .4 program loading
(1959,1960, hefs.39,58) 7075-alloy 1' 'J

6chijve, Broec, De hijk 2024-alloy Sheet specimen (c) Lv. Gp.j~.A.
(1960,1961, Rees.27,59)

Boiseonat Al-alloys Edge-notched specimel 0  C.A.
(19.51, Ref.46)

!.ozdfin and ilalsey 7075-alloy Riveted box beam C.A.
(1962, Ref.47)

(c)Hudson and Hardrath 2024-alloY Bar specimen C.A.
(1963, Ref.60)

6mith Ti-alloy (8-1-1) Sheet specimen (c) C.A.
(1966, Ref.61)

!ý:ckillan and Hertzberg 2024-alloy Sheet specimen (c) -\ f- 14 C.A.
\1966, Ref.26) T.F

Hudson and Raju 7075-alloy Sheet specimen (c) C.A.
(1970, ,ef.62) S(o) A%
Schijve and De Rijk 2024 and 7075 Wing structure (L flight-simulation
(1971, Refs.63,64) alloy loading

(a) J1. periodic high positive load

-V - "negLtive "

:" load cycle starting with positive part
S"1 " " " " " negative

(b) C.A. - constant-amplitude loading

(c) crac,. propagation was studied in cnese investigations.
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Table 4.3 Investigation@ on the effect of ground-to-air cycles on fatigue life
(comparative testing with and without GTAC)

Investigation Material Specimen Type of frtigue loading

Gamener and Iorstmann 2024 alloy Central notch Program loading
(1961, Hef.65,

Gasener and Jacoby 2024 alloy Central notch
(1964, Ref.66)

Nauaann 7075 alloy Edge notched epecimen
(1964, Ref.67)

Melcon and McCulloch 7075 alloy Elliptical hole
(1961,1965, Refe.68,69) specimene

Barrois 2C24 alloy Riveted lap joint Simplified flight simulation
(1957, Ref.70)

Winkworth 2024 alloy Dakota wings
(1961, Ref.71)

Schijve and De Rijk 2024 alloy Sheet epecimen,
(1966, Ref.72) crack propagation

Gasener and Jacoby 2024 alloy Central notch Programmed flight simula'tion
(1964,1965, Refe.66,73)

Mann and Patching 2024 alloy Mustang wings Random flight simulation
(1961, Ref.74)

Finney and Mann 4-Al alloy. Round specimens
(1963, Ref.75) with V-notch

Melcon and McCulloch 7075 alloy Elliptical hole
(1961,1965, Refe.68,69) epecimena

Nauamnn 2024 and Edge notched
(1964, Ref.67) 7075 alloy specimen

Schxjve et &l. 7075 alloy Wing center section
(1965, Ref.76)

Schijve, Jacob., Tromp 2024 and 4heet epecimen,

(1968,1970, Refs.77,78) 7075 alloy crack propagation

(a) Randomised block loading
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Table 4.4 Investigations or. program testing

Variabe studied
Investigation ?,kterial Specimen i " oeiregnLoad

Sequence~ of 6, ba istr pc
Deriodl cycles cycles lvel t rum

Gasener (1941,ReG.82): Al-alloyb Hole notched specimens x x x X mitr
. mixed

Wallgren (1949,Ref.83 dO24 and 7075 Hole notched specimen x x gust,
alloys and riveted joints manoeuvr

Wallgren and Petreliu 2024 and 7075 Lug x manoeuvri
(1954,Ref.84) alloys

Fisher (1958,Ref.85) AlZnCu/g Edge notched specimen x x manoeuvre

Fisher (1958,Ref.86) AlZnCuMg Edge notched specimen x gust

Hardratu et al. 2024 and 7075 Edge notched specimen x x I gust
(1959,Refs.30,31) alloys

Schijve and Jacobs 2024 and 7075 Riveted lap joint x x X x gust
(1959,Refs.39,•) alloys

manoeuvre
Naumann and Schott 7075 alloy Edge notched specimen x x X (a)(1962,Ref.87) (a)

Naumann (1962,Ref.88) 2024 and 7075 Edge notched specimen x x I gust,
alloys manoeuvre

Rosenfeld(1963,Ref.46) 7075 alloy Wing, tailplane x x manoeuvre

biordfin and Halsey 7075 a'loy Boxbeam x manoeuvre
(1963,Ref.47)

Jeomans (1963,Ref.89) Bolted joint, x gust
grecqed 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
uefe.91,92)

Duneby (1966,Ref.93) 2024 alloy Edge notched specimen x X gust

Lipp and Gamsner Cr steel Hole notched specimen x • guio
(i968,Refs.94,95) loaded in bending,s.mO
Schijve (1970,Refs.96, 2024 alloy Shoet specimen, crack x x gust

97) propagation

Breyan (1970,Ref.98) 7075 alloy Box beam x Z manoeuvre

Impellizzerri 7075 alloy Hole notched specimen, •x manoeuvre
('970, Ref. 156) including cr,-,k

propaaatlonid

(a) in these investigations randomized block loading was applied.



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

Investigation Material Specimen Type of loading

Kowalewski 2024-T3 Notched, Kt = 1.8 Bending, Sm - 0
(1959, Ref.102)

Fuller 2024-T3 Unnotched Bending, Sm - 0
(1963, hef.103)

NLuamann 2024-T3 Edge-notched, Kt = 4 Axial Sm = 12.2 kg/mm2
(1965, her. IO4)

Smith 2024-T3,7075-T6 Sheet, crack propagation Axial ,Sm - 8.4 - 13.3 kg/mm2

(1966, Lef. 61) Ti-8-1-1,Ti-6-4

Clevenson and Steiner 2024-T4 Notched, Kt - 2.2 Axial , Sm - 0
(1967, Ref.105)

Hillberry 2024-T3 Mildly notched Bending, Sm . 0
(1970, Ref.101)

Table 4.6 Investigations on the comparison between the results from program tests and random tests

Investigation Material Specimen Load spectrum Remarks

Kowalewaki 2024 alloy Notched, Kt - 1.8 Rayleigh distribution Sm - 0, bending
(1959,Ref.102)

Tests with and
Melcon and McCulloch 7075 alloy Elliptical hole, Gust and manoeuvre with aC

(1961/63,Refe.68,69)' Kt - 4 and 7 without GTAC

Rosenfeld 7075 alloy Wing Manoeuvre
(1962, Ref.48)

Naumann 7075' alloy Edge notched specimen, Severe gust spectrum Tests with and
964,Ref.67) Kt " 4 without GTAC

Naumann 2024 alloy Edge notched specimen, Severe gust spectrum Different types of
(1965,Ref.104) Kt " 4 random and

program tests

Corbin and Naumann 7075 alloy Edge notched specimen, Manoeuvre 3 load spectra
(1966,Ref.90) Kt . 4

Schijve et al. 7075 alloy Wi.ng center section Severe gust spectrum Tests with and
(1965,Ref.76) without GTAC

Schijve and De Rijk 2024 and Shzet specimen (c) Severe gut spectrum Tests with and
(1965,Ref.106) 7075 alloys without GTAC,

tests indoors and
outdoors

Lipp and Gassner Cr steel Hole notched specimen Gust spectrum, Sm-O Sm - 0, bending
(1968,Refs.94,95)

Jacoby 2024-T3 Elliptical hole Gust spectrum 2 design stress
(1970, Refe.107,108) specimen, Kt - 3.1 levels

Jacoby CoCrNiW alloy Circumferential notch Rayleigh distribution 3 SM-values
(1970,Ref.109) Ti6Al 4V alloy K• - 3.1

2024-T3 Elliptical hole,Kt-3.1

Br•yan 7075 alloy Riveted box beam Manoeuvre 2 design stress
(1970, hef.98) levels

1 4 load spectra

Schijve et al, 2024-T3 Sheet specimen (n) Gust Different types of
(1970,Refs.96,97) random and program

loading

(c) cracK propagation specimen
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Table 4.7 Investigations on flight-simulation testing

Variables studied

Investigation Material 'Specimen Load Load Flight loads GTAC

spectrum sequenceLo a High-S Taxiing Design,,, •les'c 'me n oads stress
eyes cycles level

Naumann 7075-T6 Edge notched Severe x i x
(1964,Ref.67) 2024-T3 specimen,Kt-4 gust x

Gassner and Jacoby 2024-T4 Elliptical gust x x x x
(1964/65,Refs.66,73) hole specimer

Kt ý 3.1

Jacoby 2024-T4 same gust

(1970, Refe. 107,108)

Branger (1967,1971, 7075 bar Hole notched manoeuvre x x x x
Refs.100,111) 2014 plate specimen

Kt = 3.6

Branger and honay CrNi steel Hole notched manoeuvre
(1968,Ref,112) specimen

Kt = 2.3

Imig and Illg Ti-8Al 1Mo1V Elliptical typical x i x x X
(1969,Ref.80) hole specimen for

Kt = 4 supersonic
aircraft

Schijve,Jacobs, Tromp 2024-T3 x x x x x
(1968,1969,Refs.77,78) 7075-T6
Schijve,Jacobs, Tromp 2024-T3 Sheet speci.- gust x
(1969,Ref.113) men, crack

propagation

Schijve 2024-T3 x
(1971,Ref.64) 7075-T6

D.SchUtz 7075-T6 Lug-type gust x
(1970,Ref.114) specimen

Schijve,De Rijk 2024-T3 Wiag struc- gust x x
(1971,Refs.63,64) 7075-P tuTe, crack

___________I____ p ropaga tion

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

Table 4.8 Investigations on the superposition of two cyclic loads

Investigation Material Specimen Type of w2/o Variables studiedI ~loading 1

Locati 2024-T3 Unnotched Bending 14 Sa2/Sal
(1956,Hef.122) Steel 7 and 19

Nishihara and Jamada Carbon steels Notched Bending 115-740 a
(1956,lRef.123) a2

6tarkey and Macro AlZn alloy Unnotched Axial 2 S2/Sal, phase angle
(1957,Ref.124) SAE 4340 steel a

Gassner and Svenson Mild steel Notched Bending 30 S a2i/l '. 2 also programmed
(1962,Ref.125)

Jacoby Al•g alloy Crack Axial 500 I Fractographic observations
(1963,Ref.126) propagation i

.T-nada and Kitawaga 7075 alloy Unnotched I Bending
-7ef.127) 17 ST4

Iowacki 2024-T3 Notched Axial 2 La2 /La , phase angle
(1969,hef.126)

Dowling 2024-T4 Unnotched Axial 2-600 Sa2/Sal , • also random
(19 71 , Ref. 129)_1a
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Table 5.1 Three different approaches for calculating fatigue life

* Incremental damage theories, see table 5.2
stress

. Similarity approach based on strain
stress intensity factor

• Interpolation methods

Table 5.3 Some test cases for the significance of
cumulative damage theori,-s

* Aspects of the physical relevance of a theory

a .. ack nucleation and crack growth

b residual stress

c other damage parameters

d simple sequenne effeots

0 Aspects of the practical usefulness of a theory

• 1. prediction of life until visible cracks

2. predict4cn o! macA0 ,r'ack propagation

f complicated sequwnce effects

Seffect of a change of the load spectrum

h effect of a few ,igi-amnlitude @icliz

Seffect 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

Design * Detail design
efforts M tater-ials selection1 Surface treatments

L Production techniques

* Airworthiness requirements

* Prediction of fatigue environment
mission analysis
load statistics
required target life

Estimations . Inamic response of the structure
Calculations,
Testing . Estimation of fatigue properties

fatigue lives 0
crack propagation 0
fail-safe strength

Exploratory fatigue tests for

design studies 0

support of life estimates 0

CONSTRUCTION OF AIRCRAFT PROTOTYPES . Load measurements in flight

TEST FLIGHTS • Proof of satisfactory fatigue properties by
testing components or full-structure

* Allowances for service environment 0
* Structural modifications
* Inspection procedures for use in service

AIRCRAFT IN SERVICE . Load measurements in service 0
* Corrections on predicted fatigue properties 0
* Cracks in service, relation to pre~ticv 0
* Structural modifications

Problems involving aspects of fatigue damage accumulation are indicated by 0



1 6,7

FATIGUE ENVIRONMENT

RESPONSE OF THE

STRUCTURE

INTERNAL

LOAD DISTRIBUTION

ESTIMATION
OF

INFATIGUE F

F U PROPERTIES

FATIGUE CRACK RESIDUAL

PROPAGATION
LIIFE DT) STRENGTH

INFORMATION FOR FAIL-SAFE

QUALITY

TABLE 6.2 SEVERAL PHASES OF ESTIMATING

FATI GU E P ROP ERTI ES
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Table 6.3 Various aspects of the aircraft fatigue environment (Ref.78)

Load-time history . Missio' &.,s, flight profiles

. Fatigue loads

gusts
manoeuvres
GTAC
ground loads
acoustic loading
etc.

. Statistical description of fatigue loads
Counting of peaks, ranges, etc.

PSD approach
Unstationary character of environment
Scatter of environmental conditions

. Sequence of fatigue loads

. Loading rate
Time-history

Wave form
Rest periods

Tempirature-time . Fatigue at low and high temperature
histcry . Thermal stresses

. 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

a Estimated service load-time history

b Structure, componenv. dimensions and material

c Available fatigue data

d Fatigue life calculation theory

a Additional fatigue tests
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Table 6.5 Aspects of available fatigue data for
making life estimates

Aspect Specification of available data

Material . Similar material

. Same material

Type of specimen . Unnotched

• Simply notched specimens

. Similar structural element

. Same component

Type of loading • Constant-amplitude test data

• Data from more cooplex fatigue
load sequences

* Loading in service

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

Starting point IType of data Improvement of data Life calculation

by accounting for z

1. Available fatigue life data S-N data for:

la. simple specimens N L
'- N

lb. components Material

Program test data or S
random load test data for: and size 1

tv
Ic. simple specimens " N

id. componentsJ (Sect. 5.3.3)

le. Flight-simulation test data Interpolation
between available
data (Sect.5.3.5

2. Service experience from 2a. Stress level giving New design is
previous design sufficient crack free life superior to old

design. Results

At least same
life

2b. Crack free life for Material,S ,K ,size Similar life as
specific components and lond spectruJ for old design

3. Testing of new component
or structure
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Table 6.7 Procedures for estimratizng crack propagation
rates in the design stage

Starting point Type of data

Available crack Data from constant-amplitude tests
propagat:,on data

Data from flight-simulation tests

Experience from Data from panel tosta of full-scale
previous design f.tigue tests

Testing of new
component or full-
scale structure

I

Table 7.1 Survey of fatigue specimens

Type of specimen Remarks

Unnotched specimen K t

Simple notched specimen Examles: Edge notched specimens,

specimens with central notch.

Specimens mainly characterited by

Kt-value and notch root radius r.

Simple joint specimen Lap joint, strap joint, either

riveted or bolted.

Lug type specimens.

Component Part of a structure, full site.

Etampless joint, skin panel with

fatigue critical details, brackets,

etc.

Full-scale structure Large part of an aircraft structure.

Examples: wing, fuselage, empennage,

or large parts of these items, for

instance ncee section of fuselage,

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

Type of fatigue trouble Possible consequence

Safe-life component Catastrophe

Ir.mufficient fatigue strength

Fail-safe component Expensive repair

Deficiencies of the detail design

Extra maintenance
Fatigue cracks in components that were
assumed to carry no cyclic load by repair, nodification

or replacement

Fatigue cracks in secondary structure

Fatigue cracks due to incidental serrice Jnamage Depends on type of component
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FIG. 2.1 PERCENTAGE OF FATIGUE LIFE COVERED BY CRACK PROPAGATION IN 2024-T3

SPECIMENS UNTIL A CRACK LENGTH t HAS BEEN REACHED (REF. 7).
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FIG. 2.2 THREE PHASES IN THE FATIGUE LIFE.



73

\&i 'jk,\

10 CYCLES

LOADING PROGRAM V~y\MMMM/\AA[NETC.

~NEGATIVE PEAK LOAD

FIG. 2.3 ELECTRON MICROGRAPH FROM A FRACTI-LRE SURFACE OF: A FATIGUE CRACK.(RE=.8)

PROPAGATION FROM LEFT TO RIGHT, MATERIAL 2024 - T 3 ALCLAD SHEET.

EACH STRIATION CORRESPONDS TO A SINGLE LOAD CYCLE.
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DIRECTION OF

LOAD!NG

SUCCESSIVE
POSITIONS OF DIRECTION OFCRACK FRONT CRACK GROWTH

SHEAR SHEAR
MODE LIP MODE

IHICKNESS

FIG. 2.4 THE SURFACE OF A FATIGUE FRACTURE IN SHEET MATERIAL DURING THE
TRANSITION FROM THE TENSILE MODE (900 MODE) TO THE SHEAR MODE

(450 MODE), SEE ALSO FiGURE 3.5.
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2024-T3 SHEET SPECIMEN

WITH FATIGUE CRACK

STRESS S STATIC MEASUREMENT OF CRACK OPENING

A 
PP

~~1 8m

21

L _ _ _CRACK OPENING-
1160mm NON-LINR INCREASE OF DISTANCE A B

THICKNESS 2 mm CRACK PARTLY CLOSED

TEST RESULTS (CONSTANT-AMPLITUDE FATIGUE TESTS)

18

FATIGUE 1 2 3 4
STRESS CYCLE

(kg/mrmi2

14

12 
oLEVELS

AT tie 30 mm
10 - 20 mm

10 mm

8--+--

S.. .. - --- -- -

FIG. 3.1 CRACK CLOSURE ACCORDING TO ELBER (REF. 18). RESULTS FROM NLR TESTS

(REF. 20).
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So 3.3kg/mm
2

A =8.2

Smax 19.2

B

Smin---2.9

Slmax 19.2

C

SEMI -CRACK LENGTH

S(mm)
B _ C40

20 0--

10I

0 100 200 300 400 500

NUMBER OF KILOCYCLES

FIG. 3.3 THE DELAYING EFFECT OF PEAK LOADS ON CRACK PROPAGATION :N 2024-T 3
ALCLAD SHEET SPECIMENS, WIDTH !60 mm, THICKNESS 2 mm (REF. 27).

iA
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CRACK LENGTH

DELAY

PLASTIC ZONE

RESIDUAL + YCE

SCYCLES

RESIDUAL
TENSILE STRESS CRACK

FIG. 3.4 CRACK GROWTH AFTER A PEAK LOAD CYCLE, SEQUENCE B IN FIG. 7.
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s\\ \ S-N CURVE FOR COMPLETE FAILURE

\

FIG. 3.6 S-N CURVES FOR CONSTANT AMOUNTS OF CRACKING
(I IN MILLIMETERS) AND S -- N CURVE FOR COMPLETE FAILURE

CRACK
LENGTH /.

S/ / DELAY

- -

A CRACK GROWTH DELAY IN TWO-STEP TEST.

CRACK
LENGTH

S!~//

/

TIME
B APPAF•NT ABSENCE OF INTERACTION EFFECT IK TWO-STEP TEST

FIG.4.1 MACROCRACK PROPAGATION, INTERACTIJN EFFECTS IN TWO-
STEP TESTS.
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Al TWO-STEP TEST
WITH HI- SEQUENCE

Al

A2 TWO-STEP TEST
WITH LO-HI SEQUENCE

A2

B INTERVALTEST
PERIODIC REPETITION OF
LOAD CYCLES

C SINGLE HIGH PRELOAD

D PERIODIC HIGH LOADS
HiGH LOADS MAY BE EITHER
UPWvARDS OR DOWNWARDS,OR
BOTH, SEE FIG.3.3

D

E SUPERPOSITION OF TWO
CYCLIC LOADS WITH
DIFFERENT FREQUENCEES

FIG. 4.2 SEVERAL SIMPLE "TYPES OF VAVIABLE-AMPLIir.DE LOADING.



F PROGRAM LOADING WITH
L LO-HI -LO SEQUENCE.
LO-HI AND HI--LO SEQUENCES
WERE ALSO ADOPTED,SEE
FIGURE 4.17

1 PERIOD

G RANDOMIZED BLOCK LOADING
SIMILAR TO PROGRAM LOADING,
HOWEVER, BLOCKS OF CYCLES

ETC. IN RANDOMIZED SEQUENCE

H NARROW-BAND RANDOM LOA-
ETC. DING (SEE FIG 4.20)

J BROAD -BAND RADML-
DING (SEE FIG 4.20)

ETC. K QUASI-RANDOM LOADING

PSEUDO- RANDOM LOADING

L SIMPLE FLIGHT-SIMULATION

ETC.LOAING ALL FLIGHS SIMILAR

I 1 FLIGHT -

M COMPLEX FLIGHT-SIMULATION

LOADING

ETC. DIFFERENTS FLIGHTS, SEE FIG.

7.3

F - G1I FLIGHT TUE

FIG.4.3 SEVERAL TYPES OF COMPLEX FATIGUE LOAD HISTORIES.
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t=3mm

0.5:

0.4- - PRELOAD1mm 60 %Su

20 mm 0. 3-

3u mm ~

0.2 _ _zzýO-
Kt 3,5 A CONSTAN T -AMPLI TUDE TESTS ON TI-ALLOY SPECIMENS (R-0.1)

RESULTS FROM BOISSONAT(REF.46)

Srms (k9 mm 2)

66 m 2 0 1 N P4ELOADED

TO 31,7kg./mrr.

v105 0 CYCLES 107

Kt w2.96 B NARROW -BAND RANDOM LOAD TEST ON AL -ALLOY LUG SPECIMENS

(SrmlOkg/mm ) RESULTS FROM KIRKBY AN4D EDWARDS ( REF.50)

FIG.46 THE EFFECT OF A PRELOAD ON FATIGUE CURVES FOR CONSTANT -AMPLITUDE
LOADING AND NARROW -BAND RANDOM LOADING.
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PRELOAD STRESS
RATIO SO.] (%)

P0O POSITIVE PRELOAD

80

60

40,
4

'1.01 01 1 0
N WITH PRE-LOAD

-20 - RATIO,ý N'i WITHOUT PRE-LOAD

-40 0 i__"X 0 SIMPLE LUG

-60 "1+ CHANNEL SPECIMEN-60-- - -- X TRANSVERSE HOLE SPECIMEN

- lI (BAR MATERIAL)
-80 " WING JOINTS

1 SPAR FAILURE METEOR

-100 .. ..___SKIN FAIL.URE TAILPLANE

-- !NEGATIVE PRELOAD
-120 . I H l,, 11 i

MEAN STRESSES 3.4 - 14.2 kg/mm
2

STRESS AMPLITUDES 2.7 - 5.4 kg/mm
2

N WITHOUT PRELOAD 80 kc TO 850 kc EXCEPT FOR 0 (7700 kc)

RESULTS REPORTED BY HEYWOOD (REF. 42)

FIG. 4.7 EFECT OF THE MAGNITUDE OF A PRELOAD ON FATIGUE LIFE UNDER

CONSTANT - AMPLITUDE LOADING.
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LOAD P

STRESS S

STRAIN GAGE,

SAME f HISTORY

MATERIAL 2024-T3
THICKNESS 5 mm

• .--. 20

15 -?ITivi
UNNOTCHED SPECIMEN

75

NOTCHED SPECIMEN

CENTRAL HOLE, Kt z 2.5
F

,P I v
0 LOAD HISTORY (P)

+e STRAIN HISTORY MEASURED

AT ROOT OF NOTCHED AND

APPLIED TO UNNOTCHED

SPECIMEN (E)

STRESS HISTORY

I FLIGHT

DERIVED
!FROM

PLASTIC STRAIN UNNOTCHED

SPECIMEN

I� BEHAVIOUR

I i I- RESIDUAL STRESS

MEASUREMENTS FROM HAIBACH, D. SýHJTZ AND SVENSON (REF. 54, 55)

FIG. 4.8 DETERMINATION OF RESIDUAL STRESS AT THE ROOT OF A NOTCH DURING A

SIMPLE I'LIGHT-SIMULATION LOADING
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TEST LOADING SEQUENCE REMARKS FATIGUE

SERIES LIFE

(PERIODS)

S Sm 6.32kg/mm2

10 1 • PROGRAMMED

_ __ GUST CYCLES

S a 18.1 kg/mm
6 1 HIGH LOAD PER PERIOD 126

- HIGH LOADS OMITTED6ao J•58
AFTER 50th PERIOD

Smax 11.0 kg/mm2

I HIGH LOAD
6b .. ...... .. . .. . 40

S ... .......... PER 2 PERIODS

SIMILAR TO SERIES 6

17 . BUT GUST CYCLES IN 22

.._ _REVERSED ORDER

RESULTS FROM REF. 39

FATIGUE LIFE IN PROGRAM PERIODS, 1 PERIOD =81500 CYCLES

EACH RESULT IS THE MEDIAN OF 7 TESTS.

FIG. 4.9 THE EFFECT OF PERIODIC HIGH LOADS ON THE PROGRAM- FATIGUE LIFE OF
7075-T6 RIVETED LAP JOINTS.



TEST LOADING SEQUENCE REMARKS FATIGUE

SERIES LIFE

(PERIODS)

pS k m / m m 2. .. .

. .'. "Icm/mm2 PROGRAMMED

21 GUST CYCLES 31~(5 ampl.)

HIGH LOAD CYCLE
27 7

27 . .- ZL--" IN POS. -NEG. 11

SEQUENCEu S =-4.5 kg/mm2

PROGRAMMED

24 GUST CYCLES 14

(4 AMP L.)

HIGH LOAD CYCLE

28 ...... IN NEG.-POS. 85

SEQUENCE

FIG. 4.10 THE EFFECT OF THE SEQUENCE OF A PERIODIC HIGH LOAD CYCLE ON THE
PROGRAM-FATIGUE LIFE OF 2024-T3 RIVETED LAP JO!NTS.
RESULTS FROM REF. 39
FATIGUE LIFE IN PROGRAM PERIODS, I PERIOD : 432300 CYCLES

EACH RESULT IS THE MEDIAN OF 7 TESTS
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SEQUENCE a SEQUENCE b (HIGHER GUST AT
END OF FLIGHT)

STRESS

GTAC (kg/'mm2

C YI L E c u e . . .. . 2 .3

2.5
I FLIGHT j TIME

SPECIMEN : RIVETED LAP JOINT, 2 ROWS OF 5 RIVErS, 2024-T3 MATERIAL

CYCLES PER FLIGHT (X) 5 10 49 99 999

a 19740 30380 58400 59850 125800
CYCLES b 22400 28350 51500 55431 84600

LI FE
a 3290 2762 1168 598 126

FLIGHTS b 3733 2577 1010 554 85

a 0.53 0.51 0.44 0.37 0.63
-n/N b G.60 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 (Smax 21.7 AND Smin - 2.5 kg/mm2

N m 7360 CYCLES

RESULTS REPORTED BY BARROIS (REF. 70)

FIG. 4.11 THE EFFECT OF GROUND-TO-AIR CYCLES ON THE FATIGUE LIFE IN A
SIMPLI FlED FLIGHT SIMULATION TEST.

Smin IN GTAC LIFE
MATERIAL LOAD SPECTRUM (kg/mm 2) ((kg/m2) (FLIGHTS)

0 2699
7075- T6 SEVERE GUST SPECTRUM -7.0 1 334

FAIRLY SEVERE SPECTRUM 0 >52000

Ti-8AI-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, Kt ja 4

Ti-8AI-IMo-IV, Ti ALLOY SHEET SPECIMENS, QUASI ELLIPTICAL HOLE, Kt1 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-TO-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 2f= 20 mm TO COMPLETE FAILURE.

FLIGHT SIMULATION LOADING WITH GUST SPECTRUM, Smn 7.0 kg/mm2 , Smin IN GTAC = -3.4 kg/mm2

ALL DATA ARE MEAN RESULTS OF 4 TESTS.

RESULTS REPORTED BY SCHIJVE, JACOBS AND TROMP (REFS. 77, 78)

FIG. 4.13 EFFECT OF THE GTAC ON CRACK PROPAGATION LIFE UNDER FLIGHT

SIMULATION LOADING.

S =0STRESS m

s= 20 kg/mm2 , N = 7 kc

S 7 kg/mm 2

N =800 kcri'0
27 mm

n_= 0.,50 n 0.50
N N

2024-T3 SPECIMENS n n

WITH 2 HOLES - =- 2.04 - ,,.9

RESULTS REPORTED BY WZLLGREN (REF. 81), MEAN VALUES OF 9 TESTS

FIG. 4.14 TWO-STEP TESTS WITH DIFFERENT WAYS FOR CHANGING THE AMPLITUDE
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"a, max
75 kg/mm2 56 kg/mm2

3.106
NUMBER OF "/Cr-STEEL, SPECIMEN
CYCLES IN WITH CENTRAL HOLE
ONE PERIOD LOADED IN PLANE

5.105 BENDING, Sm =0
SERVICE LIFE OBTAINED
IN FATIGUE MACHINE
MOUNTED IN A VOLKSWAGEN

RESULTS FROM
GASSNER AND LIPP (REFS.
94, 95), MEAN VALUES
OF 10 TESTS.

5.103

" PROGRAM TESTS

* SERVICE LIFE

106 107 108

LIFE IN CYCLES

FIG. 4.15 EFFECT OF SIZE OF PERIOD ON PROGRAM FATIGUE LIFE AND COMPARISON
WITH RANDOM LOAD FATIGUE LIFE

5 AMPLITUDE/SEQUENCE IN ONE

N43 PERIOD

3lb

Sm Lo-Hi

2 \0~'~

Lo-Hi-Lo
S7075, Sm 0 O_ >

1--- - -- 2

0.8 Hi-Lo

0.6

0.4 87- I •--]•_ RANDOMIZED

Lo-Hi Lo-Hi-Lo Hi-Lo RANDOMIZED RNMZ

TESTS ON EDGE NOTCHED SPECIMENS, Kta4, Sr IN kg/mm2 RESULTS REPORTED BY HARDRATH ET

AL (REFS. 30,31), MEAN VALUES OF 3 -4 TESTS.

FIG. 4.17 THE EFFECT OF THE AMPLITUDE SEQUENCE ON THE FATIGUE. LIFE IN PROGRAM

TESTS.
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SPECIMEN S-SEQUENCE
LIFE LIFE RATIO EFFECT OF ADDING

SPECTRUM IN ONE PERIOD
CYCLES Jn/N CYCLES/CYCLES Z/j HIGHS,-CYCLES

RIVETED JOINT 6 130000 1.31

2024-T3

I 2.14 2.21 INCREASED LIFE

GUST SPECTRUM
13060000 2.90

(REF. 39)

TAIL PLANE
44000 3.0S~7075-T6

75 2.08 2.17 INCREASED LIFE

MANEUVER 91800 6.5

SPECTRUM (REF. 48) 91800 6.5

EDGE NOTCHED
41520 2.16

SPECIMEN
0.43 0.61 REDUCED LIFE

7075-T6 17730 1.31

MANEUVER

SPECTRUM (REF. 87)

DATA ARE MEAN VALUES OF 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 m0

(kg/mm2) BELOW FATIGUE LIMIT PERIODS CYCLES(KC) PERIOD/PERIOD CYCLE/CYCLE

2024-T3

DOUBLE LAP 3.5 15 166000 1.1 160

JOINT OMITTED 16 1040

9.3 1 98 3080 1.3 3.3
7075-T6 OMITTED 129 900

SINGLE STRAP

JOINT 4.7 2 20 107000 1.7 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
.25

NARROW BAND
.20 .006

.005 BROAD BAND

.15

.004

.10 
.003

.002

.05
.001

0
190 200 210 220 230 240 0 40 80 120 160 200 240 280 320

FREQUENCY, CPS FREQUENCY, CPS

a POWER SPECTRA NORMALIZED TO GIVE UNIT AREA UNDER THE CURVE.

_ a.NARROW BAND

- IRREGULARITY FACTOR I

I I
,. I

-BROAD BAND

- -•k 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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PERCENTAGE INCREASE OF LIFE IN FLIGHTS CAUSED BY

INVESTIGATION (a)

OMITTING OMITTING

LOW-AMPLITUDE CYCLES TAXIING LOADS (b)

NAUMANN 6 % AND 17 A
1964, REF. 67)

GRASSNER AND JACOBY 150 % 0
1964, 1965, REF. 66, 73)

BRANGER - 14 % - 23 %

( 1967, REF. 110)

IMIGANDILLG 2 % TO 12%

(1969, REF. 80)

NLR 18% TO 93% -8% AND+16%

(SEE FIG. 4.25)

SCHIJVE AND DE RIJK 0 - 50 %
(1971, REF. 63)

(a) FOR MORE INFORMATION SEE TABLE 4.7

(b) Smin IN THE GTAC HAD THE SAME VALUE WITH AND WITHOUT TAXIING LOADS

FIG. 4,24 THE EFFECT OF OMITTING LOW-AMPLITUDE CYCLES FROM FLIGHT-
SIMULATION TESTS.
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TAXIING GUST SEQUENSE
LOADS `4 EACH FLIGHT

S£ NO RANDOM

0 U NO PROGRAMMED
Sa,max 2 0 YES RANDOM

(kg/mm2
)

10 '

2 -

1000 10000 50000

CRACK PROPAGATION LIFE (FLIGHTS)

ALL DATA POINTS ARE MEAN VALUES OF 4-6 TESTS. THE CRACK LIFE COVERS PROPAGATION
FROM 2e t 20 mm TO COMPLETE FAILURE. SPECIMEN WIDTH 160 mm.

FIG. 4.27 THE EFFECT OF TRUNCATING THE GUST LOAD SPECTRUM ON THE CRACK
PROPAGATION LIFE IN FLIGHT-SIMULATION TESTS (REFS. 77, 78)



1 03

s /S LOG BINOMIAL DISTRIBUTION

STEPPED APPROXIMATIONS~ NUMBER OF

0.8 sao/Sa, max EXCEEDINGS

1 2

0.6 0.95 18

0.85 298

0.4 0.575 23000

0.425 115000

0.2 ... 0.275 395000

0.125 1000000

1 10 102  103 104  105 106

NUMBER OF EXCEEDINGS

a. STANDARDIZED LOAD SPECTRUM

1m

68 70RGR M T T0 A D NUMBER OF CYCLES

l000 5000m

70 000 170 000

_ 15 1 2 50• -L 5 • 5

~. S.

I P E R IO D 6 5 00 0 0 0 C Y C L E S- a w

b. LOAD SEQUENCE IN PROGRAM TEST AND NUMBERS OF CYCLES IN ONE PERIOD

log so ma

'• / ~LINEAR RELATION"N'S •',mx"C

log N'

c. ENDURANCE CURVE, RESULTS FROM TESYS WITH DIFFERENT S VALUES, BUT SAME

S /S RATIO.
a, max m

FIG. 4.28 ENDURANCE CURVE OBTAINED IN STANDARDIZED PROGRAM TEST

ACCORDING TO GASSNER

L
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Slg 2

(kg/mm

SI '*.7.5i

7075-T6 BAR
TWO-HOLES SPECIMEN, t a 3.6

MANEUVER SPECTRUM

10.. BRANGER, 1967 (REF. 110)

4 (MEAN RESULTS OF SIX TESTS)

3.5-
104 FLIGHTS 105

14I 1

I _ CriNMo STEEL
~~1~~~ *W0-HOLES SPECIMEN, K, z 2.3

MANEUVER SPECTRUM
10 BRANGER AND RONAY 1968 (REF. 1121

(MEAN RESULTS OF SIX TESTS)

8 Ll .1 i__
104 FLIGHTS 105

12~~~ .. 8.5•1

8-i-i Ti-ALLOY

SELLIPTICAL HOLE SPECIMEN

SUPERSONIC TRANSPORT SPECTRUU
IMIG AN D 111, 1969 (REF. 80)

. A, (MEAN RESULTS OF 3-9 TESTS)
al B DIFFERENT

104 FLIGHTS 105

0 _7075-T6

LUG-TYPE SPECIMEN

10 GUST SPECTRUM
D. SCHUTZ, 1970 (REF. 114)

___ - <(INDIVIDUAL TEST RESULTS)

104 FLIGHTS 105

10

8 2024-T3 AL CLAD 0
7075-T6 CLAD 0

FI._.__HSHEET SPECIMEN FOR CFRACK
PROPAGATION, LIFE FOR

6 ~GROWTH FROM 2t a 24 mm TO
6~~~2 a___ ___ d60 mm

SCHIJVE, 1971 (REF. 64)

5 L (MEAN RESULTS OF 2-4 TES1 S)

10 14FLIGHTS 105

FIG. 4.29 THE EFFECT OF THE DF:SIGN STRESS LEVEL ON FATIGUE LIFE UNDER FLIG3HT-
SIMULATION LOADING. Sl CHARACTERISTIC 1g.-STRESS LEVEL IN FLIGHT.



(05
• . S a 2

I- Sf I a. SUPERIMPOSED
aS VIBRATION (S.l1) So2)

p ::? b. VARYING MEAN

(Sol (< Sa2)

I IT Hý I II 1 1 H .1 1 a] Sm

FIG. 4.30 TWO TYPES OF SUPERIMPOSED CYCLIC LOADS.

log So SLOPE -(x)-

SLOPE -(2x-1)-
S/ ORIGINAL FATIGUE LIMIT

ADJUSTED S-N CURVE

log N

FIG. 5.1 ADJUSTED S-N -.URVE FOR LIFE CALCULATIONS ACCORDING TO HAIBACH (REF.148)
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(kg 'rmm 2)

SI a. RESULTS OF NARROW-
BAND RANDOM -LOAD
FATIGUE TESTS WITH

3-______ CONSTANTSrms
(30 (S =11kg/mm 2 )

2 -

DIAM. 0
13mm

t 5mm - -

32mm

LUG SPECIMEN- --

MATERIAL 2L65 T i( ^.o 2014) 
-

106 107 - N' (CYCLES)

Srms

C

B. TEST PROGRAM OF NARROW-BAND

RANDOM LOAD TEST WITH Srms

PER!CDICALLY VARRIED IN THREE
itSTEPS A,B, C.1 •'---4--*l• \00 T!ME

7200 2100'\200 CYCLES
RELATIVE NUMBER OVERALL 5rms OF SUM
OF EXCEEDINGS SPECTRUM (kg/mm2)

C S --- 1.o51• '

0.5

1 2 3 4 5 6

d. DAMAGE VALUES FOR TESTS ACCORDING TO

0 FIGURE b.

Z 0- BASED ON S, - N CURVE

N o X'-", BASEDON Srms -N ' CURVE

1 2 3 4 5 6 7 (a) STEP COMITTED

NON .- DIMENSIONAL STRESS

c. LOAD SPECTRA CORRESPONDING TO STEPS
A, B, AND C, AND SUM SPECTRUM OF 77 % A +
21 % B 2 % C.

FIG. 5,2 NARROW-BAND RANDOM LOAD TESTS WITH CONSTANT Srms AND PROGRAMMED Srmi.
RESULTS FROM K.IRKBY AND EDWARDS (REF. 99).
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50

40

30 1

20/

10

50 100 150 200 10 20 30

KILOCYCLES Kmax(kg mm-3/
2
)

a. EXAMPLES OF DIFFERENT CRACK PROPAGATION CURVES b. CORRESPONDING K-VALUES
"p.m

dn CYCLE

.01 0.1 1.0 UNIFORMLY LOADED PANEL

" 12 S 2ti = 0.2 in.
1 3 (9.5 cm)

!n // 2 b = 12 in.

s_ 8 E (30 cm)

8 Z h a 36 in.

6 .:(91 cm)
a WEDGE-FORCE PANEL

le•E 2 t2 0.5 in.

4 4 P (1.3 cm)

S2h 2b 12 in.
2 (30 cm)

2. b , 2h a 5, 8, 12, 17, 25 in.
0 IJ (13, 20, 3'), 43, 64 cm)

0.1 1.0 10 100

df )L in. d. DIMENSIONS OF 7075-T6 SHEET SPECIMENS

dn CYCLE t =-0.09 in,ý' - INITIAL CRACK LENGTH
TESTS AT R z 0.05

c. CRACK RATES AS A FUNCTION OF K

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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N, 
N.1 "-

"No,..• ,,\ ADOPT SAME SLOPE- I/at
GENERALIZATIONINEROATO OF EMPERCALSmOPE - /

,NTEO•T,• -•..,0.,,.. ...;..\ TREND
SINGLE DATA POINT T

EXTRAPOLATIONIC

log LIFE (log N') log N'

FIG. 5.5 a FIG. 5.5. b

EFFECT OF DESIGN STRESS LEVEL IN PROGRAM FATIGUE TESTS

Sa

Sa, max SPECTRUM CYCLES AT S

102 2)

0.5

104

1 1 0 6
102 104 106 .001 .01 .1 1

NUMBER OF EXCEEOINGS RELATIVE PROGRAM-FA.tIGUE LIFE
( N*',N' A

FIG. 5.5 c FIG. 5.5 d

EFFECT OF LOAD SPECTRUM SHAPE (A-D) ON PROGRAM FATIGUE LIFE

FIN, 5.5 SOME CONCEPTS OF GASSNER AND CO-WORKERS FOR EMPLOYING PROGRAM FATIGUE
TEST DATA.

-,
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0. I~ s b.max

SOS min

a. --- Sm b.

- ~ ~ Smln

C. d

1 2 3 4

D 1 2 3 4 1 2 3 4

f. -• -

A E

FIG. 6.1 EXAMPLES OF SIMPLE LOAD VARIATIONS REGARDING THE DEFINITION OF
LOAD CYCLES

AIRCRAFT A

1 sec

AIR-CRAFT F

1 sec

FIG. 6.2 STRAIN GAGE RECORDS OF THE %;!1NG BENDING MOMENT OF 2 AIRCRAFT FLYING
IN TURBULENT AIR (REF. 174)



LOAD

o MAXIMA COUNTED
MEAN 0 MINIMA COUNTED
Lr. n. TIME

0. PEAK COUNT METHOD

*MEAN CROSSING
b. 0 PEAKS COUNTED

PEAK-BETWEEN-MEAN CROSSING

COUNT METHOD

3

2 -o LEVEL CROSSINGS COUNTED

C.

LEVEL-CROSSING COUNT METHOD

o FIRST COUNTING CONDITION,

1 2' •0 SECOND COUNTING CONDITIONS,
-- ___ 2' LEVELS 1: 2; 3

RESTRICTED LEVEL-CROSSING COUNT

METHOD

r POSITIVE RANGERS ri, r3 , r, r7r6

rr2

rr 4  r•5 r7  NEGATIVE RANGERS r2 , r4 , r6 , r8

e. _ _ _ _ _ _ _ _ _ _

RANGE COUNT METHOD

-rlo FIRST COU'NTING CONDITIUL', r>+ r,
S1 * SECOND COUNTING CONDITION I-ri > r ,r

RANGE-PAIR EXCEEDAtCE COUNT
METHOD

FiG. 6.3 SEVERAL COUNTING METHODS FOR A STATISTICAL DESCRIPTION OF A LOAD-TIME
HISTORY. NAMES OF METHODS AFTER VAN DIJK (REF.176)
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GUST
VELOCITY

GUST SPECTRUM

0

0 - _NUMBER OF EXCEEDANCE

I' f(log SCALE)

>NEGATIVE GUSTS, SYMMETRIC TO
POSITIVE PART OF SPECTRUM

LOAD FACTOR
INCREMENT

MANEUVER SPECTr'LM

II - . NUMBER OF EXCEEDANCE

FIG. 6.4 DIFFERENCES BETWEEN GUST AND MANEUVER SPECTRA
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MAXIMUM RANDOM SEQUENCE OF

GUST CYCLES,
SYMMETRIC GUST

SPECTRUM

RANDOM SEQUENCE
OF "OAXIING LOAD

CYCLES

MINIMUM -

I FLIGHT

a. TRANSPORT AIRCRAFT.

MAXIMUM

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.
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FIG. 7.2 TWO INTERSECTIING S-N CURVES
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THESE LOADS ARE REDUCED, TO
THE TRUNCATION LEVEL.

LOAD
AMPLITUDE

STRUNCATION LEVEL

10 102 103  104 0 106

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.
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CRACK

LENGTH 60

(mm) STRINGER

SKIN

405
40

30

30 -LL F'•L.L

R B CR A B C

' C 20 1 0

100 120 140 160 180 200 100 120 140 160 180 200

SPAR WEB DOOR COAMING

120 -O 40 -
/

100 I// U

L.L.
60 _ -l•

40 R A B C 30 A

100 120 140 160 180 200 100 120 140 160 W~O 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 LOWER TRUNCATION LEVEL

C :LOAD LEVELS INCREASED 25 PERCENT

FIG. 7.5 THE EFFECT OF LIMIT LOAD APPLICATION ON CRACK PROPAGATION.



180

Lk.

L OUU

U.

LflU

z a
zz
LU 0

-Jj

UL

of

LLIL

ww

00

U, LU

0

0 0-

L)L0

>-

z

U 0 L

oX >- uD

Lo OD_ .4 LL


