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— Improving the co-operation among member natiuns 1r aerospace research and deve lopment;

— Providing scientific and technical advice and assistance to the North Atlantic Mil tary Committee in the
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PREFACE

A one day symposinm on random Icad fatigue was held at the 34th meeting of the
Structures and Materials Panel in Lyngby. Denmark. Eight lectures were delivered dealing
with different aspects of fatigue damage and fatigue testing under random loading. The
lectures were prescnted in English and were followed by vivid discussions.

| had the prvilege to chair this symposium and it is my duty and pleasure to thank ali
speakers for their thoroughly prepareo presentations and their cooperation in keeping the
time schedule which made the task of the chairman easy.

The local organization of the symposium was in the capable hands of Dr Viggo Tvergaard
and other members of the Department of Solid Mechanics at ihe Technical University of
Denmark and 1 express my appreciation for their devoted work.

Finally, 1 should like to thank the Structures and Materials Panel of AGARD for
spousoring this symposium on cut recommendation.

Frithiof Niotason
Symposium Chairman

i

Soctuy, PR
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A SHORT SURVEY ON POSSIBILITIES OF FATIGUE LIFE ASSESSMENT OF
AIRCRAFT STRI/CTURES BASED ON RANDOM OR PROGRAMMED FATIGUE TESTS

By ;

W.Barrois r
Military Chief Engineer (Retired)
Engineer at the Sociéte Nationale Industrielle Aérospatiale
Aircraft Division
Paris, France

SUMMARY

The survey is an attempt to answer the question: “What information is needed in
terms of load spectrum and test conditions, to extend the results of laboratory iests to
the prediction of service fatigue life of aircraft structures?”. After considering designers’
neede and detailing the various physical parameters that are significant in the fatigue
behaviour of specimens and structures, several types of fatigue tests are reviewed from
the view point of their representativeness. A short survey is then made of the present
prediction methods of structure fatigue life fromn fatigue tests of components, assemblies
and structures undergoing constant amplitude loacdings. Then, after considering fatigue
tests under programmed loadings, the case of random loadings is briefly discussed. It is
concluded that describing random loadings by their root mean squares is not sufficient
to predict the fatigue lives of structures even when the shape of the load power spectrum
is known, except in cases of comparative prediction where the only change is the general
intensity of the spectruni. The possibility of test acceleration by increasing the general
loading intensity is considered. The necessity of a more complete treatment of every
partial result of structural fatigue tests is emphasized as well as the usefulness of broad
co-operation in this field in order to extend the ainount of fatigue data able to be used
by designers.

1. INTRODUCTION

For several years, problems in acoustic fatigue and those implied by aircraft dynamic responses to random
loadings defined by power spectra, have drawn attention of designers to possibilities of fatigue life assessment from
results of fatigue tests under programmed or random loadings that simulate actuzl random loadings in flight. In
these tests, the stress spectrum shapes in relation to statistical frequencies of occurrence and dynamical frequencies
may bc guite different either due to different excitations or to very different structural responses. Intensity of
every loading is defined either by the maximum load or by the quadratic mean load.

Often, these tests are carried out only for purposes of fatigue strength substaniiaiion of paiticular structures.
Their possible use in fatigue life prediction of other structures may entail extensive tests on simple components or
elementary assemblies. Before planning costly tests, it may be useful to study ho'v such results might be used by
designers.

Tiai fvads 10 ihe nevessity v define desikoes > 1equueinenis and v eview buefly fatigue prediciion imcthods
using results of conventional tests under constant amplitude loadings, and then to consider two cases of random
fatigue tests, either in fatigue at low frequencies or with freouencies within the acoustic range.

2. NEEDS OF THE DESIGNER

In a previous survey!, we have attempted to show that for technical reasons and due to fundamental and
physical causes, it is difficult to assess fatigue life of an aircraft structure sufficiently accurately through elasticity
analysis and allowable stress design values related to the particular material. Useful analyses consist only of com-
parative or interpolative computations based on fatigue test results of structures, assemblies or components.
However, even within this restrictcd field, the computation size is often a heavy burden in practice. Various
analytical methods of increasing complexity have been proposed. In order to assess their practical usefulness, two
kinds ol distinction have to be made:

(i) Firstly, certain methods quickly yield a rough classification of assemhlies: they may supply a provisional
assessment at the preliminary design stage, at the expense of costly previous analyses on a large number
of fatigue test results on actual and similar structures, or assemblics made from the sime material through
the same manufacturing processes. On the contrary, other more analytical methods imply computations
that arc tailored for each particular case but can be used only when derailed drawings are availahle.
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(ii) Secondly, the selected method and its degree of accuracy must correspond to the particular needs of the
designer.

At the preliminary design siage, assembly modes and manufacturing processes that entail the minimum of
fatigue problems and a design with geometries that make possible further local reinforcements the incorporatic 1
of which do not imply extended design changes, would be selected. In addition. the structure must be "fail-safe”
against fatigue or other causes of damagc. The fail-safe requirement may lcad to vital attachment being oversize
locally, such that the fatigue problem disappears.

At the prototype design stage, a first comparative analysis should supply a rough classification of the various
assembly areas of the structure according to the following degrees of decreasing fatigue strength:

— certainly sufficicnt,

- doubtful,

— certainly insufficient.
Areas of “certainly insufficient” strength should precipitate immediate design changes. “Doubtful” areas should be
assessed again by means of another mere accurate computation based on previous fatigue tests. In case of a doubt
persisting, development tests on representalive assemblics or partial slructures should be carried out under the
estimated particular loading programme of 1he aircraft.

At the production design stage, an interpretative third analvsis on development test results might take account
of changes in aircraft loading, weights and performances, design and sizing, since the prototype stage. Moreover,
some areas previously classified as sufficiently strong may becomne doubtful, and other development tests should be
carried out and analyzed by means of a previously demonstrated computation method.

Finally, after the fuil-scale fatigue tests, interprelative computations are necessary in ordey to substantiate the
Tatigue evaluation of operational aircraft, taking into account lhe latest design changes and inflight load measurements
performed in actual operations on the *irst operational airplanes.

Designers’ needs may be summurizad as follows:

Interpretative compuiations that enable re-assessnient to be made of the fatigue life of a structure for a new
loading programme significantly different from the lesting programme,

“A priori’ subjective classification of fatigue sirength of structural assembly areas with respect to the fatigue
strength of structures previously known to be sulficient or insufficient. This implies computations that define the
fatigue quality of each struclure tested and the quality needed to withstand the particular loading programme that
corresponds to the aircraft studied and to its foreseen operational use,

Prediction analysis should ti-e intn account detail shapes and sizing. Computations of local stresses near stress
raisers and assessment of the allc vable intensity value of the load spectrum are needed. Empirical coefficients to
use in computations would be obtained by the same computation methods from test results of simple assemblies
representative of stress raisers and ol current design of joints.

3. REPRESENTATIVENESS OF FATIGUE TESTS

representativeness ol the tests. Obviously, the service behuviour can be censidered to be the most representative
test.

(a) Indoor full-scale fatigue tests carried out by the Swiss “Fabrique Federale d’Avions™ at Emmen? are faitly
close to service operation in that the loads applied to wing, tail surfaces, fuselage and landing gears are
contralled by continwous recording which was performed during service operations for a time long enough
for the statistical sampling to be considered as stationary. However, the environment is nnt so representa-
tive from the corrosion point of view. This lype of test can begin only after some time of service opera-
tions, hence its purpose is only a final verification yielding resulsts alter a long time of service operation
has elapsed.

(b) Conventional full-scale jutigue tests carried out indoors or, better still, in the open, are often perfonned
on a flight-by-flight basis with loading prograinmes deduced from general statistical data confirmed hy
sampling mueasurements carried out on the prototype aircraflt or the lirst production aircraft. The loading
programme may be simplified to consist of a reduced number of load levels by means of “egqnivalent”
damage calculation based on fatigue test results of “fairly” representative specimens. [t may alsa he
randomized in replacing the continuous curve ol the cumulative frequencies of occurrence by a stepped
diagram resulting in & discrete number nf level classes of flight and ground loads, the application sequence
of which is randomized. In some cases the fuselage is immersed into a water tank and filled with water,
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Orther tests are carried out with air pressurization, the fuszlage being filled with rigid plastic foam. Out-
door tests are recommended as being more representative from the corrosion poini of view.

() Fullscale fatigue tests of incomplete siructures are carried out in the laboratory, either under a simplified
loading programme from service measurements, or more frequently under constant amplitude loadings
when it is possible to compare several versions of design, materials or manufacturing processes,

(d) Systematic fatigue tests of assembly elements such as sheet joints by means of one or several rivet lines,
lug loaded by a pin, etc., are generally performed under constant amplitude loads for several intensities
in order to plot a mean S~N curve and to appraise the scatter.

(e) Systematic fatigue tests of notched specimens under constant amplitude loads of several intensities and
with several values of the alternating-to-steady component ratio and several geometrical notch factors give
results which are often used as middle term of comparison to assess the fatigue behaviour of structures
under loading programmes ditfering from those under which they were tested.

(f) Research fatigue tests of elementary assembly specimens ur notched specimens appraise the influence of

different loading programme types assuried to be equivalent in damage when based on the Miner-Palmgren
tule.

In order to determine what the representativeness of these types of tests may be, i.e., how realistic they are,
and what degree of confidence to ascribe to them, it must be noted which are the parameters of significance in
the fatigue behaviour and how these parameters are represented in every fatigue test type.

Broadly considering the initiation phase of fatigue cracking, the governing parameters are as follows:

(i) The alternating component of the surface stress which gives rise to alternating plastic shear strains which
modify the cold-worked condition of the surface material and which create clusters of vacancies and pile-
ups of dislocations, as well as surface crevices, from which microcracks originate.

(ii) The maximum value of the tensiie surface stress which plays an important part in the growth of micro-
and macro-cracks.

(iii) The stress gradient in the direction perpendicular to the surface which governs the material depth within
which plastic distortions are significant.

{iv) Intensity, gradient and stability of surface residual stresses which, when they are tensile, decrease the

duration of the fatigue c¢rack initiation phase, whereas they have a delaying effect when they are
compressive.

(v} The geometrical roughness of the surface, and the metallurgical condition of the surface material.

(vi} The beneficial effect of a small enough number of high loads tiiat create favourable residual stresses at
notch roots but do not yet create microcracks when applied.

(vii) The corrosion sensitivity of the material and, in assemblies, the fretting behaviour which can create
surface damage that may seriously shorten the crack initiation phase.

The fatigue crack propagation phase depends on the stress distribution in the crack area and on the changes
in this distribution due to the crack propagation. It also depends on loading sequences through the beneficial
effect of rarely occurring overloads. A coirosive environment may also substantially increase the crack propagation
rate. Crack propagation may be impeded when the load is transferred from the cracked arca into another
assemblied part {fail-safe). 1t may vevertheless give rise to a static fracture. In the casc when the propagation of a
fatigue crack ceases, further crack propagation may take place due to stress corrosion or intergranular corrosion.

Final static fracture occurs with a smaller and less casily detectable crack the ,.ore brittle the material and the
thicker the part. it is worth noting that the material is often more brittle in the short transverse direction.

Preceding features imply that to be representative of service behaviour, every full-scale fatigue test should be
carried out with a structure made from the same materials, having undergone the same treatments, manufacturing
and protection procasses, and the same inspection and maintenance procedures as the operational structure, chis
kind of test is costly and takes too long to complete. lts application is therefore restricted to final fatigue strength
substantiations carried out in accordance with the tests of iypes (b) and (c} previously reviewed.
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However, due to discrepancies between the test loading programme and load statistics from ineasurements
performed during actual service operations, or subsequentty to a change in operational conditions such as freight
weight, aircraft speed, etc., or again af*er an important development of the aircraft without general modification of
the primary structure, a reassessment of the fatigue behaviour may be necessary without the possibility of carrying
out a full-scalz fatigue test. This raises a problein of selectiun between partial fatigue tests of weak areas and of
systiematic tects the results of which will be used in comparative calculations.

All computation methods are based on tests that are performed under conditions more or less representative
of actual service environments. Corrosion had ro influence in the very rare laboratory tests performed i1 a vacuum
or in a neutral atmosphere, e.g., in dry argon. In normal indoor tests, the corrosion effect is generally fairly small,
except during the ¢rack propagation phase in materials susceptible to stress-corrosion, 1n full-scale fatigue tests
performed in the open and in those carried out in water-tanks, the test duration of more than one year achieves
a sufficiently severe simulation of the corrosion environment. Corrosion olien iids a significant but moderate
influence on the test duration, measured in real time, and on the fatigue life which is measured in number of cycles,
flight hours or number of flights.

Another time effect is due to dynaitic resorance of the structure that modifies the stress intensitics and dis-
tributions. A distinction should be made between random loads at low frequencies which excite vibration modes
of the whole structure, and high frequency random loads which excite only local vibration modes of small structure
areas,

In discussing prediction methods, the following cases of random icad=g are to be considered:

— Very low dynamic frequencies for which the structure behaves quasi-statically. The loading spectrum mainly
depends on the aircralt mission,

— Frequencies within the range of fundamental vibr.tions modes of the whole aircraft which excite structural
vibration modes, but for which corrective compu ations can bring the problem back to the case of quasi-
static loading. Loading spectra depend on aircratt missions and dynamical properties on the whole structure.
Stow fatigue test results can he used in the assessment of fatigue life, and the number of flights is the more
logical fatigue life unit.

— Acoustic trequencies excite locally small structural elements. Stress spectra depend on excitations and local
dynamical properties of the structure. They are very different from those applied 1o the whole structure,
Numbers of cycles 1o consider are generally very large compared with those of loadings that concern the
whoie structure,

4. PREDICTION AND ANALYSIS METHODS FOR CONSTANT ALPLITUDE LOADINGS

Computation metaods which use Tatigue test results of notul.ed specimens disregard possible damage by
fretting Jue to relative micro-displacements au tuy contact surfaces of assembled materials.

Computation methods based on tests of assemblies are also que f,0nable Jue to the fact that materials,
although nominally defined, may differ from thosc used in the structure. For example, diffcrences may be associa-
ted witl, i:eat treatment, grain texture, surface condition and corrosion protection.

Computations should. therzfore, intvoduce empirical coefficients resulting from laboraiory tests on representa-
tive assemblics, which “hould then be modified after outdoor full-scale fatigue tests and possibly reviewed in the
light of service behaviour.

The earlier method of fatigue life assessmeni of a notched component was hased, for comparison, or the
higher surface fatigue stress in the noteh, so that the favourable cifect of the strcss gracient in depth was disregarded.
This methcd is very conservative if the data used are from axial {atigue tests on smooth specimens: it is simple and
may be uscd to check whether or not the fatigue strength can definitely be cornsidered sufficient, However, fatigue
strength iy he overestimated when using rotating bending results of small-diameter smooth specimens. This
method fails in the case ol fretting or of superimpositicn of undefined stress raisers.

An improvement of this method was made by taking stress gradients into account and by using fatigue test
results of a set of notched specimens with several notch factor values. This permitted curves 1o he drawn showing
fatigue life as a function of alternating and steady components of the higher surface stress for several values of the
relative stress gradient, (1/0)@0/3n | in the direction perpendicular to the surfacel*,

In 1959, Hayes® rroposed to use fatigue test results of notched specimens with several values of the Ky
notch factor in order to define hy interpolation an “equivolent noteh factor”™ from one fatigu= test of the studied
component. Then, the interpolation of curves from test results on notched specimens using this equivalent notch
factor enables gn assessment (0 he made of thc componcnt fatigue behaviour under any loadine programme.
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In 1962, an improve nent by Deneff* was based on the approximate correlation derived for ITat specimens
between the nominal fatigue stress of a notched specimen and that of smooth specimens. This correlation was
found to be independent of the alternating-to-steady stress ratio and to encompass a large range of number of
cycles, but was not valid for round specimens. The correlation varies with each notch factor, K , but the fatigue
notch factor, Kg , varies with Kp and the notch radius, r, according to an empirical relation:

Ke/Kp = fin).

From this, Deneff derived an interpolation method to obtain the diagrams,

N = (o, 0,),

vorresponding to fixed values of Kt and r. He applied its method to fatigue strength computation on sheet
assemblies where, for the stiesses at edges of holes, a distinction was made between stresses resulting from the loval
load transferied by each fastener and those by-passing the fasteners.

To -ompute local stresses in a multi-riveted statically-redundant assembly, each assembly sheet was idealized
by a system of rectangular meshes according 10 network lines, the nodes of which were at hole centres. These
network lires were assumed to be axially loaded hars transferring shear loads to rectangular sheet elements.
Deformaticns due to bearing stresses in holes and to rivet bending were disregarded. Computation, restricted to the
elastic range, yielded nominal stresses applied near cach hole and locat loads transferred by each rivet.  Allowable
values of these loads and stresses were drawn from fatigue tests on elementary ¢lements.

In 1969. a first attempt was made by Jarfall® to take account of the vending of rivets and hole bearing defoe-
mations which vary with sheet thickness, fastener diameter, and with the material. F.: used elasticity methods of
assembly analysis previously investigated from 1944 to 1947 by Vogt®, Manford ef . 7, and Rosenfeld®. 1In this
field it iv worth noting a recent paper by Harris et al.? that recognizes the possibilities afforded by modern digital
computers.

In order to taks into consideration the plastic behaviour under fatigue stressing, i.e., changes in stress-strain
cycles, creation or relaxation of residual stresses, surface condition in holes, axial tightening and diametral
interference or clearance of fasteners, Jarfall introduced two empincal coefficients to be determined in partial
fatigue tests. Using these coefficients, he called the “'Stress Severity Factor - SSF" the ratio ol the higher local
stress at a hole edge to a reference stress chosen to be the nominal stress near the hole assuming the hole was
reduced to a zero diameter.

To determine empirical coefficients, it was postulated that, for a fixed fatigue life of N cycles, the fatigue
failure of different elements would occur for the same value of the higher local stress, i.c., for the same value of
the product of the nominal stress to failure after N cycles and the S8F-factor. Hence, this tactor has some
sinnlarity with the fatigue notch factor Kg . 1t is valid only within a ¢ tain range of number of cycles which
would have to be determined by experienice. 1t might still be called “Fatigue notch factor equivalent to the
assembly detail” and desigrated Kp . Three specimens are needed to obtain two ratios each of witich supply one
coefficient. Jarfall used flat sheet specimens containing a circular hole with three loading modes: axially loaded
specimens with free hiole or hole filled by a fastener, and specimens fixed at one end and loaded at the hole by
meansg of a pin. Then, in fatigue tests of assemblies, local values of the Seress 3everity Factor were determined for
each incipient crack. Knowing the SSF of various areas of an assembly, it is possible to compute its fatigue life
under any loading programme and then, knowing its service behaviour, to define allowable valves of the SSF for

each particular cluss of design and of operational cervics,

Crichlow and his collaboratots' have propused the so-called "Fatigue Quality Index™ method that comprehen-
sively characterizes the fatigue tehaviour of an assembly and implicitly takes account of details and materials. The
fatigue quality index is the geometrical notch factor chosen from amongst, or interpoled from, thuse of a set of
simple notched specimens, made fiom a reference naterial that has yielded N = f(¢,, oy, . Kt)-curves , in order to
have same fatigue life as the tested component for the same values of the nominal fatigue stresses, ¢, and o, ,
near the notch or the assembly junction. If the component is tested under a loading programme, fatigue durations
of reference spec'mens are computed znd plotted against ti.e loading programme intensity, and, through the point
representing the component fatigue test, one interpolation is made to define the Ky-value of the notch factor
equivalent to the component. Since the material of the tested ~omponent may differ from that of the reference
specimens, ¢ se no longer speaks of equivalent Kp but only of Fatigue Quality Index K . As in Jarfall’s tests,
structure tests are carried out considering all intermediate durations until cracks appear, the repair of which allow
he fatigue test to continue and more useful results fur further prediction purposes to be ohtained. This is supported
by the fact that in the absence of a “Tailsafe’”” design, the duration for a crack to be detectahle is in practice often
close to the total fatigue life 15 failure. For aluminium alloys, 2024-T3 aluminium alloy sheet material is used as
the reference.

All previously mentioned prediction methods are fundamentally comparative, comparisons being made through
parameters the knowledge of which enables prediction to he made of the fatigue behaviour of another structure or
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of an element assumed to be similar to the local area under investigation. In the different cusss, attempts are
made 1o describe design and loading conditions of more or iess complex structural desails in order to bring évery ;
problem back to one which has been previously tested. However, because manufacturing processes and metallurgical
conditions are playing an impoitant part, it may be expected that the prediction accurdcy will be limited by the
difficulty io exactly describe all significant conditions. At the very best, 1t may be hoped that quite good predic-

tion will be possible .from a first full-scale fatigue test on the structure teing studied when the evaulation aim wﬂl
be only to appraise the effect o slight changes in sizing and loading on the fatigue life.

The compatisons can be defined along the following lines:
1

1. Loading types and their intensities

3

Loading may be of three types, namely; constant amplitude, programmed, or random. Intensities cf each of
them may be measured respectively, as amplitude, higher load and load distribution, and quadralic mean load.

2. Reference structures

They may be as follows:
|

(a) Another structure of same detail design, materials and manufacturing procusses.

{b) Structural assembly detai's having same features.

1 .
{c) Notched specimens of same relative stress gradient, material and manufacturing processes.

(d) Smooth specimens made Irom the same material,
1

The following comparison parametcrs may be used:

(i) The “Equivalent notch factor — K1 ™, the “Stress Severity Factor — SSF" and the "Fatlguc Quality
Index ~ K " are used with refzrence structures of the types (a) and (b) ,
i
(i) Nominal design stresses around stress raisers are to be used in connection w1th tests on reference represen-
tative details,

(i) Surface stresses and their relative stress gradients in depth direction.
; } i,
(iv) Surface stresses alone.

Table | shows a simplified description of prediction metheds.

A valuable extension of these studies would be the, establishment of prediction means, consisting of banks of
data on fatigue strengths of conventional structures and elements, and suitable as imput data for digital computers
for strength or optimization analyzes, All items of these data would be provided by accurate analyzes of test results
on full-scale structures, partiai structures; and comporerits and assemblies representative of various designs under
constant amplitude loadings. The cases of fatigue life prediction under random loading would be treated by means
of the Miner-Palmgren rule,

5. DAMAGE EV*LUATION OF FATIGUE LOADINGS ON STRUCTURES BY SIMPLIFIED
REPRESENTATION OF THE RANDONM LOAD SPECTRUM

In most full-scale fatigue tests of uircrait structures, the applied load system is simplified with respect to
random service loads. The first problem to deal with consists of defining a test load systera that is equivalent to
service loads with regard to fatigue damage. Figure | which concerns the full-scaie fatigue test of the “Caravelle”
structure, schematizes the general course of computations from gust velocity statistics and one estimate of ground
loads to define the load programme to be applied during a test gycle which represents one mean type flight.
Figure 1(a) shows gust velocity statistics by sections of altitude, drawn from acceleration recording on an aircraft
of comparable type and performances (Comet 1) during a world-round trip. Figure 1(b) illustrates thz estimated
type flight of the Caravelle with values of airspeed, aftitude and aircraft weight thut are varying during the flight.
For each flight section, constant values are assumed, and partial statistics of acceleration increments, &n , at the
gravity centre are determined. They are corrected to give the same loads -when applied to the reference take-off
weight. Figure 1(c) shows the sum of these partial statistics as one curve of cumulative frequency in 10* flights to
reach or exceed An-values . Then, it is assumed that the wing structure, in the areas of high stresses, has the
same fatigue properties as the notched specimens, the constant amplitude fatigue properties of which are represented
in Figure 1{d}. in this particular case, these stresses-depended on the acceleration increment' An as 1ollows:

S = &1 % &14n daN/mm?
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The load spectrum of the Figure 1(c) was decomposed into a series of constant amplitude fatigue loads,

8; = 8.1 £ §;; . cach of them being applied for N; cvcles and producing a partial damage N;/Ng; . Ng; is the
number of cycles to failure under the load §,; . tuken from the Figure 1{d). Numerical data and computation
results are reported n Table 11

Partial damage due to ground loads during landing and taxiing, as well as that due to ground-air-ground transi-
tion from the lowest negative stress to the highest positive stress can be computed Irom appropriate load statistics.
In the case of the Caravelle, at the beginning of the full-scale fatigue test, the total computed damage was 0.54
tor 10* flights. The test was carried out for 100,000 cycles without noticeable actual damage. This first test
phase was fcilowed by a last phase under a simplified load programme of 215 higher load level for 3,000 cycles
corresponding to 4400 flights. It was shown that the test “*damage™ was lower than 0.1 for 10* cycles and that a
lite of 20,000 Nights was substantiated with a scatter factor of 5.

In addition 1o the fact that the structure undar invesligation may have a better fatigue strength that the
reference notched specimen (here, Ky = 4 ), the discrepancy between damage prediction and full-scale test results
is partially explained by the beneficial effect of the supplementary “fail-safe’ cycles in which the higher load corres-
ponds to an occurrence frequency of about ten times in 10,000 flights, i.e., to a load defined by n = 2.56 and a
corresponding maximum stress level of 20.8 daN/mm? , whereas the maximum stress levels in the other test cycles
were of 12 daN/mm? in normal cycles applied up to 20,000 cycles, and of 16.2 daN/mm? up to test completion.

In fuct, computation had only been used to replace the loads of the average flight in the Figure I{e) by the
“equivalent™ tesl loads of the Figure 1(f), in which the load reached or exceeded on average one time per flight
had been kept. In actual service, up to 15.000 flights, the fatigue damages were negligible. Detected damage which
did not affect the fight safety was due to unpredicted taxiing loads but such damage councerned only the wing rib
at the main landing gear at:achment.

This general course of fatigue computation has been retained in France for the Falcon 20 and the Nord 262
civil aircraft, as well as for the military transport aircraft Transall C-160, designed and manufactured in a French-
German co-operation. The statistics used for gust loads were those of the RAS Data Sheets. In the case of the
Transall aircraft, measurements in flight at low altitude have vielded load statistics used in the interpretation of
fatigue test resulis.

Several causes ol error exist in this kind of computation:

(1} Certain load statistics are unknown at the time of test. This was the case for the asymmetrical loads on
tail surfaces of the Caravelle type which used thrust reversal after touch-down. In the 707 Boeing aircraft
operations, taxiing afforded unpredicted repeated tension stresses in the upper wing skin,

(it} Fatigue test daia from notched specimens or from structures of old design and of war-time manufacture
represent badly the properties of the structure under investigation. To cope with this difficulty, some
fatigue tests on assembly elemenls representative of the structure may be carried out under a standardized
load spectrum.

(iii} The benel'cial effect of design limit loads that conld be encountered very clearly in service, or their
detriniental eftect when applied after a crack initiation, are not represented in tests. The beneficial
effect due to a premature application of high loads must be avoided, whereas the detrimental effect
would shorten the fatigue life only slightly, due to the exponential course of the crack propagation in

oo
idigue.

(iv) The principle on using an avcrage fligii loading is questionable since a number of flights are carried out
without ncliceable gust loading and also because gust loads concentrated during few flights are less
damaging due to the lowering by application of the first high gust of residual tensile stresses created by
taxiing loads. When the loading spectrum includ2s compressive stresses, the damage under a service
Toading may be less severe than under an average loading programme, as far as the statistics of turbulent
and quicl flights are concerned.

As long as The final true foad specirum differs but little from the spectrum used in the structural fatigue test,
corrective computations may he made for the areas damaged hy the applicd loads or, in default of damage, in
conservatively assuming damage beginning just at the conclusion cf the test.

When the trme load spectrum is unknown, comparative cxperimental investigation of several designs or mani-
tactuning processes may be carried out, or the fatigue strength of a particular structure may be appraised, under a
standatdized approximate spectrum. In development tests hased on a standardized shape of a spectrum of cumula-
tive frequencies of level crossings, a distinction should he made hetween aircraft components loaded similarly to 2
wing. i.e.. under a loading programme having two mean load vaw'~s, and ~omponents with a loading programme
having only one mean load value,
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For the first loading case, typical of wings, D.Schiitz'? has propesed the standardized load spectrum shape
shown in the Figure 2, It coiresponds to a mean load spectrum drawn through flight measurements carried out on
DC -9, Boeing 737, BAC-~111 and Transall aircraft. Flight loads measured on the Air-France's Caravelles are
plotted at the lower limit of the scatter band. 1t must be pointed out that these loads are deduced I'rom vartical
acceleration measurements at the gravity centre by means of a count method in which level crossings are counted
only one time between two crossings of the zero acceleration. This method neglects a certain percentage of low
level loads but the number of positive maximums is close to that of zero crossings with positive slope. The mean
curve ol level crossings in flight is quite well represented by a gaussian-logarithmic distribution of the ratio of the
alterncting load to the mean load, S,/Sy, , of total number of cycles Hy = 2 x 107 , passing throuzh the points
P=05, 8,/8, =0085 and P =5x10"7, S,/S,, = 1.6 {sec the B-straight line in Figure 4).

Figure 3 shows the level crossing spectrum of vertical accelerations measured at the gravily centres of ten
Caravelles of Air-France during 47,000 flights and plotted for 20,000 flights. Positive accelerations, An, , are more
severe than the negative accelerations, An, . that may be due to different pilot responses in presence of severe
gusts, and to the asymmetry of manoeuvres. This fact corresponds to a varying mean load. Figure 3 shows the
alternating overloads An around the mean load, as well as the quantity | + S,/ , where S, is proportional to
An and S, is proportional to (An, - 4n,)f2. S, and S, are not true stresses since the siress spectrum is
nct exactly proportional to the spectrum of load factors at the gravity centre of the aircrart. The statistic of levej
crossings of S,/S;, values are represented by a straight line ‘A’ in Figure 4 in assuming for the positive values a
total number of levei crossings, H, = 2 x 10 | in order to compute the occurrence frequencies. The abscissae
scale is the normal Gaussian distribution of probability P(x > 4) such that log ,{x = §,/S;) be higher than a
fixed value log,a. With Hy=2x10%, H= 10° corresponds to the frequency 0.5. This straight line is
easily proionged, thus permitting an appraisal of the high and very rare overload values as well as frequencies of
loads lower than the measurement threshold.

To evaluate the fatigue damage, the load spectrum may be replaced by a stepped diagram or may be broken
down into a sum of component spectra for which fatigue results are available. To illustrate the procedure, the
Caravelle §,/S;, spectrum will be broken down into stepped components of constant amplitude or into Gaussian
components in order to use LBF results of fatigue tests on notclied speciinens in the case of constant amplitude
loads and in the case of load programmes having a Gaussian distribution of level crossings.

Figure 7 shows $, — N curves for a mean stress S, = 8.1 daN/mm? , from Mustang wing tests of 2024-T3
aluminium alloy, and LBF fatigue tests on notched specimens (Kt = 3.1, r= 2mm}"* made from German
3.1354.5 aluminium ulloy. Lockheed results of fatigue tests'* on notched specimens (K1 =4, r= 2,5mm)
madz from 7075-T6 aluminium alloy are quite comparable to the Mustang results. With the Caravelle spectrum
replaced by a 17-level stepped spectrum, between H = 10 and H = 10® , damage computations yield

En/Ng; 0.224 from Mustang curves, and

0.207 from LBF S—N curves for Ky = 3.1,

Figure 5 illusirates the break-down of the Caravelle spectrum into two Ganssian components, each of them
defined by the maximum value, S'a/Sm . and by their sizes, namely 10® for the l-component of maximum level
8,/Sm = 0.9, and 1.45x 10* for the li-component of maximum level 1.3. The l-component is tangential to the
overall spectrum, while the 1l-component passes through the point P, on the I-component at the distance log,,2
from the overall spectrum. To complete, one stepped rectangular 1M-component of constant fevel amplitude, 1,34,
and of size 10, is used: it passes through the point P, of the ll-component at the distance log,,2 from the

T,

In development fatigue tests 01 ,»+tor-vehicle components that are loaded by the dynamic response to road
irregularities, Gassner and W.Schiitz'' have used their standardized LBF programme consisting in eight constant
amplitude load steps, the levels of which are interpolated from the binomial diseribution €' with
J=0,1,2 ..., 10. The level of each load step is measured by the ratio of its alternating’load, S, . to the highest
load valuc of the programme, 3, ; the mean load, S, , the same for all steps. is defined by the ratio
R = (5, — 5,048, +§,). Occurrence frequencies of loads are:

S,15, = 1 095 (085 0725 C.575 0425 0.275 G.125
AN, = 2 16 280 2720 20000 92000 280,000 605,000,

with H, = Z4&N; = 1.000,610 = 10%, and a RMS stress of the S -amplitudes . S, , such that (S,)* = 0.055(5,)
For the instantancous sinc-shaped stress $ | the quadratic mean would he o = (S,)?/2 . This standardized LBF-
distrihution is very close to the binomial distribution C?' which corresponds to H, = 1,048,576 and to

(S, = 0.05357(5;»* or §, = 22318, . Itis nearly equivalent to the gaussian distribution of highest level
1.06S, and of size 10* which is represented hy a straight line in a Péx # a) - §,/$, diagram: the straight line
passes through the points S; =0, P=05 or H=10% and S, =8,. P=210" or H=4 . The RMS
of this distrihution is S, = 0.230%, .
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With this Gaussiun distribution of programmed loads defined by the highest Joad, S, , LBF's fatigue tests on
notched specimens (Kp = 3.1) are plotted in Figure 8 and may bu represented by straight lines

lbg Np = a—klog§5, .,

where Ng is the total number of cycles of all 1oad levels to falure, and R = (5, — 5)/(5,, +5,) is the fatigue
ratio tor the highest loads. In cuse ol a same S, -value for every programme loading of various S, -values , an

interpolation has been performed by plotting dotted straight lines through exact points located on R-curves . With
these test results, the break-down of alternating Night loads of the Caravelle spectrum that is illustrated in Figure 6

vields the following “'damage” valnes:

l-componunt:
§, =09x81="73daN/mm?, H=10*, Ng = 8x10%, d; = H/Ng = 0.125;

-compcnent:

§,= 1.3x81=105daN/mm?, M= 1.45x10*.
For a size of 10%, the fatigue would be of N‘p = 1.7x 10% ; the B-curve corresponds to an cccurrence frequency
of §, equal 10 1.45 % 107, ie., from Gassner and Schiitz', to a conversion factor 0.22 such as N becomes
0.22x 1.7x 10%= 3.75 % 10% . The damage of the 1l-component would be dy = 0.0385 ;

111-component:
Sa = 1.3 x %1 = 10.85daN/mm? | Ny = 4x10°, and djg = 0.00025 .

The total computed damage would be D = 0,1637,

Taking into account the gaussian-logarithmic distribution of the Caravelle’s flight alternating loads, it would
have been preferable to compute the Jdamage value from LBFs fatigue tests of notched specimens undes this kind of
loading programme. This has not heen possible in the ahsence of an exact knowledge of the LBF log-normal distri-

bution,

Cousider now the Figure 6 where the distribution of flight alternating loads approximate closely to a straight
line component of cumulative occurrence frequencies equal to 2.5 times those of th2 straight line defined by the
roints 5, = 0. H,=10% . and §,/S, = 1, H = 1. Most of the load spectra of civil and military transport
aircraft have a shape which lends itself to a simple approximation hy an exponential function represented by a
straight line in a diagram S — log H. Therefore, that is this kind of spectrum shape that should be the basis for
programm:d or random fatigue tests aimed to the design of transport sircraft structures.

On the contrary. Yor fighter aircraft, (light load spectra are better approached by analysis into Gaussian compo-
nenls. or Rayleigh components such as

H = Hye (5455,

where Hg s the total number of zero crossings with positive slope, and- 5, = o4/2 is the RMS of the initial
gaussian process when the number of positive maxima equals H,. The Rayleigh distribution is represented oy a

straight line in the diagram (S,)* —log H .

Figure 9 illustrates the approximation of the flight load spectrum of the Mirage 111 RS aircraft measured in
Swiss operations'®, hy means of only one Rayleigh distribution for positive and negative accelerations. The
approximation hy a Gaussian distribution is less exact.

Figure 10 and Table 111 give the shapes and ordinates of the four types of loading spectra previously
mentioned. The semi-logarithmic distribution is more suitable for an ¢asy approximaztion of flight loadings in the
cast of transport airplanes, due to the possibilities afforded by its variahle slope which permit 3 precise adjustment
in the range from medium level to low level loads. The Gaussian distribution of logarithms of load levels (log-
normal} might seem betler appropriate if it was not often difficult and sometimes not possible to make its adjust-
ment to certain measured Yoading spectra. The adjustment criteria is that in all points, the approximation curve
have a less concavity than the investigated spectrum.

In the case of fighter aireraft, the Rayleigh and the Gaussian distrihutions may he convenient.  However, it is
more casy to adjust Rayleigh straight line {in a diagram (load)* -- log,,Hi .

However, aircralt flight loads always include the transition at cach flight of the micun load from the flight
condition to the lower value, negative for the wing, during the taxiing at low speed  The ¢ffect of this transition
is more to he ascrihed to a change in residual stresses than to its dierct fatigue dimage. The last load just applied
hetore a stress change in sign has a predeminant effect on the damage alforded hy the Following loads (se¢
Schipve®®). This ¢ffect may aggravate the inflnence ol ground loads which produce tensile stresses in the wing
upper skin, as is the case of certain transport airplances having a particularly flextbic wing. Figure 11 illustrates the
inversion in sign of the loads of upper and lower skins of a wing. In wing upper skins, repeated compressive
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stresses due to flight loads tend to create tensile residual stresses at the stress raisers and reinforce the da.naging
effect of repeated tensile stresszs due to ground loads,

In order to take account of ground-air-ground transition, we have proposed!” to break-down the diagram ol
loads during one flight into one fundamental component defined by the highest and the lowest loads applied during
the flight, and complementary alternating toads. That attributes to the ground-air-ground transition an importance
comparable to the actual importance. To onr knowledge no other method supported by comparative and statisti-
cally significant tests is available to r: slace this rough mode of assessment.

In full-scale fatigue tests, the following procedures to represent the ground-air-ground transition have been
considered.

— Tests of Swiss type?, contsolled by tapes of statistical measurements recorded in actual operations. This
method implies that fatigue test results enable, at the very most, late changes to be made in manufactured
aircraft and in a number of components under manufacture.

— Tests under random loading with random times for the passage from the flight to the ground conditions.
In this case, loads may be generated either by one or several Gaussian processes, or by a program where the
sequences of application of individual loads will have been determined randomly.

— Tests under random loads. on a flight-by-flight basis, the overall spectrum being broken down into partial
spactra for each flight, the severity of which being distributed according to the extreme values of the loads,
or. a flight-by-flight basis. In the case of the military aircraft, Transall, Figure 12 illust:iis this possibility.
Straight lines correspond to a Gaussian distribution between the flights of the logarithms of additional wing
bending momcnts reached or exceeded n times per flight. This result, similar to that obtained by
Buxhaum'®'® from other flights and other measurerents on the same aircraft, shows that the individual
flight spectra are distributed as the extreme values. This kind of result only concerns gust loads: it would
be useful to know if other aircraft behave similarly.

6. FATIGUE TEST ACCELERATION OR INTERPRETATION OF TEST RESULTS IN
CASE OF CHANGES IN SERVICE LOAD LEVELS

In the statical strength of aircraft structures, possible service cverloading with respect to design loads and the
possible weakness of a particular structural component are palliated by a safety factor arbitrarily taken to be cquai
to 1.5, In the realm of the fatigue strength of these structures, safety is ensured by a life scatter facter quite
variable, according to technical circumstances, the Authority and the Country, In France, a value of 5 has been
proposed; it is lessened to 3 for secondary structure and for vital components the fail-safe of which has been
proved?® tts minimum vahie is 2.

In helicopter components, the very large number of load cycies to consider in service put an obstacle to
laboratory tests under the low stresses corresponding to actual number of cycles. Whereas, one should consider
service loads applied in the number of cycles range from 10®* to 109, fatigue tests are carried vut with higher load
levels in the rangz of 10% cycles. Test results are extrapolated to a very large number of cycles in order to obtain
the so-called endurance limit, S., . To comgare this fatigue limnit strength to applied loads, loads are multiplied
by a safety factor the order of magnitude of which may reach 3.

In general, life scatter is fairly constant in ratio along the steeper sloped sections of S-N curves and is
rapidly increasing toward the larger nimber of cycles. Gassmann's tests?! in axial tension-compression of smooth
hour-glass shaped specimens made from a low a2lloy Cr-Ni-Mo steel in which the static strength was measured by
means of tensile specimens taken from the fatigue specimens in the vicinity of the end fittings, have proved that
the main part of the fatigue scatter may he ascribed to the scatter in tensile properties, and that the corrected
SN curve was a straight line in a diagram log 8 — log N , from N =10 to N = [0°, The, for N » 10°,
the straight line was lower than test results indicated. For aluminium alloys which have no well-defined endurance
lmit, it is probable that the straight line would pass through results up to a larger number of cycles. It might be
accepted that the scatter in tatigue strength is proportional to that of the static strength, and that it may be better
evaluated by means of a regression straight line, except in case of initial damage by fretting.

When a fatigue test has been performed with the loading foreseen for the production aircraft at the time of
the prototype manufacture, it frequently happens that the actnal loading cf production aircraft and, a fortiori, thosc
corresponding to later type developments, are more severe, That imples a need to carry out interpretative analyses
by which existent fatigue tife margins are transformed into load margins. If life margin is not available, a reinforce-
ment will be substantiated by transforming a lowering of local design stresses into a toad margin. In order to be
better placed for later interpretation of fatigue test results, and to obtain results more carly, it is proposed to
reduce the supplementary test duration corresponding to the scatter factor by incrcasing the general load level.
according to this apparent reduction of the scatter factor. This first test phase would j.ermit substantiation of the
service operations of the first aircraft, and the test would be possibly resnmed to substantiate an actual increase in
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operational loads. In the initial phase, inspections should he more frequen!, due to the fact that crack occurrence
should be detected for smaller crack lengths (divided by the squared factor of load increase). In the following, we
make an attempt to evaluate the test duration reduction which would correspond to an increase of 10% in load
level,

From fatigue tests perlormed in Australia on Mustang wings'?, it has been propesed that the results could be
considered to be similar to those obtained by the NACA on notchad specimens made from 2024-T3 aluminium
alloy sheet with a notcl: factor of 4. This kind of comparison is questionabl: for the following reasons.

(2) The local fatigue behaviour depends, not only on the stress concentration fac.ur, but also on the stress
gradient in the depth direction, particularly in the case of high load: and low fatigue cycles.

(b} In the case of a complex structure, the ratio between the higher stress and the nominal stress is the
product of the local stress concentration factor and of the load concentration factor, which is the ratio
between the local load and the mean load in the considered area. 1t stands to reason that the stress
gradient corresponding to the local stress concentration should be assiciated to the overall stress concen-
tration ir the prediction of the local fatigue behaviour of the structwe.

{c) In actual structures, fretting damage plays a mo:z important part in dicreasing the fatigue life in the
range of large number of cycles and low stresses, it is absent in tests o1 notched specimens.

Local shapes of S-N curves may be characterized by their slopes in logaritl'mic coordinates:

_ '_alogN
dlogs

This slope vari¢s along the S-N curve; this is likely to be due 1o the scatter > the material properties as it
was the case in the Gassmann’s tests. Hence, in tests of assemblies using at the very most two or threce specinens
per load level, the plotted S-N curve wili be questionable, and its slope will be still more questionable. For
example, Figure 13 shows fatigue test results from Mordfin and Halsev??, on box-bcams made from 7075-T6
aluminium alloy. From 10? to 8 x 10* cycles, with R positive but low, k shows the successive rough values
4.8 -- 2.25 and 4.8, of mean value 3.9. Using other test results of the same specim:ns, a mean straight line of
slope k = 4.5 may be plotted, thus showing that the erratic slope variation was die to scatter.

A short suivey of published results yizlds the following valies of k .

1. Notched specimens

In tests under constant amplitude of the alternating stress, the mean stress increases the slope of the
log S; —log N curve. Round notched specimens made from A—U2GN aluminium alloy thick sheet and tested at
the “Etablissument Aéronautique de Toulouse™, yizlded:

Kt

1.7, relative stress gradient g = -é-as;az ==1, §, = 0. k = 48

Ky

1

33, g = —57mm™', §, =0 10.5 2. daN/mm?
k 49 36 i1

1

These vaiues concern the range from 10* to 10* cycles.

In the sam:® range of number of cycles, tests of LBF (Report 1079) on flat notched specimens made from the
German 3,1354.5 aizminium alloy give:

Kr =31 and g = —Imm™!: S,
k

0 4.7 9 i5.15 daN/mm?
33 2.8 24 2.3

With the same specim.(_tns and the same alloy, test results plotted in Figure 8 correspond to: S, =0, k=16
Sm = 8daN/mm?, k= 4.8, It isseen that k 15 somewhat higher in case of tests under a load spectrum,

2. Riveted or bolted assemblies

Among numerous tests, we will guote some o them on small assemblics made from 2024-T3 aluminium
alloy sheet. From 10* to 10® cycles, test by Schiitz (LBF Report F-47) for <ountersunk rivets yiclded:

3 for constant amplitude loading, and

5.6 for programmed loading spectrum.




In EAT's tests (Report 8388/MY), k = 4 was obtained for countersunk rivets, whereas k = 7 for round head
rivets.

In NLR’s tests (TN M.2104), with round head rivets: k = 4 for heat treated sheet with S;, = 19.4 daN/mm?
and k = 2.1 for cold-worked shest having S, , = 25 daN{mm? .

it is obvious that the fretting plays a part varying in tle different cases, and that this entails a large range of
variation of k, Moreover, a part oi the varjation is due to the scatter and to the small number of specimens tested
at each load level.

3. Structures

Under constant amplitude Joads, Mustang wings'? yield between 10% and 3 x 10% cycles: Fpijn = R=0,
k=5, Fu=0. R=—1, k=6.

Other results are:
— NACA TN 4137, 2024 aluminium alloy box-beams: k = 3.7,

— NACA TN D-547, guoting NACA TN 4132, C-46 wings under constant amplitude toads, between 10* and
and 10% cycles: k = 3,95,

— Tests by Mordfin and Halsey on 7075-T6 aluminium alloy box-beams: k = 3.45 as shown in Figure 13.
Tests by Rosenfeld (ASTM STP 338) yield k = 4.,

In general, k is quite variable but probably higher than 3 for constant amplitude tests, 4 for programmed
tests with zero mean load, and 5 for programmed tests with noticeable mean load.

On condition that a sufficient numher of specimens are available for each loading level, the analyzes of tests
on various assembly typ2s would permit a better answer to be obtcined to the problem. Conservatively, we are
assurning that an increase of 10% in load level, in a pregrammed fatigue test, would correspond to a reduction of
33% in duration.

7. TESTS UNDER RANDOM LOADINGS

The quite recent development of fatigue tests of notched specimchs under random loads is first the consequence
of practical possibitities afforded by the test devices electronically controlled using imput signals from analogue
devices, or from a compute:, such as those used by Swanson®? and by lelcon and McCulloch?® !5,

Secondly, the prediction of the dynamical response of aircraft in continuous turbulence and to ground
irregularities through the power spectral density method give results that are expressed as a sum of Rayleigh distri-
butions weighted by the RMS of each distribution. Melcon and McCulloch have investigated the fatigue life of flat
notched specimens (Kt =4, g =--08mm™' and Ky =7, g=—3.2mm™") made from 7075--T6 aluminium
alloy under random or programmed (low-high loads} loading spectra obtained by cuperimposing elementary spectra.
The resulting programme was applied about 10 times. The loadings had the same distribution in cumulative
frequency of occurrcnce in the two test types, random or under programme. These spectra were representative for
loadings of fighter aircraft. The discrepancies of results between random or programmed loadings s2em ascribable
only to the count method applied to the random signal, which distegarded numerous low amplitude variations o
the load between iwo successive zero crossings,

This difference has heen avoided in tests by T2coby™®, in which random or programmed loads were digitally
defined by a computer controlling thw sequence of their application. Specimens made from 2024-T3 aluminium
alloy were of the iype with centre notch (K1 = 3.1, g = —1.82mm '), The loading spectra used were based
on Thight and ground loads of a transport airplane, The considered sequences were:

(a) Randcm sequence of maxima and minima, the only condition being that a maximum follows a minimum:

(b) Random sequence of alternating !oads around mean loads in flight and on the ground, with random
transition from the fligh! condition to the ground condition;

(c) Flight-by-flight programme with high-low-high sequence of flight loads;
(d} Flight-by-flight programm e with low-high-low sequenze of flight loads.
Relative durations were:

Sequences a b c d
L-fe durations 1 0.9 0.8 1.6,

At Dy
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We believe that althaugh service joads are not truly altemating and that they often result from multi-modal
response giving rise to beating, their representation by alternating loads is likely to represent sufficiently closely
actual behaviour when the lower resonance frequencies of the structure are fairly distinct. When the flight
altcrnating load spectrum is known and in the case where the distribution of extreme values per flight is unknown,
tne ;nost simple test mode consists of creating flight and ground alternating sequences, and to determine randomly
the times of the ground-air-ground transition.

If the overall loading spectrum and the extreme value distribution by flight are both known, it will be possible
to use random sequences of programmed loads by flight, their intensities being distributed between the flights as
extreme values,

The knowledge of the load spectrum computed by means of the power spectral density method as a super-
imposition of several Rayleigh distributions (case of gust loads) affords no change in the problem since it does not
prejudge on any distribution between flights and the fatigue test on a flight-by-flight basis is certainly fundamental
beth with programmed and random loadir gs.

Another problem occurring mainly in fatigue tests at acoustical frequencies related to vibrations of structural
sheet panels, is that of the possible definition of a spectrum of cumulative frequency of level crossing by the RMS
of a load or a stress.

If the highest value of the load is fixed, if the spectrum is complete, and if its irregularity coefficient Hq/H,
is known, the RMS, §, , is a comparison term as valuable as another ( H, is the number of zero crossings with
positive slope, while H, is the number of positive maximums). However, S, , often is only known from an
electric measurement on a random signal the maximum values of which are not known. Test results which give
place to a S,-N curve are offen obtained from the generation of the random loads by excziting the structure
vibrations by a white noise having a power spectral density fairly constant between two cut-off frequencies. It
seems difficult to use this kind of result for fatigue life prediction of another different element under an excitation
corresponding to a power spectrum having different cut-off frequencies. From Clevenson and Steiner®®, the
spectrum shape would have little influence on the fatigue life; the used spectra were well defined, that being not
the case in practical problems. Moreover, frettiffg and ground-air-ground transition were not represented. In the
case of aircraft primary structures, the ratios of the highest spectrum loads to the RMS loads vary with the general
shape of spectra, therefore vary with the aircraft type, transport or fighter.

Finally, it must be notcd that two types of root mean squares of a random load are to be considered, namely:

(a) the timc root meun square, o , which depends on the frequency distribution of oscillating loads and that
occurs in computations by the method of the power spectrum, anc

(b) the root mean square, S, , of peak loads.

The relation S = 2o? is only valid when only one gaussian process exists.

8. CONCLUSION ON DESIGNER'S NEEDS RELATIVE TO FATIGUE TEST RISULTS

In the matter of fatigue life prediction, the designer generally lacks reliable data to supplement the laboratory
test results on simple notched specimens — few test results may be available on simpi: " cted or bolted assemblies
under constant amnlitnde 1oad or more farcly. under programmed loading, The best possibility ol prediction still
consists of using comparative damage computations using standard fatigue data of notched specimens to analyze
a fatigue test result on a structure 1n order to predict the fatigue life of another structure o »dome particular design
conception and some manufacturing process. The final result depends on the choice of representative structural
element to be used in prediction and on the designer judgment. which is unfortunate in case of bad prediction.
This state of affairs inay be permanent. Any attempt to progress should be international with regard to the impor-
tance of test facilities and general mcans of use.

A practical effort to standardize fatigue tests of components, assemblies and structures has been made by
Gassner and his collaborators. Their standardized spectrum is well suitable to represent fligitt loads of fighter air-
craft and general ground loads, its use to represent flight loads of transport aircraft is less convenient. In this Jutter
case, the exponential relation

H = Hoe-c(s')l

seems better suited. Hence, it would be possible to perform fatigue development tests hy using only two distribu-
tion types, namely:

— Gaussian or Rayleigh,
- Exponential.
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With each of these distributions, it would be useful to carry out fatigue tests in order to know the influence
of the ground-air-ground transition for each type of technological detail, As first proposed by Gassner, each
distribution would be defined by the value, S, , of the highest foad cf the spectrum, the value, Sp, of the mean
load, and the spectrum size, i.e., the total number of mean level crossings. The ccuvenient sizes would be 10° for
applications to transport aircraft, and 10* for fighter aircraft.

The Gaussian-logarithmic distribution is badly suited to adjustment with actual scectra and would be considered
only if there were reliable data to demonstrate that the same distribution would be usable for a large class of air-
craft. Tuking account of the possible application of the Rayleigh distribution to certain problems of acoustic
fatigue, it would be judicious to consider this distribution as a substitute of the Gaussian distritution. In this case,
the RMS value would be defined by the distribution instead of defining the distribution by tlie measured RMS of

an ¢

lectrical signa!

Acoustic fatigue tests are excluded from the present short survey, however, if fatigue tests at high frequency
concern specimens of stiffness such that the stress distribution depends on the frequency, it would be useful to
standardize these tests by defining the highest load and the shape of the level crussing spectrum.

In returning to the designer's needs, it may be stated that before systematic fatigue test results of assemblies
under standardized loading spectra become available, a nseful fatigue quality classification of assemblies and
structures could be carried out along the line of approach used by Crichlow and his collaborators, or by Jarfall,

In the present survey, the general framework of the problem is outlined and tentative suggestions are put
forward for discussion, rejection or to be followed-up.
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TABLE ] - FATIGUE PREOICTION METHOOS FOR STRUCTURES
1 SUBMITTED TO LOAOING PROGRAMMES
STUOIED A-| REFERENCE B-
STRUCTURE | STRUCTURE COMPARISON | TyPes oF | EXPERIMENTAL 0ATA
; (LOADING PARAMETERS § CALCULATION [SPECIAL
4 B
S-N NOTCH CURVES
A FULL-SCALE |FULL-SCALE [PROGRAM. EQUIVALENT K |0AMAGE(A,B) | YES |oF THE MATERIAL
: 4 JARFALLS 3SF |[ELASTICITY(A,B)| YES
§ FATIGUE
<N-K, REFER
[ RUALITY INDEX OAMAGE (A B) | YES csmve ENCE
1 i K
3
] PROGRAM. NO ANALYSIS, | yEg NO
; ] ASSEMBLY IE?#ILN ; NO b Sheeeh TES
o i - ON A ANO B,
' TESTS OF 3
OAMAGE OAMAGE (A,B} | YES ’
A (4.8) CONSTANT AMPLITUOE
E LO!‘\DS.
3 CONSTANT| NOMINAL
; AMPLITUDE STRESSEs  |OAMAGE (A.B) | NO
COMPLEX NOTCHEQ [CONSTANT| SURFACE ELASTICITY S-N NOTCH CURVES
NOTCHED  |SPECIMENS |AMPLITUOE| STRESS ANO |PLDTTING OF NO  |AND SIZE EFFECT
COMPONENT c GRAOIENT S4-N-RELATIVE LAW,
GRADIENT
CURVES
K1;NOTCHEO | SMOOTH OR| CONSTANT | SURFACE ELASTICITY S-N CURVES OF
COMPONENT [NOTCHED | AMPLIT. | STRESS OAMAGE NO SMOOTH OR NOTCHED
SPECIMENSd (Ky ¢ Ky, ) SPECIMENS,

TABLE @I - QAMAGE COMPUTATIONS FOR THE CARAVELLE
WING UNOER GUST LJAOS.

U, ft/sec,EAS. | 75 | 10 15 20 25 30 33 40 45
An to Py 0.242 | 0322 | 0483 | 0644 | 0.805 | 0966 | 1.128 | 1.29 | 145
N cumulative 86,600 | 35,174 | 6,610 | 1,584 | 426 188 66 34.5 1
An 0.282 | 0.402 | 0553 | 0724 | 0.865 | 1.046 | 1.207 | 1.37 | 1.53
N; 51,426 28564 | 5,026 | 1,1%8 | 238 122 | 3L5 | 335 1
Sy (daN/mm* )1 228 | .25 4.55 5.9 7.15 8.45 | 8.75,| M.1, 2.4
Ngs: 2x10% [5x10° | 105 | a5x10"|25%10" | 1.4x10%] 8.4 10| 5.4x107 3.6 2102

: Ni /Ng; 0.0257 | 0.0572 | 0.0503 | 0.0258 | 0.0095 | 0,0087 | 0,0038 | 0.0062 0.003

Total gust damage for 104 tlights = ZNi/NRi = 0.1875

3 TABLE I - DISTRIBUTIONS DF OCCURRENCE
OF LEVEL CROSSINGS.

LTI T

i
; H/H, 071107 [ w03 w0 w2 0| 03 | os | oo
3

EXPONENTIAL | 1.167 | 1 | 0.833 | 0.857 | 0.500 | 0.333 | 0067 | 0.117 | 0.083 | 0
: GAUSSIAN 1085 | 1 | 0.906| 0.795 | 0.572 | 0.525 0.335 | 0.210 | 0.136 | O
¢ RAYLE(GH .08 | 1 | 0.913)0817 | 0710 | 0.560 0.408 | 0296 | 0.224| 0
: LOG-GAUSSIAN | 1,295 | 1 | 0.804 | 0.622 | 0,470 | 0.335| 0.216 | 0.162 | 0.137 | 0.10
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SOME EFFECTS OF CHANGE 1N SPECTRUM SEVERITY AND SPECTRUM
SHAPE ON FATIGUE BEHAVIOUR UNDER RANDOM LOADING
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SUMMARY

In thia paper consideratiou is given to the problew of re-assessing the fatigue life of an aircraft
atructure when it is found that the spectrum of leoads experienced in service differs from the load spectrum
applied in test. Results obtained during fstigue tests on structurzl elements under random losd spectra
are used to illustrate some of the important considerations invelved. It is shown that the use of an
improved method of life prediction, now issued in Data Sheet form, will generally lead to improved accurscy
in following the procedure for re-assessing life.

In the concluding sectiona of the psper attention is turned to the corresponding problems of
re-assessing crack growth rates in fail-safe structures, when service experience differs from test
conditions. The need for further work on this problew is emphasised.

| INTRODUCTION

The problews of the planning and interpretation of fatigue tests to give accurate predictior of life
in service are manifold and work directed to the associated problems has been in progress in several
countries, including the United Kingdom, for more than two decades. Each country concerned has developed
its own fields of expertise and has made particular contributions on one, or mcre, of the many problems
that arise - it is only by the sharing of the knowledge obtained that gignificant overall progress towards
adequate understanding has been made. The ooject of this paper is to summarize some of the more important
findings from cumulative fatigue damage studies made in the UK in recent years, with emphatis on aspects
of the work which are relevant to the interpretation of full scale fatigue tests on component parts and
complete airframe structures, The paper is offered as a contribution to general discussion uf the subject
and no attempt is made to summarize the overall state-of-the-act.

A considerable proportion of the fatigue research conducted in the UK in the aircraft field has been
aimed broadly st obtaining a better understanding of the way in which fatigue damage develops and grows in
aircraft structures and is iniluenced by various aspects of the environment. More specifically, the
objectives of the work have been twofold - firstly to provide a basis for the development of better methods
of full scale fatigue testing and secondly to help wit' the development of improved methods of fatigue life
prediction, Much of the above work has been conducted on specimens, referred to as ‘structural elements’
which represent in a simplified way the essential features of structural joints in aircraft, Such elements
are chosen for study because fatigue damage in aircraft structures generally originates in joints - the
elements may therefore be used to establish basic principles of behaviour though it is recognised that
care must be taken in 'reading across' :the knowledge g2ined to anticipate belaviour in relatively complex
full scale structures. Three types of structural element have generally been used - notched specimens, to
represent stress concentration effects in isolation, and pinned-lug and clamped-lug specimens which include
fretting as well as stress toncentration effects,

The influence of several parameters, such as loading waveform, load spectrum shape, load spectrum
severity and exposure to heat, on the development and growth of fatipue damage has been studied using
atructyral elements, and much has been learned.

This paper is written against the background of vne particular, and important, problem which commonly
arises in the interpretation of fatigue tests on aircraft structures - the problem of re-assessing life
when it is found that the spectrum of loads experienced in service differs from the loading spectrum
applied in test. In the sectiona which follow the procedure which has been in use in the UK for several
years to meet this proolem is vutlined and it is shown how the resuits of the work on structura) elements
under random load spectra have contributed to recent improvements in the accuracy of the procedure. The
greater part of thz paper is concerned with re-assessment of overall fatigue life to failure and as such
is particularly relevant to safe-life structures. However, towards the end of the paper sowe evidence is
presented of belaviour dering nucleaticn and propsgstion of cracks under variable amplitude loading. The
evidence pvesented on crsck propsgation, when considersd together with the much larger body of evidence
from research centres outside the UK, may coatribute to the solution of the particular problem of
re-assessing crack growth rate in fail-safe aircraft under revised loading speckra.

i BACKGROUND

Fatigue teats form an essential part of the procedure generally adopted in the UX to establish the
airworthiness of an aircraft. The general approach that ia adepted in design, testing and operation of
military aircraft in order to meet the fatigue requirements is described in Ref.l. Though civil require-
ments may differ in emphasis and detail, the bssic principles are much the same. 1ln oruzr to provide a
setting for the presentation of the results of cumulative favigue damage studies which are given helow it
is neccasary to outline, in simple terms, some aspects of the overall approach adopted.

When designing an aircraft the designer must estimate the spectrum of loads to which the aircraft
will be gubjected in its setvice lifecime, frow rhe detailed specification of irtended usage of the
aircraft, For many types of airvcraft the ground-air-ground cycle is the most important fatigue loading
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action though there may be significant additiunal contributions to the overall loading experience from
cabin pressurisation loads, gust loads, manceuvre loads and landing/taxying loads - for certain types of
military aircraft the manceuvre loads dcminate the spectrum. The load spectrum so derived will then be
translated into stress spectra for a number of components in the aircraft structure which are considered
like'y to be the most critical from fatigue considerations. An initial prediction will then be made of

the fatigue performance of the compmnents concerned using Miner’s rule together with S-N curves appropriate
to the type of component and material considered. Redesign may Eollow if the estimeted fatigue life is
inadequate or, indeed, if the component is evidently over-designed. In marginal cases fatigue tests may

be made on the components concerned under the estimated load spectrum. At a somewhat later stage of
development of the aircraft a full scale fatigue test will be carried out on the complete structure, or

on major components (complete wing, fuselage, empennage etc.). The test loads will generally be applied -
on a flight=-by-flight basis with manveuvre and/o: gust loads applied in random order within ground-air- i
ground cycles and will include pressurisation cy:les where appropriate.

Any failures of components within the structure that have occurred under the known load spectTum
applied in cest are then related, in terms of faiigue endurance, to the performance predicted in the
design phase. For each component, where failure has occurred, the $-N curve us~d in the design phase is
adjusted by factoring the stress scale until the vevised life estimation agrees with the life achieved in
test. It should be noted here that the error in rhe original life -alculation for a particular component
may be due in part to error in predicting the loa.l distribution throughout the airframe under the applied

load spectrum and it may also be due in part to e:ror in the cumulative damage hypothesis used in
estimating life.

The concept of adjusring the 5-N curve is inportant as it is this adjusted $5-N curve which is used
in revising the fatigue life estimates for aircraft of the type concerrned, when information bezcmes
available on the load spectra actually experience¢ in service. Differences between the spectrum assumed
in design and testirg from the spectra actually experienced by individual aircraft in service may he
associated with statistical variation in load histrry between aircraft of the same type flying in
nominally similar conditions - more gross variations may stem from radical changes in the operaticnal
role assigned to such aircraft. In either event, zs discussed further below, the accuracy of the
procedure for monitoring life consumption will be improved if the fundamental accuracy of the cumulative
damage hypothesis used is increased.

The foregoing obcervations are drawn from the procedures applicable to saf: life aircraft which may
fail without prior warning. Much the same procedur:- apply to the clearance of fail=-safe structure, but,
from the airworthiness standpoint, there is particul+r emphasis on ensuring ‘nat any fatigue cracks that
oceur will net grow to catastrophic praporticns befcre detection and subsequent remedial action. From
considerations of economical operation of the aircra‘t it is, of course, desirable that the aircraft shall
have a reasonably long crack free life. Thus Eor fail-safe structures it is necessary to understand, or
"o make allowances for, the extent to which the nucl: :tion period and subsequent crack growth rates will
ba affected by deviations of the load spectrum actual .y experienred in sorvice from the estimated for
design and applied in the Full scale test,

There are, of course, other important aspects o. the overall cleararce procedure, such as load
monisoring in service, and residual strength requirem 4ts, which lie outside the scope of this paper and
have 1ot been discussed. However, sufficient has beei said to demonstrat: the important part that the
method of life prediction plays in re-assessing life, nd the need for further understanding of the way
in which initiation and growth of fatigue cracks may h affected by changes in the loading environment.
In the sections which follow an outline is given of th. insights which have been gained and the pregress
that has been made in the above fields in the course c. cumulative [atigue damage studies in the UK,

3 EFFECTS OF LOAD INTERACTIONS ON FATIGUE L1FE TO -..1LURE

The importance of interaction effects when load ¢ cles of differing magnitudes are applied to a
specimens undesgoing fatigue tests have been recognized ‘or many years. Experience in tests using
preloading, bl.ck programme loading and more realistic ‘»rms of loading such as flight-by-flight loading
have provided much qualitative evidence of behaviour. ‘wny of the associsted studies in the UK in recent
years have been conducted on pin-lug and simple bolted :uwint specimens under random leoading., In this work
evidence has been obtained of the effects on cumulative damage of changes both in load spectrum severity
and in shape of spettrum - this evidence is used, ir the paragraphs which follow, to highlight some
agpects of behaviour which are relevan: to the problems :f relating test conditions to service experience.

3.1 Outline of resules to be considered

The results which form the basis of discussion in this section wzre obtained in the course of an
investigation? of a method ot lii. prediction using data nbtained under random loading conditions. Lug
specimens in aluminium alloy (Fig.i) loaded thrzugh steel pins were used. The tests were cenducted in
fluctuating tension both under constant amplitude loading and under random loading. In the latter tests,
n.itrow band random loading wss used firstly to apply a simpte Rayleigh distribution ~ Fig,Za ghows a
typical loading waveform and Fig.2b shows the probability distribution of peak amplitudes. These tesrs
were conducted over a range of average (rms) levels and wer. followed by 'randem prograrmed’ tests in
which a gust spectrum was synthesised by the reperitive appiication of three different rms levels of the
Rayleigh distribution to give the required overall peak distvibution (analcgous to block programme loading).
The gust spectrum chosen was taken frum RAeS/ESDU Data Shreis3, Tests under this latler spectrum were
run at three overall average spectrum levels, designated A, % and € in the table below.
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Table |

Step % of total number of Spectrum A Spectrum B Spectrum C
Bo. peak counts Alternsting stress level ksi (rms)

i rx) Q.98 1,38 1.66

2 21 1.76 2.5 3.00

3 2 2.90 4,05 4.90
Overall average spectrum
level Kai (cus) 1.25 1.76 2,13

Ic all the above tests a minimum of four tests were conducted at each loading condition - the results are
illustrated in Figs.3s snd 3b. For convenience in subsequent discussion the results of the tests under
randon losding may be summarised as follows:-

Table 2
Spectrum level Endursnce

Tieclimehnpe ksi (rms) log wean - cycles 10

1.37 2.68
Rayleigh 2.5% 0.713
distribution 3.75 0.308

4.9 0.213

1,25 () 5.54
RAeS 1.76 {(B) 4.40
Gust spectrum 2.3 (C} LM

1.68 (B*) 1.85

The spectrum B' 1listed sbove diffeied from B in that the Rayleigh distribution of Step J was omitted -
this was the highest rms level in the synthesis but it only accounted for 2% of the totsl number of peak
counts in the overall spectrum,

It is of inrerest in relation to the problems of interpretation of lshoratory tests in terms ¢°
service experience to exsmine the above reaults in the context of the general preocedure currently followed
for full scale structures and components as outlined in section 2 above, For example the result of a
particular test under apectrum loading could be considered to represent the only avsilable result from,
ssy, a full scale test, This result, together with the basic 5-N curve (Fig.3a), could then be used to
establish an adjusted 5-N curve and, on the basis of this lrtter curve, life under ome, or wore, of the
other test spectra could be re-estimated. Comparison of the re-estimated life with the lives actually
achieved under the spectra concerned would give some indication of the magnitude of the errors which may
be involved in following the procedure, It should be remembered that such a simplified examination only
explores the sources of ertor associated with inaccuracy of the cumulstive damage rule employed ~ as
discussed in section 2 another potential source of error, wiem dealing with full gcale structures, is
associated with incorrect assumptions regarding rhe load distribution on individual component psrts of
the structure. This latter sspect 18 not considered in this paper.

In the fcllowing paragraphs an examination is carried cut firstly tc consider errora arising when
the rms level, rather than the shape of the spectrum, is changed snd, seccndly, when the shape of the
spectrum is changed with little chsnge in level,

Ir will o voocollooted thaet the first Siepr in the protediuve fur Lc'naoe&niug iilz descrabed in
section 2 ia te cbserve the ratic between the life achieved in the test under spectrum losding and the life
predicted from the originsi 5-N curve. The origical 5-¥ curve is thea repositioned by scaling the stress
axis so thet the raric becomes equal ro unity. 1n the analysis of the pinned-lug rest resules this ratio
may siuply be referred to as the value of E(n/N}, since thers is no uncertsinty regarding the magnitude
of the Fatigue losds applied. In considering the results it would be informative to note the values of
L(n/N) under the variocus loading conditiona, as deduced from the original S/N curve (Fig.la):-

&
i

Table 3
Spectrum shape SPPEC TN e E] Z{n/N)
ksi (rms)

1,37 1.12

Rayleigh 2.57 2,0%
distribution 3.75 2.20
4.9 2.38

1.25 A 2.39

RAe3 gust 1.76 B 5.03
spectrum 2.13 C 5.51
Modified RAeS gust 1.68 8" 1.71
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3.2 Effect of change of spectrum level

Consicering first the effects of changing spectrum level, it is apparent from Table 3 above thst
broadly speaking the higher the rms level the grester the value of EI{n/N). Fig.4 illustrates this trend =
it is clearly evident fnr the Rayleigh distribution and it is even more marked for the gust spectrum. Thus
when applying the procedure of section 2 to these particular results in order to give some indication of
the validity of the procedure, the following pattern of error was found to apply to the results of the
re-assegsment of life. If the level of the lvads experienced 'in service' was less than that anticipated
and applied in test, then the revised prediction of life wss cptimistic (unsafe;. This is because there
ts an implicit assumption in the procedure that the wvslue of I(n/N} does not change with spectrum level
and thus having been brought to unity at the {(higher) spzctrum level in test, by adjusting the S5-4 curve,
it will also be equal to unity at the lower level experienced 'in service', In fact ZI(n/N) was lower.
If, conversely, the loads experienced 'in service' were of grester overall severity than those applied in
test, then the inverse was true, i.,e. the life achieved 'in service' was longer than the prediction based
on the adjusted $/N curve had suggested,

Specific exsmples may be taken to illustrate the above trends. The first examples are taken from the
results of the tests under the Rayleigh spectrum; let it be supposed that the log mean life of 0,308 x 100
cycles obtained at a spectrum level of 3.75 ksi rms (Table 2, page 2-3) represents the single full scale
test result. 1f subsequent service experiencs were to show that the spectrum level was 2.57 ksi rms - some
30T lower than anticipated - with no change in spectrum shape, then applying the procedure to adjust the
original S/F curve and re-assess life would result ir an estimate of lire of 0.77 x 106 cycles compared
with the life of 0.71 x 10° cycles actually achieved, Thus, the life achieved 'in service' would be
approximately 902 of that predicted. If the level measured in service were to he 1.77 ksi rms - approx-
imately 657 lower than anticipated - the error would be much more serious: the predicted life would be
5,28 x 106 cycles compared with an achieved life of 2,68 x 106 cycles, so that service life would only be
somie 502 of that expected. On the other hand, if the service experience indicated more severe loading -
4.9 kei rms compared with the test loading of 3.75 ksi rms - then the revised life estimate would be
conservative (safe), since the life achieved wculd be approximately !0% greater than anticipated.

A similar trend may be demonstrated from the results of the tests under the gust load spectrum.
However, with this form of load spectrum the errors in life re-assessment may be considerably greate:r for
a given percentage different between the severities of the '"full scale test' and 'service' spectra than
was the case with the Rayleigh distribution, For example, if the test result under the gust spectrum at
1,76 ksi rms (Table 2, page 2-3) is taken as the single full scale test result, it may bhe shown that this
life achieved in service will be somewhat less than 50X of that predicted on the basis of a service
spectrum some 30% lower in severity than assumed for the full scale test loading, Conversely, if the
gpectTun in service were to be approximately 10X higher than anticipated for full scale test purposes then
the life in service would be about 10% greater than the service life prediction would suggest,

The above examples have served to illustrate the magnitude of the errors that may arise in
re-aagegsing life in service when it is found that the spectrum of loads in service differs in overall
seve.ity but not in shape, from the spectrum of loads appliad in the full scale test. 1In the Section
which follows attention is turmed to errors that may srise in re-assessing life when the shape of the
spectrum of loads experienced in service, rather than the overall severity of load spectrum, differs from
that applied ip test,

3.3 Effect of change of spectrum shape

Counsidering now the effect of change of spectrum shape on fatigue endu~ance at s given overall level,
it is immediately evident from Figz.3b that large changes in endurances csn occur at the same spectrum level,
Generally, cver the range of levels considered the endurance under the gust spectrum is some 2 to 3 times
greater than the endursnce under the Rayleigh distribution, for the same rms stress level, the higher
retios beirg associated with the higher spectrum levels.

It is evident from the ahove evidence that spectrum level alone is an inadequate guide to endurance
when readina acrose from one spogtyun 50 anvihiér of appieciably differenc shape. Further examination ot
the results shows that even a comparatively small change in spectrum shape can produce a dramatic effect
on endurance at the same average level. For example, from Fig.3b, it may be seen that at an rins level of
1.68 kei that the endurance under spectrum B was reduced by s factor of approximately 2.5 in changing to
spectrum B*. It will be recollecied that the difference in spectrum shape wss small - some 2% of the
total number of peak counts, associated with the highest step in the prograrme B being omitted. Since the
life was reduced by deletion of the highest peaks it is evident that these high peaks were, in fact,
beneficigl. Use of the procedure of section 2 to re-assess life with the modified spectrum would in fact
have indicated approximately 57 increas= of life in conirast with the severe reduction which occurred.

3.4 Further investiga*ions

The results discussed above refer to the behaviour of pin-lug elements under fluctuating temsile
loadings and it would be unwise to generalise too widely from these particular results. 1t should be
borne in mind that, when considering other forms of vsriable amplitude loading (such s flight-by-flight
loeding) in which vslues of I(n/N) closer to unity may oceur, the magnitude of the errors in life
re-assessment would not necessarily be 40 great., However, the results have sevved to illustrate some of
the problems inherent in re-assessing life and, in particular, they have highlighted the nzed for s more
sccurate cumulative damage rule.

Following the investigation2 from which che above test data were taken, a large body of evidence has
been obtained from subsequent work under variable amplitude loading. Curulative damage studies have been
made on several other forms of structural elements such as notched specimens®, clamped lug (simple bolted
joint) spacimens® and more complex oolted joints®. The studies have included observations of the effects
on cumulative damage behaviour of prelosd, mean stress’ and exposure to heat. Th results of ail this




e S S

T T

AR M T

work taken together with information from many other sources, have helped to build up a background of
evidence within which improved methods of life prediction have been developed and assessed.

In the courae of the foregoing studies an asaeaament7 has been made of the relative importance of
several factors which may affect the accuracy of fatigue life prediction under variable amplitude load
apectra. In this assessment consideration has been given to the variation of relative damage rate with
stress level, effect of low level stress cycies, elfect on life of the load at which a component fails,
effects of fretting, and the effects of residual stresses associated with plastic deformation at streas
concentrations. Of the factor considered, it was shown that residual stresses at stress concentrations
could have a large influence on the rate of growth of fatigue damage - consideration of the effects of such
stresses could explain, in many cases, large departures of I{(n/N) from unity when applying Miner's rule,

In the light of this assessment, work followed to obtain a better quantitative understanding of the
magnitude of the residual stresses under various loading conditions, using the 'companion specimen'
technique®, Such studies have been made on structural elements containing a circular notch? and, very
recently, on loaded holes in pin-lug specimens. This work was aimed at prgviding further informacion to be
used, together with evidence from similar atudies in Germany'® and the USAB, in the evolution of an improved
method of life prediction in which some allowance would be made for residual stress c¢ffects. Such a method
has now been developed and issued!! in Data Sheet format by the Engineering Sciences Oata Unit of the Royal
Aeronautical Society. It is believed that the use of this improved method of life prediction will signif-
icaatly reduce the errors of the nature discussed above, when re-assessing life under a change spectrum of
loads. Some evidence to support this view follows in the next section.

3.5 The RAeS/ESDU method of life prediction

I., applying the method of the ES0U Gata Sheet, the cumulative damage principle of Miner's rule is
broadly followed but allowance is made for residual stress effects which modify the local mean stress when
1ncal yieiding occurs at the stress concentration. In following this procedure, use iz made of a simple
wodel of the stress strain curve for the material concermed, It is necessary to consider not only changes
in local mean stress under the variatle amplitude spectrum loading but also to consider deviations from the
nominal local mean stress under the constant amplitude loading of the basic $~N data.

Table 4 - Comparison of life prediction using Miner's rule and RAeS/ESOU method

Z{n/®)
Type of K M . Load NumEer jigan Ref.
ber e aterial Nalente 0l endurance_ , RAeS/
L 1 specimens cycles x 10 Miner ESDU
Notched 1 , 0 | r075-Té high=low 4 1.27 4.00 | 1.0 13
strip
(| 10w-high 7 0.81 Lot | .o
" 7 0.94 0.94 0.94
" 7 0.66 1.04 1.04
" 7 1.01 0.73 0.73
" 3 10.10 12.50 1,60
= 4 5,88 5.90 0.76
Riveted 7075 " 5 4,87 5.90 0.76
lap 375 | a3 { | nish-low-nigh 7 0.51 0.71 | 1.85 la
joints " 7 0.71 0.86 2,50
" 7 3.0) 1.70 0.48
low-high 7 0.95 .26 1,12
low-high 7 0.78 1,06 0.9
high-low 7 0.74 1.01 0.88
low=high=low 7 0.72 0.97 0.86
high=low 7 3.48 4.11 0.55
ko § Teu=high ? Bora r.ez | oo,02
[ ] low-high 7 13.30 2,60 1.07
high=-low 7 7.11 .40 0,55
Riveted 2024 low-high-low 7 10,40 2.08 0,82
lap 3.75 clad ¢ low-high 7 6.3t 1.23 0.67 14
joints low-high 7 18.60 1.92 0.78
high=-low=high 7 5.40 1.07 0.71
L | high-low-high 7 15.2 6.67 | 1.60
low-high-low 6 G.14 1.30 0.6l
Noeched | 3.9 mga:en{ g 6 0.12 1.06 | 0.74 15
P " 5 0,11 2.064 | 0.89
Notched _ low=high-low 10 1.75 0.25 0.95
strip 3.3 2084 low-high~1lnw 13 7.00 1.00 1.18 t6
Notched | , o | 2024-13 random 6 €.20 2.30 | 1.25 17
strip
random 5 0.22 2.38 .00
I" 4 0.32 2.18 1,14
Loaded ! 5 0.82 2.04 0.84
lugs 3.2 BS 265 " 4 2.80 1.08 1.08 2
" 4 5.6k 2.78 0.5%
" 8 4 B 5.25 {1.85
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The method is broadly similar to that developed independently by ImpellizzeriI2 in the United
States - the RAeS method is however somewhat simpler in conzept and application as it is asaumed that the
residual stress state remains unchanged until yielding next occurg at the stress concentration, This

contrasts with the method of Impellizzeri in which some allowance is made for decay of residual stresa
state between cycles in which yielding occurs.

A conaiderable body of data from variable amplitude fatigue tests obtained from several sourcesz"3 17
has been reexamined in order to assesa the improvement in acruracy obtained when the RAeS/ESDU method is
vsed in place of Miner's rule. Table 4, on reverae side of vhis page, gives details of specimen type,
loading conditions, and other relevant information = it includes figurea of I{n/N) using the two methods
of life prediction. The results are illustrated in Fig.5. It will be seen that most of the data examined
relates to block programme loading tests, only a amall proportion of the data being obtained under random
loading conditions. The results of the asgessments of accuracy which have been cowpleted to date are

encouraging, Based on the 36 results listed in Table &, page 2-5, the following statistical assessment
has been made:-

Table 5

Miner’s rule RAeS/ESDU

Mean summation I ﬁ - 2.42 I -;- - 0.97
Standard deviation of [ % 2.38 0,40
Coefficient of variation of I i'q'- 0.98 0.41

On the basis of the avove analysis it is evident that there is a marked improvement in the accuracy
of life prediction when using the RAeS/ESDU method and also, and equally important, there ia a significant
reduction in variability. It is considered that the magnitude of the improvement is more than sufficient
to justify the use of this method despite the increased cowputational effort invelved.

It shouid be noted that, in the life prediction method, quantitative allowance is made for residual
streas effects at the surface at the point of maximum stress concentration where fatigue damage will
generally nucleate, It is implicitly assumed that the corrections made to the cumulative damage caleulation
to allow for residual stress behaviour in the vicinity of damagc nucleation also apply throughout damage
growth to failure. Since local stress cunditions and metailurgical conditions during nucleation of fatigue
damage differ markedly from conditions during crack growth there is no fundamental reason to suppose that
such an assumption is justified, However, the fact that the method appears to work reasonably well suggests
that, broadly speaking, load interaction effects are comparable, qualitatively and quantitatively, during
nucleation and crack propagation. This is not to say that the underlying load interaction mechanisms are
the same - attention is paid to Some aspects of the asacciated problems in the section which follows.

4 LOAD INTERACTION EFFECTS DURING CRACK NUCLEATION AND PROPAGATION

4.1 Preamble

In the preceding sections attention has been directed to the problems involved in re-assessing
fatigue endurance to failure when the spectrum of loads experienced in service differs from that applied
in test. Such re-assessment is a primary consideration for components or structures designed on a safe-
life basis. However, in the case of structures designed on fail-safe principles consideration other than
simply life to failure must also be borne in mind. Two important objectives of a full scale fatigue test
on a fail-safe structure are to demonstrate a reasonable life free from the cnrat of vracking and alse to
demonstrate that any cracks which may occur will not grow to dangerous proport ona before detection. To
meet the latier requirement, fatigue tests on such structures will have included observation of the growth
rates of any cracks in the structure ('matural' or artificially indured), and such nhasrvariona will euh-
sequently be related to frequency of inspection in service. If it is subsequently found that the spectrum
of loads actually experienced in service differs from that applied in test, then re~assessment of fatigue
performance should include re-assessment of life to the appearance of damage and also, and perhaps more
importantly from an airworthiness standpoint, re-assessment of crack growth rates.

The majority of the cumulative damage investigations conducted in the UK on structural elements
have been aimed primarily at pbserving and understanding the effects of load interactions on life to
failure. Nevertheless, in the course of these investigations, valuable insight into some aspacts of crack
nucleation and propagation under variabl: arplitude loading have been gained. Some of the UK experience
is set cut in the paragraphs below. The evidence presented is somewhat fragmentary and serves rather to
highlight the complexity of the problems rather than to indicate a coherent overall pattern of behaviour.
1t is therefore offered primarily as a centribution to wider discussion from which, it is hoped, clearer
guidelines may be established for re-estimation of crack rate after change in load spectrum.

4,2 Evidence of the rezlative importance of load interaction effects during crack initiation
and during crack propagation

In this section evidence is presented which was obtained auring tests on pin-lug specimens to examine
the relationship between the residual static strength of the element and the preportiovn -f fatigue life
consumed. Tests wore made under bota constant amplitude and random loading conditions, The resulta are
important as they suggest, in contrast toc the broad indication® of section 3,5, that load interaction
effects may have more influence on the rate of growth of fatigue damage during the nucleation phase of th:
fatigue process than in the subsequent crack growth phase.
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The results are tsken from an extensive investigation7 of cumulative fstigue dsmage in pinned-lug
specimens in DTD 5014 aluminfum slloy, The design or :he specimen is the same as that shown in Fig.l,
The technique used wss to esiiblish sverage life to failure (log-mean endurance) at a particular streass
level and to perform a series of tests subsequently in which the fatigue losding was stopped at & chosen
percentage of the average life; the specimen was then removed from the fstigue machine snd 8 static sirength
test was performed. By carrying out such static testa st different chosen percentages of fatigue life, a
curve could be drawn showing residual static strength vs. percentage of fatigue life consumed, When using
this technique it war found that there was considersble scatter in ststic strength st any chosen percertage
of the average fatigue life, probably because of scatter in the individual lives to failure, relstive to
the average life to failure, Indeed, it wss difficult to acquire results for endurance beyond 75% of
average life without experiencing an unacceptable number of fatigue failures, prier to achieving the
intended percentage of average life, Ievertheless, despite the scatter problem, trends can be discerned
from the results which are of considerable value in understanding the overall fatigue dsmage process.

In Fizs.6a and 6b results are shown for residual strength teats at three rms stress levels under
both constsnt amplitude (sinusoidal) and random loading with a Rayleigh distribution of peak amplitudes.
It may be seen that, under constsnt smplitude loading, there is & significsnt difference in the shapes of
the curves at the three stress levels - for exsmple, at a stress level of 1,5 ksi rms the specimens have
fallen to 80X of their original strength when 507 of the fatigue life has been consumed, whereas at
6.5 ksi rms the specimens retain approximately 80X of their strength at BOT of life. The tendency for
the original strength to be maintained to & higher percentage of fstigue life, as stress level is increased,
is believed to be associsted partly with the beneficial residusl stresses associated with locsl yielding,
The yield strength (0.1X proof)} of the material used in the foregoing residual strength tests was
approximately 51 ksi and, with a stress concentration factor K_ of 2.96, local yielding would occur at
and beyond alternating stresses of 1.] ksi (peak) when superimposed on a mean stress of 16 ksi. Local
yielding will therefore occur over the range of alternating stresses illustrated and the residual stress
effects will become more significsnt as stress level is increased. This observed pattern of behaviour may
be explained if it is assumed that losd intersctions have a more beneficial affect during the nucleation
phase of the fatigue Jamage process than in the subsequent crack propagation phsse and that there is mno
significant reduction in static strength of the specimen until crackirg occurs on 8 macro-scale, There is
a considersble body of evidence to support the latter assumption!® !9 and if the first assumption is
accepted it would follow that beneficial residual stres< effects would lead to retention of the original
static strength to a higher percentage of life to failure,

The results obtained from the residual strength tests under variable amplitude lcading - Fig.6b -
differ markedly from those under constsnt amplitude loading., There is a tendency for the curves for
varigble amplitude loading st the three astress levels to group more closely together and the general
shape corresponds to the curve for the highest constant amplitude stress - 6.5 ksi rms, This is broadly :
in keeping with the effects of residusl stresses discussed sbove since the higher pesks in the variable i
amplitude load spectra would be expected to cause & more local yielding than would occur under constant
amplitude loading at stresses appropriate to the same life to failure. HResults which are qualitatively
similar have also been cbtained on such specimens at other mean stress lavels.

It will be noted that the hypothesis that load interaction effects are more s‘gnificant during the .
nuclestion phase than in the subsequent crack propsgstion phase is appar=ntly somewhat at variance with .
the general observation at the end of section 3.5 which suggested that lcad interaction effects were much :
the same throughout life.

In considering such sn appsrent anomaly it should be remembered that the so-called nucleation period
in the pin-lug joints includes the complex process of initiation of damage, prcbsbly by a combination of
fretting and stress cycling effects, and the subsequent development snd growth of micro-cracks, Moreover
the dsmage develops and grows through the stiess gresdient associated with the stress concentration at the
hole. In such a complex situation it would certainly be unwise to generslise from the particular results
obtained but, equally, such results must be borne in mind when endeavouring to establish a model of
cumulative damage behaviour under spectrum loading that can be widely applied,

4.3 Some evidence concerning fretting behaviour under random loading

It is generally recognised that in Specimens in which fretting occurs, such as the pin-lug specimen
discussed above, the effect of fretting is to reduce subatantislly the nucleaticn phsse of the overall
damage proceas. In seeking further understanding of the observed prolongation of the nuclestion period
relative to the crack propagation phase, discussed in section 4.2 sbove, consideration has been given to
the possibility that the build up of fretting dsmage und>r variable amplitude losding conditions may hsve
been significantly slower than during the associated constant smplitude tests.

A series of tests is currently in progress to examine this possibility using plsin aluminium alloy :
(8S 2L65) specimens and using steel (598) fretting pads. Tests are being conducted under both sinusoidal
loading conditions and random loading conditions - firstly to determine life without fretting, secondly
to determine life with fretting pads fitted throughout the tots! life snd, finally, to observe life with
the fretting pads removed at differing proportions of the nominal (fretted) life of the specimen. Such
tests will indicste the percentage of life at which the fretting process may be regarded as being complete.
Some preliminary results are now svailsble“Y which hsve been obtained over s range of slternating stresses
about zero mean load. These sre presented in Figs.7a and 7b.

It will be seen that these preliminary results, in fact, strongly indicste that the completion of
fretting damage is more rapid ir the random loading case than under sinusoidal loading. For example, in
the endurance range 106 - 107 cycles it appears thst the fretting process is compleced (from the point of
view of reducing life) somewhere between [0% snd 307 of life under sinusoidal losding whe:ceas under random
loading the damage process is virtually complete at 5% of life.

It is evident that these results do not explsin the observed extension of the nucleation phase and
other explanations musr be sought. The fact thst crack propagation (in this case including micro-cracking)
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may occupy 95% of the life of structural elementa under random loading, if fretting occurs from the start
of the loading, emphaaises the need for further understanding of load interaction effects throughout the
whole crack growth process. Such knowledge will be necessary if the effects of change in loading spectrum
on the behaviour of such elements are to be fully understood and, in the section which follows, results
are outlined which provide some further evidence on this topic.

4.4 Values of EI(n/N)} for life to failure, and for crack propagation under the
same load spectra

The results which are outlined in this section ar¢ taken from experiments made in connection with
the evsluation of a method® of monitoring the severity of the fatigue loads experienced by a structure.
The monitoring device consists of a pre-cracked coupon whick is attached to the aircraft structure so aa to
experience a strain history corresponding to that experienced by the structure under !ue applied fatigue
loads. The principle of the method is that the growth of the crack in the coupon provides a measure of
the severity of the fatigue loads applied to the parent structure. Tests have been made in the course of
& preliminary investigation of the method using a double-ended bolted joint specimen with a centre cracked
rectangular panel (Fig.B) attached to the sluminium alloy boom of the specimen. The length of the astarter
crack in the coupon was 0.5 in and the coupon was repl..ed periodically, throughout the fatigue life of
the bolted joint, as the crack in each coupon reached approximately | inch in length., The chemical
compositicn of the sheet material from which the coupon was cut wes virtually identical to that of the
aluminium alloy boom, Tests were made on such bolted joint specimens, with a series of coupons attached,
under sinusoidal loading, block programme loading and under random loading. The teats were made predom
insntly in fluctuating tension - the block programme loading represented a gust spectrum for a short haul
transport aircraft and the random loading was a flight-by-flight representation of a gust spectrum for a
long range transport aircraft with ground-air-ground cycles.

From the results of the teats under constant amplitude loading a conventional $-N curve for the joint
wag obrained and, also, an 'S-N curve' for crack growth in the coupons - in the latter case N was the
number of cycles required under an alternating stress S to grow the crack from 0.5 in to 1.0 in. The
8-N curve for the joint and the curve showing crack behaviour in the coupon are shown in Fig.9. From
these curves, values of I(n/N)} at failure were calculated for the joint under the two differing load
spectra and also, on the basis of the observed crack growth rates under each of the two load spectra,
correspor }ing vslue of I(n/N} were calculated for crack growth from 0,5 in to 1.0 in, In the above
calculations simple summation of damage (Miner's rule) was used. The results of the analysis were as
follows:-

Overall life Cracked coupon behaviour
Spectrum
Load spectrum severity Endurance M Growth rate 2
ksi rms - - ’ w
cycles x 10 é Ly cycles x 10_6/0.5 in L'y
Gust spectrum -
short haul transport 2.78 3.51 2,42 0,465 3.19
Gust spectrum + GAG
- long range
transpoit 3.83 1.07 1.89 0.302 2.03

It will be seen that E(n/N) for the growing crack did not differ very greatly from the value of
I({n/N) for life to failure of the parent member over the range of crack length concerned. Again it wyuld
be unwise to generalise from this particular result as it ia probable that the value of I(n/N) for a
crack growing under variable amplitude loading will not only depend on the spectrum shape and severity but
also on the mean length of crack for which the value of I(n/N) is derived., Setting aside interaction
effects, crack growth will not occur under a psrticular load cycle in the applied spectrum unless the
resultant stress intensity at the crack tip exceeds a certain threshold value. The streas intensity is a
tunction of both the average stress in the vicinity of the crack and also the length of the crack; it
follows that at very short crack lengths a proportion of the stress cycles in the spplied spectrum may be
causing no crack growth whereas, at longer crack lemgths, all of the stress cycles may be contriburing to
growth. However, in the example that we have considered above, the length of the starter crack was Such
that, for both spectrs, the crack growth threshold was exceeded by the lowest stress cycles applied so the
observed differences in I(n/N) for crack growth under the two differing spectra are almost certainly due
to load interaction effects,

Alchough detailed correlation with results from other sources is outside the scope of this paper, it
may Le observed that there is a large_body of evideuce, principally from investigations at the NLR
in Holland2!,22 gnd at NASA (Langley}2d uhich also show that values of Z(n/N)} for crack growth considerably
in excess of unity may occur under fluctuating temsile loading - values of I(n/N) greater than 3 have
been noted?! for crack growth in sheet material under random loading spectra.

4.5 General comments on crack initiation and growth under variable amplitude loading

In the preceding sectiona resules have been given which illustrate the complexity of the general
problem of understanding snd predicting crsck growth under varisble amplitude loading. Certain anomalies
have become apparent in seeking a coherent pattern of behaviour. Bearing in mind the exponential narture
of crack growth, a large proportion of life may be spent in the micro-macro growth range. Growth in this
range therefore will play sn important part in determining life over which no significant damage occurs
and over which residusl static strength is not seriously impaired. This growth regime is of significance
in safe-life aircraft though gemerally it does not receive specific attention in design and airworthiness
clearance - such gircraft are clesred broadly on endurance to ‘ailure as outlined in section 2 above.
Further research work is necessary in this regime in order to cbtain a better understanding of interaction

afudie
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effects - however, ther: ia no immediate urgency in relacion to airworthiness problems and the studies
may be conducted on a relatively long-term basis, The problems, as mentioned in the concluding paragraph
of section 4.2 above, appear to be more daunting than at relatively long crack lengths, Evidence has
recently gwarged from work currently in progress in the UK on clad and non-clad aluminium alloy sheet
materials*® which auggests that there may be radically different load interaction behaviour in the
nucleation-micro cracking phase for the clad and non-clad material. The signific::ce of this finding in
relation to the overall behaviour of clad and non-clad material under variable amplitude loading has yet
te be assessed,

In the caae of fail-aafe aircraft growth in the micru-macro range is of economic importance insofar
as also it influences the life to the dzvelopment of damage which may necessitate repair. However, from
v point of view of safety of fail-safe aircraft it is generally the growth of relatively long cracks,
measured in inches rather than thousandths of an inch, that is of current concern.

In this latter regime the only reaults from UK work that may be said to be relevaat to discussion
of crack propagation under variable amplitude load spectra are those of section 4.4 above. These results
indicated valuea of In/N considerably in exceas of unity and were in general accord with the much larger
body of evidence obtained at reaearch cencres outside the UK, principally at NLR. Several hypotheses have
been, and are being, considered to explain load interaction effects during crack propagation - they involve
consideration of residual stress effects, crack blunting, cyclic strain hardening effects, and effects due
to incomplete crack closure associated with irregularities of the crack surfaces following plaatic deforma-
tion. All the above effects may be, to a greater or lesser extent, dependent on material propertiea,
crack length, thicknesa of component, and the nominsl stress field. Though much qualitative understanding
of interaction effects during crack growth has been obtained in recent years, ac far as the author is aware,
no specific guidelines have been firmly put forward to predict effects on crack growth rate of change in
spectrum shape or severity, ~Further work im this area is clearly essential and is a matter of immediate
concern in relation to the associated airworthiness problem of fail safe aircraft.

5 TC SUMMARISE

Resulta of wnrk carried out in the UK in recent years, aimed at providing deeper understanding of
cumulative fatigue damage under variable amplitude load spectra, have been presented, In particular, the
observed variation of fatigue endurance of struecural elements, with change in spectrum severity and
spectrum ahape, has been examined. The insights gained in this work have been related to the general

‘problem of the re-asaaecaamant of fatigue life when it found that the spectrum of losds experienced in

aervice differs from the .oad spectrum applied in full scale (or component) tests. The use of a cumulative
damage rule forms an essential part of the process of re-assessing life and until recently Miner's rule has
been used in the UK., It has been demonstrated that a corsiderablie propertion of the overall error, which
may cvfae in re-asseaaing life, may be associated with the errors arising from the simple assumptions of
Miner ‘s rule and that the use of an improved wethod of 1ife prediction, recently issued in Data Sheet form
by the Royal Aeronautical Society, Engineering Sciences Data Unit, will generally lead to a significant
improvement in accuracy in re-asssessing life.

A small amount of evidence has been presented also relating to nucleaticn and propagation of fatigue
cracks under variable amplitude loading. Certain anomalies become apparent when considering the results
and the evidence has served to emphasiae the complexity of the problem of predicting crack growth
behaviour. The need for further work to study load interaction effects during nucleation, macro-cracking
and aubsequent grosser crack growth has been atressed with particular emphasis on the need for underatanding
of such effects at relatively long crack lengths, Such understanding is aecessary for re-estimating crack
growth ratea in fail-s fe structures, when service load histories are found to differ from test loading
conditions,
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THE ACCUMULATION OF FATIGUE DAMAGE IN AIRCRAFT
MATERIALS AND STRUCTURES

by

J.Schijve

Nationtal Aerospace Laboratory NLR
Sloterweg 145, Amsterdam (17), The Netherlands

SUMMARY

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

J. Schijve

1. INTRODUCTION

In a classic fatigue test the locad is varying winuecidally with a constant mean lced and a constant lcad
amplitude, The fatigue load on a siructure under service conditions, however, generally ham a more or
less arbitrary or random character, Neverthelese it may well be amssumed that the accumulation of fatigue
dameage under such an arbitrary fatigue load is a procees which cccurs in the material in a eimilar way
a8 in the claesic fatigue teei, It is just one step further to etate that the fatigue life for an
arbitrary load-time history can bs predicted from fatigue life data obtained in claesic fatigue tests,
The well-known Palmgren-Miner rule { % n/H = 1} was based on such assumptions, which also appliee to more
complex lawe proposed by otherae,

It has 1o be admitted, however, that a rational law for the calculaticn of fatigue damage accumulation ie
not yet avaiiable, There ie an abundant litaraturs on fatigue which has revsaled eeveral characieristic
featuree of the fatigue process in metallic materials, Fatigue teets with a varying locd-amplitude were
alsc carried out by many investigatora, This has indicated many empirical trends for which physical
explanatione were sometimee given, Morcover, calculation ruless for the accumulation of fatigue demage
were published from time to time, Nevertheleess the present situation ie far from satisfactory, even trom

an engineering point of view,

The purpoee of thie report ie to survey the varioue aepects of fatigue damage accumulation and to analyee
the problems aesociated with this phenomenon., The implicatione of the present knowledge for making life
estimates in the deeign phase of an aircraft and for pla nning fatigus teete will be considered alsc.

In summary the aime of the report are;
To revisw the preeent state cf knowledge about fatigue damags accumulation (Chaptere 2 and 3).

L=

To summarize the empiriecal trende cbtained in tests with variable-emplitude loading and tc ese
whether they can be explained (Chapter 4).
To survey the varicus life calculation theories (Chapter 5).

12 o

To analyse the design problem of estimating fatigus lives and crack propagation rates (Chapier 6).

(L.

To assess the merite and the limitations of various fatigue testing procedures adopted for fatigue
life evaluations (Chapter 7).

The report ie completed {Chapter §) by eections giving a summary of the preeent etudy and recommendationa
for futurs werk,

It ehould be pointed out that sspecte associated with elevatsd temperature due to asercdynamic heating

have been sxcluded from the survey,

1v .o hoped that this report will provide a background to those dealing with fatigue life prnblems in the
aircraft industry, On the other hand, it ie alec hoped that it will give a betier picture ol the real
problem to scientisie in upivereitiee and laboratories when appreaching fatigue aamage accumulation from

a mors theoretical point of riew.

2, THE FATIGUE PHENOMENON IN METALLIC MATERIALS

Our present knowledge about fatigue in metals hae to a large exteni been obieined by means of ths
microscops. In 1903 Ewing and Humfrey cbeerved that fatigue cracks were ruclsated in elip bande. Around
1930 clasmeical studiee were conducted by Gough and hie co-workere, who further emphaeized the sigmific-
ance of slip syetems and reeolved ehsar stresses, After 1945 the number of microscopical investigations
has ccneiderahly increased and the information becoming available hae broadensd for a variety of reascne,

I. iurned out that the observations could be dependent on the typs of material, the type of loading and
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and the level oi magnification, The slectron mioroscope has added a number of detaile unknown before, It
will be iried in thim chapter to recapitulate briefly the main points of ths numerous phenomenological
investigatione, More detailed surveye are given in referencee 1.6,

Three phames in the fatigue life

An importont observation is that cracks may nucleate relatively #arly in the fatigue life, As an illustra-
tion figure 2.1 shows rerults of optical microecopy during fatigue tests on aluminum alloy specimens
(Ref,7), Cracke of O,1 millimeter (100 # ) were present after 40 perosnt of the fatigue lite had elcpeed.
The electron microscope has revealed cracks st sarlier stages, almost from the beginning of a fetigus
test. Navertheleae the lower part of figure 2.1 suggeste that nucleation is relatively more diffioult at
atress levels nssr the fatigue limit,

It appsare useful to divide the fatigue life into ithree phasse, namely: crack nucleation, crack propaga-
tion and final failure, see figure 2.2 A difficulty thus introduced ie that of the definition of the
transition from tha nuclasation phaee to the propagation phase.

slip
It is well established that fatigue requires cyclic elip, The present etate of our knowledge about dis-
locationa and metal phyaics lsave nc doubt about the sesential ccntribution of slip to fatigue,

Fatigue on the stomic level, decoheaion

If there were no decohssion thera would be no fatigue. In principle dacohswsion may occur by aliding-off,
by claavage or by vacancy diffusion, Dieruption of atomic bonde is involved in any case.

Although it ie difficult to rule out cleavage typs conceptions, it is thought that eliding-off is the
more plausible mechanism for relatively ductile materials, Sliding-off impliem that dislocaticne are
cutting through the free surface which may alsc ba the tip of & fatigr crack, A second poseibility is
that dislocatione are generated at the tip of a ¢rack, In the lattsr case the tip of a crack acte as a
dislocation source rather than a dislocation sink. In general terms fatigue may be visualized as the con-
version from cyclic slip into crack nucleation and crack growih,

Chemicel attack may facilitats the decohesion process but the snvironmentel affect on the atomic level is

not well understced.

Fatigue on the microscopic level, siriations

Crose sections of fatigue cracks, as viewed through the optical microscope, usually show the crack ic be
transgranular, The path of tha crack appears to have a fairly irrsgular oriartation at this lsvel of
magnification.

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

tisng, cec for an exemple figare P 3, Sueh mtriatione alearly prove that crack extSnsion
occurred in every load cycle, Thie type of evidence was mainly obiained for macro. cracka, while for micro-
cracke etriations cannot ba observed for several reasons. However, if crack propagation occure as a
cyclic sliding-off mechanism it appears raasonable to assume that crack growth of & microcrsck also

occurs in every lecad cycle,

For aluminium alloys evidence ie aveilable that strengly suggeet crack exteneion and striation formation

to occur ap 8 Co-operative aliding-off on two differently oriented {111} elip planes {Refs.9,10},

Type of loading (tunsion ve, torsion)

Brief referance may be de here to the work of Wood et al. {Ref.11) conceining torsion fatigue tests on
copper specimeng, It turned cui that crack nucleation occurred by the forming of porea and this was a
procese of a relatively long duration, It appeare that the process may be essentially different from
fatigus under cyclic tension be..use in pure tension the planee with a maximum shear airess have a gero
taneile stress, It im thcught that this will allow a much alewer crack nuclestion and even a different
dislocation mechaniem may bs applicable, Since fatigue in aircraft structures 1s asscciated with cyclic

tension, toraion will not be considered in the present raport.
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Nucleation eites

In fatigue tests on unnotcbed specimens tbs probability to obeerve mors than one fatigus crack in tbe
same apecimen is increasing at bighsr etrese amplitudee. At low strees levele nsar the fatigus limat
quite frequently only one crack nucleus is obeerved, This obeervation may inspirs etatieticians to devel-
op & weakest-link theory to explain eize sffects. Anothe r consequencs, not generally recognized, is tbat
apecial fatigus sensitive conditions apparently exiet at tbe site of crack nucleation. Groeekreute and
Shaw (Ref,12} in tbis respect bave siudied crack nucleation at intermetallic particlee in an Al alloy (see
alsc Ref,13). Nucleation at inclusions in high strength stesle were also reported, Otber epecial condi-
tione can easily be tbought of, euch ae cladding layer, eurface ecratchss, locel inhomogeneity of the
material,

Plane strain ve, plane &iress conditions

Macroscopically & slowly propagating fatigus crack ie growing in a plane perpendicular to the maximum
teneile stroes (main principal stress), However, if tbe crack rate is accelerating ibe growtb will cont-
inue on a plane at 45° to the maximum teneils siress, This transition occurs gradually, eee figure 2.4,
etarting at the frae eurface of tbe material witb the devslopment of sbexr lipe, It is generally accepted
that this is to be related to the transition from plane-stirain conditions to plane-strees conditione at
tbe tip of tbe crack, After tbe transition has occurrsd, it is more difficult to cbserve the eiriations
but there are etill indications that crack extsnsion cccurs in every load cycle,

The traneition from tbe tensile mode (plane etrsin) to the shear mode (plane etrese) and Foreytb's

Stage I/Stage 11 (Ref.2) propoeition sbould not be confounded, Stage 1 was essociasted with the initial
and very elow growtb along & elip plane and Stage Il witb later growti perpendioular ito the teneile strese,
Stage II ehould correspond to the tsnsile mode, Stage I, bowever, ie thought ito occur only at tbe fres
surface of tbe material at botb low and fast propagation ratss (Ref,6). It ie promoted by tbe lower
reetiraint on elip at the free smurfacs,

Cyclic strain-bardening {and eoftsning)

Since fatigus and crack growth are a coneequencs of c¢yclic elip, cyclic strain-hardening (or softening)

will occur. That means that tbe etructure of the material will be changed, Ths spatial configurations of
the dielocations will change. Dislocation multiplication may occur ae well ea dislocation reactions and
pinning. According to Grosskreutz, a cel etructure will be formed (Ref,14).

If tbe material was already work-bardensd, re-arran;ement of tbe dislocatisn distribution way lead to
cyclic strain softening. Anyhow, crack growth will occur in & maeteriel ibat will not have tbe eams die-
location structure as tbs virgin material or ths materia 1 in tbs "ae received' condition,

A major problem ie to define quantitatively tbe etructurs of the cyclically etrain-hardened materiel in
terms of dislocatione, Sscondly tbe significance for crack growtb is not fully clear,

raiw mifecte

Fatigue being a consequence of cyclic slip may well be a losding rate sensitive phenomencn, uecause slip
itself may bs a functior of the loading rate (creep). Fatigue ae it is considerod in tbis raport, ie
outeids the creep domain. However, there are ~more reasona why rate effecta may occur, Chemical attack
from the enviroument may be significent at the surfacs of the material (nucleation} but also in tbe
crack at its very spsx (propsgation). Secondly, diffusion in the materisl may affect the mobility of tbs
dislocetions and the fracture mechanism,

It ie very difficult to get beyond speculative argumsnte. Howsver, s {ew empirical trends eeem itv bs well
established, Decreasing the loading frequency of & sipuscidal loading may decrsase fatigue livoe and in-
crease creck ratea, Thess effecte will depend on the typs of material and on tbs environment, Eapecially
orack propagation in aluminiwn alloys got much attention, 1t was clearly observed that the crack rais was
reduced if tbe humidity of the snvironment waam lower, whi’e tbis effect was dependent on the loading
frequancy (Kefs.15,16).

ng of materisl

It can hardly be s surpries tbat fatigus does not manife et iteelf ee sxacily tbe same phenomencn in all

materials, Stristions have basn noticed on many materials, but differences were found, much ar ductile
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striestions in the 2024 alloy and britile etriations in the 7075 slloy (Ref,2). There are aleo materiels
{some typss of stesl) where strietione are hard to obmerve,

Sinoce fetigue is a consequence of gvclic elip, it will be clear that fatigue is dspsndent on the poseibil-
1taes for elip (availahle slip systems, ocase of croas slip), the hardening mechanieme present in the
matrix, the break-down of such mechanisms, oyclic strain-hardening {or eoftening), etc. This implies that
ths picture can be different for different materials, Creck nucleation may slso depend on the material
due to the preeence of second phase particlee or inolusions, that meane on the cleanneas of the material,

Coneluding remarks
It is trivial to stute that varicus detsile of the fatigue mechanism will be different for different

conditions, At tnie etage, it is more relovant to see whether fatigue i1n technical alloys under varioue
conditions has still enough featuree in common to poetulate a siiple fatigue modal, that could be ueeful
for a discueeion of fatigue demsge accumulation under variahle-amplitude loading, It ie thought that a
model with the following characterietice could eatiefy this nased, whils etill heing in agreement with the
ohgervatione diecuased hefore,

1, Sinos we are concerned with "finite life' probleme, this impliea that crack nucleation etarte sarly in
the life, Hence the nucleation period may be neglected,

2. Creck growth occurs by eliding-off at the tip of the crack, either by dielocatione moving into the
creck or hy dislocations emitted by the crack, that means it occure by elip, which ie local plaetic
deformation,

31, As a conesquence, ths growih rate ie dependent on tne amount of cyci.c elip and on the effectivity of
converting cyclic Blip into crack extension, Obviouely, the amcunt of elip ie a function of the local con-
dition of the matsrial end the local stireesee, The condi tion of the material is dependent on the prece-
ding mtrain history, while the local streee ie a function of the applied atrees and the geometry of the
specimen, inoluding the length of the crack,

4, The convereion of cyclic elip into crack extension will alap depend on the local teneile etreee
{fracture mechanism, disruption of honds, etrain anergy relesaee), This strese should include residusl
etrese induced by tha preceding fatigue loading.

More comments on fatigue damsge accumulation will be given in the following chapter,

3, FATIGUE DAMAGE ACCUMULATION

In the previous chapter the fat.gue phenomenon hae been dipscuseed in gualitative terme, tacitly aeeuming
that the fatigue loading did not vary during the % ent {constant mean, conatant amplitude}. 1f the fatigue
load doee vary, how will thie picture be fected? Thie will he discuseed in the preaenti chapter,
Pertinent queeti.-.e are: amn1i tudas
a Te fatigue under & variable fatigue loading etill the same proceas as fatigue under conetant loading?
b How doee fatigue damage accwmlation occur under a variable fatigue loading?

¢ To anewer the previoue queetion, the following queeticn has aleo to be anewered:

How do we deacribe fatigue damage?

With respect to the first quasiion it has to he oxpectad that the qualitative description of fatizue
given in chapter 2 is etill valid. 1t does occur in the eame material, again ae a coneequence of cyclic
elip, Thie does not imply that the farigue procees will alsoc be the same in & quantitative way. 1t need
nct svan be the same in conetant-amplitnde tesia at high and low amplitudee (high-level fatigue and low-
level fatigue), The diascuseion of quantiiative aepecta firet requires a definition of fatigue damage.

3.1 Fatigue dameg2

Fetigue damage ie moei generslly defined ee heipng the changes of the material caueed by fatigue loading.
The amount of cracking, epparently, is the most prominent aspect of theee changee. However, there are
other changee in the materisl than vrackling alone, frr 1uetance cyrlic etrasr-hardening and the develop-

ment of residual stiressss.




Geomatry of the crack v
It should he reoognieed that the creck is not completely defined hy giving a crack lengtb or a crucked 5!

ares, Conmidering & crack as & ssparation in the material ite mise, as a first approximation, oan he E
defined by tha position and the orientation of tbe orack.front. The crack front need not he a wmingle 52
straigbt line or a circular arc, On a microsoopic level it certainly will not he & streight line through _l'E{;
the various graias, At & macroscopic level the orientation of the orsck front will be different for a esi
plane-strain creck (tensile moda) and a plans-stress crack {shear mode) (Fig.2.4). )

i
Tha geomeiry of the crack tip is anotber aspsct to he considered, On the atomic level a detailed picture f
in a matter of imagination, hut even on a microscopic level this ie a diffioult provlem, It has to he i

sxpectad that the tip will he blunted after application of a high tensile load, while reversing the load
will induce reeharpening of tba crack tip. Blunting and resharpening hoth will depend on the local ductil-
ity of the material and on the magnituds of tbe load applied,

If a cracked sheet is loaded in compreesion the crack will he closed. Hence it will be no longer a eevere
gtress raiser since it can tranemit compressive loade, This argument was suggested hy Illg and McEvily

(Ref.17} who oonfirmed it hy compsring crack propagetion data obtained in tests witb the same Sm' hut ,’
with 5. = O in one case (R=0) and 5, = ~ 5. _ in the otber case (5 =~ O, R~ -1}, Approximately the ‘-;:
same crack rates were found, Thie result was more applicables to 7075-T6 sheet material than to 2024-T3 %

sheet materinl, The latter was explained by the higber ductility of the 2024 alloy, implying more crack
opening due to pleetic deformation in the crack tip area, Hence a larger compressive etreee was required

before crack .loeure occurs,

Recently, Elber {Refe.18,19) oheerved that creck closura may occur while the shest is etill loaded in

tension, According to Elber plastic elongetion will occur in ibe pluetic zone of the growing crack., 1his
plastic deformation will remain preeent in the wake of the crack and it will cause crack closure befors
complete unloading of the apecimen, Thie pbeénomenon was ronfirmed in an exploratory inveetigation at NLI,
The data in figure 3,1 illueirate the conception, As a consequence of crack closure ibe creck opening es
a function of epplied etreee shows a non-linear babaviour, For increasing stress, tbe crack ie gredually
opened until at S = So it ie fully open. Iuring the fatigue tests 1 and 2, see lower grapb of figure 3.1,
the crack was partly cloeed during a considerable part of the eiress cycle., For teste 3 and 4, the So -
level could oniy be determined after unloeding the epecimen below Smin.

The ahova aspecte of the crack geometry have been listed in figure 3,2.

Strain-hardening effects

Aa said in chapter 2, cyclic elip will affect tba structurs of the materiai. ‘n view of the strees concen-
trating effect ofthe creck,changse of the structure will have a localived character with large gradients,
3ince it is alreedy difficult to describe the chengee in a qualitative way, it will be clear thet a

quantitative description is a termendous problem,

Reeidual stirese

Plastic deformation et the tip of the orack will occur in the aecending part of a lcad cycle, If this
deformation ie not fully reversed in the descending part it wiil leave oeidusl etresses in the crack tip
region., In the fetigue model outlined in the previous chapter, ihe efficiency of converting alip into
crack extension is dependen® or. the teneiie stress in the crack tip region, Residusl etreseee have to be
added to the siresses induced hy the epplied loads, Ae a coneequence, residual streases will affect the
fatigue damege accumulation and for this reamon they are an essential part of fetigue damage,

A calculetion of tbe distrihution and the magnitude of tbe residual sirosses will he extremely difficult
in view of the cyclic plestic behaviour of the material, the large strain gradients and the crystallo-
grephic neture ol the materisl,

The picture is further complicated hy crack cloe re sa described above, It will turn out later that
ssveral empiricel trends, atirihuted to remidusl streesse in the crack tip region, may aleo be explsined

hy orasck closure.
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3,2 Fatigue damage accumuletion. 'Intu;;ntion.

Ampacto of the prsvicus disouseion are eummarired in fig.re 3.2 which will 'bu disouemed further in this
section, In gensral terme fatigue damags may also be formulated a8 follows:

]
changes of the material ff“‘k geometry : |

Fatigue damage = ' ) =
. due to cyclic loading

cyclic atrain hardening| | (3.1)
residual atreaees ’

Fotigue damage accumulation meane an accumulation of deamage incremenia in every load cycle. A damage
incremant according to sguation {3,1) involvee incremental changee of the crack geometry, the cyclic
sirain-hardening and the rasiduel etrese, If th.eea thres aepects were uhiq-uely correlated, fatigue would
be the same procees irrespective the magmituae of the fatigue loading. The damage could th.an be fully
deecribed by one eingle d.a.r;ta.ge parameter, for inetance the crack length. Unfortunately euch a unique '
correlation deee not exiet. Compare as an example high-level fetigue and lew-1dvel fatig;ue. Crack propa-
gation occura in both caees, but the amou.n:t of cyclic etrain-bardaning ana the residual atress at e
certain length of the creck will be different., Even the crack will not be the eame, I may be a shear mode
crack for high-level fati:qgue and a tenaile mode crack f‘or low-laval fatigue. This implise that quantita-
tively, fatigue ia not the aame proceea, irrespective of the magnitude of the faLtig-ua loading. Coneaquent-

ly, it is imposeible to deecribe the damdge by a mingle damage parazeter,
¥

For a variable fatigue loading, the problem is etill more c&mplex tkan for constant-amplitude loading.
A crack propagation test with a consetant-amplitude loading and & fow intermittent high loada ie g raletiv-
aly zimple cmee, while at the same time it ie & vary illuetrative example, i
A8 ehown in figure 1.3, three upward peak loade hed a large delaying effect on tho creck proﬁa.gation,
compare ¢ and A, If the upward psak load was immediately followed by a downward one (aar,ruimca B), the
delaying effect is tu¢h emaller, but nevertheless the increase of life' is noticeable, Soma commente
on these rasulte may now be made, .

During the pask load crack extension does occur. Although,.‘ i:cing small from a macroscopic point of view
the extension could be cbserved, The question ia what'her this inorament of the creck length would have
been the same if the creck had been grown up to the same langth by peak loads only {compare alec 4 and C
in Fig.1.2). Thers are varicue reasons to believe that thie ie not true, . )

1. The crientetion of the crack front would bs different becaumse peak load cyoles would produce a shear
mode fracturs, whersas the low-amplitude cyclas produced e tenaile mode fracture. In other words ths peak
loads in figure 3,3} are faced with an orientation of the crack front that is rot compatible with their
o magnitude. Thie incompatibility or mismatch between load emplituds and crack front orientation im
illuetreted by figure 3,5 for some simple load eegquencee.

2. ''ne low-amplitude cyciem will produce a uhu-yﬁ- vreck bip han (poiles of ths peak load mogmituds wepld
have done. Thie.may aleo affect the crack exteneion of a single peak load,

3. The cyclic strain hintory ia oﬁvionnly diffarent for low-amplitude cyclee and high-amplitude cycles,
It ie extremely difficult to quantify t‘hua three sapacts, .
et u8 now coneider the crack growth during the lou-;mplituda cycles after a peak lotd-m applied, that
meane during the delayed growth periol, The delay can elso bs axplained by various mechsnieme,

1. The high pesk load in test C induced compreesivs residual wiresses in the crack tip region. This will
not neceesarily rastrain  :lic slip but according ic the model outlined in the previous chapter, it will
eupprese the conversion into crack extension. In teet B, the subsequent downwsrd pesk load revarsed the
eign of the reeidusl strase but thie occurs in & smaller plastic zone bscauss the crack is olosing under
compression, Hence ine creck tip is surrounded by a small sione with tensile residuai stresses and a
larger sone wiih compressive residusl stressee, see figure 3.4 In agresmsrnt with this picturs the crack
growth started faster, then slowed down and finally reeumed normel spesd, '

2. Ths observations in figuree 1.3 and 31,4 can also be axplained by Elber's crack closure argument. This
was racently studied by 'Jén Buw (Ref.21). Ths argument s that the delﬁ\ying sffsct of ths positive peak
load caused by crack closure should occur after the crack has penstreted ths plastic sons with ths residu-
al compreseive siresses, Consequantly ths crsck rats should rsach a @inimum after some further growth.
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Voo Euw could suhstentiate this view by fractographic observations (see also Ref.26).
3. Cruck hlunting might qualitstively explain the delay in teet C, However, the dslay would he vsry large
for & crack that ie blunted on a mizroscopic scale only, wherese it is eti)l a sharp crack on a macroscopic

acale, Furthsr, it ie difficult to eee that crack blunting can explain the delay in test B eince the down-

~ ward peak load should resharpen the crack tip again,

4. Strain-bardening in the crack tip region is also a mechanisn to explain the obeervations, although in
thia casc it #lwo ie difficilt to reconcile the large differences hetween the delsye in teets B and ¢,

It would requirs a mcre detailed picture ahout strain-hardening under cyclic load.

Another example is given in figure 3,5b, The crack exteneion due to the hatch of low-amplitude cycles wae
amsller than in a constant-asmplitude test with ths same low emplitude, Arguments mentioned before, such as
reeidual stress, crack closure, incompatihle crack front orientattion, cyclic strain hardening and crack
blunting may all he relevant in this case, It is indeed difficult to desigr a test and mewns for obeerva-

tion such that just one mechanism can he studied eeparately.

Interaction effects

As illustrated hy the above tests, crack extension in a losd cycle is depending on the fatigue damage
haing present, This damage is again dependent on the load hietory that produced the dasmage, In other
u&rds. a damage increment in a certain load cycle w.ill be a function of the damage done hy the preceding
load cycles, A recapitulation of the variocus aepects 18 given in figure 3,2,

It may aleo be said that the dsmage produced in a certain load cycle will affect the damage produced in
the euheequent load cycles, These effects wers labelled in the past as intersction effects, as it was
supposad to be an interaction hetween the damag%gg aﬁf:gts of load cycles of different magnitude, We will
8t1ll use the word "interaction sffect” in order tExﬁgﬁEée accumulation under variable fatigue loading

as being different from damage accumulation under constant-amplitude louding,

3.3 Fatigue damage at final failure

Ths end of the fatigue life could be defined ae the presence of a specified amount of fatigue cracking.
in most theoriee, however, the end of the fatigue life i8 ameociated with complete failure. Obviously,
the length (or the area) of the fatigue crack will then he a function of the highest load occurring in
the test, as indicated by Valluri {Ref.23}., Thie appliee to both constant-amplitude teste ae well ae
variable-amplitude teete. For the formsr type of testing it 18 illustrated by figure 3.6, which has been
drawn for thie illuetrative purpose only. Unfortunately this aspect 1e ignored by moet cumulative damage

theoriee to be diecussed in chapter 5.

ln s variable.amplitude test the occurrence of the final failure will he dependent on the maxizma of the
ivead Lisiory and the @1ze oI LO0e Egrowihg Crack, Une may aek wihether the condition of the material at the
t1p of the crack could also affect the occurrence of the final failure, Eroek's work {Ref.24) suggests
that this will hardly be true, The final failure {unstable crsck growth} will be preceded by a em:ll
amount of stable crack growth, kcresver, he found that eaw cuts and fatigue crack® gave eimilar reeidual
strength values, 1t thus appear:s .o he justified to apply the fracture toughaesse conception for the pre-
diction of ithe final failure, 1.e. the end of the fatigue life.

3,4 Micro and macro aepects

The wverioue poeeibilitiee for interaction effects during the accumulatinn of fatigue damage are eummarized
in figure 3,2, 1t 1s good to realize how we arrived at the rnowledge or the recognition of the exietence
of such interaction mechanisme, It then has to he admittsd that macroscopic concepte {(etresa and strain
e.g.) were quite frequently employed, Microscopic obeervations (strisatione) were uesually ohtained for
macrocracks, Urack growth delaye wers alec obeerved for macrocracke. kor microcracks the growth rate e

a0 low that detailed npeervations are extremely difficult. Nevertheleee, it 18 thnught that the damage

accumulation pictuire outlined before will gqualitatively spply in the micro range alec. tlowever, eince the



3-10

picture for meorocracks is eleo largely qualitative it will be clear that thers ie s gc.d deal of intui-
tive epeculation invelved in our conceptions. It is sxpected that our knowledgs for a long time will still

have a qualitative character.

4. EMPIRICAL TRENDS OBSERVED IN VARIABLE-AMPLITUDE TESTS

As explained in the previous chapter, fetigue damago accumulation ie a fairly complex phenomenon chiract-
erized by varioue mechanisme for interaction effecte. In thie chapter it will be analyeed whether variable-
amplitude teets have revealed eyetematic trende with respect to interactione, For thie purposo we will
firat consider the methuds for measuring interection effecte, Secondly various types of variable-amplitude
loading will be listad, The maejor part of the chapter ie covered by summarizing empirical trende obaerved
in varioue teet series (Sece,4.3-4.18), It is not the intention to give a complete compilation of all

available data, Representative dats will be shown, howsver, ts illuetrate the various trends,

4.1 How to measure interaction effecte?

In chapter 3 the interaction sffect was defined as the effect on the damage inc-ement in a certain load
cycle ae caused by the preceding load-time hiastory. 1t can be similarly defined ae the affect of the
damage being preeent on subeequeni damage accumulation,

Frectography

In view of the eignificence of cracking for fatigne damage, the best method for meaeuring interaction

L TR A R T R A R S S

* % effects would be by fractograpiic means, With the electron microscope etriatione can be obeerved, that

Bt

means crack length iluncremente of in''vidual load cycles, It ie bayond any doubt that fractography ie the

mosat direct method to meaeure interaction effecte, However, there are iimitatione because etriations can-

o Lt - O

not always be cbeserved, especially in the microcreck range, Moreover, intsrpretation pr-bleme may also
arise, Heference may be made here to the work of McMillan, Pelloux, Herzberg (Refe,25,26) and Jacoby
(Ref.4). More investigations of this nature are thought to be very worthwhile,

e ey wege ar

L

Vieual crack growth obeervations
The examples of interaction discueeed in the previous chapter (Sec.3,2}, were atudied by visual cheerva-

tion of the crack growth. The effecte could ©till directly be observed because there were coneiderablea

crack growth delsys. A eimilar cbeervation wes made (Refm,27,28) after changing the streee amplitude from
s high to a low value (two-etep teet), 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
aetrese amplitude, eee figure 4.1b, 1~ other worde, macrnecopically an interaction effect could not be ob-

M EEN IS g e

served in the second case, Nsverthelese, a signiticant interaction siiect during & small puuber of vyulwe

could eaeily secape euch vimual crack growth cheervatione, Electron fractography ie then recquirsd and

SEIIE s

there are indeed some indicetions (Hef.21) that the ¢rack rete immediately after a low-high atep was high-

ar during & few cycles,

RIR

e

Fatigue life
In the ma)srity of variable-amplitude teet series reported in the literature, observations on crack growth
were not made, Since favoureble interaction effecte increase the life, whereas unfavourable sffecte will

sherten it, interaction effects can alao be derived in an indirect way from fatigue life dats,

Damage vaiuae ¥ n/N
Since the velus of & n/H et the moment of failu.o may be coneidered ae a relative fatigue life, thie
value may alsc be adopted for studying interactivn effecta, We may expect X n/H >1 to be the reeult of

@ favourable interaction effect, whereas In/N < 1 would indicate an unfavourable interaction sffect.

Other remeons for daviationa from 3 n/N¥ = t are defired in eection 5,3.2.

T R

The value of £n/N can give an indication of interaction only if the fatigus losd ie varisd no more than
orce 1n m tess, ess figure 4.2, A! and A2, If the fatigue load is cnanged more than once, ees for a
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simple sxample figure 4,2B, & value I n/N > 1 may again be interpreted as an indicetion of favourable
interaction sffacta, However, it is impoemible %o say whether it war a favourable interaction of the high-
amplitude cyolss on subsequent damage accumulation durimg low-amplitude cyclee or the reverse, It ie even
poreible that thare were unfavourable and favourable interaction effacts both, with the latter ones pre-
dominiting, Hence, in general, the z‘n/N value will only indicate eome average of all poseible interac-
tion affects,

4.2 Various types of varishle-amplitude loading

Thers is obviously & multitude of load-time histories deviating from the fatigue load with constant mean
and constént anplitude, A survey of several types applied in teet series reported in the 11!erature and
the nomenclature to be used, are given in figures 4.2 snd 4,3, The more eimple onee are preeented in
figure 4.2, The number of variablee is amall snd the variables can easily be defined, For ths more com-
plex loud.time histories shown in figure 4.3, a etatistical description of tha loade hae to be given,
This may te the dietribution function of the load explit udes, The function may be a 8tepped vne, as for
instance for the programloadirg F and the randomized block loading @ in {igure 4.3, i exampls of such a
eteppad function is given in figure 4.22,

Program loading was proposed in 1939 by Gasener (Ref,29), while the randomized block loading was advised
by NASA (Refe,30,31) as a variant of program loading, In & program test, the blocke with load cycles of

the esame magnitude are applied in a eystematic sequence, whereas this seguence ie a random one for the

randomized block loading,

If random loading im a stationary Gaussion procese, it is fully described by ite power speciral demsity
function (PSD-function), Other statistical parameters characterizing the random load are the root mean
aquars value of the load (Srms) and the ratic between the number of resks and the number of mean-load
croesinge, For & narrow-band random loading, the latter ratic ie approaching one, while the distribution
function of the amplitudes is a Rayleigh distribution, Aspacts of describing random loade are diecussed
in ths literature (for instance Refs,32-14),

Thke ssquence of peak loads of & quasi-random or pseude-random loading is derived from random numbere, in

such & way that there is no corrslation at all hetween the magnitude of euccesaive load cyclea.

In a realistic flight simulation teat (M in Fig.4..), flight loade are applied in sequence which are
different from flight to flight, see alsoc figure 7.3, The load-time history may be 8 calculated one,
whersae actual losd records obtained in flight can be sdcpted if available {Eranger, Ref,35). I the
past, many full-scale structures have been tested with mimplified flight-simulation loadinge such ae
shown in figure 4.3, all flighta being identicsl,

In figures 4,2 and 4,3, only the major typee of fatigue 'oadings are given, The list ie not complete
since many variante on the examplee eho'm can be thought of, For inetance in a program teet, the mean
load nesd not he constant but may vary from block to block. A8 another example in a rsndom load test,
the S..q nesd not be conetant but can be varied from time to time us propesed by Swanson (Ref,33),
Navertheless, ths list ie complets enough for the diecussion in the following section on systematic
trande in the results of veriable-amplitude loeding, The merits of several testing msthods are dis-

cu..sed in more detail in ohapter 7.

4,1 Trends observed in tests on unnotched specimene

If an unnotched specimen is axially loaded, the strees distribution will be homogenecns, Exceeding the
yield limit will not inducs reeidual strese on a macro scale, Thie 18 an important difference aa compared
to notched specimens, Ccneequently, & eignificant mechaniam for interaction effscte will not occur in
axially loaded unnotched epecimens,

If unnotched specimens are loaded in rotating bending, the mean stress is eguel to zero and the eign of

the streee will change in sach cycle., Thie ie again an important difference with notched specimens
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loaded at a positive mean etress,

As a consequence, we have to expect that the cumulative damage beheviour of unnotched spacimens especially
if loade. ut S = 0, may be eignificantly different from the behaviour of notchsd epecimens loaded at a
positive mean strees, For inetance it may be said that X n/N <t is a fairly common observation for un-
notched specimens loaded :n rotating bending, whereas I q/N >1 is a relatively common observation for
notiched epecimens loaded at & poeirtive mean stress. An example of differsnt sequencs effecte in unnotched
and notchad specimens 18 given in figura 4.4. It ie thought that the explanation for the sequanca sffect
of the unnotched specimen is mainly a matter of crack nucleation, Buclestion will more readily oceur with
the high etress amplitude at the beginning of the tasts, Subsequently, cycles with a lower amplitude mey
then carry the crack to failure, For the notched specimens, rseidual stresees are responsible for the
reversed sequencs sffect, sse the following easction,

Unnotched specimen data were rsviewed in references 33,39, ln view of their limited practical significance

the data will not be furiher considerad in this report,

4.4 The effect of a high prelozd

Various 1nvestigatora have studied thes effect of a single high prelead on the subsequant fatigue life of
notched elements. A survey 18 given in table 4.1 which shows that the effect of preloading wes studied
for a variety of materials and specimens including built-up structures, while the fatigue loading encomp-
aapes constant-amplitude loading, program loading wnd random loading.

Without any exception an increased fatigue life due to the preload was found in all the investigations,
This was generally attributed to residual stiresees at the root of ithe notch. aiready Heyer in 1943
(Ref.41) attributed the increased life to compressive residual stresses. It is shown in figure 4.5 how
thase stresses are introduced by a high load. The compresuive residual stress at the reoot of the notch
unplies that ths local mean stress in subsequent fatigue tssting will be reduced with an amount equal to
the residual strese. Two sxamples of the effect of a prelcad on the S5-Il curve ars shown in figure 4.6,
one for constant-amplitude loading and one for random loading.

48 a general trend, the investigations mentione. in table 4,1 alsc indicate that the preload effect is
larger for higher preloads. This 18 :llustrated b; neywood's results in figure 4.7,

In Bome investigations the effect of a negative preload (compressive load; wae alse studied {Refs.41-43,
47,49) and reductions of the life were found indesd, see figure J.7. These losses are to be attributed to

tensile residual streeses,

4.5 kesidual stresses

Compreesive reslduzl stresses will increase the life for rsasons discussed in chapter 3, Unfortunately
residual stresses may be released by subsequent ¢yclic toading, Urews and Hardrath introduced a new
tachnigue for measuring the resioudl atresses ut the rooil of o noich by meaus of very winablée diTaln
gauges (Hefs8.52,53). w1th the ~train gauges the local strain history 1e meesured. The corresponding strsas
history 18 then deduced from tests on unnntched specimens to which the same strain history is applied.
Some results from .luibach, Schlitz and ivensen (hefs.54,55) for a simple flight simulation loading, are
given in fipure 4,34, Afver the peax Joad F +the local mean stress is lower than before ths peak load and
this will reduce the damaje rate, Hdowever, the downward load A {pground-to-air cycle) has a reversed
effect and hence 1t 18 unfavourable for a long fatigue life, Limilar measurements were reported by

Idwards {ief.%A).

The residual atresses at a notch will remain present onl; if the loacal stress range does not cause local
yielding. Thie 1s ohvieusly depending on the fatigue load applied, the geometry of the specimen {ircluding
criacks; and the ¢yclic atiress-siruln benaviour of the materiul. when ¢yclic plastic deformation occurs,
eirther at the ront of the notch or in the crach tip region, relaxation of resivual stresses will oceur,
Obviousiy the residual stress cz2n be restcred by a new high load, Consequently periodic repetilion of
nigh loade will have a much larger e.fect an the fatigue Jife than a singie preload of the same magnitude.

ixarplens will Le discussed later on,

imig (hef.49) perfermed fatigue tests on edgs-nolched Ti-ulloy specimens and he fourd a life increase from

P4 g N
29000 te 145 007 gycles due to a preload of 0 kg/mm  (cynlic strees range 0-35 kg/mm‘;. He could largely
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eliminate ths reeidual strees induced by preloading, hy applving a new heat cycle (288°C) to the specimens.
This reduced the life from 145 000 vyclee to 55000 cycles.

t mght be expected that reeidual stresees can fade away if given enough time, This could apply to
etrain-ageing materiale, such a8 miid eteel. However, it hss not heen cheerved in aluminium alloys,

Smith (Hef.45) found the same fatigue life for preloaded 7075 ™6 specimens when tested immediately mfter
preloading or tested hu'f a year later, Preloading had more than doubled the life, Program teste of
Gagerer (Ref.57) on s tuhe with 3 holes may aleo he mentioned here, Frequent interruptions of these teste
for two days reet pericde did not systematically affect the life,

4.6 Pericdic high loadas and residual etrepeas

lnvestigations on thie topic have heen liseted in table 4,2, Fatigue tests sre interrupted from time to
time for the application of & high load (Fig.4.2D). The general trend is that theses pericdic high loads
are coweidersbly more effective in increaseing the life than a single prelead, An illustration of thie
oheervation ie preeented hy figure 4,7, The delaying effuct on crack propagstion waa slready discumsed
in chaptes }, wee figure 3,3, The effect will be larger for higher periocdic loade (Refe.26,60,62),

The relaxation and restorstion of residual etreeses ie illustraied hy the results of reference 39, Riveted
lap jointe were teeted under program loading, eee figure 4,9, The pericdic high loade considerahly in-
creaeed the life, If the application of the high loade was stopped after the S0th period (meries 6a}, the
reeidual streeeee could ke relaxed hy the suheequent fatigue losding and failure gccurred after B addi-
tional periode, Similarly, applying the high loads after ea~h 2 periode {series 6b) alec allowed more
relaxation of reeidual etrees and gsve a three times shorter life, It is aleo noteworthy that the applica-
tion of the program loading in the Hi-Lo seguence ([eeriee 17) instead of the Lo-Hi sequence, gave a much
shorter lif  Aipparently, applying the maximum amplitude immediately after the periodic high load reduced
the residual streeses and the subeequent lower amplitude cyclee could he more damaging than in test

eeries 6,

Ir eome investigatlonse, listed in :.ule 4.2, it wae etudied whether a high negative load would reduce
the life increaeing effect cof a hizh positive load. Thie wae true in all caeee, An illusiration concern-
ing crack propagation wae alreadv d.ecussed in chapter 31, pee figure 3.3 Another example for the fatigue
life of riveted jointe ie ehown in figure 4.il. if a eingle load cycle with a very high amplitude is
appiied, it 18 apparently very important whether this cycle etarte either with the positive peak or the
negative peak, The last peak load applied hae s predominant effect on the damage accumulation, see dis-

cueeion in eection 3,2,

Hudson and Raju (Ref,62) alsc performed conétant- aplitude teste with intermittent bstches of 5, 10, 20
or 28 high load cyclee, The effect of crack propagation in aluminium alloy pheet material was studied and
it turned out that the crack growth delaye were larger than for single high losde, It may he amswned that
more high load cycles will further increass the compressive residual etreases in ihe plastic zone. It may
slec he assumed that the size of the plastic zone will still become larger., Another explanstion im to
sttrihute the increaeed growth delay to & more intensive strain hardening in the crack tip zone, It im
difficult to indicate the significance of the verioue contributions. 1t ie noteworthy that Haywood
(Ref.42) found a few teet reeulte indicating that 10 high preloade on a notched element induced a larger
increaee of the fatigue life than a eingle high prelcad,

4.t The damaging effect of periodlc negstive loads on GTAC

For wing etructures, ground-to-alr cycles {GFAC), alec called ground-air-grousd transitiona {GAG), are
frequently recurring load cyclee, A eurvey of investigations on the effact of GTAC on fatigue life ie
preeanted 1n table 4.3. The GTAC hae the reputatinn to be very damrging., it is truse indeed that CGTAC are
reducing the life considersbly, that means to a much greater extent than tha Palmgren-Miner rule predicte

(sea for summaries Hefe,76 and T79%. In flight-simulation tests, life reduction factore in the range 2-5
are common,
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& GTAC may be damaging for two reaeone, Fireit, it generslly 1s a sevéro load cycle rhich certsinly will
contribute to crsck growtn, Second, it will partly eliminate compreeeive residusl eireeses se oxplained
ir section 4.5, eee aleo figure 4.0, Theee two argumente axplain ths rssults of Barrois (Ref,70) in
fagure 4,11, which illustratee that the life in cycles is ehorter if thers are more QTAC,

From the above arguments it hes to be expectsd slso, thst the damaging sffect will be larger if the
minimum load in the GTAC is going farther down into compressesion, Thie is illustrated by reeults of

Naumann (Ref.67) and Imig and 1llg (Ref,80), see figurs 4,12,

The effect of GTAC wae alaso etudied for macrocrack propagation. The effect in eimplified flignt-eimula-
tion teete was oheerved to be muall (ees Ref.72), It was more significari with realistic flight aimulm-
tion loading (Refa,77,78) as shown by the reeults in figure 4.%3. ‘The reduction factore for the crack
propagation life ars neverthelees noticeably emaller than the ueual valuee for notcned epscimens and
structures {range 2-5), Hence the damaging sffect of the GTAC eppeare to be smaller for crsck propagation.
Revereing the load on & noiched element implise that the strees at the root of the notch ie aleo revereed
and may thus reveree the sign of the reeidual etreee if plaetic deformation occure., The revereion would
aleo occur if ewall microcracks are prerent, However, for a macro crack, reversing the load from teneion
to compreesion implies that the crack will be cloeed thus being able to tranemit compreesive loade an

diacussed in section 3,2, The crack then is no longer a etreea raieer.
Ae a coneequenca ¢f the above reaeoning, it appeare that GTAC are more damaging for crack nucleation {in-

cluding micro-crack growth) than for macrocrack propagation.

4.6 Sequence effecta in two-step teete

1n the previcue esctiona the effecte of high loads were diecussed and it turned out that residusl Btreeess
could well explain the trende obeerved, As & coneequence, a high peek load cycle couvld extend the life if
it etarted with the negative half cycle and ended wath the positive half cycle, Reverasing the sequence of
tha two high loade had a detrimental effect on tha fatigue life.

Another example of a escquence effect is given in figure 4.4b. In this figure the firet block of high-
amplitude cycles apparently exerted a favourable interaction effect { = n/N = 5.35) on the remaining life
under tha second block of low-amplitude cycles, Thie effect mey again be due to resaidual etresses,
although cyclic atrain hardening and othar interaction effecte may sleo heve been active.

The following illustrative example has heen drawn from Wallgren (Ref.81). ln figure 4.14 reaulte are

shown from two seriee of two-step teete that are almost idantical, eince the a.ume %m and SB values apply
to the firet and the second block. The only difference ie in the transition from the firet bleck to the
second one, which had a #significant effect on the life, The life ie relatively short 1f the firat block
ands up with Smxn and relatively long if the block ende with Spay vhich e just a matter of one addition-
al hail cycle, ''hlE cOBOrvALlon is #itvugly in favowur vl fesidual &
action, The obaervation ie aleo in good agreement with Edwarde' measurements of reeidual stresses at the
root of a notch (Ref,56}, ehowing that tha aign of the reeidusl etreea may change in each cycle if the

applied etress range ie large mnough.

With respect to macrocrack propagation in sheet specimens, crack growth delaye after a high-low amplitude
atap have been mentioned tefore (Section 4.1). It wae aleo emphaaized that an interaction effect after a
low-high etep, being mignificant during a few cycles only, could easmily escape macro obaervationa, but

it can be detected by electron fractography., Crack growth accalsration after much a low-high siep was
aucceasfully explained by Elber {Ref.19), using the crack-cloeure argumsnt, buring ‘he low-amplitude
cycling little plaetic deformation ie left in the wake of the crack. finnaaquently, after changing over to
the high amplitude there ie less crack closure and more crack opening as Compared to crack growth at the

high amplitude only. After eome further crack extenmion %the crack closure ie again r. .eeentative for the

high amplitude (kef,21),
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4.9 GSaquence effects in program teate

In a two-step tsat the stress smplitude is changed only once. In e program test it is changsd many times,
both by increseing and dscressing its value, AR & consequence, rasults of two-etsp %tests will not necese-
arily allow a direct interpretation of sequence effects in program tests,

There ia enother reason why explainipg sequence ef fectm in program teste may be problematic, In most
program tests a changs of 5, is eupposed to oceur stepwise. If thie wers true, it ie important whether
the change iB made either after the minimum or after the maximum of the last cycle of a etep, see the
previous section and figure 4.14. Unfortunately thie information is rarely gziven in the literature for
thoes caees where the changs ie really step-wiee (manual operation, slow-drive machine, cloeed-loop
machine with load control on individwal cycles)., kany program teete were carried out on rescnance fatigue
machines, which impliee that changing the amplitude from one level to another level did occur gradually,
that means ir a rather large number of cycles, Apparently, there ie a poor definition of details of thse
load mequence in program itests although these details could be important for intsraction sffects and hence
for the fatigue life.

Gasener proposed the program test in 1939 (Fef.29) and shortly afterwards he etudied alre>dy the sffect
of prried 4ize (numbsr of cycles in one period, see figure 4,3F) and the effect of the sequence of ampli-
tudes in a period {Ref.892). A survey of investigations on the methods of program testing ie given in
tabls 1.4,

Size of period

The investigations listed in table 4.4 indicate that the fatigue life may deperd on the Bize of the
period but unfortunatsely a clearly systematic trend was not found in all ceses, Reducing the size of the
pericd 1n several but not in all cases, reduced the life,

Reducing the size of the period to relatively small numbers of cyclss while maintaining the same load
spectrum, implies that the higheet amplitudes occur less than once in a peried. The amplitudes then have
to be applied in & limited number of periode. Adopting this procedurs, Lipp and Gaesner (Refs,94,95) and
Breyan {Ref,98} reported » systematic effect on the program fatigue lif3. The results, as shown in
figure 4.15, indicate that the effsct was far from megligible, In an NLR etudy (Refs,96,97) on crack
propagation, & similerly large effect of the period Bize was found, Bee figure 4.16, while the load spec.
trum of amplitudes was exactly the sams for the short and the long period.

Sequence of amplitudes

Sequences frequently applied are:

increasing amplitudes {Lo-Hi)

o

I

increasing-decreasing ampliiudes (Lo-Hi-Lo)
decreasing amplitudee {Hi-Lo)

randomized sequence of blocke with tha same amplitude,

in o

VYarious comparative studies are reported in the literature, The effect of the Bequencs is illuatrated Ly
the NASA reeults in figure 4.17, and for -ack propagation by the NLR reeults in figurs 4.16. The results
are generally systematic in a way that the life for the Lo-Hi-Lo Bequence is always in between thet of the
Lo~Hi aid the Hi-Lo sequence, Unfortunately, the resulta are not systematic with respeoi to the compari-
son between the Lo-Hi and the Hi-Leo sequence. In both figures 4.16 and 4,17, the fatigue life was longer
for the Hi-Lo esquence, a irend alsc confirmad by tests un wingsreported by Parish (Ref,91). However,
reenlts of Gessner (Ref,81) and NLR tesis on riveted joints {Refs,}9,58) showed the appoeite trend,that
means longer fatigue lives for the Lo-H. eequence. A& said before, the way of changing from one amplitude

tn another one may be important for having eithsr favcurable or unfavouratle interaction effecta,

Both the effect of the Bize of the pericd and the effezt of the esquence of amplitudee indicats that the
damage accunmulation rate ie a function of the frequency of changing the amplitude (pericd Bize) and the

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

thees variahles will affect the damage accumulation and hence the fatigue life, However, a detailed
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F: Picture about how intersctione could erplain the data, would eak a good deal of speculation.

4,10 High-ampli*ude cycles in program tests

In 8 program teat the mtatieticel dieiribution function of the amplitudes is usually based on an assumsd
load spectirum, Aeseeeing the meximum velue of the stiress amplitude to be epplied in a progrem test, ia
making e more or lees arbitrary choice, Someiimes the choice ie dictated by the possibilities of the
evailable fetigue machine, In view of the large effect that pericdic high loade could have on the fatigue
lifa (see Sec,4,5), it has to be expected thet the assesament of Sa'meI
el iesue, A survey of relevant investigations hae been given in table 4.4.

in a program test may be a critic-

T R A SN

High-amplitude cyclee may either extend or reduce the fatigue life for the following reescns:

a These cycles will be damaging since they will substantially contribute to creck nucleation and prupaga-
tion., They mey countribute to crack growth even more than in a constant-amplitude test carried out et
sa,ma:'
b High-amplitude cyclee will almo reduce ths life because final failure will occur at a shorter crack

length,
3 ¢ On the other hand, high-amplitude cycles may extend the life if they introduce compressive residual

pes e ol

because of unfavoureble intaractio..3 caussd by cycles with iower Sa values,

] stresses which is not unliksly, The crack closure argument also appeare to be applicable,

In view of thess argumenis ii will be clear thet fully systematic results cennot be expected, The trend

could be dependent on the guestion whether there ara relatively many high amplitude cycles (manceuvre

: spectrum) or juet a few (gust mpectrum), Secondly, the question whether compressive or tensila residual

1 : stressea are introduced will ba dependent on S the detailed loac Bequence, the geometry of the

; notch and ths matariel, Conmsequently, it should not be surprising that datu from the litereture indicete

g both life artension and reducticns if higher amplitudes are applied in e program test, Illustrations of
both are given in figure 4,18, The results of the tailplanes reported by Rosanfeld (Ref,48), were ob-
tained with S, =+ 13.3 % Py (PL = limit load) end hence the increeeed life obteined by adding higher
lced cycles may well be due to introducing compressive reésiduasl stress, which epparenily outweighed the
damaging effact of theae cycles per ee, In Naumann's tests (Ref.ﬂ?) on the edge notchad specimens, the
addition of higher locad cycles was coupled to negative minimum loads which may have eliminated compress-

ive residusl stress and thus the cycles were damaging only, Effecte as found in other investigations were
generally smaller then those in figure 4.18.

Kirkby and Edwarde carrisd out narrow-bard rendom load tesis on lug typa specimens (Ref.99). They alse
performed test meriee with three SrmB veluas in a programmed mequence, see figuras 5,2, Omission of the
highest SmE reduced the 1ife 2.5 times, Apparently, the higher-amplitude cycles had a beneficial effect

in the first tsete, Commenta on high-amplitude cvclesn in flight-simulatieon teats are pivan in aartion A 12,

J 4.%1 Low-amplitude cyclas in program tests

in aircraft structures fetiguc load cv~le= with a low amplitude usually occur in relatively large numberes.
% Consequently, if such cycles could be omitted from a test a large mroporiion of the testing time would be
: gseved, Thie topic was studied in severel investigatincs employing program loading, See for a survey

teble 4.4.

Low-amplitude.cycles may ba damaging for more than cne reaaon:

& Due to the large numbers, they may induce freiting corrosion damage end thve enhance crack nucleation,
b Low-amplitude cyclee may contribute ito crack growth as econ es a crack hae been created by higher-
amplitude cycles, Thim implies thet cycles with an saplitude below the fatigue limit cen be damaging.

¢ Low-amplitude cycles may enhance the crack growth at subsequent cycles with & higher amplitud., =mee
the diecussion in esciion 4.8.

it ie well-known that fretting corroeion can have a most detrimentel sffect on the fatigue limit and on
the lower part of the S-N curve, However, tha effect is relatively small at high Se-valuue becaues crack

nucleation does occur quita early and is lems dependent on the sesietance of frettingcorrosion, Similarly,
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we may expeot fretting corrosion to be leee important in program teets, Nevartbeless, Gassner ({Ref,100)
wtill found a 50 percent life reduction if fratting wae applied at the root of a notched 2024-T4 epecimen,
Jeomans (Ref.89) aleo in program tesis, found a life reduction of about 65 percent when comparing dry and
greaned bolted jointm of ibe 2014 alloy.

Progrean tests from which low-amplitude cycles were omitted, alwaye indicated either a negligible effeot
on the fatigue lifs (in perioda} or ap increase of the life, In other words the availabls data confirm
that cycles with amplitudes below the fatigue limit may be damaging. #An example is given in figure 4.19
with results reported by Wallgren (Ref.83). The last column of the table i1lluetratea the reduction of
testing time obtained when omitting low-amplitude eycles,

4.12 Comparison betwean the results of program teete and random teets

In comparison to a randem lpad test, the variation of the strass amplitude in a preogram test occure in a
simple and eystematic way, For random loading the amplitude {as well as Smax and Smin) may be significant-
ly different from cyole to cycle. In a program tesat, however, the amplitude may remain unchanged during
large numbare of cyoles, The numbsr of amplitude changse is relatively small, In view of the present
knowledge about interaction effecte, ii hae to be expected that ibs fatigue damage accumulation rate may
be different for the two typss of loading, Any similarity between the - .sults of random tests and program

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

A escond aspect of tbe comparison between random and program loading is concerned with the concept
“random', A reandom eignal may bs etationary or non-stationary, it may bs Gauesion or non-Caueeion
(Refs,32-34), If it is & atationary Gausaion process, the sequence is still dependent on ihs power=
apectral density function (PSD-function), An illueiration is given in figurs 4,20 bty two record samplee
of Hillberry (Ref,101), The sffect of the shape of the PSD-function om tbe random load fatigue life was
studied in soms investigatione, see table 4,5, As a gene ral trend, it was found that the effect wae
either emall or negligible. It is thoughi, however, that these data are still too limited to juetify a
generalization,
Ths importanca of the "rendompees" for fatigue 1ife hae aleo been studied under different pseudo random
loading conditions, In figure 4.21, results of KMaumann (Ref.67) illustrate that the fatigue life is
aprarently depending on the queetion wheiher we consider rull cycles (starting and end:ng at Sm} or half
cycles {alao etarting and ending at Sm). It should be pointed out that the etatistical distribution func-
ions of the maxima and the minima were exactly the same for all tset series in figure 4,21, 1t should
also be pointed out that the statietical distribution functions of siress ranges {differencaa between
succeeeive values of 5 and %nin} are not tbe eame for these test series, which will be evidant after
a closer look at ihe eeguence samples in fipure 4.21.
A second example of sequance effects in random load teets ia shown in figure 4,156, giving data from NLR
teste on crack propagation. In two tesi series exactly the sama random sequence of complete load cyclee
wore applied, In the firet eeriee the cycle started with ths poeitive half cycle, whereas in the eecond
gseries it etartsd with the negative uhe, Alsc here it ie true that the etatistical distribution functions
wer® the eame for the peak values but different for the siress ranges, which apparently has eome effect
on he crack propagation 1ife, although the effect was small,

A comparison between the reeults of random taste and program tests was recently publiehsd by Jacoby
(Refe,107,108). Some new reeulte becams available eince thsn. A survey of comparative inveetigatione is
given in table 4,6. As Jacoby pointed sut, there ia no unique relation between the fatigue lives for
random loading and for program loading. He mentioned (Kef,109) varioue aepects that could affect the
comparison, Some inportant onee are the type of random loading, the typs of program loading, the maximum
strees in the test, the mean etreee and the shaps of the load epectrum,

It ie difficult to draw ~eneral trends from the inveetigatione listed in table 4,6, In general, tha life
in the "eguivalent" program teet 18 larper than »n the rundom test, in eeveral inveetipationa the difi'er-
ence ie not very large, However, Jacoby (Hef.107) arrive d at program fatigue lives that were about aix

timee longer than in random load testa. In fagure 4,16, NLH resulte on crack propagation indicate about
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thrse times longar lives if tha ocmpavison is made with program loading with 40000 cycles in s period.
Fractographic observetione sleo indicated different oradking modes, For ths short paricd (everage

40 cyclea), tns difference betiween random and program loading was emall. Thie ie in agreement with the
coservation that the eequance sffmot in the program tests (Lo-Hi, Lo-Hi-Lo and Hi-lLo) was emall for the
elort periocd (although still syetematic). Gaesner's and Lipp's reeulte (Refs.94,95, eee fig.4.15) also
point to a small diffsrence between random and progrem test results if ihe period of the program is short.
There are some indications that the differences may also Le smaller for a more severs load spectrum,
Unfortunately the largs differences mentioned above etill g.ve some uneaey fselinge about the equivalenoce

of random tests and program tests,

4,13 Trende observed in flight-simulation teats

A survey of inveetigatione on flight-simulation testing is preesnted in table 4.7. In these investiga-
tions ssveral irends were cbeerved that are qualitatively more or lese similar to those discuseed befors,

Sequence eflecte

Naumann's teets on the effect of the random ssquence of either complete cycles or half cycles also in-
cluded flight-simulation teets, As the results in figure 4.2 show, a similar sequencs effect was found
in the random teets and in the flight.simulation tesis., However, the effect was muoh emailsr in the
flight-eimulation tesis. A similar observation was made by Jacoby (Ref.107).

The sequence effect in flight-eimulation teets wae one of the topice studied in a recsnt NLR inveetiga-
tion (Refs,77,78) on crack propagation in 2024 and 7075 sheet material. The gust load spectrum applied ia
ehown in figure 4,12, while different eequenves are presenied in figure 4,23, In these teats 10 diffarsnt
typee of weather conditione were simulated in different flights, Apart from test ssries H the guet
sequence in each flight was random, while thc sequence of the varioue [lights was als» random. In

figure 4.23 a comparison ie made between a random sequence of complete cycles, the sams sequsnce of
“"peverssd" complste cyclea and a Lo-Hi-Lo programmed eequence. As the data in the figurs show, the
sequence affec, was practically negligible. This result ie in good agreement with ihe emnll sequencs
effect found in figure 4.16 when comparing random loading and program loading with a short periecd,

4 emall sequence effect was mleo found by Gasener and Jacoby (Refs.66,73), and by Imig and Illg (Ref.80)
with one exception, Gasener and Jacoby, teeting 2024-T3 epecimens (X, 3,1), found fatigue lives of
2500, 2800 and 5800 tiights for a random gust eequence, & Hi-Lo-Hi guet sequence and a Lo-Hi-Lo gust
saquence, rsepectively, The lattar reeult is coneiderably higher than the former two reeulte, They spplied
400 gust cycles in sach rlight which ie a rslativsly high numbsr,

Low-amplituds cyolea
da maid in mentinn 4.11, low-amplitude cveliee mav be eipnificantly damaging in a progzam teet. In such a

test these cyclee are applied in blocke of large numbers of cycles. In random loading the low-amplitude
cyc.es are randomly diepersed beiween cycles with higher amplitudes. This impliee that the information
from program teete is not naceesarily valid for randem loading.

Some investigatione on flight-simulation testing have alsc explored this aspect, sec tabls 4.7. Average
reeults are collected in figure 4.24., Naumann (Ref,67) found & very small irure .se of the fatigus life
when omitting low-amplitude -~ust cycles, while Branger (Ref.110) fonnd a emsll reducticn of the life,
Gaeensr and Jacoby (Ref,71), however, found a eignificant increase, They cmitted 370 low-5, ¢; :les from
408 cycles in each flight. Both numbere sre large, which may have contributed to the result. The NLR
resulte on crack propagation are recapitulated in figure 4.2%5. Here aleo it ie evident that umitting low.
sa cyclee increasee the 1life,

With respect to omitting taxiing loade from the ground-to-air cyclies, the trend appears %o he that this
has a minor effect on life, It is thought that the taxiing cycles were hardly damaging becauee they
occurred in compression.Consequently the low damaging effect of the taxiing loasds will not bs applicable
if the meen etrees of the GTAC ie a tensile strese {upper skin of wing etructure).
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High-amplitude cycles

In sesotion 4.€ it turned ouz that periodically applied high loade could coneiderably increase the fatigue
life, It then may be axpected that high-anplitude cycles in a flight-simulation test mav aleo have a
similarly lerge effeot, if applied now and then in a fow flighis, This aspect wus not intensively studied
so far, see table 4.7. Gasener and Jacoby (Hef.73) rsported 25 percent langer life if increaeing the
maximum strees amplitude from 0,55 S to Te1 Sh (Sm is mean stress in flight). In these tests the gust
loads in each flight were applied in a programmed sequevce, Branger (Rei,111), employing a manoeuvre
spactrum, found 10 ‘o 40 percent longer iivea when raising the maximum peak lcade with 15 percent.

At the NLR we performed one tset series on a shkeet specimen with a central hele and several series on
crack propagation in sheet specimene {Refs.77,78). The results of the hole notched specimens are shown

in figure 4,26, Load sejuences were similar to those phown in figure 4,25 (sequence B}, while the lcad
spectrum given in figure 4.23) was applicable. In three comparative test series the spectrum was truncated
at Sa,ma.x = 4.4 , 6.6 and 8,8 l‘:g/rn:n2 raspectively, Truncation implies that cycles, which should have
higher emplitudes according to the lcad spectrum, wers applied with an =mplitude equal to Sa,max (trunca-
tion level). Figure 4.26 clearly shows a systematic effect of the truncation level on both the nucleation
period snd the crack propagation life. Both periods are longer for higher Sa,mex
the crack propagation teste are collected in figure 4.27, which «learly ccufirms the longer fatip.ue life
if higher amplitudes are included in the flight-simulaiion test, In one test on a 7075-T6 specimen the
gust spectrum ‘rom figure 4,22 was applied without truncaticn, that means Sa,ma.x - 12,1 kg/mm + The crack
rate was ext-amely low and decreased as the crack grew longer. The test had to be stopped in view of
excessive tssting time,

values, More data from

It is thought that the predominant effect of high gust load cycles, s illustrated hy figures 4,26 and
4.27), has to be explained by the effect of compressive residual stregeee on crack growth and by crack

closure., Practical espects of the effect of the truncation level are discussed in chapter T.

some remarks on the effecte of loading frequency and environmert am observed in flight-simulation teste

are made in section 4,17.

4,14 The effects of the design stress level and the type of load specirum

The design strese level will obviously affect the fatigue 1lifz of an aireraft, Empirical studies for a
long time could only be made by program tests, Gaasner started the work about 30 years ago {Refs,29,57,
82); enother early publication is from Wallgren (Ref.83), see also table 4,4 The masjor part of this type
of work was carried out in Gassner's laboratory at Darmstadt. Much of this work was recently summarized
by W, Scrfitz (Ref.115).

From a large amount of progwram data obtained with standardized load mpectra (Ref,116), Gassner found a
linear relation hetween log etrees level and log piogram fatigue life, This trend is illustrated by
figure 4.28. The relation can bewritten ae:

W' s = constant {(4:1)

a4 ,max

Fany tests indicated the trend for x to be in the order of 5-7. 1n equation (4.1), i is the program
life and Sa,rnax is the maximum amplitude of the standardized load spectrum which is truncated at a level
ocourring once in 500 GO0 cyclee,

Since Sa.max a8 wsll as Sn dare¢ linearly related to the ultimate deeign stress level, the merit of the
above relation is that it immediately indicates the change of life aseocisted with a certain percentage
change of design stress level, The queetion is, however, whother eguation (4.1) would also be valid for
realistic mervice load-time histories, This could not be checked empirically until the electrohydraulic
fatigue machine with closed loop load control became ava ilable, Ae pointed out in section 4.12 it

remains to be explored whether trende vslil for program teets are aleo applicabie to randem licading,

In the more recent literature some test results are presented regarding the effect of desipn siress level

on fatigue life in flight-simulation tests, see table 4.7. Theee, by now, are apparently the most

ETS
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realistic deta availeble to judge this effrct, The data are eurmarised in figure 4.29. It should be
pointed out thet for each test series in this figure changing the streee ‘evel did not affect the shape
of the load time history., Hence the shape of the load spectrum elsc remeined the same, Changing the
stress level only implied thet all load levels were multiplied by the same factor. Evidently, the deta
in figure 4.29 are too limited for deriving e general trend. The reletion of equation (4.1} ie not
appliceble to the NLR crack props~ation date, In the other graphs the slope factor « is outsids the
runge 5-7 usually found for program tests, Three graphe indicate a “igher value (everage 8), while the
data of Branger and Ronay indicate e very low « -value , Further comments on this iopic are mads in

section 5,3.7,.

In varieble-amplitude tests based on a service lpad spectrum, a gust spectrum or a mano2uvre spectrum was
usuelly adopted, The investigationse, in general, do nct allow a direct compariscn between the two spectre,
since there were more variables than the spect-um shape alone (for instance stress ratios, truncation
level},

Nevertheless, manceuvre spectra are generally considered to be more wevere than gust spectra, because the
prepoertion of higher-amplitude cycles is larger.

The effect of the spectrum shape was systemetically studied in one investigation ouly, namely by
Ostermann {Ref.117}. He performed program teste on notched 2024-T1 specimens and kept all variablee
constant except the spectrum shape. The number of cycles in ¢ne period was also constant., The test
resuits indeed confirmed that the life became snorter if the proportion of high-amplitude cycles in-
creased (and the proportion of low-amplitude cycles decreased). Some further comments on this work ere

mese in section 5,3,5.

4.15 OQObservaticne from full-scale fatigue test serise

Thie section ie partly similer to Appendix J of reference 76, entitled “The influence of the loeding
history on the indication of fatigue-critical components'.

Ais explained before, high loads will iniroduce local stress redistributions around notches end the effect
on the fatigue life may be different for different ncichee, depending on Kt. stress gradient and nominal
stress l=vel, The consequence 1e¢ that the indications of the most fatigue-critical componunt in e
structure may depend on the selected load epectrum and the truncation level, Fatigue tests vn lerge
structures reported in the literature give some infecrmation on this question., "hey ere summerized below,

Tests on Muetang wings

Results of an extensive test program on Nustahg winge were reported in referunces 44,74 end 118, The
following types of teste were carried out:

(1) Constant-amplitude teets, various B, and P_ values
(2) Progwam tests with 3} amplitudee, Pou 2 33 % P
{3) Handom loed tests, pust spectrum, Poax ™ 63 % P,
(4) Randow load tests with CTAC, same gust spectrum, P
(5) Rardom ioad tests, manoceuvre spectrum, including nsgetive manceuvre loads, P, . = 75 % P.

The 1-g load level for test series 2-5 was 20 % P,+ The stresses at P, were in the oider of 28 kg/mm2-

ip for GTAC = - 24 £ B

Crecke were meinly found in two arvees, indicated as the tank bsy area and the gun bay area. For the two
eress intersecting 5-N curves wers found in test series no.,}, both for initial cracking and final feilure.
Thie showe that a certain compsnent, which undsr constent-amplitude loading is more fatigue-criticel than
enother component, car be less criticel at another load ievel,

In test series 2-5 the initiel feilure was alwaye first observed in the gun bay area, However, cracking

in che tank bsy aree could be more serious, The final feilure occurred in both areas ir teet aeries 2
{lower Pmu value} and in the tank bay arees only .n test series 3, 4 and 5. In the random pust tests

without GTAC “he gun bay area was then in an sdvanced etage of cracking, wherses this failure w.s3 almost
completely suppreeeed in the random guet tesis with GTAC. The latte- wae partly true mleo for test meries 5,
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Tests on Commando wings

Results of teets on Commando winga were rsported by Huston in referencs 119. Thrse types of taste were
conducted, vig.:

(1) Constant amplitude terts (Ph.l valuse < %- % P,)

{2) Program tssts with a gust apectrum (P ~T5 % PJ

(3) Program tests with a manoeuvre spectrum (P, ~ 78 %P ) .

A limited amount of servics experience was availsble. The program teste ware randomiged step tests. The
sirass at P, was low, viz, about 19 kg/mmz.

Constant-amplitude tests revseled only 1 or 2 fatigue-critical locaticne, which were differeat for high
end low amplitudes. In test zeries 2 and 3, cracks were found at 7 diffsrent locatione, With respevt to
the first crack that appeared, the crack at locetion F (code of Ref.119) was the moat frequent one in
teet geries 2 and 3, whersas this location wab not very important in the constant-amplitude teats, The
moat critical crack with reepect to final failure was found st location B in the conatant-amplituds
tests and at locatiocn III in the program teats,

A compariscn betwesn the cracke found in mervice {4 aircraft) and in the program tests (guat spectrum),

Yielded A reasonable agresment regarding the locations et which cracke were found,

Teats on Dekota wings

In refsrence 71 Wickworth reportsd ths resulte of testing 4 Dakota wings and a comparison with service
experience,

The following four testa were carried outs

{1) Cust cycles only, conatant amplitude, Pa corresponding to 12 ft/nec gust,

(2) Simplified flight simulation, 5 gust cyclee (aa spplied in test 1) per flight.

(3) Same ae test 2, sxcept 5 instead of 15 gust cycles per flight,

(4) GTAC only, P, at 1-g level, F . < O,

Cracke occurraed at three differsnt locatione, A, B and C, Ths most critiecal crack in teste 1 and 2
occurred at location A and in testa 3 and 4 at location C, Cracks at locetion B were found in all teets.
In service cracke were predominantly found at lecation B and cracks at lecetion A did not occur. Cracks
were alac found in service at a locetion at which no cracks were found in the teets, It caunot be said
that a fair sgreement between aervice experience and te2eting wes obtainsd, This may be partly dus to the
simplified flight-aimulation load eequence adopted for the teets,

Teais on 8 swept back wing

Resulta of conatant-amplitude teets and program tesis on a wing of & fighter were reported by Rosenfeld
(Ref.48). In the program tests two different manceuvre spectra were ueed, In one test serise GTAC were
ineertsd {in batcies), which in thie case were upward losds rather than downward loade., Values for P T
FL

from 35 to 100 £ P, (P is limit load) were used in the scnsteni-amplituds 166t aud frow 3

49

Lo iéh

o

in the program testa, pmin

In each wing, failur® slwaya occurred at a bolt holse, In the progran tests (4 different programe)

was 13.3 £ P, in all tests,

failuree occurred at locations A (6 times), C (once), E (twice) and F (once), In the conntant-ampliiuds
tests, fsilures cccurred at locatione A {7 times), especially at the higher loed levels}, B (nwice),

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

Tssts on the prs.mod F-27 center section winge

Random and program tests were carried out, both with and without ground-to-air cycles (Ref,76), Constent-
ampliiude testm were carried cut represcnting CTAC loeding and gust lomd cyclea. In the randor and the
program teete a very severe guet specirum was adopled, the maximum load being . = 65 % gl where Q}

is the ulrimate deeign load. In the constant-amplitude tests, Phax values covered a range from 15 to

41 % Py

Alihough the same type of crack was the most critical one in all teets, considerable differences were
found between the randem and the program teets at the one hand and ths constint-amplitude tests on the
other hand. Contrary to Hueton's findings, the number of locations at which cracke were {ound was larger
in the constant-amplitude teats, Seccndly, some types of criacks cccurred predominsntly if not szclueively
in the random ard the program tests, wheress other types of cracke were found in the constent-amplitude

L= 7 T P——
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taste only.

Teate on Venom wings

Branger {Refs,120,121) has reported intaresting dntn on the indication of fatlgue critical locationa in.
the atructure. lnformatlon was ava;lnhle from: :

(1} One conetsnt-amplltudc tebt (Pmux = .ig) !

(2) Two progrem tests (P £1.25¢ P = -0.87 g)

{3} Six half wings tested with a most reaiistic flight-simulation leading (Pmax = 6.5 g, Pin -30% Pmax)
{4) Service experience,

In the fllght-nlmulatlon tests, huo exploszve failures occurred. One of theue failures-had not been
detected in the congtont-gmplitude test and the program tests. lnitial cracking corresponding to this
failure was gbeerved in service. On the ‘other hand, five main failures occurring in the constant-

amplituds teet and the program tests did not occur in the fl?ght-simulation teste and in service.

One general trend emerging frem the &vailable evidence is that the picture of fatigue-critical elements
in an aircraft structure 1s s;gnlfxcantlJ depending on the load- time hiatory applled This emphasizes the

need for realistic load-time hzstorles for applxcatlon to 7.ll-sBcale testing, ses chapter 7,

4.16 Fatigue by two sBuperimposed sinusoidal loade with different frecuencies

‘
1

The superpoBition of two cyclic loade with different amplitudes and frequencies may occur in certain
components under service conditione, This aepecially appiiles if & component is subjectsd to high-frequen-
cy vibrations, while at the same time a low-frequency fatigue loading occurs, Even gust loads and taxiing
loade may be coneidered am high-frequency loads‘avperimpoaed on the ground-to-air cycle,
1

Apart from the technical aigniflcance, the superposition of two cyclic loade is an intrigueing variable-
amplitude load sequenus to check certain assumptions ubout fatigue damegs accumulation, Two examples are
shown in figure 4.30, uwhich can be written as . ] : L

S= 5 + 5, sinwt+ S, ut : {4.2)
wWith w, <« Uy W being the arngular frsquency.
I .vestigations on Buperimposed cyclic loade have been listed in tabls 4.8 uhxch unown that there ie a
Zood deal of variety between the various studies, Nevertheless some general findings may be reported.
1r 332 is Bmall enough to be belyw the fatigpe limit, the Palmgren-Miner rule would suggest tne cyclic
Luad S32 sin mzt to be non-damaging. Consequently the life should be N1 if N1 is the fatigue life
associated with 551. However, it turne out that the life ie shortsr, T" ie has to be expected since the
cyclic load 532 8in wzt will anyhow increase the streee renge of the .ou-fréquency component from
2 3,4 t0 2 (ba1 + 532), see Tiggure 4.30s. In obner worde, s 1ile K; assuciated millh an anplituds
Sa1
arnd msz1. Apparently, apart from increasing the strese range, the high-frequency cyclic load iteslf is

+ 5.0 should be expecied at most, Usually a shorter life 18 found depending on the ratios Sa1/sa2

also contributing scme damage,

The sxample shown in figure 4.3Cb has more the cha;actsr of a c¢yclic load (Saz 8in uzt) with a'slouly
varying meen. hvalleble results indicate this varying mean to be da~aging, implying that the life will be
shorter than Ny, 1f N2 18 the ife asgocieted with Sa2. Here also the stress range is increased to

2 (5a1 + SaZ) and even in cese that 831 <& baZ' the material will remember thxf to some extent depending

an szh“ .

ln som8 inveetigations the low-fregquency component was cyclically changed step-wise or following a
triangular wave form. With respect to tha high-frequency component, a randomly verying sa2 value has heen
applied (Ref.129), Thie 1s further complicating the picture but 1t is more eimilar to practiczl conditions,
Such complex lnad historiss raiee the problem of how to defiﬁe a load cycle. This already applies to the
examplee 1n figure 4.30. A cycle with a range ¢ (531 + 532) doeg 1n fact not occur in these examples,
although the range has at.'l some meaning for the fatigus life, The problem how tgeégfine cyclee for moren

complex load-time histories is given more ettention in chspter 6, It may be noted that fetigue under
superimposed cyclic loads 18 also being studied by following the etrain hietoriee (Refs.128,129).
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4.17 Effecte of eénvirooment and loading frequency

Inroh.lpte:r 2 brief refersnce was mede to the poesible sffeote of environment end loadirg frequency.
Effecte wers observed in conestant-ssplitude tsete and although the humidity of the envircnment appears
to bte important, a full underetanding of these sffscte has not yet been obtained, Only a few inveetige-
tione have been made under variable-amplitude loading,

Evironment

In & comparative inveatigation at NLR (Ref,106) on 2024 and 7075 ehsst material, crack propagation waa
eimultanecusly etudisd in an indver and an outdoor environment. Program loading and random flight-
simula’ion loading were umed. The reeulta indicated e negligible effect for the 2024 meterial, but for
the. 7075 alloya the crack growth cutdoore was 1.% to 2 times fester than indoors, Figge and Hudson
(Ref,130) in a recent @tudy fcund a similar trend. Branger {Ref,111), teeting iwo-hols spscimena undsr
flight-eimulation loading, found a doubling of the life when teeting in pure nitrogen inetead of air, The

specimene were produced from 7075-T6 bar material.

Loading fraguency

In e recent NLR invesiigation crack propagation tests have been carried out on 2024 and TO75 eheset epBci-
meng undsr flight-simulation loeding, The variables being studied are of the deaign etress level and ihe
loading frequency. Three frequencies have been adopted, namely 10 cpe, 1 cpe and 0,1 cpe, The invsetiga~
tion ig not yet complete, bui abailable data (see Ref.64) indicate & rather small and not fully syetemat-
ic influence., Although such a small effect ie a very convenient result, it is not yet juetified to
generalize thie empirical obamervation.

Brangsr (Ref.111), in flight-simlation teets on light alloy specimens notched by two holes, found a
elightly lower life at 96 ~pm {cycles per minute) ag compared to 173 cpm {1.6 cpa and 2.9 cps respect-
ively). Surprieinglyenough he found & reversed frequency effect in another tset seriag with frequenciee
of 210, 40 and 5.4 cpm (3.5, 0.7 and 0,09 cpe respectively), The longer life was obtained at tne lowsr
frequsncy.,

4.18 Aspecte related to the type of material

The majority of variable-amplitude teets was performed on aluminium alloy specimene and etructures. There
is aome work ava:leble on titanium alloye and low-alloy etesls, {Table.4.1-4.8). The gueetion now ie
whether theme materiale ehow empirical trende eimilar to thoee of the aluminium alloys. Indicationa of a
eignificantly different behaviour have not heen obtained so far,

There ars some rsasone why certain materiels may ehow a eimilar cumulative fatigue damage beheviour. The
accumulaticn of fatigue damage hea been described in chapter 3, The interaction mechanieme, ese

figure 1,2, were rslated to cracking, residual streee at the tip of the crack due to local plaetic deform-
crark clomure ecrark hlumting, nynlie mtrain-hardening, etc. All theee mechaniams are related to
the ductility of the material, Consequently it ie thought that materiale with a eimilar piastic behaviour
gould ehow a cumulative damage behaviour that im gualitatively similar, With respsct to preloading notch-
od slements this was claarly confirmed {Refe.41,45,49).

A qualitetive eimilarity, however, does not yet imply a quantitative eimilarity, This can ke 1lluetrated
by comparirg data for the two well-krown aluminium elloye 2024 and 7075. Both alloys are neither extrems-
1y ductiio nor brittle, but the ductility of the 7075 alloy ie certainly emaller than that of the 2024
elloy, Favourable interaction effacts heve bssn noied for toth slloys. Neverthelees, Hardreth, Naumann
and Guthrie {Refe,30,11,88) found eyetematically higher I n/N valuee for the 7075 alloy. Similarly
figure 4.27 shows that the 7075 alloy ie indeed more esansitive to the effsct of high-amplituda cyclee.
Larger favoureble interantion effacte ara slso confirmed by the NLR ¢crack propagation data in figure 2.29,
itha more #o eince conetant-smplitude data euggestsd a much longer life for the 2024 alloy aes compared to
the 7075 alloy. An increasing ductility will imply that the reeidual etresess will be emallar and that

relaxation of reeidual etrseeee due to cyclic etraining will be easier,
A8 e general conclusion, eimilar qualitative trends may be expscted within certain limite. The similarity

should no longer ba expected 1f the material has a significantly differsnt ductility, for inetance e very
high ductility {iow strength alloye) or responda to unetable yielding (mild eteal). Brittlr materiale for
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whichk @ very small crsck may be disastroun amd for which the life ie mainly occupied by crsck nuclestion,
aay aimo behave differsntly.

5. THEDRIES ON FATIGUE DAMAGE ACCUMULATION
5.1 Introduction

In the literature a variety of cumulative damage theoric= have besn presented. The gueetion now is
whether tueee theories can eccount in a reelistic way for the trends deecribad in the previous chapter.
In this cheptsr an attempt will be made to giva a systematic survey of the various aspecte characteriting
the theoriee, In view ot thie goal, some selient featuree of fetigue dasage will be summarized firet
{eection 5,2). Seccndly, damage theories will ba iscuseed in three groups, each group being character-
ized by a certein similarity of the damage accumulation model edopted (section 5.3). Finally the phymical
and precticel limitetione of the theoriee are discuseed in section S5.4. The significance of the limita-

tions for practical applications 18 a topic also covered by chapter 6.

5.2 Fatigue damage

Fatigua and damage accumulation in metallic materiele have been discuesad in chapters 2 and 3, The
fatigue life was divided in some periods, for instance (see aleo figure 2.2):

- crack nucleation

~ crack propagation

- final failure,

These periode are recognized by some theories but certeinly not by all, An obvioue difficulty ie the
definition of tha tarmination of ihe first period and the etart of tha second period. Thie problem does
not occur i1n thoee theoriee that aesume crack growth to start in the very begianing of tha fatigue life,
Since the moet esseniial pert of fatigua damage wae deecribed in chepter 3 as decohesion of the material,
a phyeical theory should incorporate crack growth ee a minimum raquirement,

However, it was axplained in chapter 3 that the amount of cracxing alone could not give a complete des-
cription of ihe state of fatigue damaga. Severel additional damaga aspecte were mentioned, mee figure 3,2,
From theee aepects only residual etress has been incorporated in a few theoriee, The other aepecte have
baen mentioned in the literature to explain certain trenis observed in teets, but theee aepecte 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 aprlied maxamum
strees, A few theories try io account for this aspeci by employing fracture toughneee criteria,

Several theories predict fatigue life only, without any reference to the physical damage occurring
betwsen the beginning and the end of the fatigue life. Moreovar, the end of the life in mnet thecries

means "complete failure” without any furtber spacification.

5.3 Theoriee

S+3.1 General survey

The number of cumulative fatigua damage theories im large., This is certainly true if we keep in mind that
the thenries try to eolve the same problem, which is to predict the fatigue life (or creck propagetion
life)} under vsriable-amplitude loading from available data, For a good spprecistion of the various

theories, three different approsches may be recognized, aa listed in table 5.1,

In the incrementsl damage theories it is assumed thet sach cycls or each betch of cycles cpueea a certain
damage increment., Thia increment ie quantitatively equel to the percentage of fatigue life consumed by

thoee cycles, The complete life expires and fsilure wili occur at the moment that the sum of all damage

increasnts becomee equal to one.
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The wimilarity approach refere to thoee theories, which presume that eimilar loading conditions at the
fatigue-critical locations in two different epecimens ehould produce eimilar fatigue lives. The etrese
hietory or the etrain history sould be adopted for characterizing the loading condition., For crack propa-
gation the eimilarity approach implies that eimilar stress intensity factore should produce the same
crack rates,

The interpclation methode appear to be the momt direct approach, since interpolation is made hetween
evailable fatigue data, Neverthelees, the interpolation procedure may be a critical iesue. Interpolation
can be made for a large variety of variablee, such as Sm, Kt' load epectrum ehape, etc,

More detaile of the thecriee are given in the following eoctione. An evaluation of the theoriee is given
in eection 5.4.

5.3,2 The Palmgren-Miner rule

Thie rule is the most well-known repreeentative of the incremental damage thsorier Palmgren (Ref.131),
ag early as 1923, apeumed that 5y load cycles with the eame mean load and load amplituu. wvill consume a
portion of the fatigue life equal to ni/Ni where Ni is the life to failure in a constant-amplitude teet
with the same mean and amplitude. Secondly, Palmgrer aseaumed that failure will occur if the eum of the
consured life portione equals100 percent, This impliee that the condition for failure iet

/N = {5.1)

Without any detziled knowledge about fatigue in metale, Palmgren's aeeumptions are the moet obvioue onee
to be made. One might well ask how many timee the aesumptione were made independently afterwarde. Well-
known ie the publication of Miner in 1945 (Ref.132) and curiously enough lees well-known ie the earlier
publication by Langer {Ref,133) in the same journal, The aseumptione were also independently made in a
Dutch publication in 1940 by Biezeno and Koch {Ref.134).

Langar should be especially quoted, since he already made the refinement to divide the lif: ikl a crack
nucleation period and a crack propagation period, Langer suggeeted

Tag /N =t and Foa/N - {9.2)

where n, and n'; are numbers of cyclee mpent in the crack nucleation period and the crsck propaghtion
period, while N; and H; are the corresponding crack nucleation life and crack propegation life, Obviouely
the problem is how to define mnd to determine the moment that the firet period terminatses and the second
one eterte, Larger's aseumptione were also repested, namely by Grover in 1960 {Ref,135) and bty Maneon

L
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06 (Ref. 130}

In the literature, the Pelmgren-Miner rule ie also referred to as the linear cumulative damage rule,
Hiner indeed assumed that the damage in a constant-amplitude teet is e linear function of the number of
cycles, Howover, Bland and Putnam (Raf.137) in the discussion on Miner'e paper, indicated that the
linearity was not required in order to obtzin I n/N = 1. It wae sufficient to assume that thea dasage
rate wne a function of n/N which ie independent of the magnitude of the cyclic streee, ¥oreover, these
authore emphaeized that the material ehculd be inseneitive to load cycie eequences. A eimilar aseumption
was made by Niehihare and Yamada (Ref.138) by stating thet the degree of fatigue damage D was a funciion
of the cycle ratio n/N, independent of the strese amplitude {affine damage curves aftsr Shanley, FRef,139}:

D~ £ (n/N) (5.3)

In refsrence 140 the present suthor argued tpat 3 n/i = 1 requires thati

1 The fatigue damage is fully characterised by a single fatigue damage parameter D,

2 The damage D is indesd s single valued and monotonously increaeing function of the ¢ycle ratio n/N.
which is the same in any conetent-amplitude test {etruss independent after Kaeschele, Ref.141}. Hencs

T
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failure will always occur at the eame amount of damage.
A consequence of the firet statement is that interaciion effects will not exisi. Ths second one impliee
I n/N =t at failure,

5.3.3 Incremental damage theories

Thsoriee baeed on constant-amplitude data, ignoring sequence effects

Several objectione have been raieed asgainst the Palmgren-Miner ruls, aesociated with intersction effecte,
sequence effects, Jamage dus to cyclee below the fatigue limit, favouralle effect of positive peak loadas,
etc,, which all lead to I n/N J 1, Theee effects bave been illuetrated in chapter 4. Merecver, from a
phyeical point of view it appeare incorrsct to state that a eingle demage parameter can uniquely indicate
the etate of fatigue damage, Thie has been discuesed in chapter 3,

The short-comings of the Palmgrer.Miner rule have stimulated meveral nsw theories which =till preserve
the idea of progressive damage accumulation and alsc the concept of eumming damage increments cycle by

cycle. A survey of the theoriee ie given in table 5,2,

It is not the purpoee of this report to give a complete list and full details of all thecries, Severzl
eurveye have been given in the literature, see for instance referencee 47, 142, 143. A recent survsy hae
been given by O'Neill (Ref,144)., It will be tried here to indicate ¢assential features of the main groupe
of theories, ThLere are two important queetions in this reepect, eee table 5,2, The firet queetion ie
whether the theary employs constant-amplitude fatigue data or variable-amplitude fatigue data, The
majority still employs the first type of data, A eecond queetion ie whather fatigue damage accumulati .n
18 seneitive to variatione of th load eequerce,

Thes firet group of theoriee ito be mentioned 18 characterized by eome kind of adjueted S-N curves.
Freudenthal and Heller {Refs,145,145) started from the 1dea that demage increments in 2 randem load teet

will be affected by etress interaction effecte. They finally arrive at formulas which they call a

"quaei-linear rule of cumulativs dwnage', Their failure criterion can be written ae

3 §'17;1' 1 (5.4}

where the "interaction faztor” w 1s either constant or a simple function of Sal. to be determined from
fatigue teets, It may aleo depcud on the type of 1ead apectrum, Equation (5.4) indeed implies the
application of the Palmgren-Miner rule to adjueted S-N curven. Since these authore aseume w2 1, the

curvee are reduced life curves,

Mareh (Ref.147) suggests to edopt a hypothetical S-N curve with a different elope and a lower fatigue
limit {80 %) as compared to the original curve, He recogn.zee the problem of arriving at ew.ch an adjusied
curve 1n order to match the empirical data with X n/.‘la = 1, where Na i8 derived from the ad;justed curve.

Haibach (Fef,148) aleo allowe for lead cyclee below the fatigue liumat by stating that the fatigue iimit
i® continucuely decreasing as a result of increaeing fatigue damaga, For random and program loading hie
analytical evalustion i8 equivalent to applying I n/H = 1 to a 5-H curve, which 18 adjusted below the
fatizue limit only, eee figure 5.1,

Henry (Ref,149) sssumee that fatigue damage may be deecribed as a rotch in tne naterial which will
proportionally lower the L-N curve over the entire etrese range. A damage increment 1e an .ncremental

shift of the 5-N curve.

Smith {Ref,45) muggested that ¥ n /N = 1 could not be valid for a program teet because residual streesee

introduced at the higher amplitudee affected the dawuge accumulatinn at the lower utraess amplitudese, He
therefore propoeed that Nl in the Palmgren-Miner r-ile should be replaced by the fatigue life of the
specimen preloaded to ths maximum sirees occurring in the program teei, The preloading ehould induce the

same residual etrees being prssent in the program test, Thie proeumoe that a relaxation nf the reeidual
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stress will not ocour,

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

it ie aspumed that the strain at the root of the notch will be K. .
t* Tnomipal

deformation., With the ald of a strees-strain curve the residual stress at the root of the notch may then

y also after local plastio

be determined, The atress at the root of the notch is then S = Kt'snominal + Sresidual' Employing this
estress~valu®, correeponding N-valuee are cbteined from unnotched S-N curvee for different R-values, These
N-values are used for the Palmgren-Miner rule.

The mecond theory ("Smith method") etarts from the idea that the marimum stress at tho root of a notch in
& piogram teet will be of the order of the yield etress, provided local plastic deformation occurs. The
residual siress ‘e now determined indirectly from a constant-amplitude test on the component, teated at
the maximum load cycle to be applied in the variable-amplitude test. The fatigue life obtained in ihis
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 R-value and hence Smin at the root of the notch, This ia sufficient for
determining the complete streee hiatory at the root of the notch for the variable-amplitude teet,
Knowledge of the Kt-valua ie net required, Again the Palmgren-Miner rule and the unnotched fatigue data
are used for the life calculation.

In both propoeale Swith has assumed that the material at the root of the notch behaves elastically after
the residual etreee has been introduced by plastic deformation induced by the maximum loed cycle,
Secondly, a relaxation of the residual stress should not occur, Since he adopts the Palmgren-Miner rule

sequence effects are ignored,

Several authore were reasoning that demage accumuiation ie progreesive crack growth, Shanley (Ref,139)
assumes an exponential crack growth law for each conetant-amplitude teet:

Q v c éi n

{5.5)

where ¢, B and C are conetants and n is the number of cycles, Failure should occur at a constant crack
length Qc independent of the cyclic etresa
cdn
ﬂc el (5.58)

Damage accusulation was assumed to be the pumming of crack length increments without interaction effects,
Equation (5.5} and (5.5a) can be written as

& -
270, = (bfa) ¥ ) (5-6)

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

Falmgren-Minsr rule, More comments on Shanley's formulas are given in reference 38,

Valluri (Ref,23) eisoc adopted the idea that damage accumulation wag & cumulative process of crack growth
increments without interaction effacts, However, he etated that the crack length at failure was depsnding
on the highest etress amplitude applied, mee section 3.3, Since the N-values in ¥ n/N = 1 are in fact
related to different amounte of cracking depending on the etrese cycle, Valluri does not arrive at the

Palmgren-Miner rule,

Corten and Dolan (Ref.152) included 1nteraction effects in their crack propagation concept., They poatulat-
ed that in a pregram test the maximum load cycle will be decisive for the initial damage, eince it will
determine the number of loci at which crack growth will etart, After this numbzr has been established
crack growth 18 again aesumed to be a cumulative procese without any interection. For a program teet they

arrive at the formula

d (57)




e )L

:

3-28

shiery Ns is the program fatiguse life, 3.1 is the maximum wirese ampiitude with the ccrrseponding constant-

amplitude fatigue life H,, @ ie the percentage of cycolee applied at amplitude and d ie & constant,

5 .
al
that should follow from tests, Since a Ns =n s quation (5.7} can be rewritten ami

d

n, ¥ S
;l 1(.1)‘ i
N ¥ =1 %.8
ZNi LA (5.8)
Note the eimilarity with equation (5.4). Further, if the 5-N relation could be written ua Ni S.i”d -

constant, equstion (5.8) reduces to the Palmgren-Miner ruls,

In the last 10 yeare high-level low-cycls fatigue got muoch attention. Many constant-strain amplitude
teste were carried out involving large asounts of plaetic strain, Ohji, Miller and Marin (Ref,153) havs
suggested that the Palmgren-Miner rule should apply to variable-etrain-smplitude tests. In thia caae ny
ie the numher of cycles with etrain amplitude €yt while Nt in the conetant-strain amplitude fatigue life
aesociated with ¢,;. The same concept has recently been adopted by Dowling {Ref,129), but he firet splite
up the life in a nucleation period aund a propagabicn period, similar to Langer's ireatment, msee seotion

Se3e2e

Incrrmental damage theorise haeed on conetant-amplituds datsa, including ssquence effects

For esveral ysare mequence effecte were almost exclusively attributed {o reaidual etrmesee only, theee
streeses being caueed by local plastic yielding at the root of a notch or the tip of & crack. Conmequent.
1y a theory predicting esquence effscis sbould include thes evaluation of the residusl stresese during a
variable-amplitude tset.Preeently available theoriee are deriving rseidual atreesee from the strain-
bietory at the root of a notch. This work was started by Crews and Hardrath (Refe.52,5)) as diecuseed in
eection 4.5.

A few theories for life calculations employing the above concept have now been publiehed, The bLasic line
of reaeoning includee the following stepe:

1 The starting data arer & The load-time history, b the material and ¢ the geomeiry of the speciasn,
2 The eecond etep consiete of calculating tbe strain hietory and the etreee history for the fatigue
critical location of the epecimen, For a notched epecimen thie is the root of the notch. The strain
history will include plaetic etrains and the strees history will include the loca: residual strese,

J The strain history or the sirees hietory calculated in the previous etep is split up inte individual
cycles. Fach cycls is aseumed to cauee a damage incremsnt AD equal to 1/N, where N ims the corresponding

conetant-amplitude lifs, The failure criterion im again I AD = 1,

The second etep is a difficult ieeue, The strain hietory may be measured and the etrese hietory may then
be derived from the wirain history by mdditional testing, This was diecusemd in section 4.5, sme almo
figure 4,8, Howsver, a life calculation theory requires that these data bs obtained by meaas of calculs-
tion rather than experiment, Morrow and co-workere (Hsfa.51,154.155) at the University of Illincie are
working on thie topic. They adopt the Neuber squation, releting the etrees and the etrain at the root of
the notch bys:

K, » K = xtz (5.9)

where Ko is the strees concentration factor including plasticity, K‘ ie the etrain concsatration factor,
also including plestic etrain, and Kt ie the well-known etrees concentration factor for elestic behaviour,
Bquation (5.9) eeeme to be sstiefmctorily eubetantiated. Norrow et al, then adopt the cyclic strees-
strain bebaviour from unnotched matsrial, For aluminium alloys ikis appsare to be juetifisd by the obser-
vation that the etrese-strain hysterssis loop repidly atebilisee, alao after a change of smplitude. The
strain bietory and etrses history can then be calculated, Morrow et al. alce carried ocut taet sariee to
check the theory and the data reported look promising. The avaluation of thia concept ie etill not yet
complete and further work is going on.

Impellizzerr: (Ref.155) has been reasoning along eimilar lines. However, sirce resulte as shown in

figure 4.9,indicate a relaxation of residual etress, ha introducee the relaration into hia calculation.
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The rate of change of reeidual stress d Sr.../dn in each ¢ycles ie aseumed to be equal to:
& sroc. s e sR
be T Syilld
whars Sr“. ie ths residual strees, g and SR ars the applied straia and strees rangs at the root of the

notch, and "a" ie an empirically determined conetant of proportionality. With a computsr program
lupellieserri has treated program fetigue teet data from NLR, NASA snd hie own data, Hs found & very good
agrssment, ln a Tecent publication (Ref,157) Nartin, Topper and Sinclair also introduced stramm Telaxa-
tion, Mormover, their strsse-sirain model also allows cyclic etrain bardening or sofiening to he sccount-

ed for, Agresment with low-cyclw varisble-maplitude data was good.

With respect to ths third step, both Morrow et al., Martin et al. and Impellizesrri adopt I n/N -1,
Morrow and Martin prefer constant-etrain amplitude data whereae Impellisserri smploye constsnt-mtirsss
esplitude data. In fact, the former are mainly working in the low-cycle fatigue range whareas
Impellipzerri applies him calculations to high-cycle fatigue dnta.

One difficulty in calculating I n/N may still be mentioned here, For a variable-amplitude loading, a
load-tims history in gemeral will not conmist of a ssquence of complete load cyclee, Thim almo epplies

to the etress and strain history at the root of a notch if residual etresmem are included. The definition

of o in 3 n/N then becomes a problem. This imsue ie dimcussed in mectiom 6.2,

Incremental damage thaories baeed on variable-amplitude data, ignoring sequence effects

In the Palmgren-Miner rule I n/N = 1, the values of ¥ are derived from conatant-amplitude fatigue data.
Howsver, it ie alec possible to adopt variable-amplitude fatigue data for thie purpoes. Gassner (Ref.158)
proposed to ume program fatigue test data while Kirkby and Edwarde {(Ref.99) suggested to adopt narrow-
band random load fatigue data. The baeic idea comprisee the following ateps:

1 & lcad spectrum for a variablz-amplitude test ahould be standardized.

2 Varigble-amplituds tests with thie load epsctrum should h§ carried out for difterent inteneitias of
the load spectrum. The reeulte can be plotted as 5'- N' curves, where S' is a etress value characterizing
the inteneity of the load epectrum and N' is the fatigue life in cycles obtained in the variable-ampli-
tude teeta,

3 An arbitrary load spsctrum can now be decomposed into the eum of 8 number of the etandardized load

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

y 2 | (5.10)

The procedurs ie iliuetrated by figure 5.2 for narrow-band random lcad fatirue data. althocush the
principle im essentially the eame for program fatigue test data (Ref.159), In a narrow-hand raados load
teet, the load epectrum ot the strees peake ie in accordance with a Rayleigh dietributicon, This dietribu-
tion is the mtandardized load epectrum wentioned in step 1 ehove. The characteriatic etireme value s' ie
most convenisntly taken s the root-mean-aguare vakue S o of the variable etress. Kirkby and Edwards
carried cut teste on lug specimene and the reeultm bave been plotted in figure 5.2a (etep 2). _n sub-
sequent teste, the Srna wem varied periodically, eee figure 5.2b. Thiie was done 1n much a way that the
sun of the three spactra A, B and C wae approximately eimilar to a guet spsctrum (etep 3), In other words,
tbe gumt mpectrum can hm decompceed into tae three epectra A, B and C all obeying a Rayleigh distribution,
For the testm in figure 5.2b, both ¥ n'/N’ and the clasmical & n/N valuem were calculated, ees figure
5.2u, From theye results the authcrs drew the following conclusions:

a Daage calculations according to the propowed method { X n'/N') gave reeulte superior to the clamm.-
al Palmgrap-Miner ¥ n/N values, :.m. the valuea were deviating lees from !,

b Ths % n'/Ne valuee otill deviate consicerably from 1.

Az mbown in faigure 5.,2h, the srm- value was programmed in a Lo-Hi sequence, Howaver, soms teste carried
out in & Hi-Lo emquence gave mimilar fatigue lives, It mhould be nctmd that the calculation of ¥ n'/N'

mtill ignores the mequence,
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Kirkhy and Edwards aleo performsd eome teete from which tha most ssvere siep ¢ was omitted. Ae mentioned

in chapter 4, this reduced the life 2,5 times, Unfortunetely alsc tha I n'/N' value wew considerably

affected, aee fig,5.2d, Thie implies that the new comcept in thia c¢ass doea not wel) account for the
change in load mpectrum,

5:3.4 The similarity approsach

The mimilarity approach beesd on atrese

Jn section 5.3.1 the eimilarity approach wae defined as the concsptiin that aimilar loading conditiona at
the fatigue critical locations in two different specimene of the swme material should produce similar
fatigue results. This concept is eaeily illustrated by referring to the motch effect under conetant-
amplitude loading.

Compare a notched and an unnotched apecimsn, If the cyclic etress at the root of the notch ie the eame as
in the unnotiched mpecimen, the eame fatigue life may he expected, Thie had led to the well known Kf- Kt
relation, where Kf 1e the fatigue etrength reduction factor and K, ie the theoretical strese concentra-
tion factor asauming elaetic behaviour, The ahorw ominge of thia relation are alsc well recognizad. Part
of them are due to plasticity effacte and another part may be attributad to differencee betwsen the
volumes of highly etresesd material (strees gradient effect), Actually, these argumente imply that the
conditione at *he fatigue critical locaiiona were not really the same.

With respect to plasticity effecte an improvamant was the work of Crewa and Hardrath, and Morrew et al,
zmentioned before, By accounting for the plaetic deformation at the root of the notch, the cyclic strees
at that location could he described more accurately, Thie cyclic etrese waa again compared with the eame
airess in an unnotched element.

For jointa and ¢ther compliceted componenta, K, values are ueually unknown. For auch caees effective
atresa concentration factors, Keff hava heen adopted in the litsrature, A aurvey was given hy Schlitz
(Ref,115). Tae background 18 in fact a aimilerity approach, It is aseumed that a comporent to which a
cartain Keff-valuo applies, will show the same fatigue life as a simple notched epecimen for which tha
Kt-value ie equal to stf. Thie ehould te valid for any cyclic stress, The empirical determipation of
Keif for a certain component ehould therefore he made by comparativa testing of the component and of
aimpla notched apecimens with a wmufficient raugs of Kt-valuas.

Chviouely the concepiion again ignoree the effecis of sige and pleaticity. Moreover, the fact that differ-
ent componente may exhibit intermacting S-N curvee, aee figure 7.2, is® not easily reconciled with this
Kaff concept. It requiree that for a component having a lower Keff than ancther comprzeat, the S-N curve
Should bs superior at all stress amplitudee,

Toe Klff conception need not ba reatricted to conatant-amplitude loading conditions, Gaeener and Schilte
(Ref.159) have propoeed the application to the resulte of program fatigue iests, They perforwed numerou.
teats of thie type on 2024-T3 specizens with a range of Kt-valuee. Taey auggest to uee the data for
estimating the program fatigue life of & cComponent by assuming some K oo~value for the component. The life
ia than obtained by interpolation between the epacimen data for adjacent Kt-valuea.

The similarity approach hased on strain

The similarity approach based on strain was adopted in the measursments described in assction 4.5, ses
also figurs 4.8. The essumption mede was that similar stirain history, i.e. &t the root of e nctch and in
an unnotched spacimsn, should produce similar strees histories, Another aseumption is that eimilar etirain
historiss should elso producs eimilar fatigue lives.

For practical epplication the similarity epproach based on sirein i# not yet easily used, The etrain

history has to be sithar measurad or calculated. Subssquantly, life data for e similar history if not
evailahle, should be determined empirically.
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The aiailarity approach for crack propagation

The application of the streas intensity factor X to the correlation of fatigue crack propagation data im
a aont outmtanding example of the similarity approach,
The etress distribution around the iip of crack can he written in the following form (Ref,160)

t S
_ it
[ - ‘_‘._.“?_E.i_ ) 9 11 Y
1 vanr o © 1) crock ﬁ

B

e
5 is the noainal strees un the specimen, ,Q, ie the crack length and r and 8 are polar co-ordinates, The
geomatry of the apecimen is accounted for by the non-dimensional constant C, It ehould be pointed out
that squation {5.11) im eesentially a sclution for linearized elasticity. Mormover it im assymptotically
valid only for small valuea of r/ﬂ y that meane for the crack tip regicon, Further, differsnt values of
fij(e) apply to the thf-u creck opening modes., It im suffiocient here to consider only the tension opening
mode (tenwile mode, 90° mode in fig.2.4).

Equetion (5.11) car he written aw

I

13 vZanr
with the strase intenmity facter K = ¢ svVI {5.13)
Equation (5.,12) implies that the streme dastribution at the crack tip ie fully determined by X,
The wimilerity approach can now be defined, Compare two different mpecimens, with different geometry,

£, (8) (512)

crack length and loading strees, hut the same etrese intenseity factor. Then the atreee distribution at
the crack tip according to equation (5.12) will bm the eame. For & cyclic etrees, Parie et al. (Refe,161,
162) propomed that equal K~-values shonld imply equel crack propagation rates, and coneequently the crack
rats should he & unique function of the etreme intwmnaity factor

2—;9 = £ (K) (5.14)

A gyclic atresm is determined Ly two of the quantities Smu, Smin' Sl. Spe The ratios hetween thase
quantitisw are constant for fatigue temte with a constant wtreee ratic R (= smin/smu)' Hence it should
be expacted (Ref.163) that £ (K) in equation (5.14} is dependent on R:

£ - (5.15)

There im now abundant evidence from conetant-amplitude test® confirming the applicability of

equation (5.15). ™he mimilarity annpoack hese izplics thal oTack gouwib iz a certaln type of mpecimen
can he predicted from relation (5.15) determined empirically on another type of specimen, The latier may
he a simple sheet epecimen,

Availahls data meinly comee from macrocrack growth obeervatione, It was stiouleiing to wee, however, that
the concept was wtill applicable to corner cracke in different 2024-T3 epscimens with mizes ae small aw
2. 0,2 am, wee figure 5.3, Neverthelewe, there ehould he a lower limit to the validity of the K concept,
which impliss thet it cannot bme weed in the crack nucleation period (Ref,163),

Limitation® should almc be expected from other arguwentme. The K-value im emesntially an clastic concep-
tion, whersas fetigue crack propagation ie due to cyclic plastic etrain. If the plamtic zone ie mmall,
as compared to the region where equatiou. (5,12} is etill cpproximatoly valid, the etrees inteneity
factor may also be a characteristic value for the amount of plasticity in the waall plamtic zone,
Howsver, for large plastic gopes the validity of squation (5.15) should get loet. Nevertleleam, it im
surprising to aes that crack ratem at fairly high vaiues ot strese and crack length could still ke
correlated by X, dempite the fect that the transition from a QCo-mode crack to a 45°-modo creck had

coourred already.
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dnother stimlus was offsred by cozparing results of two differsntly loaded specimsns, mses Tigurs 5.4
{Ref,164). Ons spscinsp was stressed at the ends, whersas the other specimen wes luaded Bt the cpposits
sdgas of ths crack, For orack growth under cons*ant-amplitude loading this impliws thst K will increase
in the former specimen, whsreas X will decrease in the latier onm, see figure ~.4b, This im clsarly con-
firmed by the two crsck propagatinn curvee shown in figure 5.4s, Neverthelsss, the two types of spscimen
loading produced the wame dg/dn-x ralstion, as illustrated by figure 5,4c,

The crack rate in each cycls of s varisble-amplitude tsst could be drawn from equation (5.15), that means
from data obtained in conatant-amplitude testms. Howevsr, thim im only allowed if there ars no interaction
effscts, Since thers ars such effeots thie procedure csnnot be valid. Crack growth delaye, as discuesed

in chapter 3, amply illumtrate thie point.

The similarity approach could still be applied to variable-ampliiude tests by comparing crack rats data
obtained in different varimble-amplitude temtm. Parie {Ref.162) muggested that K should be applic ble to
random load teets if 5 ie substituted in equation (5.13). Limited evidence available {Refs,165-167)
egoms to confirm this "1ewpoint, A recent NLE test program is concerned with crack propagation under
flight-simulation loading {Ref.64) with the design stress levsl as s variabls. It was tried to correlate
the data for different deeign atireseee with the stress intensity factor, Unfortunately the attempt wae
uneucceesful. In fact the eimilarity approach is not matiefied by similar K-vaiuee alone in order to
predict @imilar crack ratee, A second requirement should be that the crack tip rvgions should have gone
through similar K-historiee, In genersl the two requirements sre incompatible, For consisnt-amplitude
tests, the second requirsment apparenily is not imporiant. It may be more important for varisble-amplitude
tests due to interaction effectn, Further inveetigations are required to solve this problem, It would
indeed be of practical eignificance if the K-concepi could be spplied to random loading and flight-simula-
tion loading.

5.3.5 Interpolation methods

Interpolation, extrapolation and generaligation of empirical trende may be illustrated by some propoeal
made by Gasener and Schlitz in refsrence 153, The type of information employed has already been discuseed
in section 4.14, Figure 5,5 ie illusireting equation (4.1) once again, The relstion can be written cei

log N' + & log ss,max -G {5.16)

where N' ie the program fatigua life, S ie the maximum etress amplitude cf the standardived load

spectrum spplisd in the teet and C im aa;:::tnnt. This .inear relation wae confirmed by many teste, From

8 graph 88 given in figure 5,5a, the program fatiguoe life can be read for soy value of Sa_mnx. either by
interpolation or extrapolation, Ueually the mlope factor » had B value in the ordsr of 6,

In figure 5.5b the elope of figure 5,58 bme been sadopted to draw the line through a single available dais
point, Obviously, thie im & generalization of an empirical irend.

The effect of the shape of the load spectrum hes also been mentioned in section 4,14. Reeulie from Gaeener's
group for four different shapee ehown in figure 5.5¢, (spectrum D ia a constant-amplitude loading)

produced & curve aa plotted in figure 5,5d. Curves shown in figure 5.58 can now be adjusted to another
load epectrum by generalizing the applicability of figure 5.5d (Ref.155). If figure 5.5s ie valid for spec-
trum 4, it can be adjueted to epsctrum B by multiplying ths N' valume with a life reduction facter Né/N;
drgwn from figure 5,5d. “his impliee a horizontal saift of the curve over a distwunce log Né - log NA ’

while the alope remains the eame, This ism another case of genersiizing an empirical trend.

Employing empirical trends ie eimilar to applying past experience, It is bettier justified if more expsrience
im Bvailable. It iw fully juastified omnly if the trend is obeying a recognizsd physmical law. Unfortunately
such laws are not yet established for fatigue. The quality of the results obtained will iherefore depend

on the amount of available iuformation and the perseonal wbility nf interpreting and judging the validity

ot the data,
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The coxparison betwesn the results of random load tssis and program tests, as dimcumsed in section 4,12,
is an example whers generalising trends is apparently unjustified, Trends indiosted by ons typs of tmete
ars not necessarily velid for the other typs of tmsting. For flight-simulation tests the trends oay
agein he different, st least quantitatively. In faot figure 4.29 iy already illustrating tkis point,

Obvioualy, the safs way of handling evailahle information im to interpolats betwesn data rather than to
extrapolate data by gensralising smpirical trends. For the purpoes of making life eetimetes, intsrpola-
tion will produce only relevant information if we start from realietio tmet data, It is now helisved that
the most realistic data should oome from flight-simulation tests, As & conssquence of this pomition, the
present author in references 64 and 96 has propossd the following concept, which might be lebellsd wus
the "flight-simulation interpolation method", In order %o avoid extrapolation extensive dats obtained in
flight-simulation teste should he compiled, The data should cover the main variables of this typs of
testing, Life estimates can then be made hy interpolation., The following tmst program was propoescs
Random flight-simulation tests for a ocertain structural material should be carried out, including the
following varisblem;

a Specimens. Repressntative riveted and holied joints mhould bm used,

h Shape of load spectrum, Some typical shapes should be used, for instance reprssenting gust spectra
and manceuvrs spectra,

¢ Design atress level, Some values should be adopted in order to study the effsct of the stress lavsl
in a similar way as Gassner haw done for program tests.

d Ground-to-air cycle. Ths number and the magnitude may be varied.

Taking for sxample four cames for esch item a-2 this would imply 44 = 256 test conditions if all poemible
combinations are made,

Evidently it ie a large test program, but it would aerve more then one purpose, Firstly, the data oould
indeed he uemd in the deeign .tags for making life eetimates hy interpolation hetween ths data. Secondly,
the resulia would reveal the effects of several variahles under {light-eimulation conditions, which ars
not well known up to now. Thirdly, without actually having to design & atandardiged test one could ums
the data as & standard for comparison when checking the fatigue quality of am asw component, A handboox
with this type of data could be extended from time to time,

Of course the ahove flight-simulation interpolation method will not exclude all extrapolations, mainly
hecause the gsomstry of an actusl component will deviate from thome of ths specimens tested. However,

eoms additional flight-eimulation teets on the actual component may indicate ihe appliocsbility of the

available data, Moreover, thie will add to ths compilation of flight-simulation test data,

5.4 Evaluation of the theories

In the introduction of this chapter the question wan amked whether one of the proposed theories could
sccount in a realistic way for the trends descrihed in chapter 4. Actually, if ons of the theoriss ocould
do so the present report wouid not heve hesn prepared. Neverthsless, moms thsorise cap account for one
or a few trends hecause thess theories wers haeed on thoss trends, The principal queetion now im:

What do we expect from a theory, which requirements should it satisfy, which questions ahould it answer,
accepting the fact that 1t will he unshle to answer all ques.ions,

There are two differsnt approaches to this queatiorn, the physical one and the practicsl ons. Wity respect
to the first mpproach it ie important trat the theory has a physical bhase which appmars to hs sound
rathar than speculative, The theory as a physical model should he in agrssment with the phenomsnologiocal
ohservatione on crack nuclestion &nd crack growth., The agreement may bs qualitative, but sanyhow the modsl
should meke senss.

With respect to the practical approach the question im whether a theory can give reascnahle answers to
life prediction prohlems ae they occur in airoraft demign or in ssrvice.

The twc approachss are specified in some more detail by a number of questions listed ia the table 5.3.
Mors questions could eamily he formulatsd, bhut thoss in the tahls are pertinent onss for a discussjion on
the significance of the theories pressnted in the previous sactions.
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Bedei Tmgymicel significance of the theories

Moet incrsmental damage theorise in table 5.2 ignore the exietence of crack nucleation and crsck growth
and for that reason these theories sre to be lubelled ae non-phyeical. In fact most theories ignore all
sepecte 8-d from table 5,3,

Fatigre damage in wome theories (Shanley, Vailuri and Corten and Dolan), is associated with e fatigue
crack, while the ecoumulation of demage is then eimilar to cruck growih, Howsver, these theories do not
explain such siwple saqusnoe effecte am illusirated in figures 3.3, 4.4 and 4,74. The effect of eingle
overloads may be qualitatively exp’vinsd by Elber's argument, which is the plastic deformation left in
the wake of the crack, Recenily Von Euw showed this argument to be applicable (mee ssction 3.2), However,
a quantitative treitment of the delay has not- yet besn achieved. This would require the esolution of
extremely difficult probleme releted to cyclic eireee-strain dietributiona around erscke,

A rasidual etrsss concept was introduced by Smith in & wimplistic way. A more advanced approach is the
prediction of etruse etrain hietories sl the root ol & noich (Crews and Hardrath, Jo Dean Morrow et al,,
lmpellizserri). Thiw iw indesd a refinement of the deecription of the load h_atory at the fatigue critic-
el location which then appsare to he senaitive to load sequencen. The effect of high preloade on the
fetigue life of notched elemente are well predi.... by this approach, However, for more complex sequen<es
the tran.lation of the stresw-strain hiatory into fatigue lives is just another probler,

acrording t¢ the incremential asmage theories. tha damage increment per cycle AD equals 1/N, if N is the
conatant-amplitude 1lifs associared with the magnitude of the individual sirain cyclea or stress cyclee,
The N-velue 1o derived from adj.sted £-¥ curves in eome ‘thcoriea. “rom a phyeical point of view, AD = 1/H
ie at moet "pluusible” but in fact it is pure speculstion, Tt alsc implies that interaction effects on the
danage accurilation are accounied for only by edopting tk~ real eirses-sirain history at the root of the
notch, which includee resicual etreea. Cther interaction offects nad damage parameters as outlinped in

chapter } are ignored. Mureover, the nucleaticn snd tha growih of cracks de not form a part of these
tieoriee.

In conclusion it haa to be admitied that ave..uble theoriea are phywically epeaking rather incomplete and
heace fairly primitive, The comple.’ty of fatigue damage accumula'_un a8 a phr=zical phenomenon is much
better recosnized than an the eaurly days At the same time thip uffers tremendoue probleme for postulat-
ing & gquantitative physical theory,

%e4.2 Practical significance of the theorisas

If a life prediction is mac for a practical problem, the reliability of ths result may be limited for
eeveral reaeons. These reaeons are on’y partly aesociated with the validity of the cumulative damage rule,
sdopted, as will be discuseed ir chapier 6, Hore ihe discumsi~n is resiricted to the cumulative damage
theory itwelf and the fatigue date required for ita application.

The majority «f the incremental damage theoriem are tased on constant amplitude data, ees table 5.2,
Frequently, it ia tecitly eseumed that these deta are nvzilable or can eseily be eetimated. Since pract-
jcal juemtions are associlaied with componentR and jointe, thie ie incorrect. Moreover, an empirical
determination of S-N data of joints i» usua..v costly and time coneuming. Apparently, the 5-N data are a
weak lirk in tre application of the incrementa: a.mage tueoriee. More comments on thie aupect are given
in chap’ or 8.

Pradiction of fatigue li*e until visible crscke {topic ¢ table 5.3,

¥ceat theorTies do not pay much attention io the definition o. the end of the fetigue lifma. In general it
#tould be underetood to be the life until a viaible <rack 18 pi.~ent, or the li1fe uni:l complete fnilure
of & amall corponent, It is nel real =tic to coneizer t  life unkti. -omplete feilure of the entare
sirceaft eatructure, unleexz it .e a safe-iife etructure., In & fail-eafe e.-iciure the proparation «f the
v.eaibie crack should be treated eeparately,.

Aesuming tlat S-N Jdata are avellable, the Palmgren-Miner rule ir the most simpie rul- to be u.zd. ¥any
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inveetigations were carried cut to chech tbs validity of tbe rule and considerable deviations were found,
Although the deviations do not sbow a clear pattern, it may be sari that most values of ¥ n/N < 1 were
found for gero mean etress and for unnotched material (Ref,168). For positive mean strass and notcbed
slements, quits & lot of 3 n/N valuee are in the ranga 0,5 - 2,0 L Refs,168,169), It was concluded elme-
whers {Ref,78) that tbe Palmgran-Miner ruls in many practical applications will bs good enough for a
rough life astimetion, provided realistic 5-N data are available,

1f unconservetive estimates have to be fearsd, for inetance in .32 of zero mean stress or many cycles
below the fatigus limit, tbe application .f the Palmgren-Miner rule tc an adjusted S.N curve, such as
proposed by Haibacn (see figure 9,1), may be recommended, For the combination of flight loads with GTAC
some coneervatiem could be added by simply siarting from = n/N = 0,5,

4 comparison between a pumber of incremential damage theories was made by several autbors (Refe.47,142,170),
In general tbe conclusion was that it 1e hard to prefer one of tbe rules to the Palmgren<Miner rule,

Batter predictions wera sometimes found by the Cer ten-Dolan thaory if the cometant "d" in equation (51
could be adapted to the temt resulie. Actually, a more accurate validity for practical loading conditions
vntil now, cannot be cleimed by any of the incremental damage tbeoriea based on constant-amplitude fatigue
data.

It may be expected tbat theories based on stress-strain hietories at the root of a notch bave the potential-
ity tc give more accurate life predictions, This is tiicught to be true because they may account for
residual stress effscte, which probabvly play an important part in fatigue damaege accumulation, Even relax-
ation of residual stress could be incorporated. Results published by lmpellizzerri iock promieing but @
widsr exploration is wrequired before definite conclumione can be drawn., (me improvemant of tbe situation
may be mentiocned here, Present computera allow damage calculations to bs made from cycle to cycle, aven

if the total life is a high number of cycles,

Anothsr improvement, a8 compared 3o the Palmgren-Miner rule, appears to be obtained by the procedures
propossd by Gassner and by Kirkby and Edwards { £ n'/N" = 1), Aleo bere a gensral validity will probably
not apply. Similar to the application of tbe Palmgren-Miner rule, tbe availability of relevant fatigue
curves (5"~ N' data) msy be a problem, Moreaver, tbe advantage of these procedures may te weakened hy the
problem of how to account for deterministic loade such as tbe ground-to-air cycles, The moat logical con-
esequer:e than appears to he to etart from data obtained in fligbt-eimulation teste. This ia the proposal
dircussed in section 5,3,5, The purpose ig indeed to minimize awirapolation as far ae posalble, More

comments are given in chupter 6.

Pradiction of macro-crack propagation {topic e2, table 5.3}

The most logical zpproach eppsare to be an estimation by employing the stress-intenaity factor. A crack
growth curve may be calculated by integrating of  for ea cycle, wrere 4% ie derived from

dg-/dn - g (X) (Eq.5.15) as obtained in constant swplitude teste. Interaction effects are ignored by
thie procsdure and eince such effecis are predominantly favour=ble to macro-crack growth, & conservative
result wil, be obtained, Moreover, it will be neceseary tr calculaie K-valuss for the structure as a
function of crack length, The relsvance of thia procedure was recently proven {Ref®.i171,'72) for cracks
in stiffened pansle, i good agreemeni betwean pradiction and test results [constani-mmplitude loading)

was found, Mors commsnts on predicting c¢rack growih are made in sasction 6.4.

Complicatsd ssquence afrecis (topic f, table 5.3)

In ssction 4.13 it was indicated that & change of ihe load sequence in a flight-simulation te#t probably
had a smill effsct on life only. This is a convenisnt trand pecause almost all incremental demage theories
da not ~rcount for diffsrent sequsnces, Ths excsptions ace theoriss bamed on strecs strain bistories which,

howsver, are not yet sufficiuntly cberksd for practize. load nietories,

Effact of & chargs of tbs_load spectrum (topic g, tabls 5.3)
If an aircraft is used for two different mismions, two different load mpecira wiil appiy. It im & practic-

al qrestivn to amk how the fatigue iives associated w:ih these miumicnm will compare. A similar problem

o ELhe b g ﬂ
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ocours if the ssrvice load spectrum turne out to he diff-nnt fmn the load epsotrum adoptad in dnign
caloulations and full-scale fatigus tests.

If the lives for load opaotro 4 and B ars L‘ and LB respectively, thas retio LB/LA may he calouleted hy
means of the Palmgren-Ninsr rule. 1t is sometimes suggested that ths invalidity of the rule, which could
lead to eisleading veluss of hoth Ly and LB' would have m emaller effect an the acoursecy of the calcula-
ted ratio Ly/L,. This euggestion ie unjustified. ‘
Although the rile pay give rough life estimates it' ie in fact unahle to give indicetions of the damage
contributions of the various load amplitudes S... Some may be larger thm n, /Ki' others may be emaller, :
1f tha modificetion of the load spsotrum is in & range of S -valuel. where "i/Ni gives a falaa indica-
tion of the damage contrihution, the ratio LJL will elmo he a f~lee indication.

The ec-called "level of maximum damage', was defined id refersnce 173 (mee eluo Ref,168) ea the load
axplitude of e load epeotrum giving the largest contrihution to X "i/N « However, it il.fnr from curo.
that it will indeed give the largest contribution. All the misleading suggsrtions tor:.tly assumed the
sheenoe of interaction effects, wkich dn exist, however.

Some simple axamples of mieleading indirations were ducu-'ud in chnf;tlr 4., If a gust lplctrum is changed
by having soms wore high-amplitude ovelea the Pelmgren-Miner rula predicte e ll:.ghtlJ l.hort-r lifs, In
reality the life may he much longes, & second eimple example is offared hy modifylng the -pectrum in the
lev-amplitude range. iccording d tha Palmgren-Miner rule thie will have no effect at all, contrary to
test rasulis, ‘ I
Unfortunstely, the fiact trat the Pelmgren-Nipar rule is unrelisble to account for modifications of the
load spectrum, elso applies to the other incremental damage thsoriee. The only way out is tasting, that
moane ocomparative flight-eimulation tests with dafferent lvad lpecira. Once again we arrive at the .
propoesl for eyesieuntic flight-limulufion teste mada’' in section 5.3.5. Curvee similar tc the curve in
figure 5.5d, de*ermined by Geesner and ¢c-workers for program fatigue teete, would he required. l

Effact of » few high-amplitude cycles (topic h, table 5.3} -

hocording, to most theorime the effect of a few high-amplitude cyclas will ba peglig.ble, whereas in
reelity it may he very large. Theories including a residual atrees concept try to account for the effact
of # few high-amplitude cycloa, This applies to the Smith theory and the theoriee baeed on the etrain-
history at the fatigue critical location. As said befores, a satiefactory molution has not yet been oh-
teined hut e further exploration is certainly worthwhile,

Effsct of many low-amplitude cyclee {topic j, tahle 5.3)

If low-amplitude cycles are below s fatigue limit, moai incremartal damage theories will pradict theme
cyclee to he non-damaging., The excepiiona ure the theories ihat ianclude a reduced fatigue limit,
Unfortunately thase thecriee dc not account for the effect of a few high-amplitude cycles,

Té satiuaiwm, a wuousy whdi iw distincily superior ic ine ralmgren-Miner rule,

ia net availuble, Secondly, a life estimate ohtained with the Palmgren-Miner rule ie a rough life

estimaie only, Ite accuracy ia not only dependent on deviatione from the rule but alec on the reliatiliuy
of the 5-N curvea used, Thirdly, for the purpoee of eetimating the effeci of modificationa of the load
spactrum the Palmgren.Miner rule jie unreliable, The same appliea to the other rulea,

There ia eome proapect for the theories based on stress-strain hieinriee at the fatigue critical locatione,
hut ¢ further aveluation mnd empiricel checking is neceenary.

Until now moet theoriee had the character ¢f incremental damage theories;. The aimilarity approach, in
principle, ia & fully juetified appreoach, but unfortunataly tnhere are etill coneidsrable limita.ions.

The i{.l.f.-method being the most prowinent exponent for life setimatea 1a not astiefactory. For crack
propagation, the etress-intanaity factor ia aucceesful for conatant-amplitude teate, There are indicatiocne
that the atrese-intenaity factor will not work for service load-time hietory, but a further explorationm

is dwsirable,

The interpolation aprproach will prrrshly give the moat accurate l:fe predictiona, nrovided that it can be

hased on realietic flighi~simulation teate data. Such data are still largely to he collected.

. SNSRI - =/
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&, ESTIMATING FATIGUE PRCPERTIES AS 4 DESIGN PROBLEM

6.1 Survey of airorafy fet:gue pioblens

A large varisty of empirical trends has been reported in chaptsr 4, Cumulative damage theories have besn
:uwu_nld in obapter 5 and it hae to be admitted that the picture of theories, in view of explaining the
cq:iriul trends, is not a bright ons, There is some qualitative underetanding of the irends, but the
poeeibilities for quantitative predicticne ie etiil rather limited as yet,

It should now be a -lyeed how thie affecte the determination of fatigue propuriies of aircraft atructures,
both in the design utage and later on, It cannct be the purpoee of this report to diecues all aspecte

of fatigue in aircraft etructuree, 1t ie eufficient here +to list the moet prominent aspects and thie
has been dene in table 6.1 drawn from reference 78. The list is not nscessarily complete, but eufficient
for the pressnt snalyeie, It is important to note that there are three phasea in the hietory of un air-
cratt, namely, the design phawse, the construction of the firet aircraft and the performance «f tmet
flight'c. and finally, the utilieation of the aircraft in eervice,

1ln the firet phasa the deeigner hae 10 etart with the actual design work, including genaral lay-out of
the etructure, jointe, detail design epecification of the materiale, eic. He then has to sstimate tha
fatigue perforwance of the structure, which broadly ocutlined involves the etepe indicated in table 6.2.

The description of the fatigue environment ie a complsx problem, noi only because it involvee a good
deal of. gueeework but alec in view of the largr variety of zspecte, Thim im illvetrated by table 6.3,
Several topice in the table will be briefly toucted tipon when diecueeing the merite of life calculations
and fatigue taste,

The second etep of teble 6.2 includee the dynamic responwe of the etructure to arrive ai the fetigue
loads in the structure, A mcdern trend in this area ie the applicetion of power epectra) density (PSD)
zethode. The calculation of the fatigue loads in the structure ism beyond the ecope of thie papsr, but
it has tc be eaid that the sircraft reeponee may by & significant eource of uncertainties, It can be

partly circumvented by direct load measuremente in flight,

The 17t etsp in table 6.2 ie concerned with the eetimation of fatigue livee and crack propagation., In
the preeent chapter commente will be made on the sististical description of service load-time himtories
(Sec.6.2), while the problem of setimating fetigue lives and crack propagation data is dealt with in the
remainder of thy chapter. Aspecte of testing procedures, in crder to get relevant information, sre die-
cusmed in chapte~ 7,

6.2 The deecriptisn of the eervice loed-time hietory

1n general eervice load-time hietories are deecribed by etatiatical means, There are two different
epproaches, namely:

*., Counting methods

2. The power epectral daneity method .

Bafore making conmente on thees mathode mome thought should be given to the definition of a load cycle,

Definition of a load cycle

In constant-amplitude teet» the fatigue life N ie given ee a pnumber of cycles until failure, In the
Palmgren-Miner rule, % “i/N:‘. = 1, the zeaning of n, eleo ie a number of cyclea applied at a certain
cyclic load, Mathematically it may eeem attrectice to define the eize of the load cycle bty specifying
ite mean and amplitude, for inetance 5 and 5, (Fig.6.18). However, conmiderins fetisue ae a cdamaging
phenomenon in the material, the mcwante of revereing the loading direction are the more important
milsstonee of the load-time hietory., In other worde, the lo#d peaks, i,a, minima and marima, are the
characterietic occurrences of the cyclic lead, Coneequently from a phyeicel point of view it would be
beiter to define a cycle by ite minimun and marimum, eee figura §,1b, In order to complete the defini-
tion of a load cycle 1t should be eeid that 1t coneiete of 2 rieing and a falling purt, that meens it
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consiste of two half cyclss, For the time heing tha loading rate will not be considsred.

A few varishle-smplitude load aequencsa are given in figura 6.1 ¢-f, Figure 6,1c shows the case where
the amplitude is reduced, while maintaining the sams minimum, The definition of load cyclems 1-4 gives no
prohlem,

If the amplitude is reduced while the mean remains the sams, this can be done in two ways, sos figures
6.1d and s, Clearly enough cycls 3 in figure 6,1d and cycle 2 in figure §,1¢ ca=uot be definsd by a eingle
value Tor Sm and smin' As shown by the empirical trends in figure 4.14, the differsnce batween ths two
casea im not irrelovant for fatigue damage accusulation.

Azothar problem ie illumtrated hy figurs 6.1f. The small interssdiats load fall BC implies an additional
maxisum and minimum, Hence one might say thai there are two cycles in thie figure, mlthough .hs material
from a damaging point of view will respond to it as a single cycle ADE, Conwidering the iwc gust load
records in figure 6.2 it will be clear that a definition of load cycles in these practical cases is far
from aimple,

Counting methode
The aim of counting methods ie to give a statiatical distribution of characteristic magnitudes of the

lopd-time histories, Whether useful daia can be produced in this way will be discususd latar, In the
following & survey of scme counting methode ia given to illustrate the type of data cbtained,
Characteristic occurrences of a load-time histery adopted for counting way be either peakm, level
crosminge or range®, Thie has led to a variety of counting wethods (Refw®,174-176). Examles are illuetrated
by figure 6.3, while a more complete list im given hy Van Dijk (Ref.176).

In methods a and b peake are counted. In the second ons only the most axireme pesk betwesn two mean-
croasinge ia counted, The purpose of thie is to ignore smaller load variatione which are thought ito he
irrelevant to fatigue, The VGH recorde were eveluated with thia peak-between-msan croesinge count wethod,
In method ¢ leven crossinga are counted, Une might aseune that the number of maxima above a certain level
is equal to the number of crosminga of that level {with positive slope), This, however, is incorrect
although it 1a approximately valid under certain conditions,

Method d ia a variant of method ¢ invelving a second condition to he mat hefore & level-crossirg count

im mede. A lavel-croesing in the upward * ‘uwction is counted only if the load has gone downwards to a
lower lsvel, This eliminatea level crosaings from smaller load variatione, The well-known Fatiguemetsr
im operating according to this method,

In the simple rangs c:unt method (Fig.6.3e), positive and negative ranges hetween Wucceesive peak values
are counted, The basic idea ia that ranges are mors important for fatigue than the abecluis pesak valusse,
The range count method has one ssrious dieadvantage, The counting result is extiremely sensitive to the
smalleet lomd variatione still to be considered, In figure 6,1f, ths range AD will not be countsd, but
instead of one lurge range three smaller rangee AB,BC and CD have to be counted,

With the range-pair excesdance count method, range axcsedances sre counted in pairs of sgual magnitude
and ovposite sign. The disadvantage of the range count method i® thue eliminatec.

Recentl;, De Joage {FRaf.177) proposed the NLE counting method (referred to as ths range-pair-rangs count
method by Van Dijk (Bef.176). This method 18 & further development and extension of the range-pair-
exceedance counting method, It al®o gives information on the mean of the range countad. This impliss

that peak load levels can alwo be derived from the counting reeult. Moreover, counta for a ralatively
emall time interval can be procemssed eeparately, As a Consequence, the "wemory" for pairing pomitive

Bnd negative rangesa has now been set to certain limits, Hence tba method is thought to give more rslevant
information from a fatigue dsmaging point of view as compared to previcue methods, It should he notad

that the rain-flow counting method {Ref,12%) can produce similar information as the NLR counting method.

The power Bpectral density concept

The application of power epectral analymie to randomly varying loads, espeoially to gust loads, im being
expiored to an ever-incressing extent. The mathemetical frame work for application to random loads cannot
be discussed here, It may be found, for instancs, in refersnces 12-314,178, It is assumed that the axternal
load, for instance turbulent air, may be coimidered io be 8 stationary Caussian process during a certain
period. Such a process im fully describsd by iis power spectral density Junction ﬁ‘{m). whers w 18 an
angular frequency, 1f the response of the structure to the external load is linear, the powsr spectral
density function of the internal load § (w) cau be calculated froa ¢-(u) and the traoefer function of

aF _ia N
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tha etructure, This iw an elegant way to account for the dynamic bebavieur of the etructure,

It io poesible to calculate from ﬁi(u) the etatietical dietribution functione for level croeminge and
peak loads, The weaknese ie that all crossinge and all peake ere obtained, aleo if they are caused by
very amall load fluctuations, Resulte obtained by counting methods based on ranges, cannot be calculated.
Nevertheleas, ¢(w) is fuliy characterietic for a rendom eequence and any information that cannot be
calculated mathematically can be determined by meaeurements from a signal with the eame epectral dsnaity
function. The effect of P(u) on the irregularity of the random load was already illustra.ed by

figure 4,20, It may be emphaniesd bere that the power epeciral deneity method requires the extermal load

to be a Causeian phenomenon.

The ueefulness of the counting methods

Tbe question ubout the usefulnese has to be related to the purposs of the data being collscted. Thres main
objectives may be mentioned here,

1. Collecting data for load spectra to be ussd for future aircraft decign,

2, Establiehing data for the application to a full-acale fatigue test,

1. Collecting data for eetimating the coneumed lifas of individual aircraf:,

The firet topic 1a of interest to the deaigner, the eeccond ona to the teet engineer, whils the third one
is important for the aircraft operator.

Sterting with the last objective thers ia & fairly extensive literature on collecting in-flight data for
this purpose, A discuesion would be bayond the scope of thie repori. Reference may be made here to a
recent publication by De Jonge {Ref.177)}. He made a proposal for a fatigue load monitoring system, Two
essential features are: (1) Load etatietica should be derived from strain recorde inatead of acceieration
meagurements, (2} The etrain record should be analyssd ky ths NLE counting msthod, Ths firet recommenda-
t1on was made because the relation between accelerations and loads in tbe siructurs im not unegquivocal

in many capea, The second recommendation is made because it is thought that the NLR counting method givee
more appropriate indications sbout the fatigue load environment,

The second objective mentioned above ia discussed in chaptsr 7, Some comments will be given there, The

first objeciive is important for estimating fatigue lives which is the subject of the preeent chapter,

Various counting methode were compared for the application to guat load rscords {Ref,174) and menoeuvre
load records (Ref.176}, It turned out indeed that the range method wam fully inadequate in visw of its
sensitivity to small load fluctuations as mentinnsd before. Also the simpls level-croseing count msthod
and the simple peak count method ere believed to count toomany irrslevant occurrsncss,

The restirictsd-level-crossing count method {(Fatiguemeter) and tbe peak-between-mean crosaings count masthod
(VGH recorda) give more relevant information, Moreover, the two methods thow reletively small differences
between their couniing resulta. The range-pair excesdancéd couni method appears attractive but the disad-
vantage 18 that no information is obtalned about peak velues of the load-time history. Thie dieadvantage

; WBv uu ueva Ublainod Wikl Lmir. method ars

available aa yet,

The queation wbether a ceunting metbod gives ueeful information for calculating fatigue lives dcee 2sh
yet allow a definite anawer. if atatistical data obtained with some counting method could give a realitt-
1c setimatlon of the ac'ual load-tims history, we ars still left with another problem, Thia is how to
calculats tbe fatigue life from this load-time hietory. In the previous chapter i{ had to be admitted
that thia problsm is not yet solved, A8 & consequence, a comparison betwsen service life and calculated
life can nsitber prove nor disprove tha quality of the counting method since the uncertainties about the
life caiculaticn metbod are involved also. At best we may ask whether etatistical counting results allow
a relevant estimation of ‘he mervice lcad-%ims hiscory. The estimation ie conaidered to be relevant if
testa with the real load-time history and the estimated one would produce similar fatigue lives, Feeping

in mind this critsrion some more commants will be made later,

Ssquence of loads

it should be pointed out that all couniing msthode dn not give any information adout the sequence of the

loads counted. (Some information about posmibls sequences will be retained by iho NLK counting methed),
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The results of etatieticelly counted loads are ueuslly presented as arceedance curves, suchk as shown in
figure 6.4 for gusts and for manosuvres. For gusts 11 is aseumed that the load spectra for positive and
negative guste are symmetric which allowe & preeentstion by a single curve, For manceuvre losds the same
procedure cannot bs adopted since positive manoceuvre load increments are ususlly much more eevere than
negative incremente, A presentation by twe curves is necessary, ses figure §.4b,

Since curves as shown in figure 6,4 do not contein information sbout the sequence of the loads, ihe
usual procedure for estimating fatigue lives 18 to combine upward peak loads and downward peak loads,
that have the mame frequency of occurrencs, in ordeyr to f'orm complate iosd cycles, Thie i illustrasted
for a single cycle in both figures 5.4a and b, Actually, load recorde such as shown in figure §,2 do not
justify thie procedure, However, 1t 18 generally thought to be coneBervative since it has the character
of maximizing load cycls amplitudee, The counting resulta produced by Van Dijk (Ref,176) euggested thet

it most probably will B conservative for ..noeuvre losdinge.

Ground-to-air cyclee

Contrary to guets and msnoeuvre loads, ihe ground-to-air cyile has a more cr leas deterministic character.
Seve.al lcads occur once per flight such ae the traneition from the etatic load on the ground to the
static load in flight, fucelage preeeurisation, flap loade and smpencage lo#ds during take-off and landing,
etc. The flight-load profile thue consists of a mizture of thease determinietic loads and other loade that

are mainly statietical 1n nature with reapect to occurrence and magritude,

Flight-load profiles

The aseezement of flight-load profiles for a certain typs of aircraft requires an analyais of the variocus
miesions to be performed by the aircrafi. Both determinietic and stochaeiic loads can then be estimated,

As a reeult of combining these loade, aynthetical flight-load profiles will be obtained. Two simplified
ararples applying to wing bending, are shown in figure 6.5. A number of comments on thie figure should be
mad:2

1. Fhose portione of the flight during which the load 18 not varying have been cmitted.

2., Gusts manoeuvres and tariing loads were assumed ito occur as complete cyclee, Ae said before thie is
probably a conBervative procedure,

3. The sequence of guste, manceuvres and tariing loade was seaumed to be random without any eequence
correlation, For guet loads the PSl-method might allow a more realietic determination of the sequence.

4. Flight-load profilea may be different fream flight to flight. For gusis thie has to te rxpected eince
flighte both in good weather and in poor weather will occur.

5. The two examplee in figure 6.5 show that there may bs one important additional cycle per flight.
Bamically it 1e the Btatic ground-air-ground tranaition, but it is enlarged bty additional loads both at the
ground and in fiight. The minioum and the marimum of this additionsl cycle ere indicated in figure 6,5,

The magnitude of thie cycle may vary from flight to flight. In view of the diecusasicn in the previous
chapters this cycle may wall be expected to give a eignificant damage contribution, Duxteum {Ref.179}
zeagured 4he maxizus lesd oyela nf aach flight of @ transvort aircraft and he made & etatistical evalua-
tion cf 1ts magnitude.

In summary: The assessment of flight-load profiles impiies the prediction of the seguencs of various
fatigue loads from flight to flight, i,e. the eervice load-time histery. It 1s flying the mircraft by
imagination at 4 moment that it #till haB to go into service, This is necessary for planping s realistic
full-ecale test, mee chapter 7. However, it is alsoc necessary in view of defining the cycles associated
'#1th ths ground-air-ground transition. Such cycles are certainly important enough to be considered in

making life estimates,

8.1 Methods for «stimating fatigue lives

Tha fatigue iife in this section should be underatood to be the life until » visible crack is presert, or
the Jifs until complete f2iluze of « smail component. If life sstimatss as accurate as possibls ars
requirsd, realistic flight-simulation tsste are essential. This will be discuused in chapter 7. Fowever,
tf provisional estimates have téeﬁﬁdn sevarsl procedures cen be sdopted. The basic elemants invelved in

such estimates havs been listed in table $.4. The firat topic of ths tabls 1s the estimated mervice load-
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time hietory. Thie aspeot was discuwesd in the previcus section. The eecond element ie the struoture or
component for which & lifs setimate ie requested, It will be aseumed that the dimsneions and the material
bave been chosen alrsady. Insufficient fatigue lifs could of coures mcdify thees data.

The third element of table §.4 inoludee & variety of poeeibilities concerning available fatigus data, A4
eurvey im given in table 6.5, As an example of eimilar materiale one may sdcpt fatigue date from 2024.T3
satarial for spplications where 2024-TB or 7075T6 material was eslected, Chvouely, thim may affect the
quality of the life estimate to be hamed on the data,

The typs of epecimen for which data are availahle may vary from the unnotched epscimen to the component
iteelf, Thie impliee that it may vary from a highly unrsalistic representotion to the moet realietic
repreeantation of the component for which the life estimate has to he made, Aleo for the type of loading
the qualification of available data maey vary from & low eimilerity (conetant-applitude loading) to a high
eimilarity (experience in esrvice),

The fourth %opic in table 6.4 is the fatigue life calculstion theory, Thie subject has been analyeed in
ochapter 5, It wee made clear that there were no reasons to he optimistic with reepect to the ancuracy of
available theories,

For completeness, additional fetigue tests have been mentioned ae the laet ampect in table _{. It will
b clear that the quality of s life eetimate can be improved by additional teets.

Several procedurse for making life estimatea can now he epecified, A eurvey is given in table §.5 which
wWill be diecuwead below. For all casse it is assumed that eetimated eervice load etatietics were collect-
od already.

Methode based on available data
is illustrated by table 6,6, the calculated life will depend on the type of available data, un correcticne

made to thees data by accounting for deviatiag aepects and on the life calculation theory. Apparently
thers may be several weak linke,

The mcet eimple type of fatigue data would be S-N curvee for unnctched specimena, The S-N curves for the
component under coneideration have to be derived from theee data and thie will introduce urnknown in-
accuraciee, The reliability of the required 5-N data would be improved by etarting from S-N data for
nctched specimene, while data for components could be a atill better starting point, Methodws for obtain-
ing optimal S5-N data, improved by accounting for material, S

m
this report (ese for inetance Refe.180,181). It may be said here that the relevance and the quality of

f Kt' eige, otc,, ase beyond the ecope of

S-N data to be obtained are & matter of judgement and ability to eveluate availlable information.

Ao eaid in chapter 5, a better cumulative damage rule than the Palmgren-Miner rule doee not appear to he
available yet, Starting from fatigue data ohtained under a more complex fatigue lcading, euch ae program
loading, rendom loading or flight-simulation loading, has as te aim to reduce or eliminate uncertain-
tiees about the life calcvlation theory (methods ic,id,1e in table §.6), Thie approach 1s ®ill hampered
by ineufficiently available fetigue data. Other ampecte have heen diacuseed in chapter 5.

Methods bassd on service experisnce from previous deaignw

A new deeign may have s high eimilarity with a previoue deeign, It even may be a further development of
the previocus cne. In toiw wituntion it will be clear that moet valuable informetion should cume frem the
servios record of the clder deeign (ese for inetance Ref.182). Thie information can be utilized in a
rather gsueral way by adopting the wtress level, that for a certain material allowed a eatiafactory
eervice bshaviour in the paet (method 2a in teble 6.6). If cracke did not ocour in the previcus deeign,
the life drawn from ite service experience im & lower limit, The life ehould be longer. Obviouely it 1e
necessnry to prove thet the new deeign ie at leeet aw good ae the previcue one. The proof could be given
anglytically, for ins-ance by coneidering Kt-valueu for improved detail deeign. For jocinte the eirees
weverity factor propored by Jarfall (Refe,183,184) may turn out to be a useful criterion for judging

. Tha nlternative o the analutice]l compariscon ig comparative teating, eace

A further svaluation of pamt sxperisnce, method 2b in table 6.6, includee & zoneideration ~f ail

relevant conditione inetead of conwidering the streee level only. This implies that aervice experience

im now coneidared to be = fatiguo tast an apacific components. The conditions for the old dex.gn have
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now to be tranelatsd to tLe new design by accounting for deviating aspects, This offers eimilar problsms
as correcting 5-N data, and in addition ons new prohlsm, which is accounting for a different load spectra.
As swid before, the Palmgren-Miner rule is unreliable for the lattsr purposs., Comparative testing, see
eection 7.4, im the heet solution, If this is not feamible conservutive aseumptions may be made,

Ths attractive featurs of employing past experience is that we etart from datw obtained under most reeliet-
1c conditions, Sscondly, the information may come from a large numhsr of aircraft, which incresases the
statistical confidence, Limitatione already mentioned are amscciated with deviations betwsen the new and
the old deeign., Another limitation ie that the load-time higtory for the old design, in many casee, will

oot be accuratsly known, which requires eetimates to be made,

Testing of A new component or & complete mtructure

This method (methed 3 1n table 6,5} wiil he advasable in msny casss, Nevertheless it appears tc ba fully
Justified only if & realietic load-time history will he applied in the test, That means that a flight-

s1mulation teet should be carrisd out. This topic 18 discuseed further in chepter 7.

Comparison of the methode

Speaking in general tsrme there ars thres alternatives apart from new methods still under developments
1. Estimetee based on 5-N data emploving the Palmgren-Miner rule,

2. Estimatee based on the evaluation of the experiences obtained with previous deasigns,

3. Estimates based on fl.ght-simulation tests.

The firet method will give rough life indications only. Lt would rot be fair to say that the Palmgren-
Kiner rule is the only weak link in this method, The estimated S-N curves may also be a source of
ingccuranciee, Obvouely additional conetant-amplitude component teeting could improve the situation.

The eecond method hae a good appeal for rsasone mentioned above, There are also limitations, However,

1f a8 careful analysis is incorporated into thie method it sbould be preferred to the first method.
Comparative flight-simulation teste may significantly add to the valus of the eecond method.

The third method, s%11]1 to be discussed in chapter T, is to be recomsended only if a carsfully plannsd
flight-simulation test will be carried ocut, The method 1s certsinly preferable to the first method., In
comparlgon t¢ the second method, testing the component or structure iteelf implies a more realistic
eimulation in this respect, This may aleo apply to the load-time history adopted in the teet, The fecond
method, however, may be mores realistic with respect to the environment (rorrosive effscte, rate effecte),
while the etatistical confidence mey aleo be euperior. 1t is difficult to eay which of thes two methods
will give the bmst answere, An evaluation of pamt experience ashould be recommended in any cass, However,
8 realistic flight-simulation test on a component nesd not be & relatively cosily effort if a modern
fatigue machine 1s avsilable, Hence ip many caese suck teste are recommendsble as well. A full-scale
fatigue teet with a reslistic flight-simulation ehould anyhow be recommerded, since such u test serves

more purposes than obtaining life indications only {eee chapter 7).,

6,4 Methods for sstimating crack propagstion rates

Problems of eetimating crack propagstion rates are to a large extent similar to those involved in
egtimating lives, Some specific featuree will be diecuseed,

Information about the propagation of macro-cracks is desairable in view of judging the safety of en sir-
craft., For asesesing the quality of a fail-safe design this information is even indispensable. It may be
tried to give a similar survey as glven 1u table 6 for sstimating fatigue lives. Thie has boen done in
table 6,7,

The amourt of mvailable data frcm constant-amplitude teets is eteadily irecreasing and ae digcussed in

gsction 5,31.4, such data allow & preeentation as
dg,fdn = £, (K) (6.1)

»+ should be pointed out that alwost all data in the literaiurs werc obtainsd by testing sheet materiel

under axiasl loading. However, 1o thick emctions with predomirarntly plans-strain conditioas the crack
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reis may be higher, The crack rats in a preseurized fueelage will aleo be higher in view of bulging of
the crack due to the pressurs on the edges of the crack,

The moet eimple case wovld bs to predict ths creck propagation rets in an axially losded sheet metal
otructurs for which K-valuse can bs calculated. Tests on stiffened panels have shown that equation (6.1)
ie indewd capable of corrslating the crack propagation rates obtained under conetant-amplitude iloading
{Refe,171,172), For a service loan-time history the orack rate could be estimated by the formulaet

ad

. Tl O

S XCRARE (6.2)
3 i

i

where the eubscript i is referring to the varicus stirees levels 1nvolved,

Fquation (6.2} givee a weighted average crack rate, but the same formule ie obtained if the Palmgren-
Miner rule is epplied to the fatigue lives required for an incremental crack length extensiorn,Thie
implies that equation {6,2) ie ignoring any interaction effect bstween successive strens cycles with
different magnitudes, Since interaction effects are predominantly favourable for macre-crack growth,
squation (6.2} will producs & conservetive reeult and it even may be very conesrvaiive depending on the
type of load spectrum (eee for inetance Ref,186),

Kore realistic eetimates will be obtained if data from flight-simulation tsste can bs adopted. Such tsets
were recently carried out et NLR (eee table 4.7), but so far this appeare to be ths only source,

Additional teeting ie to be recommendsd becauee crack propagation may be seneitive to the type of elloy.
Different crack ratee may even be found for the seme eljioy produced by differsnt mapufacturers while
aleo batch to batch variations heve been noted (Fef,163), The recommendetion for additional testing ie

ousily made mince simple end inexpensive epecimens can be used for this purpose,

Service sxperience from previous designs with respsot to crack propagation will in general nct be evail-
aple, [t is common practice to repair a <reck in service immediately after it wae found, However, data
from full-scale teete on previous deeigne may give useful indications about crack rates to bs expectsd in
& new deeign., Teeting the new demign iteelf obviously should give the moet direct icformation. Thie is
discuesed in chapter 7.

6.5 The eignificance of life estimates

The significance of & life eetimate and the accuracy required or desirable will depend on the coneequences
that tbhe eatimated life values may hevs, Thie part of the problem has eeveral espects, Some especte are

riefly =zenticnad Lelum ia videsr W luriber compiete the piciure of the prictical problem.

The condequences of the life eestimate will cbviously depend on the reeult obtained, The estimeted life
may be highly insufficient, it masy be of the correct order of megnitude, and it also may be much lergsr
than recuired. Obviously theee three casee w' 1l msk for different actions to be taken, It will be clear
that the follow-up of the estimate should aleo depend on the quality end reliability of the eetimets.
Moreover, ecatter of fatigue propertice hae to be coneidered,

Decisione to be made will aleo depend on deeign aepecis, If the deeign ie an entirely new type for which
no experience is availlable, a realistic life retimate ssems desirable, Another aepect ie the quesetion
whether the etructure has a fuil-eate or a sefe-life character, In tbe letter case eccurats life ertimetes

are again requested, For coming to dscisions it may aleso be importent whe*her e redesign ie eaeily poesible,

Teet facilities available are ancther aepect of the problem in view of complementery teeting.

i ke i il Vs h
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The question whether the result of a life ssiimais should be considered as bsing satiasfactory, in many
canes, will not allow an sasy answer dus to the many aspects involved, The problem will not he dimoussed
any further here, It may bs said, howsver, that the philosopby of the aircraft firm with respect *o
designing for eafsty and economios, airworthi.sss rsquirements and requests of the sircrafi{ operator may
slso affect the answver,

7. PATIGUE TESTING PROCEDURES

T.1 Survey of tsuting proocedurss and testing purpomes

With respect to tssting purposes, the main aspects charactorizing a fatigue test are the type of spacimen
and the typa of fatigue load applied, From & testing point of view the fatigue testing machine ie
important. In this connection the quemtion is whether availahle fatigue squipment im capahle of handling
the specimen and of applying the fatigue load sequences required, Some gensral comments on the ahove
aspects will be made in this section, while the usefulness of various testing methods for specific tmsting
purposes will hs discusssd in suhsaqueht sections,

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

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

1, Basic fatigue miudies,

2, Bmpirical investigations %o explore tha effect of various factors on fatigue life,

3}, Test meries to provide specific data for design purposes.

Tha purpose of the first group is to increase our physical understaring ébout fatigus, to describe tha
fatigue phenorenon qualitatively, and if possible aimo quantitatively., Investigatione to improve our
knowledge about fatigue damage accumulation are ian tkis group.

The second group comprimes the investigations on the effects of notchea, metallurgical conditione, surface
treatment, fretting corrosion, production mspects, etc., Experience ohtained in such investigatione provides
useful qualitative information for the designer with respect to the melection of meterials, dimensions,
production techniquea, stc,

The main purpoee of test seriee in the third group is to provide test data for estimating fatigue proper-
tiee of etructures and ite component:. This type of data was referred to in tahlee 6.6 and 6.7. Some mare
specific testing purposes of the third category are indicated in figure 7.1.

Since bameic fatigue studies are important here with respect to damage accumilation, some commente on
testing procedures for thie purpose will he made in section 7.2. The second category ie largely outeide
the acona of the present regort. Planning fatigue teets for the third category raquires knowledie shout
trends in damage accusulation under variehle-ampl: .ude load:..”. Te3ts will be discuseed in sectione

Ted = Te7e

Iype of specimen

4 survay of different typeas of specimenm ie givern in table 7,1, Spacimene wiih eimple notchee may reveal
the notch sensitivity of a material, Gince momt cracks in u structure are etarting in joints, a simple
notched mpecimen im not yet a relevant represantation of a fatigue critical location in a structure. In

a jJoint fretting .. srouion ie generally mignificant. Thie can te eimulated in mimple joint specimens.

The advantege of & componant over a simpls joint spscimen is that all dimenmions and tha production
technique are fully realistic, Testing a full-scale structure is obviouely still more realietic. Thie may
eliminate queetions ahout the correct loads for the various componente of the structure. Moreover, unknown

eccentricities of the loade on ths various componente are automatically eimulated.




ol e

345

Load sequences in fatigus tests

4 survey of possible load sequancss has previcusly been given in figures 4.2 and 4.3, whils examples of
variants are given in several other figures, With respect to dssign purpoees the discuseiv. will be
resiricted to conatant-amplitude tesis, program tests, random tests and flight-simulation tusts, see
figure 7.1. For basic studies on damage accumulation aimple variable-amplitude load sequencee may be

attractive,

Fatigue iesting machines

For & long time fatigue machines were primarily designed for carrying out conetent-amplitu.: tests, Ir
the machine was deeigned as & resonance syetem, high loads and high loading frequencies cou'd relatively
egpily be obtained, Such machines were not well suited for variable-amplitude teste but a mlcw variation
of ibe amplitude wae possible. Hance program tests could be carried out, A major difficulty w.e to apply
snall nuwbers of high-amplitude cycles, Thie had to be done eitiher manually or by non-resonant slow-drive
loading mechanisms,

In some laboratories resonance fatigue machinee have been suscessfully adapted for carrying our narrow-
band random load fatigue teats (Refe.$9,187).

A break-through in this situation was the development of the electro-hydraulic fatigue mechine with
closed-loop load oontrol, (Refs.33,183). Each load-time sequence that could be generated as an elavirical
signal could Le applied, By now several fatigue marchines of this type are commsrcially available. In many
full-scale teste hydrauiic jacks operating according to the sams principles bave been employed, It ie true,
however, that a test in such & machine will be mors expensive tben & coustant-amplitude test in an old
machine., The problem may then bs whether the more relsvant information from a complex load ssguence ie

worth the price.

7.2 Teets for basic fatigue studies

In chapter 31 fatigue hce bemndescribed as a cumulative procees, Although cracking was the momt prominent
feature of fatigue damage, the accumulation of demsge turned out to be a complex phencmenon. Under
variable-amplitude loading & number of different interaciion machanisms oould be oparating. Although there
is gome qualitative understanding it iB not fres from speculation. In fact there is etill ample reom for
studying the damage accumulation pbencmencn. Partly this should occur by refining cur knowledge about
local strese-sirain bistory, For another part microscopical observetions on demage accumulation should be
very worthwhile,

Load sequences for basic fatigue studies sbould be simple eeguencee in order to bring out the obeervations
to be made as explicitly as possibls, Two-sisp tests, iaterval teete and tests with periodic high loads
may ba most appropriate. With & more complax sequence tha rimk of mixing up a variety of favourable and
unfavourable intersction effecta is present. It may be impossible then to distinm. ‘h the various sffacts.
It will be clear that for dstailed obsurvations tha electron microscops and fractography ace indiepens-
able tools, It should alsc be said here that hasic studies will not immediately solve ths life estimating
problems of ths designer. However, a basic understanding ie a prerequisite for arriving ultimately at
gqualitative improvements of the prassnt situation.

7.3 Detsrminetion of fatigue datsa for making life estimaise

As illustrated by fig,7.1, differsnt types of tests could be adopted for ths detsrmination of basic deta
for life seticates, The merits and limitations of constant-smplitude tests, program tests and random
tasts havs besn discussed in section 6.3. Further is was indicated that data from flight-simulation tests
oculd provide the most relsvant information for thie purpoes, sss alec secticn 5.3.5.

From the disoussion in chapter 4 it follows that the test resulis of progrom tests, random tests mnd
flight-simulatica tssts will depsnd on some varisbles associaled with the loads applied. The main varise-
bles are listed in table 7,1, The nesd for standardising is apparent and in faot Gasensr has madse
proposals for as program tsst, Standardicging is justified only if we know the effsct c the variablea
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to bs standaxdized on the vest result, In this respect the program tsst, the rendom tssi and the flight-
eimulation test are all sensitive to the maximum losd amplitude sllowed in the test, With respsct to the
Sequences, the sffsct is probably smll for rapdom loading and flight-simulation loading, whereas it may
be signlficant for the program teet, This aspect and the uncertain ratio betwesn the results of program
tests end random load tests have 1sd to a prefersnce for rendom loading instsad of progrsm loading (noe
also raction 4,12),

For & narrow-band random loed test, the distrilution function of ths load pesks is a Rayleigi distribu-
tion, whila for broad-bard random load the sama distribution is approximately valid cccept for the lower
asplitudss,

A flight-simulation teat can bs carried out only on & fatigue machine with closed loop load control, This
impliss that any load spectrum can still bs adopted. Standardizing a flight-simulation teet at this stage
appears to be somewhat premature, sincs thé infiuence of several variables has still to be explored in
greatsr detail, For this purpose ths test program in section 5.3,5 was proposed, Nevertheless, some re-
comausndations can be made already now, for ‘nstance with respect to seguence and truncation., This ie dis-
cusssd later in this chapter,

Finally, some unbalonced approaches with respect to determining faligue data for life eetimates may be
mentioned here., It is not realietic to carry out flight-simulation tests on unnotched specimen, Thiw is
combining an wdvanced teeting msthod with a primitive and unrepresentative specimen, Similarly, it is
an unbalanced approach to apply a constant-amplitude teat on a full-scale structure, which is the moat

simplified temt on ihe most realistic simulation of the etructure,

7.4 Comparative fatigue tests

Many psople still feel that constani-amplitude test® are a good mvans for comparing alternative designs,
production techniques, etc. However, the possibility of intersecting or of non-parallel 5-N curves is
making thio very dubious. In figure 7.2 comparativa tgats at stress level Sa1 would indicate design A
to be superior ito dssign B. At etcesg level Sa3 the reverse would apply, whereas at 532 bath designe
would be approximatsly esquivelent, Some commentis on this isgue were made in section 5,3,4 when dis-

cussing the Keff. concept, Fretting corrosion is one aspect whers constant-amplitude lests may give a
misleading of its effect in aervice,

The pumer.us tset serier with progream loading carried cut by Gassner and his co-workers suggest that the
risk of a migjudgement would be smaller if program loading were adopted for comparative testing. This
will apply aleo to random loading., Nevertheless, if flight-simulation loading can be adopted it appears
that it is the must preferabie solution, Real problems should be tackled with realistic testing methods
if posmible, Recertly, Ronay (Ref.189) adopted random flight-eimulation loading for exploring the
fatigue bshaviour of & high-strength steel, Imig and Illg {Ref.8C) adopted this test method for studying
the effect of temperature on the endurance of notched titanium alloy specimens. Schiltz and Lowak {Ref,190)
etudied the effeci o plastic hole expansion on the iatigue life of an open hole 2024 alloy specimen by
employing flight-eimulation loading., At the NLR, as part of an ad-hoc problem, we compared two alterna-
tive types of )ninte with random flight-simulation loading. Some aircraft firme have already started
comparative testing for design purposes employing a kind of flight-eimulation lcading.

ax an illustrstion of different anewers to the same gquestion, a recent investigation {Ref,64) indicated
that the crack propagation in 7075-T6 was four iimes fawter than in 2024.T) according to constant-
amplitude loading., However, under flight-simulation loading the ratios were only 1 to 2 (see Fig.4.25).

7.5 Direct determination of fatigue life and crack propagalvion data by flight-simulation teeting

In the previous chapter it was concluded that life estimatee based on available data may have a low
accuracy., If a better accuracy is required, u reilistic test ie necensary. This implies ihat toih the
epecigen and tns load meguence should be rep eSentaiivy for service conditions, For the epecimen this

meane that the test should be carried out on the actual component or & complete part of the structure,
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With respect to the fatigue load, a flight-simulation test representative for servics loading is required,
An sxact simulaetion of the load-time history in servios would ba the prefsrable solution, Usually a ser-
vice record will not bas availahle, hut in case that it can he measured hefore the fatigue teat it ia the
best etarting point am advocated by Branger (Ref,35). For reasons of time and economy, periods during
which the load doe®s not vary could bs lei't out.

In genersl, a load-time history will have tc he deaigned on the hasis of wission analysis and load
statistios obtainad with othsr aircraft. It is ihought that it is poamihle to compose & representative
load-time history (see ths discussion in restion 6.2). A good kmnwledge of the empiriocsl trends ia
eagsential for thie purpcsa. As an illuatration, figure 7.3 akows a sample of a load record from the test
on the F-28 wing, Different types of westher conditionn were simulated in accordance with atatistical
information. The mequunce of the gust loads in each fiight was a random mequence without anr sequence
correlation, Thie may be a ceviation from the random sejuance in service, hut fortunately the devieticn
will probahly have a miner effect as discusased in seotion 4.13.

A major problem ia the assessment of the higheat load level toc be applied in the flight-simulation tsat,
As discuased hefora, thie levsl may heve a predominant effact on the life and the crack propagaticn. If
the load level that will be reached (or excesded) once in the target life of the sircraft is applied in
a teat, we know that it aay have a favourable affect on the fatigue lifa, 1t then should be realized that
thia load level is suhject to atatistical variations, that meana some rircraft will meat this load more
than once in the target life, whereas other aircraft will never ba subjected to it. ln view of thias
sspect and the flattering effect of high loads, it was proposed eisewhere (Refs,%8,76) thet the load
spectrum should be truncated at the load level excaseded ten times in the target life {see Fig,7.4 for
illustreticn),

In reference 76 a e.milar recommendation was made for crack growth #*udies, but then, instead of the
aircraft life, one k23 to conaider the inspection period, The predominant influence of high loada on
crack growth was illusirated by the reuoults presemted in sections 3,2 and 4.6. If a full-scale atructure
with c¢racke ia tested to study the crack rate, high lcads will considershly delay the crack growth. The
application of high loads nay again considerahly flatter the test result, Therefora a trwication is
necessary to avoid uneafe predicticne for thoee aircraft of the flest thet will not meet the higl loads,

Sometimes fail-eafs loads are applied at regular intervals during a full-acale fatigue teat to demonsirate
tbet the aircraft is atill capahle of carrying the fail-safe load. If this load exceeds the higheat load
of the fatigue teat, the result may be that a number of cracks that emcapsd detectiion so far, will never
be found because of crack growth delsy, 1n nther worde, this precedure could eliminate tbe posaibility of
obtaining the information for which the fatigue test is actually carried out, The crack growth delay in

a full-ecale structure was recently contirmed {Refe,63,54) in additional tests on the F-IJ wing. The
certificition test was completed after simulating 150 000 flights, Then fail-eafe loads (limit load) were
applied. In a subsermuant rammarch nragram it turned ~ni Lhat meveral eracke did not crow eny furthar e

shown in figure 7.5, New artificial cracke, however, showed a normal growth.

Tba significance of low-amplitvde cycles has been discusased in s¢ction 4.13, Leaving out tbese gyclea
from a flight-eimulation test will considershly reduce the teating time. For the F-28 wing, omitting the
guet cyclee with the loweat amplitude reduced the ilesting %ime per flight from 116 seconds to 46 seconus,
However, since such cyclee mey contribute to crack nucleation !fretiing) and crack growth, the cycles were
not omiited during the certilication tests,

Taxiing load cycles can b omitted under certain conditions, 1n fact it appears admiasabla only if the
cyclea gcsur in compreeaion for the comp-nente being tested (see section 4.13). Care ehould he taken

that thas ground-to-air cycle reaches the moat exirveme minimum load occurring on the ground, including

dynemic loads (sne Fig.6.5).

The developmelnt of hydreulic loading eyetems with closed-ioop load control hae crnsiderably affected the
praeent state of the art, By now it seems inadmissable to siseplify tha loading pregram in a fiight-

eimuiation test for experimental reasone to a sequence of the type ebown in figure 4,3l.
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The result of & flight-simulation test will ha & fetigue lifs in numbere of flighte or a crack propags-

tion rats in millimsters par flight, Thare mre limitationo to the meaning of these data, whioh are die-
ouseed in the esotion 7.7, : .

‘
H

' ] 7.6 Full.scals fatigus tasts

A full-ecale test on & new sircraft dssign is an oxpsneivs tsst, Henos thars should ba good reasons to

L carry out such a tast (Refa,191-194), In most genaral tarme the test is carried out to avoid fatigue
trouhls in eservics, Refcrance may be made to table 7.2 giving a survey of esveral types of fatigue problems
apd poseibls consequances, In view of thaee® consequancee sand the coste of the tesi thore.il every reason

k to require that the test givas realietic and relovnntiinformlﬁion. As eald before, & full-ecals fatigue

test should bo carried ocut with a carefully planned realistic reprassnietion of the eervice load-time
E history. .
é :
Commente on the application of high-amplitude and low-amplitude cycles were mads in the previous section
(vee also Ref,75). It mzy bs emphaeieed once again that the application of & high pre~load for etatic
teeting purposss (etrein msasurements for instance) or high fail-safa loads during the teet, should be
prohibited., Such loads may have & larga flattering effsct on fatigue livee and crack rates, and quenti-
K tetive indicatione from the taet may become worthlgnn. Some more information from teet esries in full-

soale structuree bearing on thie aspect were recapitulated in aeotion 4.15. '

Seversl sspecte can be mentioned that make full-acals tlltang of a new aircraft structure desirable., It
ie thought that the moet important ones are listed balow (Z2af.76).
(1) Indication of fatigue critical elemeris and design deficiencies,

T e b R

(2) Determination of fetigue livas uniil visible cracking occurs,
(1) Study of crack propagation, inspection and repai; methods.
(4) Neasurements on'reuiduel etrength.

(5) Ecomomio aspacte,

Iteme 4 and 5 are heyond tha acope of the present diacussion.

With reepect to the firet purpose mentioped above, Barpur and Troughton (Ref.191) cbearved that in
esveril caees fatigue cracka occurring in service wesre not fcund in the fuli-acale teat, because the
structure tmsted was not eufficiently revresentativs, Thie wae not orly dus to mapufacturing differanccs
snd modificatione, but also to simplifying the teat article. Iue conli?eration should thersfore bs given
to the structurel complatsness of tha ‘specimen.

Fatigus critical elements will only he indicated in the correct order if the fatigue livee obtained in
e [ull-wiesiv bowis e cugeelt dadicetivaas of 458 ssrvice lifs, Theo teozt zhowld not indicatse component
to ba more critical than componsnt B if service expaorience jadicate the reverse ordsr. Thie risk can be
avoided only by a realistic and rapressntative tast, In eeciion 4.15, several examples of misleading
information obtained in full-ecals teete due to unrealistiz fatigue 1onﬁingt heve baen @entioned.

It will be clear that a reprasentative futigu} loading also impliee, that due conmiderdtiion hae to ba

given to simulats ell typee of fatigue loade that may bs significant for certain parte of the structure.

The full-ecale test is also a training experiment with rsspect to inspection techniques. This prohlem will
not be discussed in this report. If a structure is a good deeign, inspecting for cracks during & full-
scale teat is a tough Job bacauss cracks will hardly occur,

In order to ohtain information about crack propagation ratee it ie common practice to apply artifiocial
cracks to the etracturs for initiating fetigue crack growth, Lwelly this is dons by making saw-cuts,

Ths information about crack growth is needsd in order to estab.ish safe inapoctionlpariodl. As suggestsd
in the previouz sectisn, the truncation levsl of tns load specirum should be lowered eftsr applicatiou of
the artificial cracks, This was in fert done during the cartification teste on the P-28 wing.

The limitations of the information obtiinsd in s full-ecale test are discussed in the following section,




Te7 Limitations of flight-cimulation tssis

Assuming that ths load-.ims history to bs applied in a flight.simulation tsst was carefully planned,
thsre ars still some limitations to ths informmation chtained in ths tsst, Aspects to bs briefly msntionsd

hiro ars associated with loading rats, corrosivs influsnces, mcatter and dsviating load npectra in servics,

Losding rats
A full-scals tsst on a structure is an accelsrated flight simulation that may lamt for 6 to 12 months,

while reprssenting 10 or more years of service sxperience, A flight-simulation test on a component in a
‘modsyn fatigus tssting machine may iake no more than a week,

Considering loading rats sffects, one should rot eimply oompare teeting time with flying time, but rather
ths times that the siructure is sxpoeed to the high loads, Ordere of magnitude ere given in figura 7.6.
Thin argucent ie epeculating cn the fact that any effect of the leading rate is a matter of eoms time-
dependent dielocation mschanisme occurring at high stresseese. It might imply that the mifect is relatively
small for a full-ecale test but it could have spmm affect in a component tsst in a fatigue machino

running at & relaiively high losd frequency {see alsv the diecuseion in esction 4.17).

Corrosive influences

Differences between testing time and ssrvice life also imply different times of expoeurs to corrosive
attack, Thsrsfors, if corroeiun is important for crack m:cieation {corroeion fatigue) one csrtainly should
consider this aapect., In pra.tice cracks frequently originate from bolt{ holee and rivet holee where the
- accessibility of tkem environment ie usually poor and the corrosion influence probably not very eignificant.
However, as ¢oon as magdro-crazks &re pressnt the environment will peneirate into the crack and the effact
_on crack growih should be considered. Safsty factor should be applied to inspection psricds depending on

the material and ths environment (ses also the diacussion in eection 4.17).

Scatter

‘Tssting a eymmetric structrre gsnerslly impliee that at least two similar parte are besing teeted, However,
fatigus properties may vary from aircraft to aircraft becauee ths quality of production techniques and
materials will not remain exactly conetant from year to year, It will not be tried here to epeculate on
the magnitude of the scatter, although some interseting data ars available in the literature, It ie
recognized, however, that the shorteet fatigue livee in a large fleset of aircraft, in general, will be
shorter than the reeult of ths full-scale test ae a conseguence of ecatter.

" beviating load epsctrum

Load measurements in eervice may indicate that the eervice load history is significantly deviating from
the load hietory applied in the test, Suggestions were heard in the past that the tesi result could be

b
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ions by caldulablivu, wwpluying viw Fulugren-miner ruiv and soms S-H Curves,
However, am explained in section 5.4,2 thie rule 18 highly inaccurate for thie purposs,

If the etructure has good fail-safs propertiee, the question of deviating load specira in servica is
probably lees important., Thie ie csrtainly true 1f the impreesion ie that the service lcad spscirum 1s
less severe than the test spectrum, However, if one feels that the service Loading could be mors severe

than the test loading, it appears that additional teeting is indispsnsable for s esafe-life componsrt,

Comparison between test and esrvice experience

Aftsr having susmarized several limitationa of & full-ecale flight-simulation teet, %he proof actually ie
the comparison betwssn service experience and test results, A fsw papere on thie issue have been preeented
in the literature {Refe.120,191,196,197) and some commente will he made.

A= far am data ars availabie, the mervice life 1s usually ehorter than the iest “ife, although there are
soms céses where the agreemsnt is reasonsble. Howevesr, if the serviia life is from 2 to 4 timse shorter
than the tsst life, furthsr clarification is ohvicusly needed.

There ars e number of reasons why diecrepanciss between teet results and esrvice sxpsrience may occur.
Several of them have besn liated above. for inetance mcatier and environmental effects, Secondly, a fair

comparison requires that ths test 1s a realistic eimuiation of the eervice load history and this is a

el
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Esvers restriction on the comparieone thai could be made in ths past, Thirdly, 1f a test reveale a

L

? serioue fatigue failure 1t 1e likely that the aircraft firm vill modify the eiructure, thue eliminating

the poeeibility of a comparieon,

In eummary: Thn accuracy of the quantitative reeulte from & full-scale teet 15 limited by the ahove

Ao

aspecte, It 1e Jifficult to quantify these aepects, Depending on the poesible coneequencee assoclated
with the fatigue indications obtai-,ed in the teat, ecatter factore or eafsty factore may be applied, The

eelection of theee factorr 1@ again & matter of philosophy, ae briefly commented on in section 6.3.

T

8. SURVEY OF PRESENT STUDY AND RECOMMENDATIONS

1 . 8.1 Survey of tas preesnt etudy

Several features of the fatigue phenomencn have been racapitulated in chapter 2, The fatigue process was
3 ) deecribed as & eequence of crack nucleation, micro-crack growth, macro-crack growth and final failurs,

- Subsequently, it was tried in chepter 3 to describe fatigue damage and demage accumulation, In moet
gsneral terme fatigue damage ie a change of the material as caused by cyclic loading, Fatigue cracking,
1.4, decohesion, is the most prominent feature of fatigue damage, However, the amount of cracking alone
is inautficient to deecribe the damage, A definition of the fetigue damaged material shnula include a
description of all aepecta of the fetigue crack geometry and the condition uf the material around the
fatigue crack, including c¢yclic strain-hardening and residual etreas distributions, A eurvey is given

3 in fig.3.2, Demage accumulation in a verteln loed cycle ther~fore impliee incremental c¢aanges of all

these aspects, The incremental changes will depend on the intersity of the load cycle, but al the euwme
time they will be a function of tho damage elready present, This has led to the definition of inier-
action effects, which in general terms meana: the damage increment duv to a certain load cycle will
depend on the damage caueed by the preceding load cyclee, This aleo impliee that the damage caused by a
certain load cycle will affect the damage increments of subceqient load cycles, Interaction effecta may
be either favourable or unfavourable, +hich meana thet they may either decelerate or accelerate the
damage accumulation., As a coneequence, it is important for the damage accumulation in which eerquence load

cycles of various magnitirdee will be applied. Such eequence effecte have besn cbserved in many test eeriees,

Various examples of interaction effects and sequence effecte are pressnted in chapter 4, which gives a
survey of empirical trends obeerved n tests with a variakble fetigue loed, Thie includes the effects of
high preloade, pariodically applied high load cycles, ground-to-air cycles and tie effects of eseveral
variablee of program loading, random loading and flight-simulation loading. The inveetigatione are
eummarized in teblee 4,1 - 4,8, while verious illustretive test reeulte are shown in figures 4.1 - 4,30,
The empirical trende can sometimee be explained qualitetively, fatigue cracking and reeidual stresses
be‘ng *he main arguments, Nevertheleea, the tronds clearly confirm that fatigue damage accumulstion ie a

complex phenomenon which will not easily allow e satiefactorily quantitetive treatment.

Some thought was given to the comparison between feiigue under program loading and random loading. In a
random ioad test tue load amplitude 1e varied from cycle to cycle, The load amplitude in a claesic program
test, however, is variud infrequently and in & eyetematic way, 1.e, in a programmed sequence, Consaquently
sequence effects on the damage a.cumuletion mey be different, which implies that a strict correlation
betw.en the fatigue lives in the /.o types of teste may not be expected. Bmpiricsl svidence has substan-
tiated thie view. In fact, & realistic eimulation of fetigue damags accumulation as it occurs in servics,
requires a teet that pressrves the essential features of the service load-time history., With the present
‘nowledge it can be concluded that a flight-simulation test may satisfy thie requirement, wheress a more

simple tast will not do so,
A survey of theoriss for life calculstione has been given in chapter 5. An 1mportant question is whether

the theories are capable of predicting the smpiricel trends a3 summariged in chapter 4. The theories

weTe grouped in thres cutegories, which are (1) the incrementsl damege theories, (2) theorive baeed on s
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eimilurity approach and (3) interpolation procedures. Most theories are in the firat group, wesn *able Y-
Howsvar, thsy poorly satisfy the picture about ratigue damage accurulation and it 1e not wurprising that
the pradiction of empirical trends 1s also poor, Aleo the similarity approach, although being leas
depsndsnt on knowledge about fatigue damage, does not yield accurete life prediction. The quality of
pradictions with the i1nterpolation methods 1e apparently dependent on the gquality of the deta from which
the interpolation 1s made, In view of the knowledge of interaction effects and aequence effects, interpo-
lations should preferably be bassd on resulte of flight-simulation tests. Since such data are hardly

available, a propoeal 18 made for a systematic teat program that couli fill this gap.

in chapter § the conssquences of the present state of the art for catimating fatigue lives and crack
propagation rates 1n che aircratt deaiygn phase are analyeed, Firet a survey 1s given of the variocue
aspscts of deslgning an aircraft from the point of view of fatigue. This indicates that the fatiigue
theory is not the oniy weak link in predicting fat igue propertles. One aspect briefly diecusaed 1s the
definition of load cyclea af the load .+ .4rying 1n some random way a& occurs 1n service, Attention ie
then paid to estimation methcls based on available fatigue data and, ae an alternative method employing
aervice expsrience from previcuely deaigned aircraft, The advantages and limitations of both approachese
are emphaaized. Feliable and accurate informaiion of fatigue rroperties in many caaes can be cbtalned only

by carrying out relevani tests.

Several testing methodes are diacuesed in chapter [. Different teoting purpotes are listed firet, which
are:t (1) bserc fatigue damage atudies, {2) test series exploring the effects of varilous factors on
fatigue life and (3) estimation probleme with respect to fatigue life and crack propagation aes a design
sffort, Some commente are mad+ on the firet topic, but major emphasis is on the last one, Four types of
tesis ure considered, which are constani-amplitude loading, program loading, randem loading and flight-
simulstion loading. Specific goals are: (1) compiling basic data for life eetimates, (2) comparative
deaign studies and {3) determination of direct estimates of life and crack propagation. The conclusion 1s
that the flight-simulatior testws should be preferred to the other types of teste, It ie emphasized that
comparative temts on differsnt desigas may give unreliable information if constant-amplitude teets are
used, Actuvally, if rsalistic answers are required realietic testing procedurea have to be adepted. Thie
appears to be a trivial conclusion. Neverthelees, it ie wel} suhstantiated by present duy kacwledge of

fatigue damags accwsmulation snd by empirical evidance from a vaat amount of varlable-amplitude test series,

For a full-scale fatigue test, a realiatic flight-aimulation loading is a neceseity, If a simplified
fatigus loading is adopted, the tsat may give i1ncorrect indicatiors of fatigue critical componente and
misleading information about fatigue lives and crack propagation ratee, Relevant evidence from test
series on full-scale structures was eummarized in chapter 4 (section 4.15). It 18 aleso esphasized that
the application of fail-eafe lcads dwring a fuli-acale test may fully obliterate the relevance of the
tasr ramilte, By intraducine pegidusl stresoee  euch o high lecad moy coneiderably inoreage the fatimue
1ife and it may completely stop the growth of fatigue cracks. Commente are alsc made on the significance
of truncating tha load spectrum, omitting low-amplitude cycles and other aepscte of flighl-simulation

tenting.

In 196%, Herbert Hardrath (Ref,198) preaentsd a review on cuzulative fatlgue damage. He then came tr the
conclusion that new break-throughe of our knowledge should not be expected i1n the near future, in s
this has been true for the past sir years. Herdrath's review 18 still relevant to day but some aspects
bavs become more clear since then. Thesee aepects are listed helow in view of making reccmmendations for
futurs rsssarci.

1 Eleciro-hydraulic cylindere and fatigue machines with closed-loop lcad contrnl are now being uvaed in
many lahorstoriea, Actually thia ie soma Bort of a break-through with reapect to the possibilit.es of
psrforming fatigue teeta with any required load-timc history. Advantagea already explolted are relat.ld Lo
sn increasing knowledge about fetigue damage accumulation and to more realistic testing methode for
practical problema,

2 Qur phenomenclogical knowledge about fatigue demage accumulations is eteadily increasirng. The pnenome-

non AppeArs to be more complex than thought before, but this trend 18 not uncommon in science,
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3 Ssqusnce effectis and interaction effscts ars betier recognized than nefore.
4 Progress has been made with respsct to predicting ths strain and stress history at the root of a notzh,

Calculaticns to be mads rrom cycls to cycls are no longer objectionsble in view of computsr capabilities,

8.2 Rescommendations for future work

basic research end smpirical ressarch are still rsquired both, Basic researck cannot b8 neglected becauss
the evaluation of trsnds, as observed in empirical mtudies, requires a physical understa.ding of ths
phenomenon cccurring in the wetsrial, Bmpirical investigations on the other hand are necessar; becsuse we
simply cannot wsit until our physical understrnding is good enocugh to anRwer s number of practical quee-
tions, Apparently we are learning slowly and extensive efforts bave to b8 made tc improvs our knowledge.
Therefore, 1t has tn be emphasized that all laboratoriss should be fully aware of the varicus aspects of
the practical problem, We should avoid to Look for solutions of problems that do not sxist by outlining
what the real problems are, It 18 hoped that ths present report will prove to be helpful in this respect,

bome more specific recommer: ations will now be made.

Basic ressarch

4. FKicrcBeopic Btudies

The phenomenclogical picture of fatigue damage accumulations is still highly qualitative in nature,
Kicroscopic studies providing quantitative data about ths various aspects of the delaging process should
therefore be welcome, Studies with both the optical and the electron microscops car be useful, There is
gtill ample room for fractographic observations of crack growih under variable-mmplituds loading. At ths
sume time thin-foi1l stwliea 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 stats of the material
may differ from that of .ae bulk material,

2, Stress-atrain histcries at the notch

In this report reference was made to investigations on the prediction of stiress-sirain histories at the
root of a notch under variable-amplitude loading. Such studies incluvded speculativa assumpilons about
incramental damage accumulation, Nevertheless ths stress-strain histories at a nctch reot may be consider-
ed ' its own righi. As such it 18 a more detarled description of the fatigue enviromment for the naternal
at the critical locetlon. Without this anformation 1t 1s difficult to see fow a rational cumulative
fatigue damage thecry for notched elements could be formulated, Already for this reascn alone this type
of investigations should bs rscommended.

3. track closure

grack clgsure as described by Elber, has recently entered our picture of fatigue crack growth, Kore
quantitative information about this phenomenon under various condltions should be welcomed,

4, Plastic siress-strain distributions

Theoretical calculations of stress-strain diatributions arouand notches and cracks, including plasticity,
1# a difficult proolem, It is even more d:fficult for cyclic loading Bince the cyclic stress-sirain
behaviour of the material can usually not be des<ribed in a aimple wny, 1t should be recommended to ex-
ploit the potent.al usefulness of finite element methods to this probdlem.

5. Environmental effects

isboratory results to be extrapolated to service condiltions are still afflicted by the pessibility of
unknown envirenmertal effectf, Investigationz te improve our physical knowledge about the mechanisms of

environmental effects are to be recrmnended,

fmparical tnvestirationa

5. Flight-simulation testing

For many practical problems, flight-simulatior, testing was recommended .n thia repori. (ur Znowledge of
the effects of several variables pertaining to fiight-simulation testing, 18 st1ll insufficaent. For that
reasen insestigatlons on no:ched elements expioring these effects ohould be advised. Such investigations

mey be Bomswhat similar to test series carried out by NLR on fatigue crack propagation (se-tion 4,13,




7. Compilailon of flight-simulation teet datr

In thie report the compilation of flight-simulation test data was advocated. A test program for this
purpose was described in section 5.3.5. A handbook with thie iype of data muy be useful for estimating
fatigue properties, Moreover, 1t could be a rsferance for comparative teeting in order to judge tre
futigae quality of a new deesign,

8. Service experierze

In chapter § it was emphasized that experiencs on fatigue in eervice gives most useful information, Such
data are obreined under highly realistic conditions with respect to load-time histories and snvironment.
The statistical reliability may he high if many aircraft are involved, In would be axtrsmely useful if
suck date could be collected and analysed, and be made generally available,

9, Stgtietical anaiyeis of service load-time histories

The predic ion of fatigue properties in lhe design phass, the performancs of reelistic flight-simulation
tssts, and the monitoring of fatigue life in eervice all require information about service load-time
histories., Investigatione on the question how relevant information can be ohtsined should be rucommended,
Problems inveolved are partly associated with meesurement techniques; while ancther aspect ia ths gtstist-
ical analyeis in relation to fatigue damage accumulation,

10, Fatigue machines

A flight-simulation tect requiree a fetigue machine with cloeed-loop load conirel., Electro-hydraulic
machinee of thie type are now available, It would certainly stimulate more realistic testing proc dures
if these machines could be produced at a lower price, Secondly, the gemeration of electrical signals for
controlling the load in such a machine is also a topic where a davelopment of new and cheaper apparatus

ie desirable,

& final recommendation is related to the dieseminetion of information., Several times it wes noticed that
good eclutions were not reached because of ineufficient knowledge about the real problems, although the
information was available elsewhere, Equally regretful ia the situetion whers prejudice prevents improved
solutionu, In this respect, flighi-simulation testirg is sometimes labelled ag a “rophieticated type of
testing., actually a flight-eimulation test is a rather trivial solution becauee it is riming at a simula-
tion of service loading, A conetant-amplitude test on the other hand, being & convenient type of test
from an experimental point of view, is in fact a highly artificisl simulation ef servics loading, he
should be careful thot progrees is not haaspsred by historica) traditions eterting st the iime of

August Wéhler, The problem 1s partly a matter of education and dissemination of informatica., It is hoped

that the present repcst may be helpful also in this respect by outlining the varicue aspacts of ths

aircraft fatigue problem and by the analysis of and croes referencee to the literature,
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Table 4.1 Inveetigatione on the effect of a preload on fatigue life
Inveetigation Material Specimen Type of fatigue loading (a)
For.ceet Al.alloy (2014} V-notch Rotating bending, C.A.
(1946, RHef.40) (preload in tension)
Heyer Al Zn Mg alloy Lug Axial, C.A, with
{1943, Ref.41) Al Cu Mg elloy Y-notch poeitive mean
Cr Mo steel
Heywood Al-ailoys Lug Axial, C.A, with
(1955, Rsfe,42,43) Hole notched positive mean
Channel epecimen
Wing Joints
Meteor tail plang Bending, C.A. with
poeitive mean
Payne £024-alloy Maatang wing Bending, C.A. with
(1955, Ref.44) positive mean
Smith T075-alloy Hole-rotched Axial, C,A, with
{1958, Ref,45) poeitive mean
Boieeonat Al-glloyse Edge-notchad Axial, C.,A. H= 0,1
{1961, Ref.46) Strap joint
Ti-alloy Bdge-notched

Mordfin and Haleey
(1962, Ref.47)
Hoeenfeld

(1962, Ref.48)
Imig

(1967, Ref,49)

Eirkby and Edwarde
(1969, Ref.50)

Jo Dean Morrow, Wetzel
and Topper (1970, Ref.%1)

Low allay eteel
7075-alloy

7075-:110y
Ti-alloy (8-1-1)
Al-alloy (2014}

2024-r.l10y

Wing fitting
Tensile bolt

Riveted box beam

Wing structure
Edge-notched
Pinned lug and

clamped lug
Hole notched

Bending, C.A, with

conetant pos, S-nin

Bendlrn,,, program loading
wing manoceuvre specirum

Axial, C,A, H= C

4xial, random loading
with pneitive mean
Axial, C,A. with
poeitive mean

(a) C.A. = constant-ampliiude teste
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Teble 4.2 Investigations on the effict of periodic-high loade on fatigue life and crack propagation

. . . Type of Type of
Investigation Material Specimen Bigh load () | fatigue load (b)
Haywood Al-alloye Lug A Cuha
(1955, Ref.42; Channel specimen } Do gy

Met eor tailplane

1075-alloy Channel specimen -[\ _[\]
Schijve and Jacobs 2024-alloy Riveted lap joint AN RVa _[\] \f]_ program loading
(1959,1960, Refs.19,53) 7075-alloy
Schijve, Broex, De Rijk | 2024-allay Sheet spacimen o) | N J*j_ _(fl_ Cud.
{1960,1961, Refs.27,59)
Boissonat Al-alloye Edge-notchsd specime _£l_ C. A
{196, Ref.46) 1
bordfin and Halsey T075-alloy Riveted box beam _ﬂ_ C. 4,
(1962, kef.47)
Hudson and Hardrath 2024-alloy Bar specimen (e) J\r CiA,
(1963, Re£.50)
Smith Ti-alloy (8-1-1) | Sheet spucimen (e} AR C. A
(1966, Ref.f1)
kchillan and Hertzberg 2024-alloy Sheet specimen () '/'\' Il([ _dl Coh.
{1963, Eef,26)
Hudeon and HRaju T075=alloy Sheet epecime: (e) L C.A.
(1970, Ref.62) .
Schijve :nd De [k 2024 and 7075 Wing structure (e) fL flight~eimulation
(1971, Refs.f> A4) allay - loading

(a) N
o ! "

w ]

“U

periodic high positive load

negative

load cycle starting with positivs part

(b} C.A, = conBtaut-amplitude loading

negative

{c) crack propagaticn waa studied in these inveetigations.
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Table 4.3 Investigation® on iue effect of ground-to-air cyclee on fatigue life,
{comparative teeting with and without CTAC)

Investigation

Material

Specimen

! : ‘
Type of fatigue loading

Gassner and Horetmann
(1961, Ref,t5,
Casoner and Jacoby
{1964, Ref.56)
Naumann

{1964, Ref.A7)

Kelcon and McCulloch
(1961,1965, Fefe.68,69)

2024 alley _

2024 alloy

7075 alley

1075 s1ley,

Central notch

Central notch
1

:Blga notched epacimen

Elliptical hole
epecimens

Program loading

v

Barroie

(1957, Ref.70)
Winkworth

(1961, Ref.T1)
Schijve and De Rijk
(1966, Ref.72)

2024 elloy
2024 alloy

1
2024 alley

Riveted lap join't
Dakota winge

5Sheet epeciwmen,
crack propaigntion

S'mpl:.fiadj flight eimulation !

Gasener and Jjecoby
(1964,1965, Refs.56,73)

2024 wlloy

Central notch

Programmed flight ermilation

Mann and Petching
(1961, Ref.74)

Pinney and Xann

{19563, Ref.75)

Kelcon and McCulloch
(1961,1965, Refw,68,69)
Naumsan T
(1964, Ref.67}

Schijve et al,
{1965, Ref.76) .

Schijve, Jaocobe, Tromp

{1968,1970, Refw.77,78)

2024 nllloy

4-41 alloye

7075 alley

2024 angd
7075 slloy

7075 wlloy

2024 and

7075 alloy .

i

~ Kuetang winge

Round epecimene -
with V.notch

Elliptical hole
specimens

Edge notched
specimen

Wing cepier wacticn

Sheet specimen,
crach propagation

Random flight eimulation

{a) Randomized block loading




Table 4.4

Invesi:gativie 2N progral Lesting

T guisblta etud;’.iedh
. - . 1z€ ow 1g #1gnf Load
Investigstion Material Specimen Sequencel of Sa 5y siresel spac-
period| cycles; cyclas| level ! trum
Gsssner (1941,Rsf,B2)| 2 Al-alloys Hole notchsd epecimens x x x x g:::a
Wallgren {1949,Hef,33} 2024 and 7075| Hole notched specimen b4 x gust,
alloys and roveted joints manoeuvr
Wailgren and Patrallu1 2024 and 7075 | Lug x MBNOBUVIe
(1954, Ref.84) slloys
Fieher (1953,Ref.d5) AlZnCukg Ddge notched specimen x x manoeuvre
Fisher (1953, Ref.d4) AlZnCubig kdge notched specimen x x gust
Hardrath et al, 2024 and 7074 ! Cdge notched specimen X x x gust
(1959, Refs. 30,31) alloys
Schijve and Jacobs 2024 and 7075 | Hiveted lap Joint x x x x gust
(1959, Hefs.39,58) alloys
Nsumann and Schott 7075 slloy Edge notched specimen x x x man?:;vre
(1952, Ref. 87}
Naumann (1962,Ref.83) | 2024 and 7075 | Edge notched specimen X x x Fust,
alloye maioeuvre
Rosenfeld(1963,Ref. 48} 7075 alley Wing, tailplane x x mangeuvre
¥ordfin and Halssy 7075 alloy Boxbeam x manoeuvre
(1963, Ref. 47)
Jeomans (1963, Kef.89) Bolted joint, x guet
: greased snd dry
Lorbin and Naumann 7075 alloy ¥dge notched specimen x x x manoeuvre
(1966, Ref.9C) (a)
Parish (1967/1963, Al alloy wWing x mangeuvre
Kef8.91,92)
Dunsty 1968,Ref.93) | 2024 alley Edge notched specimen x X gust
Lipp and Cessner Cr steel Hole notched specimen x x guet
(1963, Rofa.94,95) loaded 1n bending, S =0
Schijve (197C,Hefe.%5, | 2G24 alloy sheet spacimen, crack x x lgust
97} propagation
Dreyen {1570, Ref.53) TOT3 alloy Dox beam x x MAnceuvre
Irpellizzerr: 7075 allay llole notched specimen, PN noeuvre
(1970, Ref.156) incluaing creck
. propagetion

(8) In theee investigations randomized

block loading was applied,
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Table 4.5 Inveeiigatione con the shape of the epsctral deneity function for random load fetigue life

—
Inveetigziion Material 3pecimen Type of loading

Kowalewski 2024-T2 Notched, K, = 1.8 Bending, S « 0

(1959, Ref,102)

Fuller 2024-T3 Unnotcaed Bending, Sm = 0

{1963, Ref.103)

Naumann 2024-T3 Eige-notched, K, « 4 Axial , § -~ 12,2 kg/ma
(1965, Ref,104)

Smith 2024-T3,7015-T6 | Sheet, cratk propagatien ' ‘a1 S, = 8.4 -13.3 kg/m?'
(1966, Ref. 61) TivBn1-1,Ti-6-4

Clevenscn and Steiner| 2024-T4 Estched , Kt = 2,2 Axial S“I = 0

(1967, Ref.105)

Hillberry 2024-T3 Mildly nciched Bending, S = 0

(1970, Ref.101)

Table 4.6 Investigations on the comparieon between the rseulte from program teete and random tests

Investigation Katerial Specimen Load epectrum Remarke

Kowalewaki 2024 alloy Notched, Kt = 1,8 Rayleigh distribution Sm = 0, bending

(1959, Ref.102)

Melcon and McCulloch | 7075 alloy Elliptical hole, Cuet and manceuvre E;;;:urltt:l'll‘agnd

{1961/63, Refa,63,69) K, = 4 and 7

Rogenfeld 7075 alloy Wing Manosuvre

{1962, Ref, 48}

Naumann 7075 alloy Edge notched epecimen, | Severe guet spectrum | Teets with and

{1964, Ref, 67) K, =4 without CTAC

Naumann 2024 alloy Edge notched specimen, | Severe guet epecirum | Different typse of

(1965, Ref. 104} K, = 4 random and
program ‘eate

Corbin and Naumann 7075 alloy Edgs notched epecimen, | Manceuvre 3 load epectra

{1966, Raf, 90} K, =4

Schijve et al, 7075 alley Wing center eection Severe gust spacirum | Teets with and

{1965, Ref. 76 ) without CTAC

Schijve and De R jk 2024 and Sheet epecimen (c) Severe gust spectrum | Teets with and

(1965, Ref.106) 7075 alloys without CTAC,
terte indoore and
oukdcors

Ligp and Caesner Cr steel Hole notched epecimen Cust epectrum, Sm-O .‘.im « 3, beawding

(1968, iere.94,95)

Jacoby 2024-T3 Elliptical hole Cuet spectrum 2 derign etrees

{1970, Refe.107,108} specimen, K, = 34 levale

Jecoby CoCrNiW allcy |Circumferential notch REayleigh distribution |3 Sm-\rlluu

{1970, Ref.109)

Ti6hl 4V alloy
2024-T3

” = 3.1
Bhpticul hola,Kt-3.1

Breyan 7079 alloy Riveted box beam Manoaquvre 2 design etrees
(3970, Ref.98) il
4 load specire
Schijve et al, 2024-T) Shest specimen (c) Gust Dif ferent types of
(1970, kefe,96,97} random and program
loading
(¢} crack propagetion epecimen

A
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Tahle 4,7 Investigeticne on flight-eimulation testing
Variehles etudied
, . . Load Load Flight loads | UTAC
Investigetion Materiel Specimen apicirum | sequence Lm"se Hish-Sa]S ~TTaxiing| Design
TR sade | etTeee
cvcleeicyclue level
Maumann 7075-T6 Edge notched | Severe x x x
(1964, Ref.67) 2024-T3 epecamen, =4 | guet x
Gessner and Jacohy 2024-T4 Ellipticel guat x x x x
{1964/65, Refw.66,73) hole specimen
Kt « 3.1
Jacoby 2024-T4 same gust x
(1970, Refe, 107,108)
Branger (1967,1971, 7075 bar Hole notched | manoeuvre x x x x
Refe,100,111) 2014 plete epecimen
Kt - 3.6
Branger aad Ronay CrNi eteel Hole notched | manoeuvre x
{1968, Ref, 112) epecimen [
K,‘ - 2,3 |
Imig and Illg Ti~-341 TMo1V| Ellipticel typical x x x x
(1969, Ref ,80) hole epecimenjfor
Kt -4 superaonic
aircraft
Schijve,Jacobe, Tromp 2024-T3 x x x x x
(1968,1969,Rfe.77,78) | 7075-16
5¢hi jve, Jacobs, Tromp 2024-T3 Sheet epeci- |guei x
(1969, kef, 113) men, crack
propagetion
Schijve 2024-T3 x
(1971, Ref.64) 1075-T6
D, Schits 7075-T6 Lug-typa guat x
{1970, Ref.114) epecimen
Sechigve,De Rijk 2024-13 Wing etruc- |guet x x
(1971, Ref®.63,64) 7075-T6 ture, creck
propagetion

Investigatione on the effect of omitting GTAC are mentioned 1n tehle 4.3

Teble 4,8 Invaatigetione on the euperpoeition of two cyclic loade

lnvestigation Meterial Specimen T'Vp'."f Y2/u Variables etudied
loading 1

Loceti 2024-T) Unnotched Bending 14 : Sa2/sa1
(1956, Ref.122) Steel 7 end 19
Niehihara and Jamada | Carbon ataele | Notched ; Bending | 115-T40 5&2
(1956, Ref.123) |
Starkxey and Macre AlZn alloy Unnotched Axial 2 5 32/5 a1+ Phaee angle
{1957, Ref.124) SAE 4340 eteel
Gasener and Sveneon Mild eteel Fotched Banding 0 532/25m v 5,5 alac programmed
(1962, Ref.125) ;
Jacoby Al¥g elloy Crack I Axzial 500 | Fructegraphic obeervatione
{1963, kef.126) propagation i

B ]
Jamada and Kltawage 7075 elloy Unnotched Bending | Saz/S“
{1969, ref,127) 17 514 !
lLowack 2024-73 lotched Axial 2 | :sa?/sEI2 , phaee angle
{1969, hef.128) |

1

Dowling 2024-T4 Unnotched ix1al 2600 |5 a2/ Sai 1 Sy, ales randes
{1974, Ref,129) '

i




Table 5.1 Three different approaches for calculating fatigue life

+« Incremental damage theories, see table 5.2

siress
. Similarity approach based on strain

stress intensity factor
. Interpolation methods

-

Table 5.3 Some test caees for the eignificance of
cunulative damage theories

® Aspecte of the physical relevance of a theory

crack nucleation and crack growth

lor 1

residual etreee

other damage parameters

[f=7 [+]

gimple sequence effects

[P A SEPRT

® Aspects of the practical usefulress of a theory

1. prediction of life until visible cracks

B
®

2. prediction of macro crack propagation
complicsted sequasnce sffactic

effect of a change of the load spsctrum

1= o 1=

effect of a few high-amplitude gycles
sffect of many low-amplitude cyclsa

F
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Table 6.1 Survey of aircraft fatigue problems {Rsf.78)

DESIGN FHASE + Typs of structurs, fail-safe charactsristics

« Joints
Design » Detail dssign
efforts . Matsriele aelsction

oLl ot et b SO )

Surfacs ireatments
Production techniquse

» Airworthiness requirsments

. Pradiction of fatigus environmsnt
mission analysie
load statistics
required targst lufe

Esiimatione
Calculationss

Lynamic rasponss of the siructure

Teating « Estimation of fatigue propsrties
fatigue lives o
crack propagation o
fail-eafs sirsngth
» Exploratory fatigus tssts for
dssign studies
L eupport of life sstimates

oo

CONSTRUCTION OF AIRCRAFT PROTOTYPES + Load msaauremente in flight
TEST FLIGHTS +» Proof of satiefactery fatigue propsrtise by
testing components or full-etructurs
» Allowances for ssrvice snvironment o
« Structural medificetions
+ Inspection procsdures for uss in service

e e T A AR B W AP LT A i R SIS AR U R LA I T

AIRCRAFT IN SERVICE + Load measuremenis in ssrvics
+ Corrections on predicted fatigue propertien
. Cracks in service, relstion to prsdrction

Lt e hare] —de KM am RS L
» Strustural modificativus

ooco0

Problams involving aspesctw of fatigue damegs accumulation are indicated by o
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FATIGUE uNYIRONMENT

AT AT e

ALk

RESPONSE OF TWE
STRUCTURE

INTERNAL.
LOAQ OQISTR!IBUTION

ESTIMATION
OF

FATIGUE
PROPERTIES

il AN

Y
FATIGUE CRACK RESIDUAL
PROPAGATINN
LIFE Bata STRENGTH
L . J

v
INFORMATION FOR FAIL —SAFE
QUALITY

TABLE 6.2 SEVERAL PHASES OF ESTIMATING
FATIGUE PROPERTIES
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Table 6.3 Various aspecte of the airoraft fatigue environment (Ref.78)

Losd-time hietory « Miseion analysie, flight profiles
.« Fatigue loads
guata
menosuvres
GTAC

ground loade
a.oustic loading
etc,
Statietical deecription of fatigue loade
Counting of peaks, rangee, ete,
P5D apprzach
Unstationary character of environment
Scatter of environment-l conditione
Sapence of fatigue loads
Loading rate
Time-history
Wave form
Reet periode

Temperature-time « Fatigue at low and high temperature
hietory « Thermal stresees

. Interaction creep-fatigue
Chemical . Corroaion, influence on crack initiation
environment crack propagation

« Interaction etress corrosion-fatigue

Table 6.4 Basic elements of iavigue life eetimating
procedures in the design ntage

Estimated service load-time hiatory
Structure, component: dimeneione and material
Aveilable fetigue data

Fatigue life c¢alculation theory

Additional futigue teste

= I

(L I [ [+




Table §.5 Aspscte of availeble fatigue data for

making life estimates

Aspect Specification of avallable data
Materisl » Similer material
« Same material
Type of epecimen « LUnnotched
« Simply notched epecimene
+« Similar etructural slement
. Same component
Type of loading « Constant-amplitude test dets
« Data from more complex fatigue
load 7vegquencae
+ Loading in mervice

Table 6,6 Various proceduree for making life estimates in the deeign etage

37

Starting point

Improvement of data

1. Available fatigue lafe data

Tvp~ of data by mccounting for 1 Life calculation
5-N data fors I
: n n
1a, eimple epacimene ¥y §=
1b. componente Material
Program test data or r 5
trandom load test data for: KT and sizs z n' i
1e. eimple specimens N
1d, components y (Sect.5.3:3)
le. Flight-simulation test data Interpolation

betwaen availabls
data (56¢t.5.3.5)

2, Service sxperience from
previous design

29, Strese lavel giving
eufficient crack free lifas

New design ie
superior to old
design, Reault:
At least same
life

2b, Crazk fras life for
spscific components

Motoriel,sm,l(,,liu
and losd specirum

Similar life as
for old design

), Testing of new component
or structure

2
B

Yo

-
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k
i
;
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Table 6,7 Procedures for estimating crack propagation

the deasigr stage

i Starting point

Type of data

Available crack

Data from constant-amplituds tsata

propagation data

Data from flight-simulation teets

) Erperience from
3 previous deeign

Data from panel tests of full-ecale
fatigue teste

: Teeting of new
3 . component or full-
4 . ecale structure

et

Table 7,1 Survey of fatigue epecimene

Type of specimen

Remarks

Unnotched epecimen

Simple notched epecimen

Simple joint specimen

Component

Full-ecale structure

Kt ~l

Examlee: Edge nntched specimene,
epecimene with central notch.
Specimene mainly characterized by
Kt-value and notch rost radiuve r,
Lap jcint, eirap joint, either
riveted or bolted.

Lug type epecimens,

Part of a etructure, full eize,

Examplee: joint, skin panel with

atc.,

tailplane, etc.

fatigue critical detaile, brackete,

l.arge part of an aircraft etructure.
Examplees wing, fueelage, empennage,
or large parts of thees items, for

inetance noee eection of fuewvlage,




Tabla 7.2 Survey of different types of fatigue trouble in service (Rsf.195)

Type of fatigue trouble

Poeeible coneequence

Safe-life .ouponent

Ineufficient fatigue strength

Fail-safa component

Deficienciee of the detail design

Fatigue cracke in components that were
asgumed to carry no cyclic load

Fatigue cracke in eecondary struciurs

Fatigue cracks due to incidental esrvice damage

Catasirophs

Expeneive Iepair

Fxira maintenance
by repair, modification
or replacement

Depende on type of component

i T
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FIG. 2.1 PERCENTAGE OF f ATIGUE LIFE COVERED BY CRACK PROPAGATION IN 2024-T3
SPECIMENS UNTIL A CRACK LENGTH £ HAS BEEN REACHED (REF. 7).
TESTSATR =0

FRACK NUCLEAT!ION——m | FINAL FAILURE

MICRO RANGE | MACRO RANGE

F!1G. 2.2 THREE PHASES IN THE FATIGUE LIFE.




W0 CYCLES
- -

LOADING PROGRAM

.

o

“NEGATIVE PEAK LOAD

FIG. 2.3 ELECTRON MICROGRAPH FROM A FRACTURE SURFA”E OF A FATIGUE CRACK.(RCF.B)
PROPAGATION FROM LEFT TC RIGHT, MATERIAL 2024 - T3 ALCLAD SHEET.
EACH STRIATION CORRESPONDS TO A SINGILLE LOAD CYCLE.




E

DIRECTION OF
LOADING : ;

SUCCESSIVE
POSITIONS OF
CRACK FRONT

DIRECTION OF
CRACK GROWTH

TENSILE SHEAR SHEAR
MDDE LIP MODE

THICKNESS x\;/l/

i

FIG. 2.4 THE SURFACE OF A FATIGUE FRACTURE IN SHEET MATERIAL DURING THE

3]
TRANSITION TROM THT TENSILE MODE (20° MODE) TC THE SHEAR MODE

{45° MODE ), SEE ALSO FIGURE 3.5.
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. 2024 = T3 SHEET SPECIMEN
WITH FATIGUE CRACK

TSTRESS 5 STATIC AFASUREMENT OF CRACK OPENING

T

Qi A

STRESS LEVEL §_

e

4 2!

¥ '

1 x CRACK OPENING =
] i &0 mm - NON = LINEAR, INCREASE OF DISTANCE AB
4 THICKNESS 2mm CRACK PARTLY CLOSED

I ‘

TEST RESULTS (CONSTANT —AMPLITUDE FATIGUE TESTS)

18

. FATIGUE 1 2 3 4
STRESS CYCLE
16 A

(kg/mmz) \
14

= |
. ! = ﬂ [\ \ / T\.'— 5, ~ LEVELS

[ vy
l \ et AT 2w 30 mm
10 20 mm

I\ . [
! _JU_L 10

FIG. 3.1 CRACK CLOSURE ACCORDING TO ELBER (REF. 18). RESULTS FROM NLR TESTS
(REF, 20).
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FIG. 3.3 THE DELAYING EFFECT OF PEAK LOADS ON CRACK PROPAGATION IN 2024 - T3
ALCLAD SHEET SPECIMENS, WIDTH 160 mm, THICKNESS 2 mm ( REF. 27 ).




PLASTIC ZONE

CRACK LENGTH

RESIDUAL
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FIG. 3.4 CRACK GROWTn AFTER A PEAK LOAD CYCLE SFOU'EXIT & iN FIG. 7.
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5L T
S, \l LT .S S—N CURVE FOR COMPLETE FAILURE

ﬁ
e [
S FIG. 2.6 S-N CURVES FOR CONSTANT AMOUNTS OF CRACKING
E {4 INMILLIMETERS ) AND S - N CURVE FOR COMPLETE FAILURE .
3
;
g CRACK
E LENGTH
:
;
3
X
£
%
f
v
3
; A CRACK GROWTH CELAY IN TWO-STEP TEST.
%
v CRACK
LENGTH

L% P

TIME
B APPARENT ABSENCE OF INTERACTION EFFECT IN TWO- STEP TEST

FIG.4.1 MACROCRACK PROPAGATION, INTERACTION EFFECTS IN TWO-
: STEP TESTS.
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Al TwWO -STEP TEST
U ;‘]JWI WITH Hi - SEQUENCE

[‘ A2 TWO-STEP TEST
WITH LD -HI SEQUENCE

Al

A2

B INTERVALTEST
PERIODIC REPETITIDN DF
LOAD CYCLES

C  SINGLE HIGH PRELDAD

anen

D PERIDDIC HIGH LOADS
HIGH LDADS MAY BE EITHER
UPWARDS DR DDWNWARDS,DR
BDTH, SEE FIG.3.3

E  SUPERPOSITION OF TwD
CYCLIC LOADS WITH

J][mﬂm]mmu DIFFERENT FREQUENCEES

FIG.4.2 SEVERAL SIMPLE TYPES DF VAVIABLE ~ AMPLITUDE LOADING.
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1 PERIOD

ETC.
ETC.
ETC.
T iFuenT U Vv
ETC.
Ll l
o | FLIGHT v

PROGRAM LOADING WITH
LC -HI-LC SEQUENCE.

LO-HI AND HI-LO SEQUENCES
WERE ALSO ADCPTED,SEE
FIGURE 4.17

RANDOMIZED BLOCK LOADING
SIMILAR TO PROGRAM LOADING,

HOWEVER, BLOCTKS OF CYCLES
IN RANDCMIZED SEQUENCE

NARRCW - BAND RANDCM LOA-
DING (SEE FIG 4.20)

BROAD — BAND RANDCOM LOA.
DING (SEE FIG 4.20)

QUAS| - RANDCM LOADING
PSEUDO - RANDOM LCADING

SIMPLE FLIGHT —SIMULATION
LOADING ALL FLIGHTS SIMILAR

COMPLEX FLIGHT —SIMULATION
LOADING

DIFFERENTS FLIGHTS, SEE FiG.
7.3

FIG,4.3 SEVERAL TYPES OF COMPLEX FATIGUE LOAD HISTORIES.
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Ki=3.5 A CONSTANT - AMPLITUDE TESTS ON Tl=ALLDY SPECIMENS (R=0.1)
RESULTS FRDM BOISSONAT{REF.45)
T Srms (kg/mmz)
| : '
A N
h
\ N
N
PRELDADED
25mm ) ML TD 317k /mm
G mm 2 "5\ A
)
2\ e
Wy
~
T
] \h
i 1 o B ]
¥ \“\ ol — O
) ~
l 10° 108 CYCLES 107
Kr=2.96 B NARRDW-EAND RANDCM LDAD TEST DN AL —ALLDY LUG SPECIMENS

(Sp=10kg/mm?) RESULTS FROM KIRKBY AND EDWARDS { REF.50)

F1G.4.6 THE EFFECT OF A PRELOAD ON FATIGUE CURVES FOR CONSTANT - AMPLITUDE
L.OADING AND NARROW - BAND RANDOM LOADING,
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E
1
1 RaTio LRELOAD STRESS
E So.1 VR
3 120 POSITIVE PRELOAD i X
: 100 . g L
P X e
: 80 jg-*:"
g —--—xo—*—-_. -
; 4?/ \v;
i 60 .
4 eV aad I
3 40
] i |
: |
;E- :
: £.01 0.1 !t 10 100
N WITH PRE-LOAO
-20 L RATID
,. : x, N WITHOUT PRE~-LOAD
—4p 8 |1 &
X 1 O SIMPLE LUG
- by Pd 4 CHANNEL SPECIMEN
= i @ X TRANSVERSE HOLE SPECIMEN
T X (BAR MATERIAL)
: =& € ¢ WING JOINTS
] X £ SPAR FAlLURE}METEDR
! - 100 SKIN FAILURE] TAILPLANE
; MEGATIVE PRELOAD
| -120

: MEAN STRESSES 8.4 — 14.2 kg/mm 2

Z STRESS AMPLITUDES 2.7 — 5.4 kg/mm?

' N WITHDUT PRELOAD 80kc TD 850 ke EXCEPT FDR @ (7700 kc)
RESULTS REPDRTEO BY HEYWDDD {REF. 47)

FIG. 4.7 EFFECT OF THE MAGNITUDE OF A PRELOAD ON FATIGUE LIFE UNDER
CONSTANT — AMPLITUDE LOADING,
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NOTCHEO SPECIMEN
CENTRAL HOLE, K, 2.5

P

STRAIN GAGE,
SAME E HISTORY

STRESS 5

dddddd

20

TTHT

3-89

MATERIAL 2024=T3
THICKNESS § mm

UNNOTCHED SPECIMEN

+E I
|

—_———— —

—

12

+5

<

]__

-i-Ef-\l

1 FLIGHT

i¥s

LOAD HISTORY (P}

STRAIN HISTORY MEASUREO
AT ROOT OF NOTCHEO ANOD
APPLIEO TO UNNOTCHED
SPECIMEN (E)

STRESS HISTORY

|
' OERIVED
FROM
UNNOTCHEOQ
SPECIMEN
BEHAVIOUR

PLASTIC STRAIN

RESIDUAL 5TRESS

MEASUREMENTS FROM HAIBACH, 0. SCHUTZ AND SVENSON (REF. 54, 55)

FiG. 4.8 DETERMINATION OF REZIDUAL STRESS AT THE ROOT OF A NOTCH DURING A
SIMPLE FLIGHT-SIMULATION LOADING
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TEST LOADING SEQUENCE REMARKS FATIGUE
SERICS LIFE
(PERIDDS)
? 5. = 6.3 kp/min? | '
i * PRDGRAMMED
10 1
~ GUST CYTCLES
1
6 1 HIGH LDAD PER PERIDD | 126
HIGH LOADS DMITTED
6a 8,
AFTER 50th PERIOD '
—
smn: s 11.0 hg/mm . 1
1 HIGH LOAD
&b _ 40
PER 2 PERIODS !
t
SIMILAR TD SERIES 6 '
7 BUT GUST CYCLES IN 22
. REVERSED DRDER"
' '

RESULTS FRDM REF. 39

FATIGUE LIFE IN PROGRAM PERIDDS, 1 PERIDD = 81500 CYCLES
EACH RESULT IS THE MEDIAN OF 7 TESTS.

L

1

FIG. 49 THE EFFECT OF PERIODIC HIGH LOADS ON THE PROGRAM - FATIGUE LIFE OF

7075~ T6 RIVETED LAP .!OINTS.
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E

: TEST LOADING TEQUENCE REMARKS FATIGUE
g | SERIES LIFE

i (PERIODS)
. : Sm e 9 km/mi :

2 ” | PROGRAMMED

- ‘ 21 B vsomguoni RS vy GUST CYCLES N

g), ] (5 empl.)

5 2225 hi;’mmz
HIGH LOAD CYCLE

" | = Il—-.-mw-—--n—- jE IN POS. -NEG, 1"
; SEQUENCE

U S —4.5 knf"rnm!

L e PROGR AMMED
24 7 Lt At o i ' GUST CYCLES 14
(4 AMPL.)

HIGH LOAD CYCLE
IN NEG. -POS, 85
SEQUENCE

I FIG. 4.1¢ THE EFFECT OF THE SEQUENCE OF A PERIODIC HIGH LOAD CYCLE ON THE
) PROGRAM-FATIGUE LIFE OF 2024-T3 RIVETED LAP JOINTS.

RESULTS FROM REF. 39

FATIGLIE LIFF IN PROGRAM PERIONS, 1 PFRIOD = 432300 CYCLES

EACH RESULT IS THE MEDIAN OF 7 TESTS

PG TR PR

T




SEQUENCE o SEQUENCE b {HIGHER GUST AT
ENO OF FLIGHT}

STRESS

w. e e e A T ———

GTAC (kg/mm>)

% CYCLES

1 FLIGHT | TIME

SPECIMEN : RIVETEO LAP JOINT, 2 ROWS OF 5 RIVETS, 2024~ T3 MATERIAL

CYCLES PER FLIGHT (X) 5 10 49 99 999
a| 19740 30 380 58 400 S9850 | 125800

e CYCLES | 22400 28350 $1500 5543) 84600
o] 320 2762 1168 598 126

FLIGHTS 3733 2577 1010 554 85

a 0.53 0.51 0.44 0.37 0.62

2 n/N b 0.60 0.48 0.38 0.34 0.42

ALL OATA ARE THE MEAN OF THREE TESTS

FOR GUSTS ONLY N = 205300 CYCLES. FOR GTAC ONLY (Spax = 21.7 ANO S . = 2.8 kg/mm2}
N = 7360 CYCLES

RESULTS REPORTEO BY BARROIS (REF. 70)

FIG. 4.11 THE EFFECT OF GROUND-TO-AIR CYCLES ON THE FATIGUE LIFE IN A
SIMFLIFIED FLIGHT SIMULATION TEST.

Sin IN GTAC LIFE
MATERIAL LUAD SFECTRUM (kg/mmz) (FLIGHTS)
0 2699
7075~ Té& SEVERE GUST SPECTRUM
~7.0 1334
FAIRLY SEVERE SPECTRUM 0 > 52000
Ti—8AlalMo=IV | REPRESENTATIVE OF A SUPERSONIC ~10.5 16600
TRANSPCRT. TESTS AT ROOM TEMPERA - ~21.1 8500
TURE

7075 ~T6 SHEET SPECIMENS, TWO EOGE NOTCHES, K, = 4

Ti—8Al-iMo~IV, Ti ALLOY SHEET SPECIMENS, QUASI ELLIPTICAL HOLE, K, =4
ALL DATA ARE THE MEAN OF 5 -7 TESTS

RESL "< REPORTEO BY NAUMANN (REF. 67} ANO BY IM!G ANO 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.




AR

MATERIAL CRACK PROPAGATION LIFE (FLIGHTS) RATIO
WITHOUT GTAC WITH GTAC

7075-Té 7518 5062 1.5

2024-T3 20869 1781 1.8

SHEET SPECIMENS WITH A CENTRAL CRACK, SPECIMEN WIOTH 160 mm.

CRACK LIFE COVERS PROPAGATION FROM 28~ 20 mm TO COMPLETE FAILURE.

FLIGHT SIMULATION LOAOING WITH GUST SPECTRUM, S_ = 7.0 kg/mmz, Smin INGTAC & =34 ‘tg/lﬂlﬂz
ALL OATA ARE MEAN RESULTS OF 4 TESTS.

RESULTS REPORTEQ BY SCHIJVE, JACOBS AND TROMP (REFS. 77, 78)

FiG. 413 EFFECT OF THE GTAC ON CRACK PROPAGATION LIFE UNDER FLIGHT
SIMULATION LOADINT,

5 =0
] STRESS m
B { /—Eu-mkg/mmz,hl-?kc
i_. - —5,=7 kgfmmz
N = 800 ke
O O ] e
e — et T
27 mm
I' = = [
2 =0.50 M =0.50
N N
2024-T3 SPECIMENS n n
WITH 2 HOLES 2 N =204 2N =090

RESULTS REPORTEO BY W ALLGREN (REF. 81), MEAN VALUES OF 9 TESTS

FIG. 414 TWO-STEP TESTS WITH DIFFERENT WAYS FOR CHANGING THE AMPLITUDE
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a, mox
75 kg/ mm? 56 kg / mmZ
¢ 7 ya
| NuMBER OF > 107H— Cr=STEEL, SPECIMEN
! CYCLES IN / / WITH CENTRAL HOLE
y ONE PEKIOO LOAOED IN PLANE
| i 4 BENDING, S, = 0
SERVICE LIFE OBTAINED
/ IN FATIGUE MACHINE
/ / MOUNTED IN A VOLKSWAGEN
5.104 > # RESULTS FROM ¢
% GASSNER AND LIPP { REFS. ;
/ 94, 95), MEAN VALUES
: DF 10 TESTS. i
3 s.10°}/% /‘ ;
¥ + PROGRAM TESTS {
i ® SERVICE LIFE ¢
) i
E i 2 A A i i i é
' 10é Y 10° 5
. LIFE IN CYCLES §
_ '
3 !
1 FIG. 4.15 EFFECT OF SIZE OF PERIOD ON PROGRAM FATIGUE LIFE AND COMPARISON {
WITH RANDOM LOAD FATIGUE LIFE i
i.
i
i

AMP!ITUDE/SEQUENCE IN ONE
PERIOD

A

o e

o=Hi

R

La=Hi=L2

Hi=La

b AT R G H D HATe R Gt

R

T POy

RANDOMIZED

" . 2

Lo=Hi Lo=Hi=Le Hi=Lo RANDOMIZED

0.4

-

FEYOA

L

IR

TESTS ON EOGE NOTCHED SPECIMENS, Ky = 4, 5 IN kg/mm2 RESULTS REPORTED BY HARDRATH ET
AL (REFS. 30,31), MEAN VALUES OF 3 -~ 4 TESTS.

i ran et b

FIG. 4.17 THE EFFECT OF THE AMPLITUDE SEQUENCE ON THE FATIGUE LIFE IN PROGRAM
TESTS.
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SPECIMEN $ ;= SEQUENCE
LIFE LIFE RATID EFFECT DF ADDING
SPECTRUM N DNE PERIOD
CYCLES [Zn/N [CYCLES/CYCLES|Z/E | HIGH 5 - CYCLES
RIVETED JDINT i
6 130000 1] 8
2024.T3
2.14 2.21| INCREASED LIFE
LUST SPECTRUM
13060 000 2.90
(REF. 39) I
TAIL PLANE
44000 3.0
7075-=Té
2.08 2.17| INCREASED LIFE
MANEUVER
1400 6.5
SPECTRUM (REF, 48)
EDGE NDTCHED "
4520 2.15
SPECIMEN
0.43 0.61] REDUCED LIFE
7075-T6
17730 1.3
MANEUVER
SPECTRUM (REF. 87)

OATA ARE MEAN VALUESOF 7,7, 3,1, 7 AND § TESTS RESPECTIVELY.

FIG. 4.18 DIFFERENT EFFECTS OF HIGH-AMPLITUDE CYCLES IN PROGRAM TESTS.

s 5 N LIFE RATID

RIVETED JOINT LT a
(kg/mm<) |BELDW FATIGUE LIMIT | PERIDDS | CYCLES(KC)[PERIOD/PERIOOJCYCLE/CYCLE

2024-T3
DOUBLE LAP 35 3 18 166 000 1.1 160
JOINT DMITTED 16 1040

9.3 1 LT 3080 1.3 23
7075-T6 OMITTED 129 900
SINGLE STRAP
JOINT 4.7 2 0 107 000 1.7 16

OMITTED 34 6500

RESULTS REPDRTEC BY WALLGREN (REF. 83). ALL DATA ARE MEAN VALUESDF 2-4 TESTS.

FIG. 419 THE EFFECT OF OMITTING LOW-AMPLITUDE CYCLES FROM A PROGRAM TEST ON FATIGUE
LIFE AND TESTING TIME.
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NORMALIZED POWER

SPECTRUM
.25
HARROW BAND
0 L D06 — LF
ﬁt’ 005 BROAD RAND
st i
004
003
0
_,J 002
05
A0
L Elhqhhgha. o jﬁ i I L L | |
190 200 210 22 230 240 80 120 160 200 240 280 320

FREQUENCY, CPS FREQUENCY, CPS

o. POWER SPECTRA NORMALIZED TO GIVE UNIT AREA UNDER THE CURVE.

NARROW BAND
IRREGULARITY FACTOR m 1

|

fl!

I

BROAD BAND
IRREGULARITY FACTOR 0.79

b. STRESS-TIME HISTORY FOR NARROW-BAND AND BROAD-BAND LOADING.

FIG. 420 iLLUSTRATION OF THE EFFECT CF THE POWER SPECTRAL DENSITY FUNCTION OM
THE LQAD-TIME HISTORY (REF. 1C1)
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INVESTIGATIDN (a}

PERCENTAGE INCREASE OF LIFE IN FLIGHTS CAUSED BY

SMITTING
LDW - AMPLITUDE CYCLES

DMITTING
TAXIING LOADS (b)

NAUMANN
(1964, REF. 67)

GRASSNER AND JACDBY
(1964, 1965, REF. 66, 73)

BRANGER
(1967, REF. 110)

IMIG AND ILLG
(1969, REF. 80}

NLR
(SEE FIG. 4.25)

SCHIJYE AND DE RIJK
{1971, QFF. ¢3)

6% AND 17 %

-14%

8% TO 93%

0 - 50%

-28%

2% TD 12%

~8% AND 4+ 16 %

{a) FDR MDRE INFDRMATION SEE TABLE 4.7

{b) S min N THE GTACHAD THE SAME VALUE WITH AND WITHDUT TAXIING LDADS

FIG. 4,24 THE EFFECT QF OMITTING LOW - AMPLITUDE CYCLES FROM FLIGHT -
SIMULATION TESTS.
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FIG. 4.27 THE EFFECT OF TRUNCATING THE GUST LOAD SPECTRUM ON THE CRACK
PROPAGATION LIFE IN FLIGHT~SIMULATION TESTS (REFS, 77, 78)
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FIG. 4.28 ENDURANCE CURVE OBTAINED IN STANDARDIZED PROGRAM TEST
ACCORDING TO GASSNER




e Pt R o T T A OB [ 4 T BRI

g e

7075-T6 BAR

TWO--HOLES SPECIMEN, k., » kN
MANEUVER SPECTRUM
BRANGER, 1967 (REF. 110}
{MEAN RESULTS OF SIX TESTS)

CrNiMo STEEL

TWO-HOLES SPECIMEN, K, £ 2.3
MANEUVYER SPECTRUM

BRANGER AND RONAY 1968 (REF. 112
(MEAN RESULTS OF SIX TESTS)

B8-1-1 Ti=ALLOY

ELLIPTICAL HOLE SPECIMEN
SUPERSONIC TRANSPORT SPECTRUM
IMIG ANO Ilg, 1969 (REF. 80)

(MEAN RESULTS OF 3-9 TESTS}

7075-Té
LUG-TYPE SP ECIMEN
GUST SPECTRUM

Tl
N e/QUTT 1aTTA FOEE 1140
M UM By Add W fikner e b ey

(INDIVIOUAL TEST RESULTS)

2024-T3 ALCLAO O

7075=T6 CLAO @

SHEET SPECIMEN FOR CRACK
PROPAGATION, LIFE FOR
GROWTH FROM 28 & 24 mm TO
20 60 mm

SCHIJVE, 1971 (REF. 44)

S )
(kg/mm*)
| L |
®:7.5
$ ]
P
o D
T
\_\\
3.5 L
104 FLIGHTS 10°
14
N TT1
\\ 1-3
12 | \\Q
10
9
8
104 FLIGHTS 10°
30 7
n-B.S
e
g
% 2
B ]
s TagE
[
OA Pt
DB| OIFFERENT
ac TYPES
: Y0} OF FLIGHTS
1] " PR S U T |
104 FLIGHTS 10°
T 11
x =8
12 7
¢ B N
S
L et do |+
" R T
o T
L4
"'-.__.-..
8
104 FLIGHTS 10°
5

10d 104 FLIGHTS 10

(MEAN RESULTS OF 2«4 TESTS)
5

FIG. 429 THE EFFECT OF THE DESIGN STRESS LEVEL ON FATIGUE LIFE UNDER FLIGHT-
SIMUL ATION LOADING. ng ¢ CHARACTERISTIC 1g~-5TRESS LEVEL IN FLIGHT,
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FIG. 5.1 ADJUSTED $~N CURVE FOR LIFE CALCULATIONS ACCORDING TQ HAIBACH (REF.148)
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FIG. 5.2 NARRD% ~ BAND RANDOM LOAD TESTS WITH CONSTANT S, AND PRDGRAMMED 5, .
RESULTS FROM KIRKBY AND EDWARDS (REF. 99).
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RESULTS FROM FIGGE AND NEWMAN (REF. 164).
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FIG. 6.1 EXAMPLES OF SIMPLE LOAD YARIATIONS REGARDING THE DEFINITION OF
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IN TURBULENT AIR (REF, 174)

FIG. 6.2 STRAIN GAGE RECORDS OF THE WING BENDING MOMENT OF 2 AIRCRAFT FLYING
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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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MAXIMUM RANDCH SEQUENCE OF
GUST CYCLES,

: SYMMETRIC GUST

; SPECTRUM

b Ur
o
9 {
E i RANDOM SEQUENCE
- OF TAXIING LOAO
§i : CYCLE3
| MINIMUM —
1 FLIGHT

1 a. TRANSPORT AIRCRAFT.

MAXIMUM

RANDOM SEQUENCE OF
MANEUYER LOAD CyCLES,
ASYMMETRIC MANEUVER
SPECTRUM

MINTMLM
1 FLIGHT

b. FIGHTER AIRCRAFT.

FIG. 6.5 TWO SIMPLIFIED EXAMPLES OF ESTIMATED FLIGHT-L.OAD PROFILES FOR THE
AIRCRAFT WING ROOT STRUCTURE.
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THESE LOADS ARE REDUCED, TO
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FIG. 7.4 EXAMPLE OF TRUNCATING THE INFREQUENTLY
OCCURRING HIGH AMPLITUDES OF A LOAD SPECTRUM.
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"JANLINOVW JO SH3QAC  (561°43U} SAVOT ANDILY Y LIVADUIV 4O SIJAL TVHIAIS S0 SHIGWNN ANV SA0II3d 9°£ 'Ol

SGNIQY AT 211SNAdY

ONiL3d44N8

SAVAT ONHXVYLE

SL1SNg

SYIANINVW

NIGYD v
NG 3710AD 34NsSs3dd

A2 LD
ANNQES = HIV —ANNQYD

o g0l goL 0l ¢ ol i ot t oL l ] L0'0 1000
SUNOH SALNNIW SANQ23S

3417 3D1AU3S NI SITIDAD 4 SH3FWNN 377240 3NA 44 aqtE3d

AR e L B R it TR S B PR e e N e T et A e el Arhint 14e and it S B DR T “ = m




EFFECTS OF TEST FREQUEKCY ON FATIGUE CHaci PROCPAGATION UNDER FLIGHT-SIMULATION LOADING
J. Schi jve

National Aerospace Laboratory NLE, Cleterweg 145, Amastsrdam, The Nethsrlands

SURkARY

In a recent test program, fatigue crack propagatien in
2024~-T3 and T075-T% sheet material was studied at three
test frequencies, viz., 10, 1 and 0.1 cycles per second.
The flight-simulation loading was based on a gust spectrum,
The design stress level was adnpted as a second variable
of the investigation, Differences between the crack propa-
gation rates at the three test frequencies were small and
unsystematic, The propagatlicon was much slower than predict-
ed from constant-amplitude test data. Mcreover, ths macro-
cracking behavicur appeared to be different, In the dis-
cussion attantion 1e pald to interaction with environméntal
effects and to implications for practical problems of

aircraft fatigue,

LIST O SYMBCLS

GTaC ground-to-air cycle
K gtress intensity factor
£lece threshold £ value for stress corresinn cracking
half crack length, see figure |1
di/dn c¢rack propagation rate
i N lifs
E ‘ 530 N12 ¢rack propagaticn life covered by cracs growth from R = 12 mm to E = 3T mm
p f S stress amplitude
: ., max maximum strees amplitude, applicd 1n flaght-simulation test (truncation level)
, 5, mean etress in constant-smplitude test, or {particularly in this paper)
N mean stress in flight during flight-simulation test
{
UHITS
H
i ‘ cps cycles per second
: : stress 1 xg/mmz = 1,422 <81 =~ 9,01 hn/mz
: crack length P ome = 0.0394 inch, 1 inch = 25.4 mm

crack propagatlon rate 1f1ff1 = 1 micran per flight - 0.001 mm per flight

1 INTRODUCTING

§

reveals significant differences. The mere impnrtant nnee arz to bte related to:

I b

*M,n“_,w*va
PRT- T

reference !'. [t turned out that there was no unigue relatinn between fatifue under different laad

Load sequences
Teat article
loading rates

oavirnnment

4-1

A cnmparisnn between fatigue 1n an aircraft siructure in service and fatigue i1n a labaratory specimen

gurvey o’ the effect of the lnad seguence an fatigue iife and cruck propagabicn was re.iatly given in
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4.2

sequences, as an example, the fstigue lives and ths crack propagation curves obtained in a program tsst
with a long period and 1n a random load test with the sams psah load distribution function could bs
considerably different. bven the cracking mechaniem could te different (Hef.2). Ths apparently trivial
conclusion is that quantitatively realistic information on fatigue propsrties should be drawn from tests
with realistic load sequences, For meny parts cf an aireraft structurs this implies a mixture of stochastic
loads and deterministic loads, that means a flight-simulstion tsst, Feriunately, the present time fatigue
machines are capable of applying complex load-time histories,

W1th respect to the test article, it is now generally recognized that a t8st on a full-scals component or
structure will give more relevant informaticn than a test on a simple spscimen, As @ consequsncs, it is
fairly common tn carry cut a flight-simulation test on a full-scale structure (Ref.3). Unfortunately, it
is impracticable to carry out a flight-simulation tesi at the loading rates occurring in service, in view
of unacceptably long tssting times,

In order to explore the effect of the loading rate, flight-simulation tests were carried out on aluminium
alloy sheet specimens at three diffsrent load frequencisse, Creck propagation was investigated only., This
aspect 1s a significant one for establishing safe inspection periods for service use ag part of the fail-
safe concept., 1f ths losd frequency 1s decreased, the time available for environmentally assisted crack
growth increases, In principle a frequency effect may always be related io an environmental effect, Ths
present paper summar:zes the ressulte of the test program, including a brisef discussion of several aspects

involved, Fzlly detaiied renults wers presenied in an NLR report (Ref.4).
2 TIS1 PHOGRAM
2.1 The variables

Crac< propagatlon in sheet specimens {Fig.1) was studied under flight-simulation loading (Fig.2).

The variables adopted are shown in the table bzlow.

Design stress levels as

rrequencies characterized by ths mesn
taterials {cycles per second) stress in flight

kg/mm2 €8i
2024-T3 ilclad 10 10 14.2
T075-16 lad ) d.5 12.1
0.1 7.0 10.0
£.5 7.8
4.C 57

2.2 The fatigue loadm 1n the flighi simulation tests

The design stress level 18 charactsrized by the mean stress in flight (Sm) and ths values sdopted cover
a wide range. “he amplitudss of the various gust cycles are all proportional to 5, as 1llustrated by <the
gust load spectrum in figure 3, This specirum applies to all test series with different Sm values,

ror emplrital raasons, the guat load spectrum was approximated by a stepped function, sss figure 1. The

truncation level {itef.5) was chosen tn be 3 = 1.1 Sy that means that all higher amplitudes were

a, max
reduced tn this level, % higher truncati»sn level might have led ta unrealistically slew crack propagation

(Ref.5), but it she:ld be sald thal the present chonice tn seme extent was arbitrarily made.

Taxiing loads were not applied since a previcus lnvestigation had shown [Fsf,5) that these loads do nnt
cnntribute to crack growth 1f they ac¢cur i1n cempression, However, since taxiing lnads increase the siress
range ~f the ground-to-air cycle {[GTAC), the minamum stress during the GTAC was chnsen st a relativaly
mere severe level than wohuld apparently be required fram a static polnt of view. The minimun eiress 1in

atl STAL was - 7,435 Yt
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The load epectrum was distributed over ten different flighte (A=K}, each characterized by its own spectrum
varying from "good weather® to "storn" conditione, The procedurs for doing so wae previously adopted in
reference 5 and is descrilled tbere in more detail. The aim wae to have a more or leee eimilar shape of the
load spectrum for all typee of weather conditions, The severity, however, was different for each type of

weather. Quantitative data on the lo.d epectra are given in tahble 1.

The gequence of the flights (typss A-K) wae selscted at random by a computer, with the exception of the
moet severs flighte, Ae theee flighte may have a predominant effect on crack growth, they were uniformly
distributed over the total sequence of flighte in order to avoid that ths severs flights had a chance to

cluetsr together,

A sampls of the load history applied in the teeis is ehown in figure 2. In each flight guet loade are
applied in a random sequence, Each up gust 18 followed by a down guet and vice versa, However, the
amplitudee of succzesive up and down guete are not neceesarily equal, A computer has randomly eelected
half cyclee from the required load epectrum (random half cycles "reetrained', after Naumann) (Ref.6).
411 flighte of the eame typs have the eame load epectrum, but in general they will have a different guet
load eequence, After 5000 flighte being appiied, the eame block of flights was repeated periodically. In
view of the random eequence of ths rlights and the gust loads in each flight, the repetition of euch a
large block of flighte ie thought to be irrelevant with reepect to the random character of the load tims
hietory.

2,3} FExperimental detaile

Te aluminium alloye adopted are repreeenting the two moet w.dely ueed eheet materials in preeent day
aircraft, The epecimene were cut from eheete with a nominel thickness of 2 mm, The etatic propertiee

{rolling direction) are given below.

Material S4.2 5, Elongation (%)
(kg/mmz} (x81) (kg/mma) {kei) (50 mm gage length)
2024-T3 Alclad 15.6 50,6 47.3 613 13
7075-T6 Clad 50,2 1.4 %.4  80.2 12

The dimensione of the epecimens are ehown in figure 1. Each specimen wae provided witn a central crack
starter and a number of line markinge for recerding of the crack growth. Originally, the specimene wers
pre-crack8d under conetant-amplitude loading (Sm +5, - 5+ 5 ng/mmz) from §= 1.5 mm to 2 = 10 mm,

Later on the specimens were provided with longer saw cute, correeponding to Q = & mm and {light-eimulation
loading etarted without fatigue pre-cracking.

All teets were carried out in an MTS fatipue machine with a maximum capacity of 25 tons. The electro-
hydraulic cloeed loop eystem for contrnlling the fatigue load is fed by a special device, called PAGL
(Programmed Amplitude GEnerator) developed at Hlit. The sequence of amplitudes and the CIAC are repreeented
by a seriee of digital code numbere on a magnetic tape containing sufficient information for AQCOC flighte,
In all fiight-eimulation teste two epecimens were tested in seriee, which almest halved the teeting time,
scatter between eimilar teete wae low a8 ie usual for crack propagation. In some teets the fully cracked
epecimen wae replaced by a dumny epecimen for completirg the test nn the second one.

In order to prevent buccling of ths 8pecimene two felt covered aluminium allcy plates were ueed as anti-
buckling guldee, ae deecribed in reference 5. The platee were provided with windowe for obeerving the
crack growth (Fig.4). The epecimens were provided with fine line marikinge, If the tip of a crack reached
euch o line the corresponding number of flighte was recorded, In the majority of the teete these nwnbers
were ueed for the evaluation of the crack propagation data,

Teete carried out at a low etrees level or at a low Irequency consumed much teeting time, Theee teets were
run overnight or during the weekend without eupervieion, Crack growth -beervaticns were made by iwe Nikon
camerae with teleleneee. Pictures of the cracke were autnmatically taken during the more severe [lighte
at the mement that the specimene were st maximum load (Sm + Sa,max)' see figure 4.

4 third methnd, adopted for some special caeee, 18 baeed on determining ths positions of growih bande on

the fracture surface {Gec,l).
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Ths tests were carried ,ut in the laboratory without any special means to control the temperatiure and the
humidity. These twe quuntitise, however, were conetantly recorded., It turned cut that the mean temperature
usually was in the rangs of 22 to 25° C, while the mean value of the humidity was 40 to 45 percent,

2.4 Constant-amplitude teets

In addition to the flight.simulation teets a amall number of constant-amplitude teets wae carried cut,
The results of theee tests were used for damage calculatione, for checkang the validity of the sireee
inteneity factor concepition and for comparing fracture surfaces with thoee obtained in the flight-eimula-
tion teete,

3 TEST RESULTS

Detailed reaulte of [0 flight-simulation teete and 27 conetant-amplitude teets are preeented in reference 4,
Here only a eummary will be given, In figure 5 the crack propagation rate in microns per flight is plotted
ae a function of the crack length, This hze been done for 5p 10 and Sm = 3.5 kg/mmz. The resulte for the
three frequenciea applied (10, 1 and 0,1 cps) are gquits erratically distributed in a narrow scatter band,
without noticeably systematical trends, The same can be cbeerved in table 2, where the crack propagation
iives covering two crack growih intervals (1 from 12 mm to 20 mm and 1 from 20 mm to 30 mm) are compared,
The life ratios are fairly cloee to 1, end do not show a aystematic trend,

For Sm = 7,0 and %.5 ng/mmz a test at 0.1 cycles par eecond would have required about 1800 and 4500 hours
for the 2024-T3 alloy and about 900 and 1800 houre for the 7075-T6 alley. Thie wae considered to be pro-
hibitive and it was decided to determine only smaller parts of thes crack propagation curves for these
conditions. In a test at 10 cps a pericd of 595 flighte was carrisd out at 1 =ps, followed by a similar
peariod at O,1 cpe, after which the test was completed at 10 cps, The crack eitension during the two lower-
frequency periods wae deduced from fractographic observatione., The moat seveére flighte with the maximum
amplituds (§

a,max
each 119 flighte, Theee severe flighte produced a dark band on the fracture eurfaces se shown by the

= truncation level} were applied at regular intervals, see section 2.2, that means after

pictures in figure 6, By measuring the spacing between the bands, crack ratee were derived from such
pictures,

The reeulta were plotted in figure 7 with the data from the visual crack growth obeervations as a standard
for conmparieon., The accuracy of the fractographic cbeervatione is cometimes limited due to ill-defined
growth bande, Neverthelese, it appears to be juetified that the data in figure 7 do not indicate any
frequency affect at all, For Sm = 4,0 kg/mm2 teeta were carried out at 10 cps only,

The effect of the deeign atreae level ie not a eubject of this paper and therefore a few comments will be
made only. Figure 5 already illustrates a significant effect of the stresa level. Crack propagatior lives
obtained at 10 cps at all five stress levels employed are given in tigure &, inis figure viowe Liab e
effect ia different for the two alloys,

It was hoped that the crack rates for different strese levele could be correlated by the stress intensity
factor which for the flight-simulation teste may be written gas K = C Smm + Unfortunately, ¢oinciding
dﬁ/dn - K curvee for the five stress levela were not obtained, on the contrary, the curves were signific-
antly different., For the consiant-amplitude teats, however, the rslation dE/dn = fR (4K) was clearly con-
firmed once again. The different behaviour for the two typee of tests is further analysed in reference 4,

4 DISCUSSION
4,1 The frequency effect

The reeults ehown in figures 5 and 7 and table 2 indicate small and uneystematic differences between
the results for the three frequencies, Two questions should be asxked now:
a Is the absence of a frequency effect in the flight-simulation tests a logical result?
b Whal are the consequences of the present findinga?
Investigations on the frequency effect as reported in the literature (uvurveys in references 7+8) ware
almost exclueively constant-amplitude tests, An exceptinn are flight-simuiation teste performed by
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Branger {Ref.9) on light-alloy epecimens notched by two holes, He found a elightly lower life at 1,5 cpe
a8 compured to 2,9 cpe., Surprieingly enough he found a reversed frequency effect in another teet series
with frequencies of 3.5, 0.7 and 0,09 cps respectively. The longer life wae obtained at the lower frequency,
Trende of investigations with constant-amplitude loading will be summarized below. A frequency effect may
be caused Yy environmental effecte or by time dependent mechanisms in the material iteelf, Moreover, co-
operation of different mechanisms appears to be possible. Coneidering firet the material itself, time
dependent mechaniems could be associated with activitiee of dislocations, changing precipitated zonee and
interactions of both, Such mechaniems should be promcted by higher temperaturee and should be active in
oreep as well, However, the present alloys at room temperature appear to bs well below the creep range.
If a time dependent mechanism i ihs material itself would be active it should be so especially at high
etress levele, Data from conetant-amplitude teets at room temperature revealsd a small frequency effect
only, whereas the affect was somewhat larger at elevated temperature (eee the survey given by Barrois in
reference 8), In the present investigation there is no tendency for longer crack propagation in the tests
with the highest etress level (5 = 10 kg/mma) and the loweet frequency (0.1 cps).
The snvironmental effect on crack propagation in aluminium alloys was studied in several irvestigations
{Refs 10-20). Environments employed may be divided in four groupe:
1. Aquecus Nall solutions
2. Distilled water

Humid gaseous environments (air, oxygsn, inert gae)
3. Dry gaseous envirenments
4. Vacuum,
Maximum crack rates were found in the fir «¢ and minimum crack rates in the last group, Three different
types of mechanioms may be indicated, which could affect fatigue crack growth,
& Corrosion fatigue
be Strees corrosion
c. Rewelding of the crack surfacee {vacuum),
Whereas the latter one will delay crack growth, the former iwo mechaniems are deleterious. ln a particular
case it may be difficult to separate the activitiee of corrosion fatigue and strses corrosion, The
corrosion fatigue is understood to be a resolving of the material from the anodic crack tip material,
which requires an aqueoue solution. This will occur at any streee lavel and it will be time dependent,
In general terme the contribution of etreee corroeion to crack growth ie eupposed to be a lowering of the
strength of metallic bonds, Hence it sbould be dependent on the etrese intensity at the tip of the crack,
If the intensity iB below KIecc' crack growth will not be aesisted by stress corrosion. If X :>KIaCc'
accelerated crack growth should be expected a2t lower frequenciee, For Al-alloy sheet material KIBcc will
be large enough to avoid a contribution of etre 8 corroeion. However, for forgings of Al-alloys if loaded
in ths unfavourable short-transverse direction a contribution will be poesible and it might even predomi-
nate fatigue,
A frequency effect ehould also be expected 1f it requires some time for the enviromment 1o reach the tip
of the growing ¢rack {Ref,21), or if diffusion is involved. In thie respect the predominating effect of
water vapour in gasesus environments is relevant, as shown by the work of Hartman et al. (Refs 10-12) and
Bradshaw and Wheeler {Refs 13-15), It should be eaid that the mechanism of the water vapour effect is not
yot fully underetood. It might even be labelled a® corrosion fatigue. Neverthcless, crack rates in dry
air were found to be much lower than those in humid air, The effect of the water vapour contents of the
air on crack propegation was frequency dependent, indicating Bome time depsndent mecharism to be active.
For the preeent investigation it may be deduced from references 11, 12 and 14 that the condii >ns {room
temperature, 40-45 percent relative humidity, frequency range 0.1-10 cpe} are beyond the range where an
important frequency effect ehould be expected., That means that there is sufficient water vapour availatle
and alec eufficient time, even at 10 ¢pa, for an almoet maximum harmful effect of the water wvapour,
Coneequently, the constant-amplitude test data predict a emall effect only, if any at all, Thie is in
agresment with the resulte of the flight-simulation tesis.

There were eome reasons why it was desirable to check empirically the frequency effect under flight-

sirulation loading.
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(1} The accumulation of fatigue damage under such a complex load hietory may be different from what i1t ie
under constant-amplitude lsading, Actually it is different as will be diecuseed later,

{2) A previous investigation (Ref.22) on sheet specimens of ths sams alloys loaded by a very severe flight-
simulation loading indicated an environmental effect for the 7075 alloy. Comparative teets weres carried

nut indoore and onutdcors, Urack ratss wsrs practically tha same for the 2024 allmy, but those obtained
outdoors for the 7075 alley were about 1,5-2 times faster than ths indoors rssulte, The outdoors cpecimene
were subjectad to rain and dew,

(3} The arsessmsnt of eafe inspection periods for an aircraft in eervice requires that safety factore are
applied to crack propagation data obtained in laboratory teste or in a full-scale fatigue teet, A msaning-
ful celection cf such factors cannut be made without some direct empirical evidence,

Orders of sagnitude of the duration of a single load uycle and the correeponding frequencies are given in
figure 9. Frequencies employed in the present investigation are conforming to guets, short-duration
manpeuvres anl taxiing loade, Tor these types of lcads the prssent investigation euggests that a frequency
effect in a gase¢ous environment may be expscted to be emall and safety factors aehould mainly serve for
covering scatter in material propsriies and aircraft load epscira.

For a fuselage, the preesurisation may be the prsdominating load cycle, This cycle has a very long psriod
while tha variabiiity of the load amplitude is much smallsr tham for a wing structure, In this cass some
more empirical evidence seems desirable, Unfortunately testing times for relevant frequenciea are extremely
long,

The problem ie much more difficult for an aguecus environment, Tha empirical evidence, available from
constant-amplitude teata only, indicatee that crack rates in diatilled water and in humid air are quits
similar, whereas crack growth in salt water is generally faeter, The problem ie to find out whether salt
water could be present in fatigue cracks in an aircraft in eervics, horecover, it ehould be there for a
long time in order to affect the crack propagation, Although it is known that severe corroeion may occur

in aircraft flying in a marine enviroamant (Refa 18,23}, this does not imply that salt water will generally
ba preeent in fatigue cracks, especially if the aircraft is not flying in a marine environment, euch as a
civil transport, MHeverthelese, it appears worthwhile to perform some flight-eimulation tests in order to
check what the magnitude of the effect of a ealt water environment on crack propagation may be for this
type of loading. Such a test aeries should include low frequencies,

4.2 Damage accumulation

It is well recognized by now that the Palmgren-Kiner rule will not pmduce zccurate life estimates, This
ie largely a consequence of interaction effects aesociated with load cycles of different magnitudes, as
explained once again in a recent survey (Ref,1). lleverthelese, a calculaticn of n/R may give a qualita-
tive indication of the presenre of such interaction effects., Ths results of damage calculations baeed on

2 .
ths crack propagation life are given in table 3 for &= 8.9 and 5.% ag/mm ., Constant-amplitude data were

m
determined for theee 5 -valuee only. The ground-to-air cycle for each flight wae aasumed to be a cycls
between S, . of the CTAC and Spax 7 Op * sa,max
of the gust cycles and the GTAC are given separately, The tntal damage values n/ii are far in excess of 1,

pertaining to that flight. In table } the damage increments

which indicates that the damage accumulatinn was much eleower than predicted by the Falmgren-Miner rule,

rac< propagatinn ratea were alen calculated, emplnying the frrmula:

Lo
(dg) ) BRI I ﬂJ
Tlegr 22 ) -

1

In this equatien 57 and CA refer to flight-eimulatien teet and cnnstant-amplitude test respectively, The
caizulatinne were made for eeveral valuen of the crack length ]- DJ. ‘the number of individual cyecles nf
each magnitude (nx) was drawn from table 1, The egquation implies that the lalmgren-iiiner rule 1s applied
tn the fatigie 1.fe increment required for a small cracs growlh aincrement uﬂ « in agreement with table }

it wae fnund that the actual crack riates wore 2-1% timca lower than predicted, depending nn QJ and S

The law cricc rates should per definition be attributed to interaction mechaniems. In reference 1 several
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zechanisme were mentioned, namely residual sirees, cyclic etrein-hardening, creck blunting, crack closure
and mismatch of crack front orientation., It ie difficult to indicate the mechanisme that were most active,
It ie thought that reeidusl stressee dum to the higher-smplitude cycles certeinly have delayed creck growth
during the lower-amplitude cyclee. The preference for the plane-etrain situation, am diecuseed hsreafter,
is pointing to lower amounts of plastic deformation., Thie could be a consequence of cyclic etrain hardening
by the higher-amplitude cycles, whils c¢rack clesure could also be responsible. The latter mechaniem might
be mracciated with the dark growth bends in the 2024 epecimene. The miemaich of crack front orientation
should also have some eignificance, anyhow for the larger amplitude cycles, It might even be emsential for
the dark growth bande in the 7075 specimens,

A& second impurtant difference between damage accumulation in flight-simulation teets and conetant.amplitude
tests wae offered by macro-fractographical observations, Theee observations indicated that the fatigue crack
in the flight-simulation teet is propagating in the 90°-mode to a much larger crack length than expected

on the basis of correeponding constant-amplitude teets., In other worde flight-simulation loading appeare

to emphasize plane-strein conditions, Coneequently ons hardly can expect thet the damage accumiletion in

a flight-simulation test ¢an be simply derived from the results of constant-amplitude tests,

The conclusion to be drawn from the ebove argumente ie that empirical trends as obssrved in constant-
amplitude tests, need not receeearily be valid for flight-simulation tests. Actually for that reason the
frequency effect was studied under flight-simuletion loading. In this reepect reference may be made once
egain to the different types of growth bande exhibited by the two alloye (Fig.ﬁ). Another difference ob-
served in conetant-amplitude tests on a micro scale (Ref,24) is the tendency to brittle striatione which
may occur in the 707% alloy wherees ductile etriatione are predominant in the 2024 alloy, Brittle otria-
tione are frequently associated with a larger environmental effect (Refe 19,20). Fortunately this effect
did not emerge from the present flight-eimulation teets, However, it ie somewhat disturbing that it might
be present in more aggressive environments (Ref.18), Conwsequently, the need for flight-simulation teste

in more aggreesive environments may be repeated here,

% CONCLUSIONS

Fatigue crack propagation was etudied in random flight-simulation teste on 2024-T3 Alclad and 7075-T6 Clad
epecimens, The main variables were the load frequency {10, 1 iud 0.1 cps) and the design stress level. The
design stress level was characterized by the mean stress in flight, for which five velues were adopted
(10.0, 8.5, 7.7, 5.5 and 4.0 kg/mmz). The ratios between the amplitudee of the gust cycles, the GTAC and
the mean stress in Tlight were thke same in all teste, A small number of constant-amplitude teets was

carried out for supporting the flight-simulation teet results. The resulie and the diecuselion are
susmarized below.

1, Differences hatpeen tho crach propagative rales ob L lheee et frequencies (10, 1 and Q.1 ¢p8) were
emall and unsystematic. From a discuseion on the effecte of frequency and environment it was concluded
that safety factore on inspectinn pericds in service should be applied mainly to cover scatter in
material properties end aircraft load apectra, This uonclusion only holds if the environment of the
aireraft ie not particulerly aggreesive, If a more aggreeeive environment, for instance salt water,

is continuously present in the crack, faster crack rates may occur and the leeding rate may become «
important, Thie should bte verified by tests,

2, Tee damage accumvlation in the flighi-simulaticn tests ¢nuld net be predicted from the data obtained
in tonetant-amplitude tests, The values of » n/H varied from 4 to 8, Moreover, the cracking behaviour
was different for the two typee of testing. Flight-simulation loading is emphasizing plane-strain
conditions at the tip of the cracs, As & consequence trends observed in constant-amplitude tests need
nnt be valid for flight-eimulation loading, Thie should be checked empirically.
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Table 2 Tue effect of frequency <i the ¢ruci propagation life for two

: : crack growthintervels (= 12 =20 mm and L= 20 =37 mm)
3 ' on vreguency | wesn life {fiights) nife ratise
E raterial
u o ' =z . S G 3 T
E‘ [ {wi/mm" ) (cps} liag = Bya| S3q = loq| Yoo = ¥y ¥i0 = Faa
5 L,
4 2024 12 10 54 294 1 1
E 1 934 ny 1,03 1.9
E? 0.1 $56 377 0.99 1.23
1
E 4.5 w0 2449 1242 1 1
! ( 1 2645 1200 1.9 097
. a1 - 179 1 0.5
7275 10 10 1103 393 1 1
1 g2t 343 ™43 .87
0,1 1206 544 1.9 1,39
3.3 1c 2n3s 1561 1 1
1 2204 1546 1,74 1.0
0.1 = 1274 : 0,42

(5 = fyn = g/

in the flight-simulation teets

Nlakle } bamage valuee for cruck propuagatisn lives

Theé cracs< propagatinn life 4 1n this table is

covering crack growth from B2 mm to b= 0 mm
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CORRELATION BETWEEE LABORATORY TESTS ANO SERVICE EXPERIENCE

W, B. MILLER HOLLAND B, LOWNDES

Technical Dlrector Assistant for Experimental Simulation

Birectorate of Alrframe Subsystems Engineerling Structures Qivision

Aeronautical Systems Oivision Alr Force Flight Oynamics Laboratory

U. 5. Air Force Systems Command U. S. Air Force Systems Command

Wright-Patterson Air Force Base, Dhlo 45433 Wright-Patterson Air Force Base, Dhio 45433
SUMHARY

Direct comparlsons are made between full scale fatlgue test failures and actual service failures
for severat military alrcraft. The correlations are discussed in relation to the basic fatigue test
procedures ~nd spectra used, Some methods used to force correlation where apparent correlation is
lacking are discussed. The paper concludes with a historical summary of the improvements in fatigue
testing evolved over the past 25 years,

LIST CF ABBREVIATIONS

VGH - Velocity, load factor, altltude
KIAS - Knots, indicated air speed
GAG - Ground air ground cycle
ASD - U, S, Air Force Aeronautical Systems Dlvision
TAC - U. 5. Air Force Tactical Air Command
58 - Stabllator statlon
WS - Wing station
FS - Fuselage station
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l. INTRODUCT I ON

Since 1958 when a number of serfous fatigue problems In mltitary alrptanes confronted the
military services In the Unlted States, the Alr Force and the Navy have been working toward programs
to ldent(fy and cope with potential szrvice fatlgue problems. The very large costs of these programs
drive us toward a continual assessment of the level of success we have had In Implementing the
procedures evoiving from these programs.

The U. S, Alr Force contlnues to be perplexed by the problem of correlation of critical full scale
fatigue test results from our alreraft systems and their actual fatigue damage experience once they
are In operaticnal service,

We have continued to try to develop as extensive a data base as possible to assist in our under-
standing of this problem. References 1 and 2 present previous data and analysis we have assembled.
We will make frequent reference to these two papers as thls presentation is developed.

Agaln, as was stated in Reference 2, it Is strongly felt that in consldering the information of
this nature it should be kept In mind that, while each of the structural certificatlon programs studied
were conducted In essentially the same manner - around the same general criteria requirements, they
cach varied to some degree from each other due to particular circumstances of that specific aircraft
program., in other words, the results from these programs cannot be compared to each other in the
same sense - and with the same accuracy - as test results from ldentlcal specimens tested and evaluated
to the same identical c¢riteria and with Identlcal test methods. However, it is felt that general trends
established from comparing these results are valid trends. The understanding of these limitations
cannot be over-emphasized. !n fact, perhaps the technical community has erred In the way we have
lexpressed our concern' over this test-to-service correlation - or lack of correlation - probiem,

Ii. WHAT !S THE PROBLEMW?

The major problem encountered as stated In Reference 2 by Lowndes has been the lack of correlatlon
between our predlcted time to failure based upon ihe fatigue analyslis and full scale test program as
compared to the actual time to failure In the fleet operation. Unfortunately, this continues to be
the same problem. In Reference 1, Mlller and Lowndes attempted to add some data to that previously
presented by Raithby in an effort to shed more 1lght on the scatter In the data correlation, In
Reference 2, Lowndes locked at some ways of forclng correlation and the thesis advanced appears to
offer some hope that correlation can be Improved If a good data base on usage can be obtained.

In trylng to cope with the scatter encountered in fatigue life prediction, two theses have been
proposed in the U, 5. In one case, loads are applled representing the high slde of the loads tcatter
band ard test results divided by a factor of two. In the other case, loads are applied representing
average condltions and the test results dlvided by a factor of four, While these approaches are used
to establlsh the Inftlal 11fe estimates, a true correlation of test life to service [ife is ultimately
deperdent on validation of the actual usage.

111, OQISCUSSION

Medlum Transport A

For transport type aircraft, the best correlation study information is still that presented
in Reference 2 for the airplane referred to as '"Medlum Transport A''. This transport was tested to a
spectrum representing taxi, ground-air-ground and gust loads. Within each type of loading, 3 different
mean loads were employed and 2 to 3 dlfferent load levels about each mean. The loads were applied in
1000 hour blocks of 16021 Individual load cycles using a negative-low-high-low-negative truncation,
As is pointed out in Reference 2, service aircraft exhibited a wide spread in time of occurrence of
faifure. In this case, a good multi-channel service loads data recording program coupied with aircraft
usage data forms enabied us to obtain much better correlatlon and to do tail number tracking. The
recarded data were consolidated Into O misslon profiles. Correleliun wes allenpied using o sdampie of
b2 aircraft. The flrst correlation using these data assumed all 42 aircraft flew the same mlssion mix,
The test-to-service correlatlon is shown by the upper curves In Flgure 1. A second correlation, using
the individual aircraft service records plus the recorded loads data, on a tail number basis, was
attempted and thls correlation s shown by the lower curve In Flgure 1,

Fighter Bomber A

Th's alreraft is referred to as '"Fighter Bomber A" In Reference 2. Since the full scale wing
fatlgue test was conducted late In Its service 11fe, the spuctrum was developed from a limited amount
of service load data measured during squadron trainlng correlated with actual load data from a
structural loads measurement flight vehicle, The test spectrum was a random load fllght by flight
spectrum Including positive and negative flight loads pius landing gear loads. Thirty foad leveis
were applied each flight, a load equal to 121,5% limit load was applied each 10th ftight, and a loac
equal to 137.5% |Imit load was applled each 100th flight, In thls case, a good correlation was
obtalned usinrg a factor of 2 as shown in Flgure 2, In pursulng this correlation further, one can
review the test 1oad exceedance data used In this test and Its correlation with flight loads exceedance
data as presented in Figure 10. In this case, it can be seen that the orlginal estimated usage (the
test spectra) was nol very cdifferent from the measured fieet usage - particulariy the octual operational
usage to which a large percentage of the fleet had been subjected. The fact that this test program
wius conducted late In the alrplane's life as a re-evaluation/life extension program undoubtediy
provided us with better vislbliity as to how we were flying the alrcraft than would normally be the
case for a new alrcraft just being Introduced into the Inventory. However, in this instance the test
spectrum was stll] more severe than any of the measured operationat usage, a fa=t which to some extent
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Influences the fact that our test-to-service scatter was only In the neighborhood of 2 - qulte consis-
tently so for all four critlcal areas. The fact that this is the only example which utillzed a
fllght=by=f1lght approach - Introducing landIng loads alternately wlith the wing loads, and also
utillized a random application of the fllght loads - may »ivo ve an Influencing effect on the small

scatter factor,

Fightar Bomber B

As explalned in Reference 2, the full scale test was started early, before a slgnificant
number of these alrcraft were In service and before any measured service loads were available, The
early tests were made uslng a block spectrum; each block reprecenting 200 hours and consisting of
1000 load cycles. After a very early fa!lure, the struciure was revised and the test spectrum revised
to reflect 400 hours of recorded VGH data - both training and cperational readiness flying. Flgure 3
presents a summary of predicted |ife from the test, calculated life using data from training operations,
and calculated 11fe using data from actual service, |t may be seen that the calculated life at afl
of the critical areas decreased. However, at the fuselage station 442 - main wing atrach frame this
reduction is qulite small - approximately 15%; whereas the remalnder of tic areas showed life reductions

of approximately 40 to 60%.

In reviewlng why this one area showed only a small reductlon In life for apparently a
signiflcantly more severe operatlonal environment cne must Jook beyond the generalized maneuver
exceedance data from the VGH -ecords and review the additional aspects of gross welght and stores
configuration, It was determined that thls main wing frame at fuselage statlon 442 - which is
Influenced primarily by wing root bending moment - was experiencing the approximate same wing bending
momant from higher load factor operatlonal maneuver experlence as that determined from the peace time
usage because the operational mlssions were belng flown over the target with full i~board wing tanks -
which had been empty in simulated operatlonal exercises.

Two fuselage fallures in this alrplane provide us with an example of the need to faithfully
duplicate the productlon structure in the test article. The full scale fatigue test was performed on
a specimen In which a cutout In the fuselage station 350 cover splice on the top centertine was
rectangular In shape, In productleon, [t was changed to a trapezoldal shape. At the time,the change
was reviewed as an engineering devlation, but was not considered a Fatigue critlcal Item, After
about 500 fllght hours, one of these aircraft crashed in May 1964 as a result of the fallure of
F.5. 350 at the top centerline. Another crashed in June 1965 for the same reason. Subsequent to the
first failure, a tensile test and a fatlgue test of the fuselage components in the production conflgura~
tlon were conducted. The fatigue test confirmed the mode and locatlon of the failure. What was
determined to be a ''mon-fatlgue critical item”, was thus shown to be critical in fleet use, The
test article must be representatlve of the production {fleet) conflguratlon. Fatlaue testing and
analysis focus attentlon on structural detalls because that Is where the service pioblems will be found.
Since the emphasis Is on detalls, It Is essential that the test artlcle and analyses reflect those
detalls. if this is not accomplished, the test results (as this example shows) wlll not correlate

with service experlence,

Fighter Bomber C

The test spectrum for the first 6000 test hours represented one maneuvering flight conditlon
(40,000 1bs gross weight at 1.14 Mach at 25,000 ft altitude, positive loads only, clean wing aircraft}.
Thls altitude/airspeed represented the maximum load condition for any given maneuver. No negative loads,
external store loads, gust loads, or grourd-alr-ground (take-off, landing etc) loads were included in
the test spectrum., Testing beyond 6000 test hours was performed to a modified spectrum in which all
loads below 65 percent of deslgn 1imit load were ellminated in order to reduce the testing time reguired,
See Flgure 4 for a representation of the test spectrum. Loads were applied in blocks representing

100 hours per block.

From Oecember 1968 to December 1970 approximately 5640 valid flight hours of VGH (velaclty,
load factor, altitude} data were recorded on operatignal aircraft. The mission distribution 1s as

follows:

a. Recon 15.5 percent
b, Test 0.6 percent
c. Instruments 5.9 percent
d. Alr Intercept 3.7 percent
e, Alr to Ground 70.3 percent

The average alrspeed flown durlng the maneuver phase of the air-to-ground m!ssion Is 367 KiAS while the
average altltude |s 10,800 ft. s!,nificantly different from the condition simclated in teit. Figure &
shows the fuil usage spectrum {positive and negative loads} for the air-to-ground mission, The load
spectrum curves are corrected tn a mission average gross weight of 45,800 1bs. 7his higr average
gross weight is Indicative of the heavy external store loads carried during this operational mission
{empty weight approximately 29,000 1bs; maximum take off grose weight 58,000 Ibs),

Durlng calendar year |965, 2956 flight hours of VGH data were recorded on this type alrcraft
at two hases, The mission distribution is as follows:
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a, Speclal Weapons Oelivery 8.3 percent

b. Conventlonal Weapons Oellvery 32,7 percent
¢, Alr Intercept 13.7 percent
d. Air Tactlces 27.7 percent
e, instruments and Navigatlon 15.2 percent
f. Test 2.4 percent

The lcad spectrum curve for mission B {cnly the positive load portion is available) corrected for a
gross welght of 40,300 1bs §s shown nn Figure h, Comparison of the cperational data with the earlier
TAC data demonstrates the significant charges in mission distribution and flight loads.

Eight speclal mission aircraft began operation in July 1969. Each aircraft Is equipped with
a VGH recorder and a substantial amount of flight lpads data has been gathered on these aircraft.
Figure 4 shows the usage spectrum (positive and negative portions} for the one most severely used
special mission alrcraft. its usage 1s much more severe than any other usage spectrum incTuding
spectrum "A'" of Specificatlion MIL-A-8866. The other special aircraft usage is about as severe as
MiL-A-B865, The MIL-A-8866 spectrum and th special mission spectrum for other than the severely used
one have not been shown on Figure 4 in order o prevent confusion.

To date there have becn three major structural compenents that have failed in-service where
the failure has bean attributed to metal fatigue. Each will be discussed separately:

&, Stabilator:

The Fighter Bomber "'C" fleet has experlenced three in-flight failures of the stabilator where
the outer portlen of the stabilator separated at the $5 51.85 splice rib (see Figure 5). The crack
begins at the aft edge of the aluminum skin and progresses forward along 55 51.85, The crack cannot
be detected visually due to Its being hidden by the overlap of the inner skin. The crack progresses
forward at least halfway then turns outboard towards the forward edge of the skin, Total crack tength
Is 1T Inches to 18 Inches. in each case, the aircraft was recovered safely, The cause of failure ir
the first two cases could not be positively determined since the crack was present for a period of
time before complete failure occurred, Evidence of fatigue was destroyed by the fractured surfaces
rubblng against each other. I[n addition, about fifteen stabilators have sustained upper skin failures
without the outer portion of the stabilator being lost. Flying hours on the stabilator at the time of
failure range from 500 to 1540. Without exception, those failures that could be positively diagnosed
as fatigue started at or near the aft edge of the upper outboard torque box skin, Some failures were
accelerated by the presence of tool marks in the skin as a result of the machining operation. The
manufacturer's current r=commendatlion s to remove and replace the upper aluminum skin with a titanium
skin, Since no previous fatlgue testing has been accomplished on the stabilator, no realistic service
11fe estimates exist for it. As a matter of interest, the high time aircraft has ancumulated over
3,400 tiight hours, far in excess of the figure at which any failures have occurred.

B. Duter Wing:

The ocuter wing was fatigue tested as part of the full scale airframe cyclic test program.
Design and fabrization deficiencies caused knlfe edge fastener noles in the fower torgue box skin
resulting 1n a fatigue sensiLive member (See Figure 6 for the general locaticn of the cracks). On
16 December 1969, one alrcraft exp.rienced a failure of the left outer wing. The location of the
failure is shown In Figure 7(A}). On 26 February 1970, a second aircraft experienced a failure of
the left outer wing (See Figure 7(C) for crack location). On 1T March 1970, a third aircraft sustalned
a fallure and loss of the rlght outer wing. This fallure Is also shown in Figure 7{E}). Two typical
cases of skin cracking that did not result In complete fallure are alsoc shown in Figure 7(B) and (D)
The fllght hours on each aircraft, respectively, were 1,700 hours, 1,259 hours, and 464 hours. The
fatigue tests demunstrated the outboard lovwer wing skin to be fatigue sensitive. However, during the
test programs repalr straps were [nstalled as soon as cracks were observed. For this reason, little
is known about the crack propagation rate gnd residual life of the part once a crack begins. Assuming
complete failure of the part at the time of crack discovery a very limited correlation is possible.
The cracks began, on the average, at 20 spectrum test blocks (2000 hours}. The baseline life is
related te the 27 spectrum test block failure of the luwer skin of the center wing section. VGH data
gathered in 1965 In TAC indicate 23 service life of 4,800 hours (including a scatter factor = 4,0),
VGH data gathered In operational aircraft during 1969 resulted In service 1ife estimates of 1,740 hours
(with the same scatter factor). Ratioing these figures by 20/27 gives life estimates for the outer
wing of 3,560 hours for operational training and 1,290 hours for actual operation. From this we
conclude that, while the second aircraft failure correlates rather well with test data, the other two
fallures were each highly premature, The poor correlation Is further demonstrated by the fact that
some of these aircraft had accrued over 2,200 operational hours with ne sign of failure. in order to
prevent additional failures of thls type all outer wings have been reinforced as shown in Figure 8,

C. Fuselage Station 303.62 Bulkhead:

This bulkhead [Figerr 7. srovides the means for tying the fuselage to the wing at the main
spar. A sheat metal seal is attaches : - .. Lolkhead By @ series of §/32 inch rivets. The lower most
fastener hole has besn demonstrated in cyciic test to be Tatiguebsenzitive, In June 1970, one of the
speclal mission alrera®t experienced & crack through the eritical fastener hole, This aircraft had
accumulated 500,01 hours prior to mod|fication and had flown 320.3 hours in the specicl mission sguadron.
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it had been used in the most damaglng speclal mission role and had been subjected to the severe

speclal mission flight profile shown In Figure 4. Following the grounding of this aircraft for

repalr, another alrcraft vas moved Into that role. By the close of 1970, this second alrcraft had
accumulated 446,7 previous general usage hours, 178.8 hours of normal speclal mission usage and 280.0
hours of most severe usage, Ourlng the January 1971 malntenance Inspection of these speclal misslon
aircraft, all were inspected at the FS 303.62 bulkhead, An eddy current inspection revealed that the
two severeiy used alrcraft were cracked in exactly the same manner, although one was not as extensively
damaged. As previously mentioned, the fatigue tests demonstrated the fatigue sensitivity of this
buikhead., On one test article a fallure occcurred at 52 spectrum test blocks (5200 hours). A second

test artlcle failed at 73 spectrum test blocks (730C hours). As a conservative measure the manufacturer's

analysis 's presently related to the 52 spactrum test block failure., Some very brief element tests
were also conducted to dovelop factors for analytlical adjustments to the basic fatigue analysls to
account for the negative loads experlenced and not simulated in test, Ouring the ezrly part of 1970,
one of these aircraft had had a faulty VGH recorder a-d, as a result, only a limlted amount of VGH data

was gathered, At the time of crack discovery, the n/N fatlgue damage was estimated at , .31, By applying

all factors to the analysis of the second alrptane, a fatigue damage level of ,227 was computed in the
bulkhead. When these alrcraft came In for Inspection In Oecember 1371, all FS 303.62 bulkheads were
modified in order to reduce the fatigue sensitivity of that member. All fleet aircraft will recelve
rework of the bulkhead. This after-the-fact anmalysis Indicates that, applying a scatter factor of 4 to
these damage calculations, one could have expected failure.

While the airframe has recelved substantial cycllic testing and possibiy all major fatigue
sensitive areas have been identifled, it is evident that the testing to date and the present analysis
are not adequate to accurately predict service life of the aircraft. A large contributing factor could
be the lack of negative load cycles in the test spectrum used, Thls statement is substantiated by work
denc at the US Naval Alr Engineering Center at Philadelphia, Pa. in thelr report NAEC-ASL-1i07
(AD 816653}, 3 April 1967 (Keference 3), the effects of Including negatlve loading 1n the flight
spectrum for a typical fighter wing are evalusted. The report shows that including negatlve iocads in
the test spectrum has a very signiflcant effect on the life of the test article {reduction in life by
a factor of about six). Additional information supporting this pesition may be found in Reference 4,
AS0-TR-61-434, dated March 1962, "An Engineering Evaluation of Methods for the Predliction of Fatigue
Life in Airframe Structures", This document cltes the necessity of testing a representatlve airframe
to a representative spectrum if the results are to be meaningfu! in helping to predict alrframe service
T1fe.

Fatigue Test Techniques

In reviewing the correlation of test-tu-service fatlgue fa,lures, it is approprlate to also
review the full scale fatigue test tochniques that have developed a'ong with the other aspecis of the
total service life evaluation program,

A brief historical look at the USAF fatigue evaluatlon program reveais the followling trend
mi lestones.

a, The first full scale wing fatigue test conducted by the USAF was on an AT-60 alr-
craft In 1947, it employed a single load levei test technique, automatically cycling from 1G to
limit load for one wing primary bending condltion. The prime purpose of this test was to develop the
concept and test techniques. it never played @ significant part In the fatigue evaluation of this
aircraft in that the aircraft did not experience service fatigue problems of any consequence.

b, The first USAF full scaie wing fatlgque test program conducted ro resolve service
incurred fatigue failures was conducted on the F-B40 aircraft In 1348, Again, 2 single load level
cycling technique was utllized automatically cycling from 1G to limit load for ore wing primary beiding
condition, Tiiis test was successful in Zupiicating all of the service incurred faliures, and suitable
reinforcements were developed to preclude further ser/ice probiems  in this instance a rather simpie
relationship was estabiished, relating test cycles to actual service hours and projections of fallure
made upen this bacle, '

c. Utlilzing these same techniques and the same test cycle service hour relationship,
all of the remainder of this series of alrcraft (F-B4E, G, and F series) were fatigue tested to (1)
preclude service failures, ana (2) project a service life. These programs were successful even though
crude by today's standards.

d. in additlon, thess singie lozd ievel technlques were utilized in fatigue cest
programs for the F-B6, F-89, and F~101 aircraft either to predict fatique life or to develop corrective
measures for In-service fallures.

e, in 1958, the three simultaneous full :cale fatigue tests of B=47 aircraft represented

the USAF's first series of full scale tests utilizing a "spectrum" type test loading. in this case, an
average or "typicai' mission was developed, each aircraft in the fleet was assumed to fly this "average!
missicn, and the test loads developed as a representatlve blocked spectrum of varlous Toad exceedances,
two gust levels, and GAG. Test loads were "layered" or applied In sequences of repeated layers
representing some percentage of the total service iife being simutated. These tests, cioseiy followed
by similar tests on the B~52 serles aircraft ushered In the first formal USAF requirements fur specific
vervice life in its aircraft, and a suitab!' structural integrity program of analysls, test, and

se'vice lcads monitorlng to assure expected service 11fe (Reference 1).

f. From this foundation, and the requirement as discussed in Reference 1, along with
the requiremerts of US mllitary specificatisns series MiL-A-8860, dated May 1960, the majority of
recant Alr Force aircraft have been evaluatad (full scale fatijze test wise) on the basis of blocked
spectrum load tests, Including appropriate negative and positive loads, utilizing typical mission
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spectra made up from "historical' load exceedance data, it Is from this basls that most of our
correlation of test-to-service has to be made.

g. In the mid 1960's, it bacame more apparent that the capabillty of a wide variety
of mission usage In the higher performance military aircraft could result in significant varlations
In experimental life determinations, depending upon the selectlon of mission mix used in the evalaation.
Reference 2 in discussing the transport '"'"A' example makes thls extremely clear, In addition to the
efforts to establish our historfcal load exceedance data on a misslon segment basls, improvement in
full scale test technlques, primarlly In the ready availabllity of off-the-shelf equipments for
extensive variability In load programming has ied the USAF to now require that our full scale fatlgue
tests be conducted on a flight-by=flight basis, utllizing a "best estimate' usage bullt from estimated
fleet operation 1n the varfous mission segment proflles, {Reference USAF Speclficatlon MiL-A-008866
(USAF), dated 31 March 1971).

With the exceptlon of the examples discussed in Reference 2, the USAF is just now completing
somz alrcraft test programs utlilzlng these newer procedures and we yet do not have the service experience
to gather any service data. Perhaps these latter tests will exhibit a "better" test-to-service corre-
latlon.

In reviewing thls historical sequence, and considering our past successes and failures, the
authors feel some test trends are being establlshed. These are as follows:

2. The capability exists, with currentiy availuole test techniques and equipments,
to very accurately simulate In full scale test the loads representation of the selected aircraft usage
(i.e., fllight-by-flight, random icads, including proper sequence of pertinent damage segments such as
GAG) .

b, There wlli always be economic problems to contend with In terms of test cost and
duratlon, and In making the trades assoclated with these economics one should roughly consider alrcraft
as falllng into two general classes: (1) those maneuver critical such as fighter and attack, and
{2) those gust critical or GAG critical such as the large bomber and cargo alrcraft, Perhaps more
Yeeway can be taken In extensive test load camplexity on the fighter type aircraft, but here again
the most "'sensitive' features must remain.

c. The secret of success, In our opinion, is the validity of the input usage load
history == particularly, how will It reflect the significant variation in specific mission segment
usage for the particular alrcraft in question?

d. Be.ause of the ready availability of the advanced test techniques mentioned above,
maximum advantage should be taken of these techniques and equipment. There is enough evidence, both
in our own USAF experlence and asscciated R&éD programs, along with substantlal similar information
from the many NATO nations, that one can encounter significant undesirable effects of test simplifica-
tion and load truncation. While these effects can, in some instances, be accounted for there are
always "'nagging unknowns' and some loss of credibility Tn the results. We do not feel that there is
the general justification now for these short cuts.

1¥,  CONCLUSIONS

1. The new data on Fighter Bomber C is added statistical Information toward the continuing
attempts to study the proclem of correlation of test results te service experience. The data does not
appear, in itself, to provide anything nuw. it exhibits the same highly inconslstent initial
correlation, yet In certain Instances where actual usiage data were available, reasonable correlation
could be obtained.

2. The suthors are convinced that the lack of abillty to lnitially forecast the aircraft usage
can prevent good correlation between initlal fatique test results and eventual service l11fe. For thls
reason, the fatigue test must serve as a damage index and the eventual life predictions must be based
on a good knowledge of acLual fleat operation.

3. The accuracy of correlations can be improved by assuring that tests are made to realistic
spectra, on a representative specimen, using the best test techniques available (fligzht-by-flight
loading using random load spectra).

k. Farly acquislition of measured operatlonal usage data is necessary to provide the basis for
early fleet iife prediction to minimize operational fleet problems.
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ON RESIDUAL STRESSES DURING RANDOM LOAD FATIGUE
By

FIND ROTVEL

The Technical University
of Denmark
Dept. of Solid Mechanics
Building 404
Lyngby, Denmark

ABSTRACT. The effect of scme techniques used to increase the fatigue strength is due to the favourable
residual stresses that are :reated in locations with high fatigue stresses. The purpcse of the present
paper is to discuss the s'gnificance of these technigues when the loads vary randomly. Data are presented
from randsm fatigue tests on normalized carbon steel with 0.7 % carbon. In notched specimens a preload
beyond the yield stress induced residual stresses around une noteh. The residual stresses were messured
with an X-ray measuring technigue at intervals durins the fatigue loading. Results from broad-bard and
rarrow-band stochastic loading tests are compared with constant-azplitude sinusoidal tests.

LIST OF SYMBOLS

c Clipping ratic

e Neminal strain

Fo Yield stress (0.2%)

Kty Elastic stress concentration factor based on net area
K '=¢/e Plastic strain concentration factor
Ke=o/s Plastic stress concentration factor
mix) Mean value of x

m as subscript Mean value

n Number of maxima

rms as subscript Root-mean-sgquare value

5 Nominal stress

s{x) Standard deviaticn of x

€ Strain in notch

£p Plastic strain

o] Stress in notch

op Residual stress

%R0 Residual stress before fatigue lecading

Compressive residual stresses have often been shown to increase fatigue strength.
To make practical use of this several technological processes {e.g. cold roclling, shot
peening, grit blast, stretching of notched details} have been developed, that induce
favorable residual stresses in areas with high fatlgue stresses. The processes mentioned
have in common that residual stresses are created by locally lcading the material over
the yleld stress. Generally the processes can only be used in the high cycle (low stress)
range, where the width of hysteresis loops is small. In the low-cycle range the large
plastic strains quickly relax the residual stresses.

Local yielding may affect the fatigue strength in two ways:

1} (smpressive residual stresses are created, which increases the fatigue strength in the
sam-. way as mean leading stresses.

2} The plastic deformation may strain harden the material, which also may increase the
fatigue strength.

Of primary importance for the appiication of these methods is the stability of the
residual stresses. The stability depends on many factors the most important of which are:
The static and dynamic stress-strain curves, stress cradients for loading stress and
residual stress, mean value and amplitude of loadinc stress, tri-axiality of licading
atress and residual stress, The «ffect of and the r Jnlems related to the application of
local yield wmethods of increasing fatigue strength ave been investigated by many authors,
e.g. ESOUIVEL and EVANS |1], ™IN! |2|, NELSON et al. |3|, MATTSON and ROBERTS |4). All
these authors used sinusoidal loading.

Stochastic loadings are expeted toc pe more dangerous to the stability of induced
resjdual stresses, because one single high or low peak may drastically change the residual
stress distribution. Tests reported by IMPELLIZERI |5| and KIRKRY and EDWARDS |6|
deronstrated how omission of high ' ositive peaks in variable amplitude loadings rasulted
in lower life. The results were e)plained by assuming the high peaks to maintain the
restdual stress at a high levei. Jmission of the high peaks should result in fading of
residual stresses. Stocharctic lcadings were therefore included in the present tests.

To obtain a well defined residual stress fFistribution notched specimens were
preloaded axially beyond thne ' ield stress.

TESTING APPAFATUS

All fatigu. tests were carried out on a MTS cloused-loop testing machine with 170 kN
load capacity.

The stochastic command signal for the testing machine was taken from a pseudo-random
nnise generator through a set of parallel 1/3 octave filters made according to IEC 225
standard. The signal from the noise generator varied in apparently stochastie, but in
reality pre-programmed manner. Aftec a certain period of time the same signal was repeated.




&2

The length of the period could be varied by changing the freguency in an external signal
generator, The ncise generator signal was approximately gaussian distributed, and its
PSD-shape (power spectrum density distribution) was flat down to DC. The upper cut-off

frequencyr (3 dB) was 270 Hz.
Tha 1/3 octave filters shaped the noise generator PSD-~distribution to the two
shapes used for the loadings in the tests: narrow-band and broad-band. Some data for

these PSDh-shapes are rnllectcd in table I.

TABLE I, Data for stochastic command signals.

Narrow-band Broad-band
Frequency cf maxima 25 46
Frequency of zero-crossings 25 38
Lower cut-off freguency 22.3 4.5
Upper cut-coff frequency 28,1 56.1
2 U /U 4.3 4.5
Clipping ratio C{ max’,  rms
Umin/ rns 4.3 4.0
pla}
& V2 Hz
{4+
a4
1
" 054
L2]
!
a1
L
8 — + p—— - b ——} '”Hﬂ
ok ¥ =1 =l 0 ! i 1 L]
10‘ 102

Fig. 1. Probability .ensity distribution of Fig. 2 Power spectrum density distribution

broad~band command signal normalized to give for broad-band loading measured through 1/3

unit area under curve. octave filters. Normalized at maximum. OCut-
side the shown frequency range the power
spectrum was tess than 1079,

a) Narrow-band [ ;I second F b) Broad-band
Fig. 3. rzamples of waveforms for narrow-band and bread-band command signals.

When investigating random load fatigue material properties, programmed loading is
an advantage, firstly, because the spread in the test results only is due te a spread in
material properties, and, secondly, because a lcading may be reproduced at a later time,
Also it is possible to stop the fatigue lecading in a certain place in the signal pattern
to do some investigations on the material, and later on continue the fatigue loading from
the same place in the pattern.

Rms-values of load was measured on a true rms-voltmeter with DC-cutput using a time
conrtant of appreximately 300 seconds. Measuring time was 20 to 30 minutes.
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X-RAY MEASUREMENT OF RES[DUAL STRESS

Residual stresses were measured by an X-ray method, because this is a non-destruc-
tive and absolute measurement of elastic strains from which, assuming Hookes law to be
valid on the microscopic level, the elastic stresses may be - .mouted, As the method of
X»ray stress measurement is well treated in the litterature (e.q. 17], i8], |9, J16])
only a short introduciien will be given here.

A set of crystal lattice planes reflects X-rays only if the Bragg equation

n*x = 2+d.sin o (1)

is fulfilled. In eq. {1) n is an integer, A is the wavelength of the X-rays, d is
the distance between lattice planes and © is the reflection angle (see fig, 4),

¥,=0

Fig. 4. Reflection of X-rays from polycrystalline material at two angles of incidence @

Differently oriented crrstals contrikutesn to the reflected intensity at different
y-values,

A state of stress changes the value ot 4 in diffcrent directions ¢ in “he
material, and this again changes the angle of reflection as seen from eq. (1}, “he stress
parallel to the surface and in the plane of the paper on fig., 4 can be computed hy

1
2 cotd; z l*2.c0t By
g = = ={2dz=28,) - + {20;-28,) {2)
s2(sin?yy-sin?y,) B

ks is a constant of proportionality, which for some combinations of material and wave-
le%gth can be approximated by the macroscopic constants of elasticity

ks, = —2 (3

For azcurate stress measurements is has to be measured by using known loadin7 stresses.

The value of %s? is sensitive to piastic deformation as shown by FANINGER [11] and

TAIRA et al. 1127. Tn the prosent tastg the zame value hé&s been used four all measurements.

Table II summarizes data for the X-ray stress measurements.

TABLE II. X-rav lata,

1 Target: Cr

X-ray tube {Vbltage: 30 kv
Current: 490 A
Filter: Va

Detection Detector: Proporticnal
Pulse-heigth discrimination

y~angles 0 and 45°

Intensity line {211) at 20=156°

Constant of proportionality §52=5.0-10_6 mz/MN

The irrudiated area of the specimen was approxiinitely 1 mm times the width of the
specimen (6 mm), and the measuring accuracy of motch stresses was ~+ 20 MN/m*“,

Ia microscopically heterogeneous materials a plastic straln creates microstresses,
even Lf the loading stress is uniform. Microstresses arc stresses that are in eguilibr ium
over distances of the order of grain diameters. X-ray measurcments hy KOLB |13|, TAIRA
and YOSHIOKA |14], BOLLENRATH et al. [15] and othe.s have shown, that microstresses both
hroaden the intensity lines and shiit the whole iine on the 20-scale in the same way as
macrostresses. Whenever plastic strains are involved it is therefore not always possible
to distinguish between macro- and microstress in an X=ray stress measurement.
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The broadening effect of microstresses is due to the microscopically inhomegeneous
deformation. Scme c¢rystal areas have large strains, while others have smali. Bach crystal
area contributes a small intensity that is shifted ar angle accordirg to the strains in
the area, When summing all the small intensities to the total reflected intersity, the
result is an increase in line breadth.

Since microstresces are in equilibrium over smell €iscanies compared with the
irradiated area, the line shifts from all small areas .nighl be ¢xpected t¢ annihilate
each other. MACHERAUCH [16| explained the shift to be due to the selectivity of the X-ray
measurements. Only crystal planes oriented near the correct reflection poaition as
determined from the Bragg eq. (1) contributes to the reflected jintensity. Therefore, all
reflecting planes have nearly the same orientation in relation to planes of fuximun shear
stress in the material, where dislocation movements are most intensive.

Fig. 5 shows microstresses measured on the surface after plastic deformaticn with-
out stress gradient on the material used in these tests. That the stresses really are
microstresses is evident from fig. 6, which shows residual stress versus <depth. A macio
residual stress would have caused the measured stress to decrease with increasing
distance from the original surface. The resualt in fig. 6 disagrees with results from
¥OLB |13}, who found a steep stress gradient at the surface. Pussibly a difference in
specimen shape explains the disagreement, the cross section being rectangular 6x20 mm in
these tests and cylindrical in the tests by Kolb. The stresses in fig. 6 were measured
on the narrow side of the specimen.

0 1000 0 05
0 — — 0 N e e Distance
¢ (MN/m?) from original
i 4 surface (mm)
~500-L @ (MN/m? e s e e S L3 -m&—d(MNMRJ
R :' 0 ' 235 8 P R
Fig. 5. Residual stresses measured on the Flqg. 6. Stress distribution in
surface after plastic loading. depth measured after removing
surface layers by electro
polishing,

MATERIAL AND SPECIMEN

The material was a Swedish carbon steel Bl4 (appr. SAE 1064} for which appropriate
data are given in table III. After a softening heat treatment, ‘the specimens were
machined according to fig, 7 with exception of the notch. The specimens were then given
a normalizing heat treatment in protective atmosphere to avold decarburizing, and the
notches were milled. Finally, an electropolishing removed 200 um of surface material
with stresses from the milling. The resulting roughness depth was appr. 1 um in the
notch.

TABLE III, Material data.

Chemical compgsition 0.78C, 0,25%81i, 0.30%Mn, <0.035% P and §
Macre yield stress 449 MN/m2

Engineering breaking strength 870 MN/m

True fracture stress 1100 MN/m2 | 2verage of two specimens
Area reduction 18 %

Vickera hardness 240 * 15

The notch facter had to be kept relati-elv ¢mall to minimize siress variation over the
irradiated area.

The specimens were milled and electropelished in randomized sequence. Also the
allocation of specimens tc different fatigue load combinations were randomized to avoid
bias in the results.

As nearly always in chese kinds of tests the purpose of heat treatment, machining,
and electropolishing was to make ldentical specimens free from residual stresses. This
was not quite sg:iceeded as seen on fig. 8a, which shows residual stresses con specimens
after fabricatiou. Betore electropolishing residual stresses were greater than 500 MN/m”“.
Thus the electropolishing removed most of the residual stresses from the machining.

Reversing the order of machining the notch and normalizing might be expected to
give smaller residual stresses, but some tests with reversed order doubled the mean value
and the spread of residual stress. The reason for this is ascribed uneven cooling rates
in the specimens in normalizing treatment.
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Fig. 7. Specimen used in fatique tests. Ky = 1. 69 computed from EETERSON |17]. All
measures in mm. ’

RESIDUAL STRESS AFTER PRELOAD OF NOTCH

To have any effect the preload had to be higher than the highest peak :in Ehe
loading in fatigue tests in the high cycle range. A prelcad of K,+s = 810 MN/m“ was
chosen. Table 1V tabulates nominal rms-values of stress in the noIch, K,.*5 : for
which the maximum load is egual to the preload. Preload ¢can only tncreasd fs@igpe
strength for rms-vilues below the figvres in table IV. On account’' of the relatively
small notch factor necessitated by the X-ray measurements the nominal stress s became
higher thar the yield stress.

TABLE IV. Nominal notch stress KT-srms‘ giving the same maximum lcad as preload.

Stress in MN/mz Broad;band Narrow-band’ Conétant-amplitude sinusocidal
5 =0 180 i 188 573
Ry B =255 123 129 390

Fig. 8 shows histograms of residual stresses o before and after preload.
Comparing fig. 8a with 8b it is seen, that prelcad dogs not decrease the sprzad in
residual stress though material yielding is generally expected to have a smoothing
effect on residual stresses. A plot of ‘R before prelcad against % after preload
showed no correlation at all.

al Atter electropolishing : number df specimens

' mig) e 77 M

=

1 sidg) = 50 MN/m2

: ] |
' | r"fﬂ—i || L1 A . o‘RmmnF)

-300 -200 -100 0 100

b) After preload Kr'sm " 810 MN.Im‘2 number of specimsns
2 m{de--ztl.MNIrrlz
s(d)= 53 MNm?

R W] | et G MNP
=300 ~200 =100 0 100
Fig. 8. Residual stresses measured after slectropolishing and after prelvad.
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TOFPER et al. |[18| proposed a theory for computing locai stresses in a notch, They
started from a formula given by NEUBER |19] for local stress strain behaviour in a notch

A €
K'I' " Ka Ke “8'e (4]
where is the theoretically elastlc stress concentration factor, K _=g/8 is the plastic

stress cbncentration factcr, ¢ is the local stress and s 15 a nomindl stress based on
the net area, K =c¢/e 1is the plastic atrain concentration factor, where analogously e
15 the local stfain and e is a strain correspondinc to s .

According to Neuber eq. (4) is valid for an arbiltrary stress strain curve.
Rearranging eq. (4) gives

(eve) = K2e(sve) (5)

The right hand side of eg. (5) 1s supposed to be known, By trial and error a peint oun the
stress strain curve 1s sought where the product of stress and strain equals the right
hand side.

IMPELLIZERI |S| proposed a graphical method of solution to eg. (5). In egually
spared points on the stress strain curve of the matevial, corresponding values of stress
¢ and strain e 1is read. The product o+e¢ is computed and drawn as function of ¢
(sce fig. 9 which also shows the stress straln curve for strains less than 4%). In a
notched specimen with given and given s , s'e may be found on the o+e-curve,
whereafter o+¢ in eq. (5) ma9 be computed. By again using the o-:e-curve the local
stress o may be determined.

The residual st.ress %% in the notch after unloading to s=0 1is

0, = 0=Kp,*$ (0

R T
if the unloadling stress-strain curve is lirear. If not, the same procedure as outlined
acove should be carried out for the unloading curve.

Fig. 10 shows residual stress as function of nominal maximum preload stress, as
predicted by the theory above. Due regard has been taken to nonlinearity in unloading,
The theory implies that preloading with a nominal stress s just beneath the yield
stress gives the largest reslidual stress attainable.

800 ; g IMN/m?)

100
00
500+ 6L
oo t
00
100
100
[ = s —_—ee——i £
[T 0,02 0493 0,04 =
—— e 4 4€ (MNIM®)
[ 1] il 10 i

Fig, 9. Part of stress-strain and stress times strain curves.

The use of local overloading of notched detalls may thus be expected to have the
greatest effect for large values of and for materials with linear unloading curves
both these conditions giving larger re3idual stresses.

fesidual stresses meusured after preloading to various nominal notch stresses are
plotted for comparison with the theory on fig. 10. The agreement i§ reasonable for
nominal stresses below the yield stress, but higher nominal stresses give large deviations
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Fig. 10, Resldual stress after prelovad computed from Neuber theory and compared with
measured resldual stresses. Each measured cR—value 1s an average of 1 measurements,
i being the number besides the points.

from thecory because mlcrostresses are created. It is not possible to determine the size
of microstress from fig. 5 uslng the maximum lecal notch stress, because the reversed
plastlc deformation during unloading is greater in the notch than on the notch free
speclmen used on fig., 5.

RESIDUAL STRESSES DURING FATIGUE LOADING

Resldual stresses measured during fatlgue loading are shown in flg. 1l. Each peint
on the curves s the average of the stresses in the Lwo notches of the specimens.

An arrow at the end of a line indicates a crackfree specimen at the lnstant of
measurement. The line stops either because the speclmen later on fractured totally or
because the fatigue testing time became prohibitively long. A ¢ at the end of a line
indlcates that one or more cracks had developed. The abscissa is the number of maxlma.

In th- stochastlc loadlng this number was computed as time in seconds times the
frequency of maxima takeu from table I.

The stresses In fig. lla, b and ¢ were all measured after 1, 10, 100 or 1000
periods of nolse, each perled equalllng 200 seconds. Thus the loading stopped in the same
place in the sisnal pattern, causing the material to be in the same place in the hysteresis
loop. These measu.ements are therefore representative for the varlatlon of the mean value
of the residual stress.

In fig, lla, b and d representlng tests with preload the measured residual stresses
are constant on the average through the fatigue life. Remembering that what 1ls measured
is the sum of macrostress and microstress, the residual stress variations duri=g fatigue
loadlng bec-me more complicated. The X~ray measurements showed that tne breadth of the
intensity lines decreased wiih increasing number of cycles, i.e. the spread of mlcro-
stress decreased, The decreas~ of the spread is accompanied by a decrease or the mean
value of microstress, which ! . easured together with the macrostress, but how fast and
to what extent is not yet known. If the Neuber theory correctly describes the stress-
strain behavlour in the,notch, the macrc residual stress can be taken from fig., 10 tc be
appruximately ~120 MN/m® after prelcoad. Macroustrass plus microstress being constant and
microstress decreaslng during fatigue loadlng means that the macrsstress 1ls increasing.
it is not pmssibie vo lndicate significant differences for the three kinds of loadlngs,
either in mean values or in standard deviatiors.

Fig. llc shows the variations in residual stress for the case of narrow-band
stouchastic loading with no preload. Here one observes a steaay increase in residual
stress which finally Lecomes numerlcally egual tc the mean stress in the notch with
opposite sign.

kesidual stresses measured within 10 seconds from high peaks of the loading in the
first perlod of noise on fig. lle confirm the following observations:

1} In prelcaded specimens loaded with zero mean stress the residual stress drops quickly
to zern.

2) In specimens with no preload, the residual stress gqulckly changes to the applied mean
stress with oppesite sign.
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Fig. 11. Rkesidual stressas measured during fatigue loading. All stresses in MN/mz.

This means that independent of th:: applied mean stress the notch material will be loaded
| with a resulting mean stress {i.e. sum of residual stress and applied mean stress) near
B 7zerc during the main part of fatigue life.

The rms-levels used in fig. lle are in the high-cycle range as seen on the s-n-
curves on fig. 17.

VARIATION OF RESIDUAL STRESS IN THE HYSTERESIS LOOP

When Jdiscussing changes in residual stresses cyclic stress-strain curves are very
convenient. The curves were here measured according to a method demonstrated by LANDGRAF
et al. :20 . A specimen was loaded with ten blonks of strain-controlled cycles, each

biock containing 10 cycles with increasing or decreasing amplitudes. Fig. 12 shows the
stress—~strain behaviour in the 10th block.
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Fig. 12. Hysteresls loops measured on notch Fig. 13. Single stable hysteresls loop for
free specimen under strain control. notch materiil showing residual stresses
after unloading.

When fatigue stresses are high enough to cpen the hysteresis loops, the reslduval
stress 1In the notch found upon unloading depends on how the loading stopped.

Let the hysteresls locp in fig. 13 represent a stabilized loop for the notch
material loaded with constant-amplitude and zero mean stress. The loop tip curve is a
curve through the tlp of loops in fig. 12. Depending on the last peak being a maxlmum or
a minlmum the residual stress measured after unlocading will be either Ih1 OF 94y The
point Al is found by trial and error such that

oy, 7a1t s lepmeay? = topymagd s lepgy=ee) (7}

according to the Neuber theory. Point B is found analogously. If the loading stops
before the stress reaches a maximum or minimum, the residual stress may attain any value
between o and Tny
A loQ&inq mean étress narrows tne range of possible residual stress values. The

X-ray measurements showed, that for the material used here, the notch materlal stabilizes
such that the resulting mean st.ess is zero during fatigue loading, i.e, the same loop as
i shown on fig. 13 is applicable. When stopping the amplitudes, the sum of resldual stress
' .nd mean loading stress in the notch therefore aga n may be anywhere on the curve A0 Bl .

Unloading the mean stress moves this curve down over Azozﬁ2 t> C depending on the slzé

of mean stress and thus decreases the range Lo =5 _=0.°.

To evaluate the range for a stochastic logd E sﬁe:imen was first loaded for 200
seconds with broad-band loading (Kpes 7106 MN/m”) to stabilize the material. Residual
stress.'s were then measured before and"Sfter static loading wo the maximum and minimum
of the fatigue load. Table V summarizes the results. Each measured value is the mean of
the stresses in the two natches of a specimen.

In spite wf the large possible variations in 4 as seen in table v the fluctua-
tions in the meusured = values in fig. lle are vepy small even :{ thesSe measurements
were taken withln 10 secBnds from the largest peaks.

It is therefore concluded that the material always stops near the center of the
loops because the material in random leoad fatigue continuously shifts from one nearly

: concentric hysteresis loop to another. This again implies, Lhat all X-ray stresses are

| measured near the center ¢f the loops and therefore Indicate the mean value of residual
stress.
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TABLE V. Residual stresses atter peaks. K 'srms=1°6 MN/mz. Broad-band.

T
Stresses in MN/mz KT-sm=0 KT-sm=255
g, after 200 sec. fatigue ~14 =242
loading
9 after KT'smax -88 =276
9 after KT'smin 101 -174
Range Bap=0p=d, 189 102

RELAXATION OF RESIDUAL STRESS AFTER PRELOAD DUE TO NEGATIVE PEARKS

After prelcocad the material in the notch may be in a state corresponding to point
A on fig. 13, only the hysteresis loop corresponding to the preload is much larger. A
pgsitive loading stress is not dangercus. i.e. it will not make the residual stress more
positive, but a negative loading stress is very harmful to the residual stresses because
the notch material comes into a more horizontal part of the loop curve.

The releation of residual stress due to negative peaks after a preload of
KE.S=810 MN/m” was determined theoretically again using Neuber theory and the actual loop
clirve as is shown on fig. 14. The curve on fig. 14 explains the rapid changes of residual
stress measured on fig. lle in the two casec with *s_=0 , The minimum nominal notch
stress was here =420 MN/m” giving a complete relaxation of macro residual stress accord-
ing to fig. 14.

(MN/md)
+100

=200 =100

K IMN/m?)

1 -100

Fig. 14. Relaxation of residual stress after prelcad due to negative loading stress.

RELAXATION OF RESIDUAL STRESS DUE TO CYCLIC CREEP

In fatigue Le3l3s wWill non'Ze€dy mean 3liessed un wuuvilltlicd specimens, 1t ls oiten
observed that the mean strains change with an increasing number of cycles. This change
is called cyclic creep. In noiched specimens cyclic creep alters the residual stresses,
because the creep relieves the stresses in the notch.

To describe the relaxation of residual stress due to cyclic creep in sinusoidal
loading IMPELLIZERI |5| proposed a relation which using the notation from the present
paper is written

. ch

=l a'aR-c'c/F {8}

ty
where n 1is the number of cycles, a is an ernirical constant and Fty is the yield
stress (0.2% proof stress)., Integrating eqg. (8) from n=0 yields
g
E_B = exp(’a-n-~-z/Pty} (9)
Ro
where o is8 the value of o at n=0 .

Rc R
The X-ray measurements have shown that the driving force behind changes in residual
stress is the sum

ig * Kprso (10}

The residual stress stop changing when this sum becomes zero. When using the sum instead
of just op ©d. {9) becomes
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The curves on fig. 1llc and two curves on fig. lie show how the mean value of
residual stress build up in originally almost stress free spscimens during fatigue
loading. In all but one (the one which had K rs___=122 MN/m“} of these curves, the
maximum nominal stress did not exceed the yier Ef¥ess. The plastic strains were then
small, making the microstresses small. The four curves thus show the relaxation of macro
residual stress.

To facilitate compariscn the curves wWere replotted on fig. 15 using thes left hand
side of eq. (ll} as ordinate and log{n) as abscissa.

All parameters in the exponent in egq. (11) being approximately equal for all ®-ur
curves they were gathered in a single parameter

K = a-c-e/Fty 012}
To check the validity of eq. (11} for random loads, K was,computed such that the
theoretical curve fitted the experimental average at n=10" ., The theoretical curve was
then plotted on fig. 15 (the dotted curve}, and it is seen that the agreement i:: bad.

le. L2 Kr‘

Fig, 15, Normalized relaxation of residual stress,

The measured relaxations suggest another empirical relationghip

g +K s

R'T "m n
—— = - 1n(——=}/1a(1+K) {13}
UR0+KT sm n+K
where
K= Kic . £ (14}

rmst Kpr Eeyr ©

The function on the right hand side of eq. {13} has the following desirable properties:
1} It is equal to unrity for n=1 .
2) It approaches zero as n approaches infinity. 2

To test eg, (13) K was computed to fit the experimental average at n=10" . When
plotted on fig. 15 {the dot-and-dash line) good agrecment was obtained. More toasts are
needed to estimate *he function K in eg. (14}.

rms

STRAIN GAGE MEASUREMENTS

The variations in residual stress in fig. 11 may be divided into two parts. The

first part is due to the highest peaks exceeding the compressive or tensile yvield strength.

Every time a peak arrives that is higher than the previous peaks there will be a jump in
the residual stress. The second part is due to cyclic creep.

To illustrate this fig. 16 shows continuous strain gage recordings from the notch
material in narrow=band loading.

The measuring length of the strain gage was 0.75 mm. At four diffeﬁent rms-levels
the specimen was first loaded with s_=0 , thereafter with K.+*s_=255 MN/m”~. Each loading
lasted % hour. During this time, the mean value of strain was Elotted by placing a low-
pass filter with time constant of appr. 1 second between strain gage apparatus and
plotcer.
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Ai the first loading (i.e. K *s =83 and s_=0) the change in mean strain is small,
because the residual stress before %heIQESt was nedr zero.

in the beginning of all other curves a very characteristic pattern appears. Each
time a large peak arrives, the strain increases stepwise, Between the peaks the strain
changes smoothly. The rate of change decreases with increasing number of cycles,

The symmetric appearance of curves measured with the same rms-value but different
mean~value is due to narrow-band loading being ussd. The steps in the curves are caused
by positive peaks for the case of KT-s =255 MN/m” and negative peaks for the case of
K,.*s =0 , But in narrow-band loading po@itive peaks and negative peaks of nearly the
sime®size are neighbours as may be geen on fig. 3. The time difference between a positive
and negative peak is therefore too small to be detected on fig. 16.

At large rms-values the larger cyclic creep is observed for positive mean stress.
This indicates, that larger w:aterial volumes are loaded high enough to creep.

Measurements of the kind shown on fig. 16 involving both creep and fatigue loading
is a critical application for straln gages. There should therefore not be placed too :
much confidence in the exactness of the strains, although it is believed that thuy give &
correct trends. The change in mean strain cannot be used to determine change in residual i
stresses because the strain variations increase with increasing rms-level whereas the
change in residual stress is nearly the same and equal to the change in local mean
loading stress for all loadings as shown by the X-ray measurements.
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Fig. 16. Strain gage measurements of mean strain varliation of notch material during
narrow-band lcading.
FATIGUE TEST RESULTS

The results from the fatigue tests are shown on fig. 17. The bulld-in error
detectors in the MTS-machine were not sensitive enough to avoid complete ruoture of the
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specimens. This was undesirable because X-ray measurements were impassible on ruptured
specimens. The fatigue tests were therefore stopped by a crack detector working on the
Eddy~current principle. The sensitivity of the Instrument was adjusted to stop the
fatigue loading when cracks of appr. 3 wm length on the surface had developed. The time
from a crack of this size had developed and until final fracture, was only a small
percentage of the total life time. Therefore, variations in crack length on stopped
specimens did not increase the spread in lifetime significantly.

All tests marked with an arrow on fig. 17 indicate that no cracks were aobserved.
These tests were retested at a higher stress-level, but all retests had a lower life
than corresponding tests that were not retested. Therefore, the retests were not plotted
on fig. 17.

The spread in lifetime were estimated by computing the variance, where two or more
specimens were tes-ed with the same loading conditions and same rms-value. Except for

one pair in fig. léc near the fatigue limit, all variances were pooled and a standard
deviation of s(n)=20% was obtained.
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Fig. 17. K_'s vecrsus number of maxima for notched specimens with K _=1.6%3 on steel
Bl4. T “rms T

The X-ray measurements done, preload was no more expected to have any influf ize on
the fatigue strength of the hetercugenecus steel used here, because the resulting me.n
stress (i.e. the sum of loading mean stress and residual stress) was near zero during
the main part of fatigue life. Test results in fig. i7a and b indicate that preload
decreases fatigue life at low stress levels in contrast te what is normally expected.
This may be explained by assuming the dislocatizn mechanisms, which creates the micro-
stresses, to have detrimental effect on fatigue strength. Following this conception,
the microstresses created during the preload are a mesure of the detrimental effect of
plastic strains. The microstresses themselves cannot explain the shorter fatigue life

o iy
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because they fade during fatigue life.

CONCLUSIONS

The highest residual :ztresses after static preload of a notvh are attained when
Kn is large and when the plestic deformation in the notch is small.

In high-carbon normalized steels the residual stress in a notch changes fast
during fatigue loading. The change is such that the sum of residual stress plus meen
loading stress s zero during the main part of fatigue life independent of the resicual
stress prior to fatigue loading. This conclusion applies probably also for other suf:
materials suach as low-carbon steels.

Cyclic creep may change the residual stress more than a single prelcad.

Residual stress relaxation in a notch during stochastic loading caused by cyclic
creap could be described. by eg. {13).,

Microstresses in high-carbon normalized steels created by plastic strains decrease
during fatigue loading.

Plastic strains of a few per cent have detrimental effect on the fatigue streng:ch
of normalized high-carbon steels.
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The Fatigue Life Under Three Differenc Load Spectra
- Tests and Calculations -

Dr. Ing. Walter Schiitz
Industrieanlagen-Betriebageaellachaft mbH
8012 Ottobrunn, Einsteinstrafe, Germany

One of the more urgent problems in the faljgue 1life prediction of military airplanes
is caused by the difference betweea the load spectrum used in the full scale fatigue
test and the load spectrum in service. This may have various reaasons:

- The same aircraft is used for different purposes i.e. ground attack, interception
{composite spectrum}

- Diffarent squadrcns have different squadron duties

- The spectrum changes during the 1life of the individual aircraft because the military
requirements have been altered.

Complex flight-by-flight tests with two types of notched specimens and a bolted joint
simulating a skin-fitting Joint were carried out under three different load spectra
occurring in service of a German military airplane,

It is shown that Miner's-Rule can be used as a trarsfer-function ("relative" Miner Rule)
to calculate the lives with high accuracy for the notched specimens and with less accu-
racy for the bolted specimens.

1. Introduction

Military and civilian aircraft are often flown in service under load spectra different
from those for which they were designed and to which they were tested. There may be
various reasons for this:

« The same alrcraft type is used for different purposes, i.e., ground zttack, inter-
ception ete.

- Jhe spectrum changes at aocme point during the life of the individual aircraft - for
example, because the military requirementa have been altered, Civilian transport
aircraft may also fall into this category: For instance the "Super Constellation”,
a tyre originally designed for high altitude, long range flight, was used as an
"ajrbus" for short range flights at low altitude in Germany during the latter part
of its service life.

- The service load spectrum was not estimated correctly in the first place; the life
calculations and the full scale fatigue test were therefore carried out with the
wrong spectrum,

It is obvlously not possible to do a new full scale fatigue test in all these cases,
but it is necessary to calculate the lives under the different load spectra. For this
calculation, at oest the fatigue life under one spectrum is approximately known from a
full acale fatigue tesi or from service experlence. Using Miner's rule or a similar
cumulative damaga hypothesgis as a "transfer function", the life under the different
spectra can then be calculated; it is nct necessary in this case that the damage sum is
Uiduy @@ pusiluldusd wy miler 517, tut onlv That the damags sum 18 S1miiar ror the var-
ious spectra ("relative" Miner rule). As long as *he spectra are not ioo different,
this assumption might be Justified. However it is hard to decide when the difference
hecomes too large.

Cne way out of these difficulties would be to use a more severe spectrum in the full
scale fatigue test than can possibly occur in service, resulting, hopefully, in a con-
servative life estimation. However, this will penalize the structure weight unduly;
furthermore the question "what is a more severe lcad spectrum?" 1s sometimes not easy
to decide. Truncating the high amplitudes in a flight-by-flight gust load spectrum has
been shown to decrease the life during the crack propagation phase for the aluminum
alloys 2024-T3 and 7075-76 (27 and for the titanium alloy Ti6Al4V /37. But will it also
decrease the life before macroscopic cracks are present? On the other hand proof testing
surface flawed apecimens made of D6 A C did not influence crack propagation under
a programred maneuver load spectrum without ground-to-air cycles, while a similar spece
trum containing several higher peaks did have a slightly retarding effect on crack pro-
pagation lifen§E7. Again contrary to these results, some Air Forces limit the load fac-
tors of fighter airplanes to extend the fatigue life of their structure, if it is in-
sufficient. :

2. Test Program
} cortoin Qermon nilitary aivnlane 2 flawn under two distinct load spectra. A number

bf aircraft is used for Bilot training exclusively, resulting in the srelativily zevere
load spectrum A. see Fig. 1. The remaining airplanes are flown to spectrum B according
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to flight load meusurementa. Spectrum C waa flown during tha first years aftar tha ine
troduction of thia airplana into the German Air Force. Some cracks have occured in air-
plaxies flown to apectrum A in the region of the Joiut betwaen wing skin and the wing.
to-fuselage fitting. The full acale fatigua test waa carried out at the IABG to spec-
trum C for about 1000 flying houra, aftarward- changing over to tha more severe spec-
tru? B. Similar cracks hava been found at the identical poaition as in the aervica air-
craft,

The specicen tests described in the present paper were psrformed to detarmine the affect
of tha three different load spectra A, B and C on fatigue lifa. The raaults were to be
uaed for an improved fatigue life eatimation of the aircraft under apectrum B, starting
from the known fatigue cracks in service under :spectrum A and from tha resulta of the
full scale fatigue test under the composite spectrum menticned above.

Three specimen types, shown in Filg. 2, were used; two of them are notched, with atresa
concentration factors of 2.5 and 3.6 respectively; the third is a bolted Jjoint simula-
ting the region where fatigua cracks were observed in sarvice with regard to type and
torque moment of bolts, distance between the bolt holes, and material thicknesses. The
material for the notched specimens wae 7075-T6, as in the aircraft, For the bolted
joint this material was not available; instead Fuchs AZ 74 waa used, which i3 similar
to 7075 except for the addition of silver. It ia not thought that this change in mate-
rial specifications would have affected the results. Earlier tests by the author /5, 6,
z/ have shown both matarials to have very similar fatigue properties.,

The program for the specimen tests was analogous to the full scale fatigue test, i.e,
it was a complex flight by flight program of 803 different flights averaging 100 cycles
each and consisting of 143 load distributions, taking into account positive and negati-
ve maneuver and gust loads, symmeltrical and unsymmetrical maneuvers with and without
aileron and flaps, three Mach numbers, three configurations, the change in waight due
to fuel burnoff, and taxi loads. The program was repeated after every 803 flights. An
example of wing root bending moment versus time during flight No 11 is shown in Fig. 3.

The nominal stress in the K, = 2.5 specimens simulated exactly (with regard to sequence
and magnitude) the local noﬁinal stress at the surface of the wing skin at fitting No 3
at the wing station in question, as determined by a strain gauge calibration of the full
scale test article, The stresses were reduced proporticnately for the K. = 3.6 specimen
and for the bolted Joint to give about one thousand flights to failure fnder spectrum A.
Fig. 4 shows the stress sequence of two flights, The differerces between the load spec-
tra A, B and C were obtained by increasing the frequency and the magnitude of certain
load cases for spectra A and B as compared to C.

The test machine, see Fig. 5, was built by the IAEG, using a 25 ton Schenck servohydrau-
lic cylinder. It is controlled by a digital computer (PDP-8L), Fig. 6. Details of this
highly successful system were reported to the S/M Panel during the 3ist. meeting in
Tonsherg, Norway zg} and have also been published elsewhere ?57. The testing frequency
was about 25 cvcles per second, resulting in a tewting time oI about 50 minutes for oue
program of 802 tflights. As the specimens failed between about 800 and 8000 flights, see
Fig. 8, the tests took from 50 minutes to 8 hovrs each. Buckling of the specimens under
comprassion loads waa prevented by steel antibuckling guides with Teflen liners.

3. Results and Discussion

The results of the specimen tests are summarized in Fig. 7; for a statistical evaluation
see Fig., 8; for individual results see Tables 1, 2 and 3, which also contain a number
of tescts at stresses different from the main test series shown in Figs. 7 and 8.

The number of flights to failure under spectrum 4 was about 1100 for the K. = 2.5 speci-
mens, which is very similar to the muimber of flights at which the cracks wdre observed
in service aircraft. The ratic of th: gecmetric mean of the lives under the 3 spectra
was

0.7 (A): 1.0 (B): 1.7 (L) for the Ky = 2.5 specimens and
0.5 (A): 1.0 (B): 1.5 (C} for the Ky = 3.6 specimens,

Next, the*life was calculzted by a computer program using Miner's rule, The necessary
SN-curves”™ were determined in the following way: For the Ky = 2.5 specimens they were
linearly interpolated using the well-known NASA data with atress concentration factors
of 1.0, 1.5, 2.0, 4.0 and 5.0 /70 + 127; for the Ky = 3.6 specimen data of the author
for the same material and K+ [“7 were employed, The g.t.a.c. was considered to extend
from the minimum stress during taxiing to the meximum stress in the indiviuual flight.
The following damage sums XInji/Ny at failure were obtained:

0.56, 0,47 and C.48 for spectra A, B and C respectively, for Kt = 2,5 and
0.28, 0.30 and 0.25 for K, = 3.6.

*

In fact complete Goodman diagrams were required because of the many different mean
atresses of the stress spectra.
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Thase data confirm tlie well known experience that flight-by-flight tests will usually
give Iny/N; <1.0 at laast for maneuver load spectrs ‘T&?; besides, tha results suggest
that Miner'a rule can be uaed aa a "transfer function"; that is, given the life under
ona gpactrum, datermined irn a flight-by-flight test, the life urder not too different
apactra can ba calculated, using Miner, with high accuracy. Thus the asaumption mentio-
ned in the Introduction ("relative" Miner rule) was verified for the notched specimens,
The results also show that spectrum A was indeed the most severe one, glving the lowest
life, followed by B and C.

However this 1s true only for the nominal stresses chosen. Three tests, one under Spec~
trum C, two under spectrum B, were performed with Ky = 3.6 apecimens at about 25 per
cent higher atresses {i.e. all stresses, including Ehe i g stress, were increased by

25 per cent). Surprisingly Theé 1lifa uader apectrum B was slightly longer than under
apectrum C, see Table 2. The reason 1is not clear: Although the failurea happened at
about 400 flights, hefore one complete program of 803 flights had been applied, this

is not the cause for this unexpected result; all igh loads above SO per cent of the
maximum load had occured in the corract fraction, i.e. about 0.5 times as often as they
occur in a complete program. Rather It seems that just using higher stresses can yleld
a guantitatively and even qualitatively different iesult.

This polnts to the importance of doing even a flight-by-flight test on a simple notched
specimen at the correct stresses. Increasing the stresses in order to shorten the tes-

ting time can glve completely misleading results. This topic will again be discuased
in the next section,

Bolted Joint

The fatigue performance of the bolted Joints 1s summarized in Filgs. 7 and 8, individual
results are shown in Table 3. The ratio of the geometric mean of the numbers of flighta
to failure was 0.4 : 1.0 : 2,3 for spectra A, B and C reapectively, provided that only
specimens where the critical fatigue crack had started in the cylindrical part of the
bolt hcle, or at the intersection hetween the countersink and the cylindrical part are
considered for spectrum C. Otherwise the ratio was 0.4 : 1.0 : 2.7, as several fatigue
cracks also originated in the counteraink portion, under the bolt head, aee Fig. 10.

A cumulative damage calculation waa again carried out, using the SN-curves for the
K¢ = 2.5 specimens, ag no SN-curves for the bolted joint were avallable. The damage
sums Jn; /Ny at failure were 0.43, 0.55 and 0.76. Thus the "relative" Miner rule is
less accura%e for the bolted joint., There may be two reasons for this:

- The SN-curves used ara not correct. A shortage of funds unfortunately prevented an-
other cumuilative damage calnulation to be carried out with appropriately estimated
SN-curves, l.e. SN-curves with a lower fatigue limit. However, 1t ia thought that
thia was not the main reason, as the "relative® Miner rule is relatively insenai-
tive to changes in the SN-curves, as long as the spectra are similar and there are
that many load cases.

- The atracs emplitudes of medium slze cause tha two parts of the Joint to slip, thus
tranamitting the loads not by friction but by bearing of the bolt shank against the
hole, which gives a low fatigue performance. As spectra A and B contain a larger
number of such medium sized amplitudea, this is thought to have caused the relative-
ly lower life under spectra A and B.

Two bolted Joints were tested at about 17 per cent lower stressas, giving about 14 000
flizhts to fallure, see Table 3, The fatigue cracks did not originate in the bolt hole
any longer, but from fretting between the faying surfaces. This agaln points to the
importance of the sclection of a CoOrLvelt siless in a fubtigue iesi, when conciusions
regarding alrcraft fatigue life are to be drawn. As the bolted Jjcur+ Las two critical
aactions, at the first and at the last bolt row, the specimens wer: irspected at the
unbroken critical sectlon after the futigue test. In every case fr*irve cracks were
present.

Scatter

The scatter was extremely low in most test series, the average standard daviation of
number of flights to faillure belag helow 0.07 aven for the bolted joint, see Fig, 8.
This confirma the well known experlence that flight-by-flight tests usually will have
low scetter., One notable exception was the bolted Joint under spectrum E, giving

d= 0.22 approximately. No explanation can be given for thisg, except the one mentioned
in the preceding paragraph: Slipping between the two parts joined together under medium
alzed amplitudes may occur Iin one spécimen under spectrum B and not in another, due to
different clamping forces. In another test series carried out elaewheie éT57 tha scat-
ter for the bolted joint undar a programmed constant amplitude test (8-step LBF-pro-
gram) waa alao quite low (s = 0.1 approximately).

Fracture Surfaces

Some typical fracture aurfaces of notched specimens are shown in Fig. 9 and of bolted
Joints in Filg. 10. The spectra, the norinal stresses and the corresponding numbers of
flighta to failura are also shown. The macroscopic crack propagation phase was quite
short in comparison to the crack initjatlion phase, Judging from visual obsarvation of
the hole surfaces during the testa and from tne indication of one "crack wire" bonded
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to the hola surfaeces: it broke after 1076 flighta, the apecimen failing completely on
the 1205th flight. This short interval betws=en the appaarance of a macroscoplc crack
and complate fallura is probably due to two reasons:

Fig. 11 ahowa the fracture surfaca of a wing box for the aircraft in question which
failad after 3351 flights under spectrum B at identical nominal stresses. The similar-
ity of the number of flights +c fallure to the number for the bolted Joint (see Tabel 3),
and of tha crack aurfacea, 1la quite good.

4.

5
{17 Miner, M.A.: Curulative Damag* in Fatigue. Journal of Applied Mechanics 12 {1945)

The relatively large rumbar of high msximum atre=esc, typlical for maneuver load
apectra

The unfavourabla crack propagation and residual static stremgth properties of the
materiala uszed

Summary and Conclusions

The results presented in this paper, together with aome othar results obtained at the
IABG, aupport the followlng conclusions:

Using Minar's rula as a transfer function and a Ilight-by-flight test as a basis
from whkich to "read across" to other, not too different spectra, can yield a con-
alderably improved life astimation compared to the normal cumulative damage proce-
dure, using SN~curves as a basia, For the time being this can only be stated for
maneuver spectra., In view of tha modern test egquipment available it is not a disad-
vantage any longer that the method proposed requires a complex flight-by-fligat test.

To obtain meaningful results in a fatigue test, it ia necessary to simulate the
streasea occuring in service as closely as possible with regard to segquence and mag-
nitude.

If a test must be accelerated, this should not be done by increasing the atresses
but by leaving out some small stress amplitudea.

Futher research along the following lines 1s considercd necessary:

How far can we "read across", in other words, how different can the spectra be and
still yield satisfactory results?

Can the vethod alac be employed for gust load spectra?
How sensitive is the method to the SN-curves employed, with regard to the slope of
the finite life portion and to the magnitude of the fatigue limit i.e. 1s it really

we-cxSary to have actual SN-curves or would it be enough to make an "educated guess"
of the SN-curves?
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Table 1: Test Resultsa

Specimen type

Spectrum

Higheat maximum Stress
in the Spectrum

Emsx U )
kp/mm2

Specimen
Number

Flights to
fallure

T e B e "ﬁ.d

Notched I{t =.2.5

33.1

-

067
8953
058
001

404

— el

33.1

949
899
739
482
727
205
837

B e T B R N Y

33.1

634
565

017
600
658

LSACRE YL V)

Notched K = 3.6

26,5

M ENn=a] AN PEN S IO ] i

766

33.1

26.5

[l L ke N N ]
MW o=

S Ao
-
o
(]

331

-
L]
SleErErLerepElw] OOOOQOOQ OO ENOW | PPl OOQOQOQO0O

241

26.5

HHHMH
s=ReoRo-Nee]
N

135
634
035
265

SR RN,

n e

Bolted Joint

46.2 (32.0)

804
907
842
055
290

Y

46,2 (32,0}

155
096
351
632
114

38.2 (26.5)

604
664

—

46.2 (32.0)

510
580
558

O] o2

16.8 (13.7}

55 000
no fallure

1) The stresses without pasrentheses are net stresses,
within parentheses gross stresses.
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A RELATION BETWEEN MEASURED C.G. VERTICAL ACCELERATIONS AND THE
LOADS AT THE T-TAIL OF A MILITARY AIRPLANE

by

Q. Buxbaum

Laboratorium fiir Betriebsfestigkeit
61 Durmstadt-Eberstadt
Miihltalstrasse 55
West Germany

SUMMARY

An engineering soluiion is presented for correlating two different random loads - time histories,
basci! on measurements of C.G. vertical accelerations and loads at the tailplane of an aircraft. The
choice of instrumentation for a fleet airplane is described and the measurements of operationa! oads

are reiated to € . acceleration countings.
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A RELATION BETWEEN MEASURED C.G. VERTICAL ACCELERATIONS AND THE
LOADS AT THE T-TAIL OF A MILITARY AIRPLANE

by

Otto Buxbavm
Laborotorium fur Betriebsfestigkeit
61 Darmstadt-Eberstadt
West Germany

SUMMARY

The common equipment for recarding operational flight leadings on airplanes, the fotigue lives of which are to be controlled,
is still the so-called counting accelerometer becouse of its reliability and low costs, Probloms, however, may arise, 1f the
accelerotions as counted e.g, vertically in the center of grovity of an airplone have to be tronsformed into stresses or strains,
as the respective relations are generally complicated, in some coses such a relation cannot be found even by comrrelating
simultaneously recarded in-flight measurements, There exists, navertheless, a possibility which allows to derive the relation
in question with certain assumptions from the respective cumulative frequency distributions, How that can be achieved, is
demonstrated on hand of the results of in=fl'ght measurements carried out on the tailplone of a military airplane under normal
operationol conditions.

1. INTRCDUCTION

I the fotigue life of individual airplanes out of a fleet is to be conirolled, the amaunts of damage must be known, which

have been accumulated in the structures during the respective periods of usoge. Since there is ot this time no general, reliable
method available by which the increase of damage in a structure can be measured directly, usually the couses of domage are
recarded, i.e. histaries of strains, siresses, or of any other paronieter, from which they can be derived, The measured values
hove to be anolyzed such, e.g. by counting the wumber of crossings of given levels (Refs. 1, 2), that the results allow to
define the corresponding domage and the remaining life.

This report does not claim to present a complete solution for the complicoted subject of fotigue life control of airplones. It
merelv tries fo summarfze the considerations and experiences arisen during such a program for a military airplane and to
demanstrate the results obtained on hond of the exomple of leads acting at the ilplane.

2. INSTRUMENTATION OF FLEET AIRPLANES AND EXAMPLES OF RESULTS
2.1 Some Considerotions about the Choice of the Recording System for Fleet Airplanes,

The shress or stroin histaries recorded at an aisplane structure during a period of operation will differ on the location, where

they have been measured. This foct made it at first sight appearing desirable ta record strains at oil airplanes. But beside the
difficuity of defining the locotions of measurement, which have fa be found by a defailed fotigue life aralysis supported by
full=seale tests, and the significonce and order of which may vary from one squadron fa the other depending on duties and
configurotions of the gisplones, mainly ecanomical reasons have been opposing that solution, like costs for suitable recording
equipment, for stroin gage imstellation, for periodical colibrations of the structures, for dato reduction and anolysis, etc,

Since also from the engineerng paint of view it seemed ta be justified to relinquish stroin gages at oll oirplones of the fleet,

if one or two girplanes were instrumented ta measure icads in all sections of the siructure which could be critical with respect

to fotigue, it has been decided to count only c.g. accelerations ot the fleet airplanes, From competitive caunting systems,
which have been corefully evaluated ( Ref. 3), finolly the so~colled Fatigue-Meter has been choosen for that purpose (Ref. 4).

2,2, Results of C.G. Ve ticol Accelerotion Countings f.om Fleet Aimplanes,

The caunters of the Fatigue=Meters ore read after sach flight and the results are written dawn into a form=sheet togeth=r with
pilot' s remarks about airplane configurotion, type of miss’on, duration of flight, ete, The sheets or= analyzed by Messer-
schmitt~Blkow=Blohm GmbH, Unternehmensbereich Flugieuge {Ref. 5).

As an example of the results the aveivge cumulative frequency distributions of ( gust~ ond manceuver- ) load foctors as
experienced by severol airplanes in four squodrons are shown, see Figure 1. The numbers of exceedances per 1,000 flight
hours differ at n_ = 2 between 5.5 x 103 {sruadron D) and 3.8 x 107 (squadron C) depending on the type of missions
flown. The effect of extarnol stores on the wing con also be observed, if e.g. the number of exceedances per 1,000 flight
haursat n_ = 5 are compared: In squadron B, where airplanes are flown mainly in cleon configuration, that level is reached
or exceedsd about ten times mare than in the other three squadrons.

Beside the differances between cumulative frequency distributions belonging to different squadrons alw the variations have to
be taken into account existing between thase of individml airplanes within o squadron, As on example for the latter voriation
the distributions of six airplones of squadron A are shown, see Figure 2, whera a ratio of about 1 : 1.5 betwean the lowest
and highest number of exceedances can be rbserved. If it is assumed, that the load foctnrs encauntered by the Individual
airplanes belong to the some population, a statistical onolysis can be performed by plotting the relativa number of ex-eedances
inta o Gaussian probability paper with logarithmic grid for the variate, see Figure 3, From thot gruph cumulative frequency
distrlbutlons can be derived, which are reached or exceeded with a certain prabability,
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If informotion of Fatigue-Meter readings of the kind as presented above are to be used for fotigue life cantrod, regard has

to be payed to the fact, that the dato have been abloined olreody in form of cumulative frequency distributions, i.e. the
original acceleration history has been lost, Therefore a requested relation between c.g. vertical occeleratians and the
caresponding sirains ot a paint af the structure hos to be bosed probobly on the respective cumulative frequency distributions
instead of the ariginal time histories.

3, MEASUREMENT GF OPERATIONAL LOADS FOR INTERPRETATION OF C,G, COUNTINGS
3.1 Ajms of the Measurement Progrom

At the present time it seerus to be almost impousible to predic: thearstically o relotion between c.g. vertical occelerations
due to monoeuvers and the carresponding loods ot the toilplane, That, of course, does not refer to a loading condition os
used for the stotic design, where all parameters like airplane weight, configuration, c.g. positian, airspaed, flight oltitude,
monceuver flap pasition, angles ond rates of deflections of slevator, oileron, and rudder, etc, are given but to load-time
histories under operational conditions, where all the mentioned parameters can vary mare or less independently of each other,
or with other wards, where o peak accelerotion of given mognitude can be caused by sevaral possible combinations of the
parameters, each combination of which may result in o different load distribution ond load history at the rilplane,

The in=flight measurement of all mentioned parameters may help to define the boundary canditions for the calculation of
individual loods ond accelerations, but that does nat look very promising either, because o general relation between loads
ond accelerotions can be obtained in this case anly by means of o multi-dimensianal analysis. In order to awaic that
complicoted procedure it seems to be the eosiest woy to meosure loads at the hilplone ond c.g. accelerations directly ond to
try to derive the requested relation E«tween them empirically.

When douing so, the main problem may be expected to orise from the foct, that the vertical occelerations in the ¢.g. describe
only the incremental loads resulting from the ronslatorical movement of the oirplone in vertical direction, whersas the loads
ot the tailplone are caused generolly from movements in zeveral degrees of freedom, Therefore, the results of such a measure-
ment program can be generalized only, if it will be ossumed that the ratia of movements of the oirplone in the vertical to
those in other directions will remain in the overage the soms. This requirement can be passibly met for the measuremsnt
program by distinguishing between flights performed under equal conditions, i.e. flights, for which the porameters as
mentioned above ore either constant { like cirplane configuration ) or = if o parameter varies within given limits - for which
the statistico] moments of o parameter ore the same { like e.g. airplone weight). That can be expected ta happen, if for
each squadran o relotion between c.g. accelarotions and loads ot the tailplane will be derived separately, becouse it is very
likely that a change of missions or duties will result in a change of the average ratio of vertical airplane mavements to those
in other directions.

3.2 Instrumentation of an Airplone with Stroin Gages and Transducers,

For the measurement of loods at the tailplane on oirplane has been instrumented with combinations of calibrated strain gage
bridges { Ref. &), the cutputs of which were proportional to bending ond torsion moments in different sections of the toilplane.
These were in detoil, see Figure 4,

- bending moments ot RAH and LA sides of stabilizer, Bs RH and Bs LH respectively
- torsion moment at stobilizer, T 2 '

- bending moment near roat of fin, BF

= torsion moment af fin, TF .

The direction of omows in Figure 4 carresponds with pasitive sign os used in this report.

Seside g irarsducar for the messurement of .. vertica! ceeclerations ohe transducen for indicoted airspead, prassurs oltitude,
ongle of attock, flap pasition, stabilizer deflectian, angular velocities about X- and Z-axes of the airplane, ond vertical
accelerations in the rear part of the fuseloge have been imstalled in the airplane,

The dota were commutated ond recorded on 1-inch wide, l4-track mognetic tope together with a time code and the voice of
the pilot.

4, ANALYSIS AND DISCUSSION QF RESULTS
4.1 Selection of two Squadions with Different Missions.,

In order ta demonsirate the volidity of the ossumption, which wos made in parogroph 3.1 for the relo*ion to be derived
empirically from measured c.g. vertical accelerations and banding moments at the stabilizer, the instrumented airplone was
given ta two squadrons, colled A ond B. The airplane was flown by several pilots of the two sauadrons in typical routine
missions.

But there wers differences between the two squadrons not only with regard ta missions but olsa e.g. ta the duration of flights,
see the shatistical analysis in Figure 5, which shows o significant difference between the two squadrans, Further, in squadron
A the oirplanes are flown with and in squodron B without external stores,
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The different usage of airplanes in the two squadrons shows up also in the respective cumulative frequency distributions of
c.y. vertical accelerotions per flight, see Figure 6, and that not only in the region of high accelerations, where again the
effact of external stores can be abserved, compare with Figure 1, but also for the number of crassings of & ny =0, which
corresponds ta the lg-candition; ti-e latter difference does nut only result from the obave mentlaned difference in flight-
times but moinly from turbulence ncauntered by airplanes aof squackan A when flying in lower a'titudes. +)

Similar trends as having been observed for the cumulative frequency distributions of incremental load foctors can also be
read from thase of angles of attack, sea Figure 7, with the exceptian, that the distributian for squadron B seems to be
clipped at 13 degrees. This is “he result of the interoction af o skall warning system.

The cumulative frequency distributions af stabilizer deflectians per flight, see Figure B, are almost identical withzut regard
ta a peak value of -16 degrees, which has accurred ance during flights of squadron B, ihis result is at first sight somewhat
surprising in view rot anly af the differences as explained before but ~lso af the distributions of bending momeats at the
stabilizer, which are not canformable at all, see Figure 9.

4,2 Relatians Between Stobilizer Bending Moments and C.G. Vertical Accelerotians.

Before canclusions are drawn. from the cumulative frequency distributians of bending moments measured at the R/H side of
the stabilizer during flights perforried in two squadrans, attentian has to be payed to the foct, that the distributions in
Figure ¢ have been abteined by raunting level crossings about the bending moment of zero, which designates the loading
cardition "airplane on greund", i.e, changes of the 1g-bending moment due to different trim canditions, flap positions,
etc, have ot been treated separately, !t anly can be noted that, contrary to the previous results for other measured
parameters, the cumulative frequency distributians of stabilizer berding moments for squadron B is covered by that for
squadron A,

In arder to gainas much information from the dato as passible, the two bending moment autputs as measured ot the R/H and
L/H sides of skabilizer, see Figure 4, have been combined for the following anclysis ta get the symmetrical bending moment,
which is defined as 0.5 (BS, R/H + BS, LM ), and the so~called cntimetrical bending moment ( BS, RMH BS, L/H) .

After having applied o time cansuming procedure for separoting incremsntal and 1g-bending moments, it appeared, that the
cumulative frequoncy distributions of symmetrical 1g-bending moments are almost identical except that they seem to be
shifted parollel to each other, see Figure 10, The difference in bending moment between these two distributions can be
exploined by the affect of tip~torks, which lead theoretically to an increase of the ( negative ) lg-bending momant at the
section af the stabilizer in questian of about -0.07 Mpm ( squadron A } if compared with that for the airplane in clean
configuration { squadron B). This effact, however, does not explain the difference ¢f the cumulative frequency distributions
shawn = Figure 9. Since it cannot be explained either by variations of the respactive distributions of incremente] bending
moments, as it will be demonstrated loter on, see Figures 11 and 12, the originol time<histaries have been investigoted,
The solution of the problem was, that about 90 percent of all monasuvers exceeding a load foctar of 3,0 were flown in
squadron A with ranoeuver flaps down, whereas in squadran B it were only about 40 percent,

The procedure for manceuver flap setting in squadron A is such, that ihe flaps are put down for periods af time up ta 15
minutes while the periods in squadron B are much sharter. Since o cumulative frequency Jisiribution af cauntings of a given
charocteristic accurrence of the respective load time histary can give information only about the number, haw often the flaps
were moved, and not about the periods, during which they were up of down, the two distributions in Figure 10 shaw acci-
dentally the some cumvulative rumber of occurrences per flight, For a fotigue life estimotion, however, also the time has ta
be taken into account, during which the 1g-bending moment was at a given level, because the incremental bending moments
have ta be superimposed to them again in an arder similar o the actual sequence in flight.

For the presentation of incremental stabilizer bending moments the unsymmetrical ( i.e. measured at one side of the stabilizer ),
symmetricat, and antimetrica! parts have been choosen, see the results of the statistical anclysis for squadron A in Figure 11,
The thzee distributions o.e almost symmetrical about the bending moment zera. As it has been expected, the largest davia-
tiom from zero occur ot a given relative frequency for the increments as measured at ane side, the smallest for the anti-
metrical bending moments. The latter shaw, hovsever, the highest number of mean ( zera ) crossings besing about twice as
kigh as that for the symmetrical bending moment increments, If the relative v mulative frequency of unsymmetriccl bending
noments, which lies between the two «*her figures, is soid ta be 100 percent, then that for symmetrical bending moments

1s obout BO percent. Henre follows, that aicui 20 percent of the band’ng moment increments accurring on one side of the
stobilizer have ta be ragarded as ontimetrical moments. The remointag antimetrical moments have to be superimpased thus

ta the symmetrical ones in arder to get the complete cunulative frequency distribution as abserved at ane sida of the
stabilizer,

The some remorks as mode before refer also to the incremental bending moments af the stabilizer as measured in squadran 8,
see Figure 12, whare only the cumulative numbers of mean crossings per flight are less than those af squadron A, but the
rotio of them is similor,

The foregoing, brief discussion of some of the results obtcined from in-flight measurements give the basis for the selutian of
the problem of a relotian between c.g. vertical accelertians and loads at the tailplane,

+) The incremental load fuctor due taa + 50 fps-gust at zero altitude and M = 0,68 is for the given airplane in clean
configuration and for an averoge gross weight 4 LI 1.6 ,

C MM



8-6

Recalling the remark olready mode in Parograph 3.1, thot the accelarotions allow only to derive incremental loods in the
directian ond at the paint where they have been measured, as o fir<t step a cross-plot of simultaneausly occurring volues
of incremental lcad factars versus incremental symmetric bending moments at the toilplane has been made, see Figure 13,
Aiflwugh only increments are taken into account and olthaugh anly symmetrical bending moments cre correlated with
vertical occelerations, the result minht be called by a statistician a law correlation. That is, nevertheless, what one might
have anticipoted, becouse the lcad-time histary at the “oilplane must not be alwoys in phase with the c.g. occeleration,
Thi: is not anly due to dynomlc effects but results also frum the fact “hat for generating @ monceuver acceleration in the
c.g. of the airplane first e.g. o stabilizer deflection and thus o banding moment increment has to preceed. There moy,
moreover, be loods at the stabilizer without any measuroble response in the c.g. ond alsa c.g. accelerations without ony
effect cr the symmetrical stabilizer loods, This is the reason, why a correlation between c.g. accelerations ond bending
moment incremants at the tailplane Will never be successful on o deterministic basis.

That proble s can be solved by means of the cumulative frequency distributian, if it is recalled, that during such a statistical
ancolysis the individual peaks, ranges, aor whatever has bean counted fram the lood time history are ordered with regard ta
their respactive magnitudes ond cumulative numbers of occurrences. If two cumulotive frequency distributions are given,
the lcad time histories of which have baen recarded simultanecusly during o representative period of time, where repre-
sentative refers here beyond the normal definition also to the condition as postulated in Paragroph 3.1, that the ratis of
oirplane movements in vertical direction to thase in other degrees of freedom will not change, then the canclusion can be
drawn, that the ratic between thase values of the cumulotive frequency distributions, which ha re occurred with equal
relative cumulotive number of occurrences, will be constant. This allows ta establish o correlation between c.g. vertical
occeleration increments ond symmetricol bending moment increments from the respective cumulotive frequency distributions,
see Figures 6, 11, 12 just by plotting thase velues, which have occurred with the some cumulative frequency per flight,
see Figure 14, In order to pay regard to the trend observed in the correlation as shown in Figure 13, negative bending
moments have been plotted with positive occelerations and vice verso.

As an example far the application of the correlation shown in Figure 14, the cumulative frequency distributions of
symmetrical bending moment increments have been derived from the c.g. counting results os shown in Figure ! (squadrons A
and 8}, and have been compared with the respective meosured distributions, see Figure 15,

4.3 Relations Between Bending and Torsion Maments at Stabilizer and Fin,

As a complement to the results shawn in the previous Poragrophs the cumulotive frequency dishiibutions ore presented far
incremental stabilizer torsian moment, see Figure 156, incremental fin bending moment, see Figure 17, and incremenml
fia torsion moment, see Figure 1B. Cross plots of simultanecusly occurring volues show, that there is o good correlation
between the antimetrical stabilizer and the fin bendiig moment increments, s2e Figure 19. A still satisfying resul* is
obtained, if increments of torsion versus bending moments at the fin are plotted, see Figure 20, The deviations from the
averaging line may be explained by chardwise variations of the center of pressure.

5, CONCLUSION

The presented engineering solution for correlating two random load time histories, which wos demonstrated far the example
of c.g. vertical accelerotians and loods ot the toilplone, is based on the present possibilities for a fatigue life control of
a fleet of airplones. 1t is regorded to be only a step towsrds more detailed and more exoct methods to be developed far an
adequate descriptian of the relotions between load time histories, which oceur at different points of o structure during

the same time; it meets, howaver, the requirement to be asked by any other method applied for fatigue life control, which
is, that the results of the measurements have not only to be suitable for fatigue life estimation but give also infarmation far
the design of new airplones,
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Fig.4 Seciions at the tailplanc with strain gage instaHations for

measurement of bending and torsion moments
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NATIONAL DISTRIBUTION CENTRES FOR UNCLASSIFIED AGARD PUBLICATIONS

Unclassified AGARD publications are distributed to NATO Member Nations
through the unclassified National Distribution Centres listed below

BELGIUM
Coordinateur AGARD - V.S.L.
Etat-Major Forces Aériennes
Caserne Prince Baudouin
Place Dailly, Bruxelles 3

CANA DA
Director of Scientific Information Services
Defence Nesearch Board
Daparin.2nt of National Defence — A’ Building
Ottawa, Ontario

DENMARK
Danish Defence Research Board
{sterbrogades Kaserne
Copenhagen @

FRANCE
O.N.E.R.A. (Direction)
29, Avenue de la Division Leclerce
92, Chatillor-saus-Bagneux

GERMANY
Zentralstelle fur Luftfahrtdobumentation
und Information
Maria-Theresia Str. 2!
8 Minchen 27

GREECE
Hellenir Armed Forces Command
D Branch, Athens

ICELAND
Director of Aviation
cfo Flugrad
Reykjavik

UNITED STATES

RECEIYED
NATICNAL TECHNIC

ITALY
Aeronautica Militare
Ufficio del Delegato Nazionale allAGARD
3, Piazzale Adenauer
RomafEUR

LUXEMBOURG
Obtainable through BELGIUM

NETHERLANDS
Netherlands Delegation to AGARD
National Aerospace Laboratory, NLR
P.O. Box 126
Delft

NORWAY
Norwegian Defense Research Establishment
Main Ljbrary,
P.O. Box 25
N-2007 Kjeller

PORTUGAL
Direccao do Servico de Material
da Forca Aerea
Rua de Escola Politecniza 42
Lisboa
Attn of AGARD National Delegate

TURKEY
Turkish General Staff (ARGE)
Ankara

UN(TED KINGDOM
Defence Research Information Centre
Station Square House
St. Mary Cray
Orpington, Kent BR5 3RE

National Aeronautics and Space Administration (NASA)

Langley Field, Virginia 23365

Attn: Report Distribution und Storage Unit

*

If copies of the original publication are not available at these centres, the following may be purchased from:

Microfiche or Photocopy

National Techmcal

Tefm [P ST SRITION
nuunuquuu ..r;lnu. YA Ry b

5285 Port Royal Road
Springheld
Virginia 22151, USA

Microfiche
ESRO/ELDO Space

European Space

Research Organization

114, Avenue Charles de Gaulle
92200, Neuilly sur Seine, France

*

Microfiche
Technology Reports
Centie (DTH
Station Square House
St. Mary Cray

England

Orpington, Xent BRS 3RE

NOV 20 1972
INFOAMATION Sek

The request for microfichie or photocopy of an AGARD document should include the AGARD serial number,
title, author or editor, and publication date. Requests to NTIS should include the NASA accession report number.

Fuli hibliographical references and abstracts of the newly issued AGARD publications are given in the following

bi-monthly abstract journals with indexes:

Scientific and Techzical Acrospace Reports (STAR)
published by NASA,

Scientific 'and Techrucal Informa*lon Facility,

P.O. Box 33, College Park,

Marviand 20740, USA

United States Government Res¢arch and Development

Report Index (USGDRI). published by the

Clearinghouse for Federal Scientific and Technical

Information, Springfield. Virginia 22151, USA

Printed by Technical Editing and Reproduction Ltd
Harford House, 7-9 Charlotte St, London. WIP IHD
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