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PROGRAM-FATIGUE TESTS ON NOTCHED LIGHT ALLOY SPECIMENS OF
2024 AND 7075 MATERIAL.

by
J. Schijve and F. A, Jacobs

SUMMARY

Program-fatigue tests and constant-amplitude tests at positive mean stresses have been per-
formed on 2024 and 7075 riveted joints in order to study the effect on the parameters of the
program, the scatter under program-fatigue loading and the efféct of oceasional very high loads,
and to check th validity of the Palmgren-Miner rule,

The results of similar 1nvest1gat10ns on notched light alloy specnnens or structures have been
summarized, A discussion is presented on the above mentioned objectives and the following
questions : What is the usefulness of the Palmgren-Miner rule for the designer? Howgoodis
program-fatigue testing as a representation of the load~time history in service? What informa-~
tion may be expected from program-fatigue testing and how does it compare with the informa-
tion of alternative methods?

This investigationhas been performed under contract with the Netherlands Aircraft Development
Board (N.1.V,).
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Nomenclature, symbeols and units.

Palmgren-Miner rulle

vRule for life predictions for a fatigue loading with a variable load
. n. -
amplitude, It is written as S5 =1 or X fr=1. n, is the number of load
i
cycles applied at the load amplitude (i) and Ni is the corresponding
endurance at that load amplitudeif it is applied as a constant-amplitude
loading. The rule states that failure will occur at the moment that the
' : n,
summation of the contribution ﬁl at all load amplitudes is equal to
. i
one, The rule does not consider scatter, It was first published by
Palmgren (ref, 36). It is, however, better known from a publication
by Miner (ref. 34),

Program-fatigue loading (or program loading) is a fatigue loading with a periodic variation of

Program-fatigue test
Period

Pericd length
Constant-amplitude

(-fatigue) test

RAE-test
Random-load test
Randomized-program-
fatigue test

Load spectrum

Peak-method

Range-method

the magnitude of the load ampli tude. The variation may be a continuous
one or it may involve a number of discrete values(the more usual case),

{or program test): Fatigue test with a program-fatigue loading, In the
literature it is also called: Spectrumtest and service-endurance test,

:The period of a program-fatigue test is the period of the variable
amplitude, see fig. 1.

:Number of cycles in one period,

:Fatigue test, with a constant load amplitude, i.e, a conventional
fatigue test,

:A fatigue test on an almost complete aircraft structure or large comp-
onent (e, g. wing), involving gust loads with a constant amplitude,
landing loads and pressurisation loads on the fuselage (if applicable),
:Fatigue test with an irregularly varying load.

:Program-fatigue test, in which the batches of load cycles with the
same amplitude within a certain period are applied in a random order,
:Statistical distribution function of load amplitudes,

iMethod for reducing a load-time history to a load spectrum, which is
based on the peak-loads, i.e, the maxima and minima on the time
history, see section 7, 5d,

:Method for reducing a load-time history to a load spectrum, which is

based on the load ranges, i.e., the differences between successive
maxima and minima of the time history,
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= mean load,

non 1y

cross sectional area.
theoretical elastic stress concentration factor,

number of times that a certain gust velocity is exceeded in a certain flight distance.
number of load cycles at a certain stress level,

fatigue life (= endurance) under constant-amplitude loading.

fatigue life {= endurance) under program-fatigue loading.

load.

load amplitude,

ultimate design load,

siress,
stress amplitude.

fatigue limit = endurance limit.

mean stiress,

maximum stress of a load cycle or maximum stress applied in a program-fatigue test,
minimum stress of a load cycle or minimum stress applied in a program-fatigue test.
ultimate tensile strength or stress at P,

= yield stress for 0.1 % permanent set,

= yield stress for 0.2 % permanent set,

Honoe

gust velocity.

constants of Weibull's S-N-formula,

elongation for a gage lenght of 2" (~ 51 mm).
elongation for a gage length of 5@ or 5,65 VA,

elongation for a gage length of 10 G or 11,3 VA,

diameter,

Units: Dimensions in mm. 1 mm = 0.04 inch, 1 inch = 25,4 mm.
Stresses in kg/mm?2 = 1,422 p.s.i. = 0,635 t,s.1.
1000 p. &.i. = 0,703 kg/mm?2.
1t.s.1. = 1,574 kg/mm?2,

Number of cycles : 1 ke = 1000 cycles.







1. Introduction

Inaprevious report (ref. 45) the available lit-
eratur oncumulative-damagetests, i.e. fa -
tigue tests witha variable load amphtude has
been reviewed. The concluaion was drawn inat
the curulative-damage behaviour of notched
specimens could be significantly different from
the behaviour of unnotched specimens. This
implieg that the usefulness of the Palmgren-
Miner rule, Z—- 1, as far as it concerns
the designer, should be judged from the results
of tests on notched specimens only Results
of such tests gave the impression that life
predictions based on this rule would, on the
average, be on the safe side. In order to give
more empirical justificationto this statement
alarge number of program-fatigue tests have
been carried out. A riveted lap joint has been
chosen as the specimen, since in practice ma-
ny of the fatigue cracks originate from rivet
holes. Thetests were performed at a positive
mean stress and under different types of pro-

gram-loading, which were associated with a

gust spectrum. It was felt that much of the

fatigue trouble in practice had occurred under

such conditions. As materials 2024 and 7075

have been used. The objectives of the test-

program were:

{a) Tocheckthe validityof 2 = 1 for arivet-
ed joint at a positive mean stress under a
number of periodic load sequences associa-
ted with a gust spectrum.

(b) Tocompare the behaviour of 2024 and 7075
specimens.

(c) To study the scatter in program-fatigue
tests as compared with the scatter in con-
stant-amplitude fatigue test.

Inthe design stage of an aircraft it willi be ne-
cessary to make life estimates for certain
components. For this purpose the Palmgren-
Miner rule is widely used, the calculations
being based on more or less representative

S-N-curves. In the final stage of a design it

may be desirable to dispose of a more accu-

rate life estimate. One may then decide on
different procedures, for instance:

(1) A number of components or structures are
testedto determine the relevant S-N-curve.
The fat1gue life is then calculated employ-
ng"gr

{2 Program fahgue iksis are carried out on
one or more components or structures, the
load sequence being in accordance ,with the
anticipated load spectrum in service.

{3) A third method is the so-called RAE-test
{ref.1}. This method is intermediate be-
tweenthe two other methods. In general if
is performed on a complete structure and
the loadings include at least gusts, ground-
to-air cycles and pressuration cycles on
the fuselage. The gust loading, however,
isappliedas a constant-amplitude loading.

These methods all have their merits and draw-
backs. Toarrive at a technical statement with
regard to a choice between them, it was rea-
lized that program-fatigue testing involves
some inherent problems for which at least a
qualitative answer had to be given. These pro-
blems are esdentially concerned with the pro-
gramming of the anticipated load spectrum.
The load spectrum, which is the distribution
function of the loadings, has to be simplified
in such a way that it can be introduced in a
test. Parametersto be chogen for that purpo-
se are indicated in fig. 1 and it is to be ex-
pected that each parameter has some effect
on the result of the test. An additional objec-
tive of the test program was therefore:

{d) To study the effects of the periocd length,
of the highest and lowest loads to be in-
cluded in the program and of the load se-
quence in a period on the fatigue life ob--
tained in a program-fatigue test.

In view of the predominant effect which very
high andtherefore rather rare loads may have
on the fatigue life, some series of program-
fatigue tests were performed with such very
high loads included. The fifth objective was:
(&) To study the effect of very high loads on

the fatigue [ife in a program-fatigue test.

For the above mentioned obfjectivesa large
number of test series, each consisting of 7pro-
gram-fatigue tests, were performed in addit-
iontoconstant amplifude tests for establishing
the 5-N data. This report gives an account of
the planning of the tests, the test procedures,
the results and their evaluation. A summary
of the results with a brief discussion was al-
ready given in ref.47. In addition a literature
reviewon comparable investigations has been
made. [thag beentriedto condense the results
of other investigations in a number of figures
showing the salient points. A discussion based
on these figures had the following objectives:
(f) Toarrive at some guide lines with respect
tio sysiematical trends in the deviations
from the Palmgren-Miner rule and at a
qualitative understanding of these devia-
tions,

. (@ Toestablish some guide lines with respect

to planning of program-fatigue tests.

{(h} To arrive at an appreciation of program-
fatigue testingas a replacement of service
loading.

(i) Finally it has been tried to give an outline
of the implications for the designer of the
validity or non-validity of the Palmgren-
Miner rule andthe value of the information
to be obtained from program-fatigue tests
and their alternatives, such as the RAE-
test.
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2. Specimens and
dures.

testing proce -
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Two sheet materials have heen used. The sta-

tic properties were:

steel covers, see fig.4. The inner sides of
these covers had been adapted to the geometry
ofthe specimen. Toeliminate friction between
the covers and the specimen felt had been bon-
ded to the inner sides of the covers. The co-
vers were kept on the specimens by six bolis
which were hand tightened. The covers were
remnoved from the specimen after the applica-
tion of the negative loads. So, during the au-

* tomatically monitored part ofthe program test

there were no covers on the specimen.
The fatigue machine was a 10-tons Amsler Vi-

Material 8.2 (kg/mm?2 ) 8, (kg/mm2 ) | Elongation (€=2 )
7075 Clad 45.9 54.0 11.2 %
2024 Alclad “33.0 46.1 16.3 9,

The dimensions of the specimens are shown
infig. 2. The static strength of the specimens
based on the net area was 31.5 kg/mm2 and
33. 7 kg/mm?2 for the 7075 and 2024 specimens
respectively. Inthe static tests the specimens
failed by shearing of the rivets. In the fatigue
tests, however, failure occured in the sheet
material, The specimens were manufactured
by the Fokker Factories and were exactly

- similartothose tested for ref. 45. The distri-

bution of the thickness of the specimens was
approximately normal. For all test geries
groups of 7 or 10 specimens were drawn from
the population in such a way that each group
could be considered as a representative sample
Each specimen consists of two sheets which
might have glightly different thicknesses. How-
ever, there was no apparent tendency to fail in
the thinnest sheet, neither was there an ob-
viousg correlationbetween endurance and sheet
thickness. It was then decided to bage all cal-

culated stresses onthe net section of the gheet |

associated with the closing head of the rivets.
The fatigue failure can propagate in cne of
bothsheets orin both sheets at the same time.
The latter cccurred in 28% of all specimens.
The 7075 specimens showed some preference
for failure in the sheet at the side of the clo-
sing headandthe 2024 specimens showed some
preference for failure in the sheet at the side
of the manufactured head of the rivet.

For clamping the specimens {n the fatigue ma-
chine special grips were designed to allow an
easy and quick exchange of specimens. The
specimen and the grips are shown in fig. 3.
Corrections to the indications of the dynamo-
meter were made in view of inertia forces of
the lower clamping heéad. At the frequency of
6000 c/min this correction was 3.3%. -

In some tesiseries compressive loads had to
be applied, cne at the end of each period.
Buckling ofthe specimen was prevented by two

braphore, whichhas bean d:scribed elsewhere
(ref. 44). This machine is an electromagnetic
resonance machine. For this test program it
was equipped witha 2 tons dynamometer. The
frequency was about 6000 cycles/minute, Ifa
fatigue crack has initiated and propagated
sufficiently, the resonance frequency of the
vibration system decreases and the machine
switches off automatically.” That moment was
considered asthe end of the test. Although the
specimen had not completely failed then, a
well defined crack was clearly visible to the
naked eye. ‘

For monitoring the stress amplitude in & pro-
gram-fatiguetest Amsler had designeda small
automatic control gear whichis shown in fig. 5.
A slowly rotating drum of non-conducting ma-
terial and a metallic top and bottormn cover is
provided with vertical silver strips. A feeler
which can move only vertically actuates an
eleciromotior as soon as it is contacled by a
silver strip. This motor will then move the
feeler towards the free end of the strip and it
stops running immediately after the feeler
has lost contact with the strip. As a coense-
quence the height level of the feeler will follow
the white line on the drum in fig. 5 if the drum
is rotating. The height position of the feeler
is directly' coupled to the photocell which is
monitoringthe load amplitude. Since the strips
can be placed on the drum at any location and
height a large variability in the programming
3fthe load amplitude is possible. One rotation
ofthe drum corresponds to an integer number
s>f periods; in most test series it corresponds
toone period. The rotation speed of the drum
can be adjusted continuously within certain
limits,

The vertical speed ofthe feeler, i.e. the speed
ofchangingthe load level, is about 5 mm/sec.
which in this test program corresponds to a
change in stress amplitude of 1 kg/mm?2 per
second. This speed was sufficiently highfor
most test series, but not for all test geries.




In some test series the number ofloadcycles
at the highest siress amplitude was too small
tobe appliedina reasenable way with the auto-
matic program apparatus. The desired load-
sequence then had to be approximated by
manual control of the apparatus. The type of
approximatien is shown in fig. 8,

In view of checking the correct operation of
the program apparatus the load amplitude was
continuously recorded by feseding a voltage of
the amplifier of the fatigue machine into a
recorder,

3. The constant-amplitude fatigue
tests,-

The mean stress for the 7075 and the 2024 gpe-
cimens was §. 3kg/mm2and 9. ¢ kg/mm2 res-
pectively (see chapter 4). At each amplitude
10tests were carried out to obtain sufficiently
accurate 5-N-curves and an indication of the
scatter. The results are presented in tables 1
and 2 and figs. 7 and 8. All specimens in one
group were tested at the same load amplitude.
This procedure has been adopted because in
the program-fatigue tests it was more conve-
nientto applythe same load-amplitude program
throughout one test series, rather than to have
the same stress-amplitude program. The lat-
ter would have beenmore laborious to achieve
with the automatic program apparatus. The
procedure implies that all specimens of a cer-
tain group were tested at slightly different
siresses due tothe variation in sheet thickness.

The S-N-curves of figs. Tand 8 have been fair-
edthrough the test resuits employing the me-
thod of least squares and Weibull's S~-N-for-
mula (ref. 57): :
log N = log o - fi’; log(Sa-SE) (1
ol and Sgp are constants, the latter one
being the fatigue limit. Numerical values for
these constants are given in figs. T and 8. Not
too much weight should be attached to the Sg
values since they are largely exirapolated
results.

4. L,oading programs
gram.fatigue tests,

for the pro-

Inprinciple’all programs were based on a gust
spectrum published by Taylor in 1953 (ref.51)
This spectrum is shown in fig.9 and shows a
linear relation between the gust velocity and
the logarithm of the number of exceedings. It
can be expressed as:

U = -5.625 glog m + 43.75 2
Uis the gust velocity(ft/sec) andm is the num-
ber of times that U is exceeded in 107 miles
of flying.
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The mean stress §_ was basedonthe ultimate
stress of the specimen S, as follows:

. S,/1.5
D50

S
m

(3)

ngg is the assumed load factor corresponding
to a b0 ft/ sec gust. The factor 1,5 is the safety
factor and 5,/1..5 represents the stress at
limit load. Forthe load factors values of 3. 33
and 2,5 were selectedfor 7075 and 2024 spe-
cimens respectively. The Sy, - values obtained
byeq.{3) were 6.3and 9.0 kg/mm2 respectiv-
ely. The load factor for the 2024 gpecimens
was purposely selected somewhat lower to
arrive at a higher mean stress, because in
the program-fatigue test the highest stress
amplitude (apart from the high single loads)

which could be applied automatically was equal
to the mean stress. From this point of view
a slightly higher mean siress was felt to be
advantageous, since it allows somewhat more
flexibility in the wvariations of the load pro-
grams. The gust spectrum wag converted into
a stress amplitude spectrum by means of the
relations

5

__u

Sm-+ Sa50 1.5

(4
and

Sm)

- U U Cu
52" 50 ° =55 (175 (5)

a 50 350

Sagg and S, are the stress amplitudes corres-
ponging to ~ gust velocities of 50 and U ft/ sec
respectively. Eq.({b) implies that S5 is suppos-
edtobe linearly related to the gust velocity up
10U =50 ft/sec, at which the maximum stress
corresponds to the stress at limit load, see
eq. (4).

Inordertoselect the numerical values for the
stress amplituedes to be used in the program-
fatigue tests, the damage-distribution curves
were constructed. The principle of this con-
struction has been indicated in fig. 10. The
curve shows how the damage done by the stress
spectrum is distributed over all the values of
the stress amplitude under the restriction that
the Palmgren-Miner rule is correct. In fig.
10 the so-called level of maximum damage is
indicated. This level received special atten-
tion in the literature (ref. 6. Fig.1ll shows
the damage-distribution curves and the fatigue
curves for both materials. In fig. 12 it has
been indicated how the selection of four of the
Sa-values for the program tests is related to
the level of maximum damage. Higher and lo-
wer Sg-values were chosen more or less ar-
bitrarily. AllSg-values employed are mention
ed in the headings of tables 3 and 4. Fig. 13

a




shows how the Taylor-spectrum has heen ap-
proximated employing the S,-values from ta-
bles 3 and 4. :

The numbers of load cycles per period for all
stress levels are given in tabels 3 and 4 and
the load sequence for eachtest series has been
indicated schematicallyin figs. 14, 15,16 and
17. Each test series consisted of 7 identical
tests. ]

The frequence of occurrence of the periodic
high loads which were applied in some test
geries is once in a period; for one period
E%— ~ 0. 1. It can be derived from fig. 9 that
the stress amplitudes to be exceeded with this
frequencyare 10. 12kg/mm2 and 10. 07kg/mm?2

" for the 7075 and 2024 specimens respectively.

inthe test the higher values of 11. 80 kg/mm2
and 13.52 kg/mm2 were used. This was not
felt to be an objection, rather the contrary;
gince the purpose of these tests was to show
the effect of rather rare very high loads these
loads were chosen higher than necessary for a
program-fatigue test. Infact the limitation of
the high loads was the allowable static overloa-
ding of the dynamometer of the fatigue machine.
The gust spectrum of Taylor used in this test
program was published in 1953 and since then
newer data became available. Forthe more up
to data gust spectrum, published by Bullen{ref.
4),the slope ofthe sepcirum is somewhat steep-
er, This means that the higher gust velocities
are relatively slightly more frequent than in
Taylor's spectrum and the low gust velocities
are relatively slighily less frequent. On the
bagis of Bullen's data it could be shown that the

~ frequency of the periodic high loads was of the

correciorder of magnitude relative to the fre-
quency of the cycles at the level of maximum
damage.

5. The resulis of the program-fa-
tigue tests,

The results ofthe individualtests are present-
edintables 5 and 6. The endurance of each test
is given in three different ways, viz.

(1) the endurance in load cycles (NY;.
{2) the endurance in number of periods and
{3) the endurance expressed as Z-ﬁ.

Since all specimens of one test series werée
subjected to the same load spectrum, they
were loaded at a slightly differentstress spec-
trum due to a variation in sheet thickness for
different specimens. For the calculation of
% % the N-values correspondingtothe actually
applied Sa-values have been used.

Since endurances are almost always averaged
ona logarithmic basis this procedure has been
adopted for 3 -dlas well. A numerical indicat-
ionofthe scatter of the endurance was obtain-
ed by calculating the standard deviation and
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the coefficient of variationoflog N'. The mean
results expressed as ZF 4y are also given in
figs. 14to 17 andthe scatter has been compar-
ed with the scaiter of the constant-amplitude
tests in fig. 18.

6. Review of the results ofpro-
gram-fatigue tesis of other in-
vestigations.

6.1. Scope of the chapter

The results of other investigationswill be
presented in this chapter. A general discug-
sion of these results and a comparison with
the present investigation will be given in the
following chapter,

The review will be restricted to program-fa-
tigue tests on notched specimens or structures,
manufactured from light alloys. In a previous
report (ref, 45) the authorsmade a similar re-
view including unnotched specimens. There it
became clear that unnotched specimens may
exhibit a cumulative-damage hehaviour which
is quite different from the behaviour of notched
specimens. For that reason unnotched speci -
mens are now omitted from the review. The
previous review was prepared in 1955, An-
other review has been compiled by Weibull
(ref.58) in 1956. Since then many new data
became available. Additional information on
unnotched specimens, not discussed in ref. 45
or this report, may be found in refs. 14, 15,
23, 26 and 33.

It has been tried to summarize the most im-
portant results of other investigations in the
text ofthis chapter. More details are contain-
ed in figs. 19 to 47, to which references are
made inthe text, but the reader need not con
sult these figures if he only desires to obtain
a general review, In.the figs. 19 up to 47 it
has been tried to present for each investiga-
tion the most characteristic data, such as:
type of specimen, stress conceniration factor,
material, load spectrum, load sequence, max-

"imum and minimum stress level, the number

of tests, etc. The severity of the maximum
and minimum stress levels has been further
indicated by the corresponding endurances.
All these data were not always available,

6.2 Results of investigationé on small speci-
mens.

The first program- fatigue tests were perform-
edbyGassner(ref. 16). A review of his exten-
sive resulis is givenin ref, 18, The aim of
Gassner's work was notto check the Palmgren-
Miner rule, which probably at that time, about
20 years after Palmgren's publication(ref. 35),
was not very well known. The purpose of

e



Gassner's investigations was to show that the
airworthiness requirements for static strength
were not sufficient with respect to fatigue and
to present program-fatigue tests as a more
reliable basis for a fatigue evaluation. For
ihese purposes he tested notched specimens

from a number of aircraft materials with two

different types of load spectra, viz. a gust
spectrum and a combined gust and maneuver
spectrum. Moreover, Gassner realized that
a program-fatigue test can be performed in
many different ways and he studied the para~
metersinvolved. Since the relevant constant-
amplitude fatigue data were available (fig. 19),
the authors have calculated the I Ji-values
for Gassner's tests.

Asurvey ofthe results is presented in figs. 19
to 22. It should be pointed out that the accura-
cy of the calculated & f-values is not very
high, due to the fact that the N-values had to
be obtained from a Goodman-diagram deter-
mined by a number of specimens which was

fairly small for this purpcse. Further the
results presented are individual test results.
However, since the number of tests is large
some trends can be derived from them. It
may be said that on the average the results
showthat T4 > 1. Fig. 19 shows the results
with the gusf.Nspectrum and fig. 20 shows the
results with the combined gust and maneuver
spectrum. Gassner also studied the effect of
omitting the lowest stress amplitude, see fig.
19, which producedhigher Z;-values. Figs .
21 and 22 give an indication of the effectof
varying the lenght of the period and employing
different load sequences. It seems that the
effect of both parameters on & 3y is not very

large. Finally Gassner studied the effect of the
number of stress levels by approximating the
continuous gust spectrum with.2, 3, 4 and 9
discrete levels. The results were presented
by Gassner as the maximum allowable stress
for atotallife of 5, 400, 000 cycles. An evalution
to = BR-values was not possible since the
number of cycles per period for each level was
not known exactly, except for the tests with 9
gtress levels. Since the differences in allowa-
ble maximum stresses for 3, 4 and 9 levels
were small the conclusion is allowed that the
differences in znﬁ-values would have been
small oo,

More recently (ref. 21) Gassner piblished re-
sults of program-fatigue tests on rotating -
hending specimens (S_ =0j) and two types of
spectra, see fig, 23. "For the gust spectrum
= f-values are slightly below one and for the
maneuver specirum slightly higher than one.
More tests on this type of specimen are in
progress.

Extensive results have been published by Wall-
grenand co-workers, see figs. 24 to 27. Fig.
24 (ref.53) presents the most extensive re-
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sults for different specimens, 2 load specira
and 2 materials. For almost all tests 3 {31,
Willgren also studied the effect of omitlt\:ling
the stress levels below the endurance limit,
From fig. 24 it can be seen that this omission
has a slight beneficial effect. Fig.25 gives
results from Whllgren and Petrelius (ref. 54)
on a bolted joint with a maneyver spectrum,
= &L was noticeably higher than one. Fig. 26
givés results reported by Willgren (ref. 55) on
a simply notched bar. Sufficient tests were
performed io allow an evaluation on a proba-
bility basis. For the probabilities of failure
for which X i has been calculated, itwas
clearly beyothone. In fig. 27 the results of
Willgrenand Svensson(ref.56) on simple lugs
with a maneuver spectrum are presented for
twolight alloys. = —%-values are againhigher
than 1.

Barrois (ref. 2} has re?orted results of tests
in whichthe effect ofthe "ground-to-air cycle'
has been studied. These cycles have been in-
serted at regular periods between an almost
constant amplitude loading, see fig.28. The:
period was studied as a variable. The speci-
menwasg a riveted joint. The results show that
for such aloading, which is almost similar to
the loading in the RAE-test, = J:- values are
systematically below unity and of the order of
0.5,

Fisher (refs. 10 and 11) performed tests on a
specimen with two side notches. He employed
a maneuver spectrum as well as a gust spec-
truzrlix, see figs. 29 and 30. For both spectra

= N-values were slightly above one. For the
gust spectrum Fisher studied the effect of
halving the period length and the effect of o-
mitting the lowest S;-values, The former had
almost no effect and the latter had a small
beneficial effect,

Smith {ref. 49) studied the cumulative damage
behaviour of a speécimen with a central hole
under amaneuver specirum, see fig. 31. Based
on the normal S-N-curve he found 3 2= 4.9,
However, based on the S-N-curve forNspeci~
mens pre-loaded to the highest stress occur-
ring during the Brogram—fatigue test this value
reduced to 3] w~- 1.65.

Extensivetest series have been carriedout by
Hardrath, Utley and Guthrie(ref. 26) on rotating
beam specimens and by Naumann, Hardrath
and Guthrie (ref. 35) an axially loaded sheet
specimens. A surveying paper has been pre-
sentedbyHardrath and Naumann (ref. 25). The
results are summarizedinfig. 32 to 36, most
figures being derived from ref. 25.

The notched rotating-beam specimens have
been tested with three different load spectra,
viz. a ginugoidal spectrum, an exponential
spectrum and a gust spectrum. The results




for the latter are shown in fig. 32. The results

for the other spectra are not given because
they showed a fairly large scatter. Qualitativ-
ely they.showed the same trend as the gust
specira, i.e. T <1, The results varied
from 0,25 to 0.86 with an average of 0.49 .
For the gust-spectrum tests the mean value
was 0,42,

The axial-loadtests are of much more 1mpor—
tance, The aims of the investigation were to a
large degree identical to those of the present
investigation. The parameters studied were:
type of load sequence, . period length, mean
stress, type of material and number of stress
levels, Fig. 33 shows the effect of different
load sequences the highest results being ob-
tained with decreasing stress levels and the
lowest results with increasing stress levels.
This is the opposite effect as found in the pre-
sent investigation.

Fig. 34 shows the effect of the mean stress.
The trend is obv1ous Higher mean stresses
leadtohigher 5 L-values. It should be noted
that a variation clv\{‘ Sy, Was accompanied by a
variation of the Sa—spectrum The maximum
siress remainedthe same and was about equal
to the stress at the design limit load.

The effect of the length of the period is illu-
stratedin fig. 35. The effect seems to be small
for the 7075-specimens. The 2024-specimens
reveal a legs systematical influence. Lower
52 DL-values seem to be associated with the
higher period length.
In fig.-36 a comparison is made between the
resulis for 2024 and 7075 material, the latter
material consistently gwmg the higher Z
values.

Naumann, Hardrath andGuthrie performedtwo
test series on 2024 specimens with the same
spectrum, the same number of cycies per pe-
riod and the same load sequence {randomized
sequence), but with a different number of
stress levels, viz. 8 levels in one test series
{4 specimens) and 18 levels in the other test
series (also 4 specimens), The results were
respectively Z f = 1,02 and T & = 1.16,
showing no significant difference.

6. 3. Results of investigations on structures.

Figs. 37 and 38 summarize the results of the
random and program-fatigue tests on Mustang
wings, reported by Payne {refs. 37 and 38).
Inthe random-fatigue tesis eachload amplitude
andits ‘sign were selectedat random. This led
to a rather irregularload sequence as iliustrat-
edin fig. 37. The load spectrum used in these
tests was esgsentially a gust spectrum, how-
ever, it is a rather severe spectrum since a
50 ft/sec gust involves a maximum load of
92% P,. This was purposely done so to avoid
very long endurances in the random tests,
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Alsothe landing cycle (ground-to-air cycle) is
rather severe (-24. 2% P ). It canbe seen from
the second column of tﬁe second table in fig.
37 that these landing cycles cut down the en-
durance with a facior on life of about 5. Cal-
culation of X Tl:‘j-, disregarding the type and
the locationofthe failure were made according
to 4 different hypotheses, outlined in fig,. 37,
Hypotheses Hy andHg correspond to the peak-
method and the range-method which will be
discussed in section 7.5d. H2 gave less con-
servative resulisthanHj. Unconservative re-
sults were also obtained if the damage of the
landing cycles was calculated separately (hy-
pothesis Hg). Hypothesis Hy is identical to Hy
except that now N-values are used obtained
from specimens, preloaded until the highest
load occurring in the test. Results obtained
with Hy and Hy were not very much different.
It should be kept in mind that the comparison
of these four hypotheses is based on results
which donot take into account the type and lo-
cation of failure.

The most interesting data for checking the
Palmgren-Miner rule are those for which the
type and the location of failure were accounted
for. Unfortunately these data are the least
reliable since life estimates based on crack
growth data had to be made in all those cases
for which crack growth of different failure

locations overlapped and not all cracks could |

be followed until final failure. From the results
in the right half of the second table in fig. 37.
evaluated according to hypothesis Hy, it turns
out that now these results on the average are

. on the safe side.
Accordingto Payne (ref. 38) predictions for the:

crack rate in the gun bay area were made for
the random fatigue tesis without ground-to-air
cycles withthe crack rate date of the constant
amplitude tests as a basis. It then turned out
that hypothesis Ho (range-method) gave a bet-
ter representation than Hj, the latter bemg
too conservative. This is confirmed by £ &

2. 66 for the final failure in this area withI—F,
gsinc¢e for this load sequence and this failure
location almost the complete life was covered
by crack propagation. -

Fig. 38 gives the resulis for the program-
fatigue tests onthe Mustang wings. Three
load levels were used. It was suggested at
that time by the Australian airworthiness au-
thorities that such a type of test might give
valuable indications of the airworthiness of a
structure with respect to fatigue. Again the
results have been evaluated in two ways, i.e.
disregarding and considering the type of failu -
re. Forthe latter case, which is the more in-
terestingone, £ fk-values are all above unity.

Carl and Wegeng(ref. 5) have tested outerwing
panels of a jet-fighter with a maneuver spec-
trum, see fig.39. All three load levels of the
program were high and corresponded to low
endurances. X %-results are of the order of
1.5.



Fig.40 summarizes the results of so-called
randomized-steptests on Commando wings, re-
ported by Whaley inred.59. A randomized-step
testis a special type of program-fatigue test.
Within one period all load cycles of the same
magnitude are applied in one batch, The batches:
are arrangedina random order by consulting a
table of random numbers. Therefore,the de-
gree of randomnessis much lower than for the
tests onthe Mustang wings of fig. 37, The inter-
pretation of the test results met with the same
difficulties as for the Mustang wings, i.e.there
was more than one failure location and not all
types of failure occurredinall tests,Disregar-~
ding the type of failure the 5% - values were con-
siderably higher than unity.
The results of fig. 40 were based on tests on 3
wings (6 outer wing panels). According to Hus-
ton(ref. 28} more panels are tested at the mo-
ment, also with a maneuver gpectrum. Quan-
titative data on these additionaltestshave not
yvet been published. However, Huston gives
some data on a very urgent aspect of the pro-
blem, which is the relation between the endu-
rance in laboratory tests and the actual endu-
rance under service conditions. These dataare
summarized in fig. 41. Apparently the agree-
ment between both types of data is reasonably
good. Nevertheless Huston carefully avoids
this quatitative conclusion, Indeed one should
be very carefulto draw this conclusion with its
far reaching. implications on the basis of the
results summarizedinfig. 40 and41, because :
(1} There are uncertainties about the load his-
tory of the aircraft in service.
{2} The scatter in the laboratory tests for the
time until crack initiation was fairly large.
[3) In these tests 8 different types of cracks
were found in a limited area of the struc-
ture just beyond the joints of the center
section to the outer panels. This part of
the structure contained many cut outs and
from the point of view of fatigue it was pro-
bably not an ideal structure.

The resultsinfig. 41 are still presented, des-
pite their limited quantitative value, because
they illustrate the type of data which form a
veryimportant missing link in the whole pro-
blem of aircraft fatigue. It may be hoped that
more data on the comparison between labora-
torytests and service experience will become
available.

One other reference could be found in the lite-
rature concerning the comparison of service
experience and laboratory test results. In the
Aircraft Fatigue Handbook of the Aircraft In-
dustiries Association (ref. 60y the fatigue life
is calculated for a wing skin joint, see fig. 42
This calculationis based on the relevant S-N-
curve with an estimated loading in service. The
calculated fatigue life, 7900 flying hours, com~
pares favourably with the fatigue life in ser-
vice, which was 10, 000 to 12, 000 flying hours.
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6.4, Results of tests with very high loads.

The results of tests with high loads and pre-
loads as reported by Heywood (ref. 28) have
been presentedinfigs. 43, 44 and 45. The tests
were constant-amplitude tests, preceded by a
high pre-loadorto which periodical high loads
were inserted. Fig.43 shows that a single
pre-load has to be fairly high to be effective.
Fig. 44 shows the effect of periodical high po-

* sitive loads. The curve for one high pre-load

isshowninthis figure as a reference. It turns
out that periodically applied high loads are far
more effective than a gingle pre-load. In this
figure there are also four results for a batch
of 10 pre-loads. Their effect does not seem to
be much different from one pre-load, but the
number oftests istoo small to allow a conclu-
sive statement.

For comparison with the present investigation
the most interesting data of Heywood are given
in fig, 45, sincethis figure shows that the ben
eficial effect of periodic high positive loads is
largely eliminated if these loads are immed-
iately followed by negative loads.

In spite of the scanty number of tests the re-
sults are in full agreement with the present
investigation.

HResults of a high pre-load are also presented
by Payne (ref, 38} forthe Mustang wings. They
are in agreement with Heywood's results and
confirmthat very high pre-loads are necessary
to obtain a beneficial effect.

6.5. Results of random-noise-fatigue tests.

In three investigations{refs. 12, 26a and 30
random noise has been used as an input to an
electromagnetic vibrator loading smail notch-
ed specimens in plane bending. A survey is
given in fig.46. For all three investigations
the relevant S~-N-curves were determined, thus
allowing an evaluation of 3 -%

Kowalewski(ref. 30) also performed program-
fatigue tesis withthe same test set-up, employ-
ing a program which was derived from the ran-
dom stress variations, see fig. 47. This figure
is further discussed in section 7. 5d.

All three investigations were conducted with
Sm = 0. The stress concentration factor was
very low forthe investigation of Head and Hooke,
moderate for the investigation of Kowalewski
and high for the investigation of Fralich. This
is clearly reflected in the values of the fatigue
limits. There is a correspondingly large di-
vergence in 3. 4#&-values. Fralich reporiedthat
alarge part of the fatigue life of his specimens
was covered by crack propagation, which is
usual for severely notched specimens (ref. 46).
The typical properties from random noise as
aload-time history willnot be discussed here.
Some remarks are presenfed in seciion 7. 5d.




7. Discussion.
7. 1. Scope of the chapter

Inthis chapterthe results ofthe present inves-
tigation will be discussed and compared with
the results of other investigations reviewed
in the previous chapter. In view of the many
aspects of the problem it has been tried to es-

tablish a systematic sub-division for this chap-

ter with the objectives of this investigation,
outlined in the introduction, as a guide.
The main questions are:

{a) How isthe fatigue life in a program-fatigue
test affected by the parameters of the pro-
gram, suchas period length, load sequen-
ce, highest and lowest load.level to be in-
cluded, etc? )

What can be said about the validity of the
Palmgren-Miner value under programfati-
gue loading? What is its value for design
purposes?

What is the value of program-fatigue loa-
ding for design purposes?

(b)

()

Topic (a) is dealt with in section 7.2, (b)in
7.4and7.6 and {c) in 7.5 and 7. 7. As special
topics the effect of periodic high loads and
scatterinprogram-fatigue testing are discuss-
ed in sections 7. 3 and 7. 8 respectively.

7.2. Theeffect of different parameéters of the
program-fatigue test on the endurance,

7.2a. The load sequence in a peried.

Sequences to be discussed are: (1) increasing
stress, (2) decreaging stress and(3) increasing
and decreasing stress. These sequences are
illustratedin fig. 15. Random and randomized
sequences are discussedinanother part of this
chapter.

The results of the present investigation are
summarized in fig. 15. The effect of the load
sequence is small for the 7075 specimens.
For the 2024 specimens, however, there is a
clearly noticeable effect, the smallest endur-
ance being obtained by the decreasing sequence
and the highest endurance by the increasing
sequence, It is believed that the explanation
must be based on favpurable internal stresses
formed at the highest stress level.

Forthe increasing sequence the highest stress
level is immediately followed by the lowest
stress level and due to the favourable internal
stressesthe cycles at the lower stress levels
will be more or less ineffective.

For the decreasing order of siress levels the
lowest stress ;amplitude will have a better
chance to be damaging since then the preceding
stregs levels may have induced some relaxa-
tion of the internal stress system. The relaxa-
tion may bhe due to plastic deformation in the
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critical region, but also to continued crack
propagation,
It is not surprising that thig effect is only
found for 2024 material, since the maximum
stress for specimens of this material was 17
kg/mm2 (24.2 k.s.i.), cgmpared with 12. 6
kg/mm2 (17.9%k.s.1i.)for 7075 specimens.
Moreover the yield stress ia markedly lower
for 2024 than for 7075.

Additional evidence for the
explanation given above is offered in fig. 17,
compare test series 6 and 17. The bheneficial
effect of periodic positive high loads is much
higher for an increasing lecad program than .
for a decreasing one. '
Similartests were performed by Gassner (ref.
18), see fig, 22 and by Hardrath et al. (refs, 25
and 35), see fig.33. Gassner found a small
effect inagreement withthe results of the pre -
sent investigation for 2024-specimens. Hard-
rath found a large effect of the sequence for
2024 and- 7075 specimens both. Strangely
enough, this effect was opposite to the effect

+as found in the present investigation and by

Gassner. No explanation can be offered. In
agreement with the present investigation the
results for the tests with increasing and de-
creasing stress levels succeeding each qther
were intermediate tothe results for increasing
levels only and decreasing levels only.

7.2b. The length of the peniod.

The effect of the number of cycles in one period

as foundinthe present investigation, is shown
infig. 16, Tests were performed on 7075 ma-

terial only. The ratio's of the period lengths

are 4:2:1. A slight effect on the endurance is
found, the smailestendurance being associated
with a small number of periods. The highest
endurance was found for 12 periods covering
the complete life. It iz noteworthy that Gass-

ner(ref. 18) found exactly the same trend, see
fig. 21. Fisher(ref. 11) studied 2 period lengths
with a ratio of 1:2 and he found a very small
effect, seefig. 30. Infig. 35 results of Hardrath
et al. (refs.2b and 35) are shown. These re-

gults on the average confirm the view that ne
large effects are found. However, for the 2024

material there is anindicationthat long periods .
(a small number of periods until failure) might
give lower Z fr-values. This may be due to
applying the cycles with the lower stress am-

plitudes in relatively large batches, thus in-

creasing their possibility to be damaging. It
isthen felt that long periods are an unrealistic
approach and it may be concluded that the ef-

fect of the period length, although not fully
negligible, will be small provided that a small
number of periods, uatil fajlure, say smaller
than 10, is avoided.



7.2¢. Thelowest5, to be included in the pro-
gram,

in reducing a load spectrum fo a program for
a program-fatigue test it is a problem to set
alower limit to the Sa-values which should be
included in the test, Including cycles with very
low S,-values implies large testing times be-
cause for oractical spectra these cycles are
very numerous. According to the Palmgren-
Miner rule it should not be necessaryto in-
clude cycles whose stress amplitudes are below
the endurance 11m1t since such cycles do not
contributeto = -ﬁbecauseN &  This point
is checked in some testseries of the present
program, see fig. 14. Comparison oftest se-
ries 13, 11 and 15 for 7075 specimens and test
series 21 and 25 for 2024 spemmens reveals
a consistent tendency to lower 2 n_values by
adding load cycles with lower Sg-values to the
program,. This effect may be explained by as-
suming ;that load cycles with a low S, which
are” unable to create fatigue cracks if applied
separately will be able to extend exisiing
cracks created at higher stress levels in a
program-fatigue test.

The results of the present investigation are
confirmed by those of Gassner (ref. 18), Wall-
gren(ref. 53) and Fisher (ref. 11}, see figures
19 ( footnote 3), 24 {footnote) and 30 (program
2 and 3) respectively, The increase of the
2%- values by omitting cycles below the endur-
ance limit amounts to about 50% on the average
Nowitis felt that a program-Tfatigue test gives
cycles with low stress amplitudes the maxipum

chance to be damaging, because in such a test
these cycles are applied in batches, each
consisting of a large number of cycles without
intermediate higher stress cycles. This is felt
to be an unfavourabie séquence which does not
occurinthe more random sequences which will
be encountered in service. It may be concluded
that it will be a safe procedure to include load
cycles with a stress amplitude below the en-
durance limit, but it seems to be an unnecg-
essary penaltytoinclude stress cycles far be-
low the endurance limit. To give a more guan-
titative advice on a rational basis is impossi-
ble. Other asgpects which are of importance
in this respect are:

{a) the quality of the estimation of the fatigue
limit and

{b) the practical interpretation which has to be
given to the result of the program-fatigue
test.

In performing program-fatigue tests on large
structures load cycles with a low amplitude
should be included as far as practicable since
these load cycles may produce a mode of failure
which otherwise might not be found, for in-
stance by crack initiation due to fretting.
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7.2d. The highest S to be included in the pro.
gram, ‘

Another problem in deriving a load program
is the establishment of the upper limit io the
stress amplitudes to be included.

Regsulis of the present investigation are shown
infig. 14. Comparison of test series 10, 3 and
2 forthe 7075 specimens andtest series 21 and
24 reveals that omitting the highest 5, leads
tolower E(ﬁ values. Comparison of test se-
ries 18 and 1, also in fig. 14, does not show
any effect. More or less similar tests have
been performed by Gassner (ref. 18) and Wall-
gren (ref. 53), see figs. 19, 20 and 24 resp.
Results of these mveshgators areinagreement
witn the present investigatnion,

They show that lower values of the maximum
applied siress in the program (Smax) lead to
lower = fy-values (not necessarily below
unity). Increasing Smax leads to higher 3 §-
values until a maximum is reached. For vei‘{_
high values of Sy 5y again a decrease of &
values is noticed.Maximum values of £ 5 seem
to be promotedby values of §,, , , corresponding
to an endurance of about 10060 cycles.
Gassner's results are somewhat leas system-
atical, which is not strange, since fig. 19 re-
presents individual test results.

The fairly low Syax-value for the 7075 speci-
mens of the present investigation may account
for the low ¥ L-values found in fig. 14.

An explanahonl\éeems to be pgssible. Cycles
withahigh S; induce two counteracting effects,
viz, a favourable effect which is the formation
ofresidual stresses and an unfavourable effect
whichisthe relativelylarge contribution to the
crack growth. In general the first effect will
be the dominating one; however, it will be clear
that this effect cannot be increased indefinitely
and therefore the second effect may become
dominating at very high values of Smax.

It is felt that Gassner's results on rotating
beam specimens, see fig. 23,are consistent
with the explanation. For these testis Sy = 0
and the formation of favourable residual siress-
es will be more difficult. Consequently no in-
crease of = f& with increasingSpa, and no
such maximum for Z g are found.

In view of the effect of S5, on the fatigue life
in program-fatigue tests the most acceptable
approach to establishing a program for a test
on a structure or part of it, seems to be to
selectthat level that may be expected to occur
a not too small number of times in the anti-
cipated life. of most aireraft, for instance 10
to 100 times. The effect of higher loads is
discussed in section 7. 3.

7.2e. The number of.load levels.

Once the minimum and maximum amplitude of
the program have been settled one has to decide



how many intermediate sStress levels will be
employed. Systemahcal investigations were
performed by Gassner {ref. 18) and Naurnann
et al. (ref 35). In this respect both investi-
gation were of a limited extent. Gassner did
not find much difference in fatigue life by ap-
proximating the spectrum by 3, 4 or 9 stress
levels, Sap,ip a0dSamax beingthe same in all
cases. Also l%aumannet al. testing the fatigue
specimens from fig. 33 and using a gust spec-
trum, a randomized sequence with 8 or 18
stress levels,found only a sniall difference.
Despitethe scanty evidence it is believed that
the effect of the number of stress levels will
be lmall ifthis pumber is not too small. From
microscopical studies it is known that a differ-
ence can be made between high and low-level
fatigue. However, it is not sure that this dif
ference is essent1a1 rather than gradual. It is
thought that the phenomenological knowledge
of fatigue does not necessitate a very highnum-
ber of stress ievels, although it will never be
anobjection. Aminimum number of 6 to 8 may
be acceptable.

7.3. Periodic high loads and ground-to-air
cycles.
From the results presented by Heywood (ref.
28) and reproduced here in figs. 43 and 44, it
was known that a high preload may s1gn1fmantly
increase the fatigue life under constant ampli-
tude loading if the preload is very high, i.e.
ofthe order of the limit load or higher. Tests
on Mustang wings, reported by Payne (ref. 38)
~have confirmedthis. Further it was shown by
Heywood that high loads ingerted periodically
in a constant amplitude test increage the fa-
tigue life much more than one preload of tle
same magnitide. Heywood advanced two ex-
planations. (1) The internal stresses may de-
crease during fatigue testing andthey areres-
tored again by the periodic high loads. (2) Mi-
¢rocracks or cracks may have formed. Their
growth will be retarded by the internal stress-
es built up aroundthese cracks by the periodic
high loads. Both reasons may apply.
Heywood's results apply to constant-amplitude
fatigue tests. In the present investigation the
effect on the fatigue life under program-fati-
gue loading was studied. From the results, see
fig. 17,the following conclusions may be drawn.
One high preloadincreased the fatigue life on-
lytoa limited extent. However, periodic high
positive loads, though smaller than the pre-
load, increasethe life considerably, compare
tegt series 10, b and 6. Comparisonof test
series 6, 6a and 6b shows that stopping the
apphcatlon of the periodic high loads leads to
the end of the fatigue life after an additional
= increment of aboul 1 and thal lowering
the " periodicity of the high loads about twice
(corresponding to a period of TR V0.2 is
also accompanied by a decrease in ]t%.tlgue life.
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The results are in perfect agreement with
Heywood's results and his explanation. An
interesiing comparisonis possible betweentiest
series 6 and 17, the first test series being
conducted withanincreasing load sequence and
the second test series with a decreasing load
sequence. There is an appreciable difference
in fatigue life consistent with the trend dis-
cussed in section 7.2a. Also here it ig felt

that the decreasing load sequence will give a

more rapid destruction of the favourable inter-

nal stress system than the increasing -load se-
quence, it may be ¢ither by crack propagation

or by stress relaxation. . .

A comparison of test series 10, 6 and 7 re-

veals that periodic high negative loads are

harmiful, but the unfavourable- effect is less
than the favourable effect of periodic high
positive loads, although in test series 7 the
amplitude of high negative loads (20%+39% S ;)
was larger than for the high positive loads

(38% S, in test series 6. Two additive expla-

nations are valid:~

(1) For riveted and bolted joints the critical
sectionis less highly stressed in compress-
ion than in tension and .

{2) iffatigue cracks exist, they miay be closed
under compressionloads, thus diminishing
the stress concentration.

Finallytest series were performed with perio-

dic high load cycles consisting of one high po-

sitive load followed by one high negative load
orinthe reversedorder.Comparingtest series

8and 9 for 7075 specimens and test series 27

and 28 for 2024 specimens it will be clear that

from sucha high load cycle the last half cycle
has the dominating influence. This is confirm-
ed by one test result of Heywood presented

in fig. 45.

Probably the main result of these tests with
periodic high loads is an illustration of the
effect of residual stresses. The results em-
phasize the problem that if such rather rare
very high load cycles have to be ingerted in
aprogram-fatigue test one has to consgider the
question if the positive or the negative half
cycle has to be applied first. Now, it should
be realized that the present test series have
some extraordinary features. Firstly, the
difference between the high load cycles and the
highest load cycles of the basic program is too
large to consider the high load cycles 'as a
normal part of the program, and, secondly,
the high load cycles have been added almost
exclusivelytoa load sequence with increasing
stress levels only. It is feilt that under more
normal testing conditions the effect of the
highest load cycle occurring once in a period
would have been less. Nevertheless, as a
conservative measure, it is advised for prac-
tical program-fatigue testing that high loads
occurring with a frequency of less thansay
ten in the anticipated fatigue life (on a basis
of Z4=1) should not be included.




There is one ever-recurring type of load for
an aircraft, whichisthe so-called ground-to-
aircycle or landing cycle. For many parts of
anaircraft thig ground-to-air cycle implies a
negative load deviation from the loading in
flight. From the results of test series 7 with
the periodic high negative loads one might
assume thatthe ground-to-air cycle may have
a considerable damaging effect. Now in test
series 7 the negative loads were too high and
too less frequent to represent the ground-to-
air cycles. This topic has heen especially
studied .by Barrois (ref.2). His results are
presented in fig. 28. From his results, the
average being X 4=0.5, it is clear that the
ground-to-air cycles cause considerably more
damage than according tothe Palmgren-Miner~
rule. This is confirmed by the results on the
Mustang wings reported by Payne (ref. 38), see
fig. 37. For the Mustang wings the ground-to-
air cycle was rather severe. They decreased
the life with a factor of about 5. No calculated
values of £ 4t were available for the Mustang
wings, which account for the location of failure
and for which the damage of the ground-io-~air
cycle has been calculated separately (hypo-
thesis Hy). Probably 3 values below unity
would thenhave been obtained. The procedure
of Payne, to treat tne ground-to-air cycle as
a gust loading (hypothesis Hq), which implies
an asymmetric gust spectrum, seems there-
foreto be advisable forlife calculations. More
experimental research concerning the effect
ofthe ground-to-air cycle is certainly desira-
ble. Until then one should keep in mind the un-
favourable effect ofthis type of loading, which
may well be due to the periodical destruction
of any favourable internal stress system. *

It appears to be essential to include this type
of loading in program-fatigue test on struc
tures.,

* After this report had been completed the
results of a systematical study on the effect
of ground-to-air cycles was published by
Gassner and Horstman (E. Gassner and K. F.
Horstmann: Einfluss des Start-Lande Last-
wechsels auf die Lebensdauer der bdenbe-
anspruchten Fligel von Verkehrsflugzeugen,
Lecture presented at the 2nd ICAS-Congress,
Zirich, sept. 1960). This investigation offers
a substantial confirmation ofthe discussion
presented here and conclusion 8 of chapter 8.
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7.4, The validity of the Palmgren-Miner rule.

Infig. 50 asurveyis presented of the investiga-

tions discussedinthe previous sections. There
is a fairly large variation in &, values and
this willnow be discussed for small specimens
and structures separately. The validity of the
rule will be discussed irrespective of the

question whether program- fatigue testing is a

correct representation of service loads. This
problem is discussedin section 7. 5. The value
ofthe Palmgren-Miner rule for design purpos-
es will be discussed in section 7. §.

7.4a. Small specimens.

In general small specimens show only one mode
of failure and crack propagation such as it
occurs in structures is impossible. However,
it is felt that the fatigue life of a small spe -
cimen may he compared with the fatigue life
ofa structure until the time that a "technical-
iy visible crack" has been initiated. A techni-
cally visible crackis a concept which does not
allow a concrete definition, however, one may
think of a crack lenght in the order of 1 em
(~ 3/8". Such cracks may be found by the
usual procedures for service inspections. The
comparison seems to be allowed since that
part of the fatigue life of a small specimen
during which the stress due to a certain load
is seriously affected by crack propagation is
fairly small.

Also for small specimens alone fig. 50 shows
a large variability of Z fy-values. However,
there are some more or less systematical
trends to be observed.

Low values of T ﬁ, i.e. values below one,
will first be discussed. These values imply
unconservative life estimates ifthe Palmgren-
Miner rule is accepted. From fig. 50 it may
be deduced that loaw values of T f} are obtain-
ed in the following cases: .

(a) Rotating beam specimens tested by Hard-

rath et al. Sm =0.

(b) Random noise tests by Head and Hooke,
Sm =0, kg =1.33

(c) Some tests by Gassner:
{d) Tests by Barrois with ground-to-air cycles,
{e} Tests by Naumann et al. S = 0.

Fromthis list it is cléar that Sy, = 0 in gene-
ralleadstolow ¥ {j-values. Thisis consistent
with the view that for S, > 0 the possibility
for the formation of favourable residual stress-
€8 is much betterthan for 5,;,=0. With respect
tothe results of Gassner it should be remem-
bered that his results for plane bending and
axial loading were individual test results. So
Gassner's lowest results cannot be regarded




as indications of average trends. Barrois
found > f ~ 0.5ifground to air cycles were
superimposedona constant amplitude loading.
It may be concluded that unconservative life
estimates with the Palmgren-Miner rule may
be obtainedif S, = Oorif ground-to-air cycies
are important. In addition it has to be said
that ground-to-air cycles do not necessarily
involvethat T ﬁ = 1is unsafe. Without ground

to-air cycles Barrois would obviously have ob-
tained 3 & = 1 (constant amplitude loading).

Since prograin-loading with Sy, > 0 may easily
result in 3 fy > 1, the addition of ground-to-
air cycles to such a loading may still yield a
result of & L 51 oreven higher. This is a
problem which should be further investigated.

High values of X %, i.e. values higher than
one, are accordingtlg fig. 50 not at all seldom.
On the contrary, such values are dominating.
It has been pointed out in section 7.2d that
high = 4y-values may be obtained if load ¢cy-
cles with fairly high siress amplitudes are
included in the test., Very high values of 5
may again introduce some lowering of Z %
Average values for axial loadtests withS.,> 0,
excluding the resuits of Gassner (individual
test results) and Barrois (ground-to-air cycles)
are of the order of 1.5 to 2. 0. The results of
the present investigation for 7075 specimens
seemtobe an exception, ¥ 3= 0.6-1.1; how-
ever, it is felt that this will have been due to
the fairly low maximum stress applied in these
tests. Itis concluded that for program-fatigue
loading without ground-to-air cycles the Palm-
gren-Miner rule will underestimate the fatigue
life. : '

From the surveyof results in fig. 50 it may be
concluded that there ig little difference in the
cumulative-damage behaviour of 2024 speci-
mens and 7075 specimens. On the average the
7075 gpecimens do not produce lower 2 ~7-
values. This doesnot implythat both materiils
are equivalent from the fatigue point of view
Since S-N-curves for both materialg in’'the
notched condition are generally equivalent or
worse for the 7075 specimens, the fatigue life
expressedin flying hours will be lower for the
T0'75 specimens than for 2024 specimens of
the sarne geometry and designed to the same
load factor.

¥From fig.50 it wiil be seen that the majority
of load programs was associated with a gust
spectrum or a maneuver spectrum. No system-
atical difference inthe results for both spectra
is apparent., It is thought therefore that for
load spectira intermediate beiween a gust and
a maneuver spectrum similar results may be
expected.

Obviously the unfavourable effect ofthe ground-
{o-air cycle will be negligible for a maneuver
gpectrum loading if negative maneuvers with

20

the magnitude of the ground-to-air ¢ycle are
not seldom.

7.4b Structures,

For obvious reasons the number of investi-
gations on structures is much smaller than
on specimens. Moreover the information is
obscured by the inferference of different types
of failure. The general impreasion is that for
the fatigie life including the crack propagat-
ion in the structure the Palmgren-Miner rule
will certainly be onthe s5afe side. The Austra-
lian results gn Mustang wings indicate that for
a gust-gspectrum loading the ground-to- air
cycle may be a severely damaging load, The
damage of these cycles should not be calculat-
ed separately, but the ground-to-air cyclés
should be treatedas being negative gust loads,
thus inveolving an asymmetric load spectrum.
Under such conditions Payne, employing the
peak-method, see chapter 7.5, obtained
= # ~1 for final failure. ‘

For the time until visible eracks in a struc-
ture have grown, the conclusions of the pre-
vious section are supposed to be valid as ex-
plained there. The crack propagation in a
structure has to be considered separately.How-
ever, hardly any daia are available in this
regpect, The impression obtained from the
tests on the Mustang wings is certainly that
for the crack-propagation stage in a struc-
ture the Palmgren-Miner rule will be on the
safe side. This is not sirange since cracks
allow the formation of even more intensive
residual stress fields than notches. It has been
observed (refs.24 and 7) that changing the
load amplitude during fatigue erack propapat-
ion yields an interaction from one load level
ofthe ¢rack propagation at the subsequent load-
level. It is strongly advised to study crack

propagation in structures or components under
program-fatigue testing, both with and without
ground-to-air cycles.

7.5. Differences between program - fatigue
testing and service loading.

For aprogram-fatigue test on a full-size struc-

tural component or structure, there are a

number of obvioua differences with the loading

of anaircraft under service conditions. 1f pro-

gram-fatigue loading has to represent loading

in service it is important to know whether

these different circumstances may have a

noticeable influence on the fatigue life.

In this section the following aspects will be

discussed. :

(1} The rate of loading

(2) Rest periods

{3) The environmenial conditions

(4) The load sequence for program - fatigue
loading vs. random service lpading.
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7.5a. The effect of the rate of loading.

The effect of the frequency of cyclic loading
on the fatigue life has been reviewed recently
by Siephenson (ref.50). The majority of in-
vestigations has been performed on unnotched
specimens. Inthe technically important range
from 10to 10* cycles per minute {sonic fatigue
and fuselage-pressurisation cycles being left
out of consideration) the effect seems to be
fairly small for light alloys at room temper-
ature.If any effect is present lower frequencies
give lower endurances and the effect will be
most noticeable at higher stress amplitudes.
More empirical research for notched speci-
mens seemns. to be advisable,

At the moment the frequency effect onthe crack
rate ina sheet is studied at the NLL. Prelimi-
nary results show a 30% higher crack rate at
a frequency of about 20 cycles per minute as
compared with 2000 cycles per minute. It is
thought to be possible that a frequency-depen-
dent creep effect will ocecur around the tip of
the crack. From this point of view a smaller
frequency effect may be expected for the time
until erack initiation.

It is regrettable that the physical concepisof
fatigue do not yet offer much guidance with
respect to the frequency effect. No specula-
tion will be presentied here.

7.5b. The effect of rest periods.

An aircraft is not continuously flying and the
structure has ample time i{¢ relax if sucha
mechanisam is possible. Some investigators
have therefore studiedthe effect of rest periods
onthe fatigue life. Gassner (ref. 17}has employ
ed program-fatigue loading for this purpose.

His results are summarizedin fig.48 and some
results are containedin fig. 19 (see footnote 4.)
The results are fairly scanty and show perhaps
a slightly beneficial effect of the rest periods.

Constant amplitude tests with and without rest
periods were conducted by Bollenrath and
Cornelius (ref. 3) and by Gunn (ref. 23} and they
did not indicate. any effect. Smith (ref. 49) has

studied the effect of one high pre-load on the
endurance of a notched specimen. His results
are shown in fig.49. It is clear that a relaxa-
tion period of half a year did not al all im-
pair the beneficial effect of the high preload.
Also here it is difficult to employ physical
arguments. Diffusion and someg dislocation
movements may probably go on during rest
periods, but even a prediction whether this
would be beneficial or harmful in an unstable

light alloy is extremely speculative, The view

that diffusion and dislocation movements during
rest periods will occur on a much smaller
gcale than during alternated stressing is con-
sistent with the result that the effect of rest
periods will be very small, if any.

7.5¢c. The environmental effect.

The chemical environment of a component in
an aircraft structure differs from the con-
ditions in a laboratory test. The time of ex-
posure will be longer and the chemical activi-
ty of the environment may be different. Now
inan aireraft strycture special measures are
taken to protect it against severe corrosive
conditions. A generalmore or leas systematic-
aldiscussion is hardly possible and beyond the
scape of this report. Reference may be made
to a recent NACA investigation (ref.32) on
sheet: specimen of 2024 and 7075 - material
both in ‘the bare and clad condition, notched
by a central hole, loaded in blane bending,
ki = 1. 8. For each material one batch of spe-
cimens was tested uninterruptedly indoors at
a speed of 575 cycles per minute and another
batch was tested outdoors at a speed of 430
cycles perminute and 10 minutes per day only.
The latter specimens were freely exposed to
rainand moist. The outdoor environrment was
situated at the-Atlantic coast of the U. 5. A. and
was supposedto be quite severe compared with
average conditions experienced by aircraft.
The specimens were testedat5_ = 8. 4 kg/mm2.
The following results were obtdined,

. Nl) .
Material (kgr’mmz } | Indoors Outdoors Reduction factor
2024-T3 clad| ~ 10.5 541000 546000 0.99
7075-T6 clad 10,2 389000 280000 . 1,39
2024-T3 bare 17.86 399000 145000 2.75
7075-T6 bare 17.86 211000 90400 2.33

1)

Logarithmic mean of about 25 specimens. Ref. 32 cites arithmetric

means .



. It turns out that for the clad material the en-
vironmental effect is fairly small (7075) or
negligible (2024). For the bare material there
is a noticeable unfavourable effect,

Alarge part of the fatigue fractures occurring
in a structure start at rivet-holes or bolt-
holes and the accessibility of the critical lo-
cation of these types of notches for anyliquid
" substance will be poor. An important effect
of the environment ghould not be expected,
then.

A different situation exists if a fatigue crack
is growing in a structure. In general the ac-
cesgibility forthe environmental medium will
be fairly good. Little is known about the effect
of the environment on crack propagation and
itis felt that empirical research on this topic
iz highly advisable.

Ancther aspect is the possibility of stress-
corrosion to which gsome light alloys seem to
. be liable. If this phenomenon occurs in combi-
nation with fatigue, a rather unfavourable
gituation exists. This, however, will not be
discussed in this report.

7.5d. Theload sequence ina program-fatigue
test and in service.,

The difference between program loading and
service loading will' be discussed on the as-
sumption that there is no effect of the rate of
loading, rest perieds and environment. The
problem is then whether the load variations as
they occur in practice may be reduced to a
load sequence as appilied in program-fatigue
tests. To deal with this question two well-
known methods for the reduction of a load-
time history will be briefly discussed. The
methods will be called the peak-method and the
range-method. They are illustrated in fig. 51.
The peak-method is associated with the so-
called''Fatigue-meter'(refs. 51 and 61). From
the indications of this instrument the number
of peaks in a certain load interval can be de-
duced. * A peak of the load-time history is an
absolute maximum above the mean load or an
abgolute minimum below the mean load. The
combination of 2 equal peak loads with oppo-
site signto one complete load cycle disregards
that these peak loads do not always start from
or return to the mean load, see for instance
peak A and B in fig.51. Further, the method
disregards that in general 2 equal peak ioads
of opposite sign do not immediately succeed
each other. The peak-method suggests load
variations which actually do not occur. Espe-
cially, too many large load variations will be
found. The method implies a rather severe
violation of the actual load-time history,

The range-methodis based on the assumption
that in general load variations are more sig-
nificant than peak loads or the mean load (ref.
52). This method analyses the load ranges ,
i. e. the differences between successive peaks
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and troughs of the load-time history. As an
approximation all lead ranges are supposed
tohave the same meanload. Equal load ranges
of opposite sign are combined to complete load
cycles, The distribution of load cycles obtained
by this methodinvolves load variations which
have actually occurred. Only the sequence is
violated and the effect of variations of the
mean load is disregarded. The range method
may be associated. with the Strain-Range-
Counter (ref. 82), %=

Two pertinent questions may be raised now:

{1) Which of both methods is the most gevere
ane ?

{2) Which of bothmethods will involve the best
simulation of the load sequence occurring
in service? ’

There is no obvious answer tothe first question

The range method will give more cycles but

the cycles with the higher amplitudes will be

legssnumerous. Calculations of Payne (ref, 37)

see fig. 317, fora random load test showed that

the range-method (hypothesis Hy) gives a lon-
ger life than the peak-method (hypothesis Hj
and Hg). They suggest that in this case the
peak-method was the most severe method,
which probably is in accordance with intuitive
expectations. With  respect to ‘the second
questionthere are nophysicalarguments avail-
able to judge which method will give the best
simulation of service history. However, one
may consider the question which method will
give conservative information. Conclusive
answers have to come from tests. Until now
only one study on this point has been published
whnich is due to Kowalewski {ref. 30). A sum-
maryofhistestsis presentedin fig. 47. Kowa-
lewski employed random noise which he analys-
ed with the peak and the range-method both,

He then compared the fatigue life in tests

with random loading and program-loading with

a program of peaks and a program of ranges.

Moreover, Kowalewski has made this empir-

-ical comparison for random noise with diffe-
rent degrees of irregulatity., A convenient
indication ofthe irregularity is the ratio of the

number of zero-crossings per unit time (N,)

. andthe number of absolute maxima in the same
time (Nj). For Ny/Nj~1 the load-time history
has the appearance of a sine wave witha

modulated amplitude, see fig. 47. For such a

load sequence the peak-and the range-method

* In principle the number of peak loads cannot
be deduced from the numbers of level cross-
ings, which are counted by the Fatigve-me-
ter. However, the result obtained will not
be much different from the results desired.

** Actuallythe Strain-Range-Counter does not
exactly count ranges in the sense ag dig-
cugsed here.




will give the same reduced load distribution.
The value of N,/ N, does not uniquely determine
the irregularity. ]I‘he complete statistical in-
formation is contained in the power spectrum,
see for instance ref. 42,

Fig. 47 shows that the program of peaks gives
alife whichis about half the life under random
loading, irrespectiveofthe N,/ Nj-value. The
program of ranges alse gives a higher fatigue
life than the program of peaks, the difference
being larger for higher degrees of irregularity.
This may be explained by consulting fig. 52.
A load cycle with some small. intermediate
interruptions (not seldom for a high degree of
irregularity) will be reduced by the range me-
thod to 2 cycles with half the amplitude of the
original one. Increasing the number of cycles
twice accompanied by halving the amplitude
will imply a less severe loading. Kowalewski's
results learn that it may be an unsafe proce-
duretoemploy the range-method since it may
give a longer life than for irregular types of
load-time histories. - :

Two quegtions arise from the previous dis-
cussion.

{a) Howirregularare alternatingloads in ser-

vice? ‘ .
{b) Is it allowed to generalize Kowalewski's
resulis?

With respect to the first question it has tobe
rememberedthat the irregularity of the load-
ing of an aircraft structure depends not only
on the randomness of the external loadings,
but it is also largely governed by the response
ofthe aircraft. A general answer ig impossible.
By straingage measurements in flight one may
gain a quantitative impression of the irregular-
ity and for fatigue critical parts of an air-
craft such measuremeénts are highly advisable
anyhow. The gust loads have been studied in
most detail (refs. 40 and 41). It seems that
under constant weather conditions these loads
behave as a stationary Gaussian process, just
as random noise. Itimpliesthat the irregular-
ity of the gust load is fully described by its
power spectrum, Additional problems are
the variations in weather conditions {ref. 41)
and the response of the aircraft (ref. 42). A
detailed discussionis beyond the scope of this
report,

Now let the optimistic assumption be made that
the degree of irregularity is known, what can
then be said about the second question{b). Ob-
viously, no exact general validity can be attri-
butedto Kowalewski's results, as a backing by
a physical theory would be a prerequisite. At
first sight Kowalewski's test conditions look
fairly resirictive. He employed a mild notch
(k= 1. 77}, plane bending with Sy~ 0 and ran-
dom noise. Moreover, previous sections have
learned that program-fatigue testing, 'with
which the comparison was made,  does not
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guarantee a unique fatigue life, depending on
the distribution of the load amplitude only,
There may be some influence of the way of
programming. '

The .density distribution function of the peaks

‘of random noise is approximately a Rayleigh

disiribution except for small values of the
peaks. The Rayleigh distribution ig a fairly
poor approximation for an average distribu-~
tion of gust-peak loads. For usual rooct-mean-
square values it will contain relatively too
manyhigh loads andtoo few low loads. It must
be strongly advised to extend the research
initiated by Kowalewski to broader testing
conditions. It is still believed that Kowalews-
ki's conclusion that an irregularly varying
load will produce a longer life than the corres-
ponding sequence of peak loads is qualitatively
correct, This belief is founded on the method
of reducing the irregular load-time history
to peak loads as discussed in this chapter and
the viewthat a random sequence will probably
allow a better periodic reatoration of favoura-
ble residual stresses. .

7.5e. Recapitulationof the value of program-
fatigue testing as a means of simulai-
ing service loading.

The following relates to the fatigue life until
technically visible cracksonly. From the pre-
vious sections it will be clear that there is a
large difference between program-fatigue test-
ing and service loading. In general the load-
ing rate will be higher in a fatigue test than
in service. It is felt that this speed effect
willbe very small. Secondly rest periods are
not introduced in laboratory tests to such an
extent as in Service. Also this may have a
slight effect. The chemical effect of the en-
vironment in service, if noticeable, will be
unfavourable in comparison with the laboratory
test. Againit is thought that in many instances
the effect will be small. Comparing the load
sequence in service and the load sequence in
a program-fatigue test the latter sequence is
feltto be a conservative representation of the
former if the reduction of the load history in
gervice hag been made with the peak-method
There is no obvious better or best method for
suchareduction. The range-method may give
unconservative results,

Thetotal impressionisthat adding the favour-
able and unfavourable effects the program-fa-
tigue test can be a conservative representat-
ion for service loading provided that the pro-
gram is established with some care as outlined
in gection 7.2. This means that loads below
the estimated fatigue limit are included, an
increasing-decreasing or a randomized load
sequense is used, at least 10 periods will be
involved in the test, extremely high loads are’
avoided and ground-to-air cycles are includ-
ed if they may be important.




The proofofthe pudding wouldbe a comparison
of service experience with laboratory tests.
Such comparisong of sufficient quality are
hard to obtain because they require that the
gervice loading of the aircraft and the loading
of the particular component in its structure
are well establishedGassner (ref. 20) reports
the failure of a riveted joint in a wing spar of
the Ju-52 aireraft, which afterwards was test-
edina program-fatigue test. The result of the
test differed only 10% from the service life and
the sametype of failure was obtained. Huston
{ref.9) could make a comparison for the C-46
aircraft, The results are summarized in fig.
41. Also here the agreement is reasonable,

somewhat larger lives being obtained in ser-
vice. For the Ju-52 as well as the C-46 the
majority of damage will have been due to gusts.
Under such circumstances groundto-air cycles
may be assumed to be more damaging than
suggested by the Palmgren-Miner rule. These
loads were not iniroduced into the program-
fatigue tests and nevertheless a fair agreement
was reached, This is consistent with the view
that program-fatigue testing may give conser-
vative life estimates. In ref. 60 the fatigue life
obtained in service for a wing skin joint was
compared with the life calculated from the
relevant S-N-curve withthe Palmgren-Miner-
rule. A summaryisgiven in fig. 42. Also here
no account was taken of the damage ofthe
ground-to-air c¢ycles; the service life was
somewhat longer than the calculaied life. Fi-
nally Gassner (ref, 20} claims that for motor-
car components (steel) the fatigue lives.in
practice are twice as long as the fatigue life
in the corresponding program-fatigue tests
The value of the above-mentioned evidence is
not large since there are too many uncertain
parameters involved. It is highly desirable
therefore that more information becomes aval-
able for aircraft for which the service loading
has been well established.

7.6, The value of the Palmgren-Miner rule
for the designer. '

The Palmgren-Miner rule is essentially a rule
for making life estimates. It presupposes the
availability of relevant 5-N-curves. Questions
covering different aspects are:

1 What is the purpose of the estimate,
(a) a life prediction until visible cracks or
{by a life prediction of the ¢crack stage?

2. What is the quality desired for the life
esgtimate,
{a) a rough estimate or |
{b) an estimate as precise as possible?

3. At whichmoment will the estimate be made,
{a) in the design stage or
(b) after the design has been frozen?

Allthese questions have a rather intimate re-
lation with each other. A detailed discussion
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would take too much room here. However, fo
indicate the implications of the present in-
vestigation and the literature review on similar
investigations a brief discussion will be pre-
gented. This remark also appliestothe follow -
ing section 7. 7.

Ad l(a)

The evidence presented inthis report suggests
that a prediction of the life until visible cracks
for alight allay structural component for which
the mean stressis positive, based onthe Palm-
gren-Miner rule, will give a resuit which on
the average will be onthe safe gide, Unconserv-
ative estimates will be promoted by many low
loads, below the fatigue limit, in the absence
of reasonably high positive loads., Unconserv-
ative estimates will alsobe promoted by pe-
riodic negative loads, such as ground-to-air
cycles, which are not countérbalanced by
equally numerous high positive loads. In any
case the damage of periodic negative loads
should not be calculated separately, but in con-
nection with all the other loadings combined to
one load spectrum. Ifload-time registrations
are available they should be reduced to a load
goectrum with the peak-method and not.with
the range-method. It is felt that the former
will be a safe procedure whereas the latter
might be unsafe, The countings of the Fatigue-

" meterma ybe considered as a fair approximat-

ion of a reduction according to the peak-me-
thod,

Ad 1(b)

There is not much empirical evidence on life
predictions for the crack stage or the crack
rate. The impression is that also here the
Palmgren-Miner rule can safely be used but
more research is certainly advisable.

Ad 2(a)

What is a rough estimate of an endurance?

It is felt that any estimate from which it may
be expectedthat it will yield the right order or
magnitude will fall in this category. From
this ‘points of view the Palmgren-Miner rule
can certainly be regarded as a useful rule.

" Ad 2(b)

Difficulties arise when a precise 11fe estimate
is wanted. A precise estimate should not be
confused with a safe life estimate. Factors of
safety and related problems are not discussed
in this report. It is felt that a life estimate
which ‘does not err more than a factor of 2,
i.e. Z 8 between0.5 and 2, may be regarded
from atechnical point of view as a-good job. If
this view is accepted inaccurate life estimates
which are too high { I ff < 0.5) will be very
geldom. Inaccurate life estimates which are
toolow are possible. No definite rules can be
givenhere and some guidance may be found in
the surveyed empirical data. Now it should
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not be overlooked that a precise life estimate
depends not only onthe usefulness of the Palm-
gren-Miner rule, but perhaps still more on the
accuracy of the employed $-N-curve, the know-
ledge of the load spectrum and the loading of
the particular component in a structure. This
virtually excludes the possibility of very pre-
cise life estimates,

Ad 3(a) ‘

The Palmgren-Miner rule is felt to be useful as
long as the local dimensions of joints, cut-outs
and other stress raisers still allow some modi-~
fications. If a reasonable estimate of an 5~N-~
curve and a load spectrum can be obtained, no
cumbersome problems will arise if a life esti-
mate with the Palmgren-Miner rule will give a
very short or a very long life. In the firat case
local dimensions or geometry will be changed
and in the latter case no design action need be
taken. For the design action to be taken in in-
termediate situations, i.e. when the part under
consideration maybe suspected of being fatigue
critical, a number of possibilities exist. For
instance, (1} one may still change the design
locally ifthis is easily possible, (2) if the struc-
ture has obvious fail-safe characteristics one
may accept the risk of an insufficient life, (3)
one may try to improve the quality of the life
estimate, for instanceby ad hoc fatigue tests.
This problem willnot be discussed furthér here
gsince there are also economical aspects involv-
ed.

Ad 3(b)

Once the design has been frozen, i.e. when mo-
difications have undesirable productionimplica-
tions, a life estimate which does not yield an
acceptable long life or a life estimate of unac-
ceptable quality, should be astrong argument
for fatigue testing the part under consideration,

Athorough discussion of the fatigue problem of
the designer is beyond the scope ofthis report.
The conclusion to be drawn here is that the
Palmgren-Miner rule is a useful tool for the
designer. The use ofthe rule, however, is quite
limited, duetouncertainties which have nothing
to do with the rule itself. One important factor
may be recalled here. In general no directly
applicable S-N-curve will be available. In many
cases the Palmgren-Miner rule will therefore
not exclude the need of ad hoc fatigue tests.

Finally reference may be made to alternative
theories which have been suggestedinthe literat-
ure (refs. 8, 14, 15, 27, 31 and 48). Similar {o
the Palmgren-Miner rule these theories are
missing a clear and decisive physical back--
ground. Theyare almost invariably checked with
tests on unnotched specimens for which they
predict the occurrence of 3 4y < 1. Thetheories
involve at least one empirical parameter which
obviocusly increases their flexibility., However,

this parameter probably will depend on some of
the fatigue parameters {Sm, k{, material, etc).
Their usefulness for practical problems -has
still to be proven and this will involve a large
amount of testing. For the time being it is ad-
vised to give preference to the simpler Palm-
gren-Miner rule. The suggestion of Smith (ref,
48) to use the Palmgren-Miner rule in combin-
ation. with the S-N-curve of specimens preload-
ed until the highest load of the spectrum, see
Fig. 31, will in general yield higher life estim-
ates, due to the favourable effect of the preload
on the S-N-curve. It is not certain that it will
always give sufficiently conservative results.
The favourable residual stresses formedby the
preload will be relaxed under a fatigue loading
but it is difficult to see that this will always
occur in the same way irrespective of the type
of fatigue loading. In fact the results of the
present investigation suggest that such is not
the case. Further, most available S-N-curves
have heen determined for not preloaded spec-
imens.
ness of Smith's proposal is doubted.

7.7. The value of program-fatigue testing for
the designer.

Periforming program-fatigue tests ona compo-
nent or a structure is essentially an empiri-
cal approach to ohtaining information on its
fatigue characteristics. Different aspects are:
1. The purpose of the test may be

{a) alifeestimation or a crack-rate esti-
mation

(b) revealing the fatigue critical parts,

2. What ‘is .the quality of the information to
be obtained?

3. How does the method compare with the fol-
lowing alte rnatives:

(a) Fatigue tests to determine the relevant
3-N-curve(s) and employing the Palm-
gren Miner rule.

{b) The R.A.E, -test.

{c) Random-1load test.

Ad 1(a)

Alife estimation may be the basis for retire-
ment times for those components which are
not ''fail-safe’ or which allow an easy replace-
ment. The crack-rate information may serve
to establish inspection periods.

Safety factors to be applied will not be discuss-
ed. Obviously such factors will have to depend
on the quality of the information.

Ad 1{b)

Revealingthe fatigue critical components of a
structure is one of the most important potent-
ialities of a fuli-scale test ona structure. This
type of information can hardly be obtained by
theoretical reasoning.

In view of these arguments the useful-




Ad 2

The quality of the information depends on a

number of questions.

(28) How representative is the component or
structure to be tested?

(b} How representative is the assumed load
spectrum?

(¢) How is the load spectrum reducedto a pro-
grammed load sequence ?

(a) It is clear that the structure should be as
representative as possible with respectto
the production type. So it shouild include
normal production methods and it should
be full scale to avoid size effects which
are not yet fully understood.

{b) It is highly important that all types of al-
ternating loads whichmay occur in service
are well represented. This is not only im-
portant withrespecttothe fatigue life esti-
mation but perhaps even more with respect
to indicating possible fatigue critical lo—
cations. Small bul numerous alternaiing
loads may introduce fatigue failures due to
fretting corrosion in areas where the no-
minal stress is still fairly low.

{c) Some remarkson arrivingataprogrammed
load sequence have been made in section
7. 5e and will not be repeated here. Inaddit-
ion .shorter periods have to be adviged for
the crack-propagation stage if it must be
expectedthat this stage will cover asmall
part of the fatigue life.

Ad 3

Program-{atigue testing has advantages and
disadvantages. They will be discussed by com-
paring this testing method with alternative
methods.

Ad 3{a)

One alternative is the determination of the re-
levant S-N-curve(s) aitd a subsequent life cal-
culation with the Palmgren-Miner rule. For
this alternative itis assumed that no S-N-cur-
ves of sufficient quality can be derived from
the literature and that such curves have to be
established by tests. There are two obvious
aspects then. The alternative implies{1) much
simplertesting techniques and (2) much more
apecimens. The latter argument will be a
prohibitive reason to apply this alternative to
structures. There are otherimportant aspects,
however. (3) -The mode of failure in constant
amplitude tests may depend on the magnitude
ofthe load amplitude and this complicates the
interpretation with respect to indication fatigue
critical components. Valuable experience in
this respect was obtained with the Commando
wings (refs. 20 and 59) see figs. 40 and 41, Si-
milarevidence was reported by Haas (ref, 24).
The evidence is certainly in favour of the pro-
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gram-fatigueiest. A fourthaspectis the flexi-
bility of the alternative method which in prin-
ciple is greater thanfor program-fatigue test-
ing. The result of the latter method applies
specifically to the load spectrum applied in
thetest and the spectrum in service may turn
out to he somewhat different. However, correc-
tiong can easily be made with the Palmgren-
Miner rule if 5-N-curves are available., The
quality of these corrections is nothing better
than the quality of this rule, see section 7.6

Itis believed that corrections to the result of
aprogram-fatigue test with the aid of the em-
pirical data as summarized in this report;
will be acceptable. So the alternative method
3(a) cannot be consideredto be a seérious com-
petitor of program-fatigue testing. The draw-
back ofthe latter method, viz. the more labo -
rious testing technique, is fully balanced by
the much smaller number of specimens and
fhe more exact information.

Ad 3 (b)

The RAE-test was developed at the R.A.E.
(ref. 1) and until now it has been applied for a
number of aircrafi. Originally the loads applied
were (1) gust loads, (2) ground-to-air cyclea
and (3) pressurisation cycles on the fuselage.
Almost the complete aircraft structure is in-

volvedin the test. A special characteristic is

that all gust loads are reduced {o one level,

the estimated level of maximum damage, see

fig. 10. This occurs with the aid of a more or

less relevant S-N-curve and the Palmgren-

Miner rule. The reduction is performed in

such a way that the one-level gust loading in-

volvesthe same damage as the complete anti-
cipated gust spectrum. Another peculiarity
is that for the application of the pressurisation
cycle the fuselage is immersed in a water -

tank. The load sequence igillustrated in fig. 53

The result is very often expressed as the num-

ber of simulated flights. The discussion in

previous sections allows the following com-
ments.

{1} It is uniikely that the fatigue life and the
crack period of the wing will be overesti-
mated ifthe correct $-N-curve can be used
for reducing the gust spectrum. This conr
clusion seems to be allowed since the un-
favourahble ground-to-air cycles are in-
corporated. The idea of Barrois (ref. 2) to
include also the positive gust load which
should be anticipated once per flight, see
fig. 28,is probably a further improvement.
The RAE-test has one inherent weak point,
The reduction of a load spectrum to one
levelrequires an $-N-curve and it can not
be expected that this curve will be valid
for all the components of a structure. It
can easily be shown that a horizontal shift
of an S-log N-curve will not affect the re-
ductionto one level. However, the reduct

‘lonis affected by the slope of the curve and




evenmore by the fatigue limit. This makes
alife estimate obtained by this type of test
a fairly debatable result.

The quality ofthe information to be obtain-
ed with the RAE-method depends on the
question whether allimportant fatigue load-
ings have been iniroduced in the test or
have been accounted forin some other ‘way.
Obviouslythis remark appliestoprogram-
fatigue testing as well.

(2)

By employing a pregressive repair-techni-
que, i.e. by repairing all failures encoun -
teredin the test and continuing the test af-
ter repairs, it will he possible to reveal
many of the fatigue critical parts with the
RAE-test. Inthis respect the RAE~test has
shown its usefulness for a number of ajr-
craft, alsoallowing experience to be gained
concerning repair techniques and inspe ction
methods. It has been said previously that
the locations of failures in a siructure will
depend on the load amplitude. Therefore
it hag to be doubted whether the RAE-test
will reveal the critical locations in the cor-
rect order and whether it will reveal all
critical parts. In this respect the selection
of the gust lcading or the level of maximum
damage cannot be considerediobe a rational
excuse since the adjective "maximum” is
more or less ficltitious in view of the non-
validity of the Paimgren-Miner rule.

In the RAE-tests those parts where many
low-amplitude cycles may induce fretting
corrosion followed by fatigue crack initia-
tion, may be overlooked. Also from this
point of view of indicating critical compo-
nents program-fatigue testing should cer-
tainly be preferred. The view is sustained
by the experience with the Commando
wings recently reported by Hustan (ref. 29)
Haas {ref. 24) made similar observations.
The. RAE-test has one obvious advantage
over program-fatigue testing which is its
simpler testing technique. Whether this
argument will fully outweigh the draw-backs-
inthe future is subject to severe doubt now
that the possibilities of testing apparatus
are steadily improving,.

(3)

(4)

Ad 3oy

A random-load test has to be considered as a
further refinement of a program test. It will
involve a certain type of randomness, which
need not be the randomness occurring in ser-
vice. For instance, for the tests on the Mus-
tang wings, the only random-load test per-
formedon a structure until now, the gust loads
all return to the 1-g-load, see fig. 37. Such a
gequence will certainly not continiously occur
in service. Still it is felt that the sequence
showed more resemblance to the load-time
historyinservice than a programmed sequen ~
ce would have done. With the evidence now
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available it is difficult to appreciate the im-
provement of the informationto be gained with
a random test.

More research in this field may be advised.
Obviously the random test implies a more
complicatedtest set-upthanaprogram-fatigue
test, Probablythis need not be an insuperable
objection.

Attention maybe drawn-here to the randomiz- ~
ed-steptests as appliedto the Commando-wings,
see fig.40, Actually such a test has still to
be considered as a program-fatigue test; how
ever, the load steps of a period are mixed at
random. It is believed that this is an improv-
ement, again at the cost of & more complicated
load-monitoring system. Also here the real
improvement is difficult to judge.

Summarizing'this section it may be concluded
that program-fatigue testing a structure or a
component will provide the designer withuseful
information concerning life estimates, crack
rate estimates and the indication of fatigue-
critical locations. The quality of the informa-
tion depends on the representation of the im-
portant fatigue loadings in the test. From the
aiternative testing methods it seems (1} that
a determination of S-N-curves combined with
the use of the Palmgren-Miner rule is a far
inferior method (2), that the RAE-test will
provide useful information, but is still infe-
rior to program-fatigue testing and (3) that
random-load tests and also randomized-step
tests may be consideredto be further improve-
ments of program-fatigue tests for which the
improvement is still difficult to judge,

T.8. Scatter

A few remarks will be made on the scatter
encountered in the present investigation and
its implications.

Forthe fatigue life (N) of the constant-ampli-
tude tests and the total number of ¢cycles (N')
in the program-fatigue tests the standard
deviation and the coefficient of variation have
been calculated hased on the logarithms of the
test results, see tables 1, 2, 5 and 6 and fig.
18. Fig.18 shows a remarkable result. For
the constant -amplitude tests scatierincreases
with increasing endurance, which was already
known, see ref. 46. For the program-fatigue
tests, however, the wvalues of the coefficient
of variationare scattered around a mean value
of about 1.5% without revealing a systemati-
cal influence of the endurance N',

Potential sources of scatter were felt to be
{a} The fatigue machine.

(b) The execution of the test.

(¢} The material of the specitmen.

(d) The geometry of the specimen.

{e) The type of loading.




It will be difficulttodiscriminate fully between
these sources. However, the systematic trend
offig. 18, i.e. increasing scatier for constant-
amplitude tests and constant scatter for pro-
gram-fatigue tests obviously indicates source
(e) as a dominating source, It also shows that
source {e) has not been: overshadowed by the
other sources (a) to (d), which may be inter-
preted as an indication that the effect of these
sources hasg not been excessgive.

With respect to the effect of the material on
scatter Gagsner (ref. 17} found that test results
at the upper side of the scatter band corres-
pondto gspecimens with a low yield point. Sys-
tematical evidence was offered by Fisher {ref,
9). He tested joints of nominally identical ma-
terial, viz. an extruded light alloy. For the
same fatigue loading the endurence of the joint
increased with decreasing values of the ratio
Sp. 1/8. From the present test program 9
test series were selected witha relativelylarge
scatter. From the specimens with the longest
and the shortest life of these groups a tensile
specimenwas cut from the sheet in whlch the
fatigue failure ocecurred.

For the specimens Sy 98, 8y, /S, and the

elongation were determined. None of these
quantities showed any correlation with the fa-
tigue -life .

Now drawing once again atiention to fig. 18, the
figure shows that the scatter in the program-
fatigue tests is of the same magnitude as for
constant-amplitude tests with the highest
stress amplitudes applied in the program-fa-
tigue tests. This suggests, without proving it
that the highest stresses may have a decigive
effect onthe scatier. Similar results were ob-
tained by Wallgren (ref. 55), see fig. 26, who
showed that the scatter in program-fatigue
tests is much lower than predicted with the
Palmgren-Miner rule onthe basis of the scatt-
er in the S-N-curve, This is consistent with
" the. trend of fig. 18, Also Gassner (ref, 22)
showed that the scatter in program-fatigue
tests onh notched rotating-beam specimens of
2024 material was of the same order as for
constant-amplitude tests at the highest stress
level ofthe program. Testing a joint Haag (ref.
24) found a lower scatter for program-fatigue
tests than for constant-amplitude tests.For
unnc.ched rotating-beam specimens Freuden-
thal andHeller (ref. 14) found similar results,
i.e, higher scatter for constani - amplitude
tesis.

As a possible explanation the following suggest-
ion may be given. It is not unlikely that the
effect of inhomogeneities, whether they occur
in the material, the load distribution aver the
rivets or the uneven clamping of the rivets will
be smoothed by the highest loads of the pro-
gram to a level corresponding to those loads
in constant~amplitude tests.
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With respect to scatter in fatigue trouble to be
anticipated in service there seems to be one
implicationinthe present investigation., Since
program-fatigue tests show less scatter than
constant-amplitude tests with a comparable
endurance, it ig felt that scatter in service
cannot be predicted directly-on the basis -of
constant-amplitude tests on components in the
laboratory. No more comments will be given .
here onthis rather delicate question. The most
valuable information to be obtained in this

" respecthasto come from service experience.

It is hoped that such information will be publish-
ed as much as possible. Until now few data
Wwere presented in the literature. One of the
reasons will be that as soon as a fatigue crack
has been found in some aircraft, action will be

'~ takentoeliminate its occurrence inother air-

craft.
8. Summary and conclusions

In this report the results of program-fatigue
tests on riveted joints of two light alloys are
presented. The results of similar investiga-
tions in program -fatigue testing of notched light
alloy specimens and structures are summariz-
ed. A discussion is then presented on the fol-
lowing questions:

{a) Howis the endurance in a program-fatigue
test affected by the different parameters
involved in establishing the load sequence
for such a test? Some phrameters are:
Lowest and/highest stregs amplitude to be
included, number of cycles and load se-
quence in each period.

{b) Howis the fatigue life in a program-fatigue
tegt affected by very high positive and/or
negative loads which are applied at perio-
dic time intervals?

What can be said about the validity of the
Palmgren-Miner rule, = = 1 or syste-
matical deviations from this rule with refe-
rence to program-fatigue loading?

How does scatter in program-fatigue tests
compare with scatter in constant amplitude
tests?

(c)
(d)

Inviewofarriving at the technical implications
of the foregoing questions for the desgigner
some attention has been paid to:

{e) What is the usefulness of the Palmgren-
Miner rule for the designer?

{f) How good is program-fatigue testing as a
representation of the load-time history in
gervice?

(g) What information may be expected from
program-fatigue testing and how does it
compare with the information of alternative
methods ? .

The field of intérest is rather broad, although
it has been restricted to the Palmgren-Miner
rule and program-fatigue testing. It hasg been




triedto summarize the results of the discuss-
ion in a number of conclusions. All conclu-
sions are restrictedto notched light alloy spe-
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cimens loaded at a positive mean stress. Ina .

previous study a significantly different beha
viour for unnotched and notched specimens
has beenrevealed. The majority ofthe review-
edtestdata was concerned with testing accor-
ding to gust spectra and maneuver spectra.
Sonic fatigue is not considered in this report.
In making use of the conclusions for a particu-
lar problem due consideration has.to be given
tothe existence of special circumstances, not
discussedinthis report, whichmight invalidate

the applicability of the conclusions. It will al-
ways be necessary to consult the evidence on
which the conclusions were based. For this pur-
pose the results of all reviewed investigations
have been summarizedin a number of figures.
The conclusions do not intend to raise the im-
pression that a reasonabie level of knowledge
hag been gained from the point of view of the
designer. Onthe contrary, this study has once
more revealed many of the weak points in the
present state ofthe drt. Rather the conclusions
should be léoked upon as trends borne out by
the fairly large amount of test results. At the
end of the conclusions there is a list of pro-
blems which are considered to be of primary
importance with respect to predicting fatigue
properties in service.

Some data onthe present investigations are The
specimens were riveted lap joints with 2 rows
of 8 rivets each. Sheet materials were 2024
Aleladand 7075 Clad. All tests were perform-
ed at a constant positive mean stress, which
was9.0kg/mm2(12.8k. s.i.) and 6. 3kg/mm 2
(8.0 k.s.i.) for the 2024 and 7075 specimens
respectivily. Relevant 8-N-curves were deter-
mined with 40 and 50 specimens respectively,
24test series of 7 program-fatigue tests each
were performed. The program for these tests
was associated with a gust spectrum.

On the parameters of the program.

1. The sequence of the load levels in a period
mayhave a significant effect on the endur-
ance. Extreme results have been obtained
fsrincreasing loaddevels onlyordecreasing
load levels only. Increasing levels follow-
ed by decreasing levels in each period and
randomized sequences have given interme-
diate resgults.

2. For the number of load cycles in a period
only a small effect on the endurance has
been found. A very large number of cycles
per period, equivalent to a small number
of periods until failure, may give low endur-
ances.

3. Including many cycles with a low amplitude

below the fatigue limit may lowerthe fatigue
life expressed as 2, &

4. The cycles with the highest stress ampli-
‘tude of the program have a favourable ef-
fect on the life expressed as 3] 4r.

5. The effect of the number of load levels in.

each period is probably small if this num-
ber is not too small.

On periodic high loads.

6. Very high loads inserted once in a period,
excert a considerable influence upon the
endurdnce, which is favourable for positive
loads and unfavourable for negative loads.
If such periodically applied high loads are
immediately followed by an equally high
opprosite load this latter one has a dominat-
ing effect on the endurance.

Q_n_;clhe validity of the Palmgren-Miner rulr

h —N— =1, .

7. A general validity of the Palmgren-Miner
rule does not exist. Some systematic de-

 viations -of the rule can be indicated.

8. Program-fatigue fests on small notched
specimens loaded at positive mean stresses
have, ingeneral, given ¥ 4>l withanaver-
ageof1.5-2.0. This seemsto hold for 2024

and 7075 specimens both and also for gust-
spectrum Ioading and maneuver-spectrum
loading. Low  <r-values are promoted by
zero mean stress, low stress-concentrat-
ionfactors, periodic negative loads(ground
to-air cycles) and many cycles with a low
amplitude. This does not imply that such
testing conditions will necessarily lead to

&<,

Hing\)T % {-values are promoted by positive
mean stresgs,cycles with high stress ampli-
tudes and periodic very high positive loads.
More quantitative guidance with respect to
deviations ofthe Palmgren-Miner rule may
be foeund in the surveyed data. '

9. A qualitative explanation of the previous
conclugions can be given on the basis of
the formation, the relaxationand the resto-
ration of residual stresses; with respect to
the damage contribution of load cycles be-
low the fatigue limit it is assumed that such
load cycles which are unable to produce
cracks themselves will agsist in crack
growth,

10.1t is felt that the experience with small spe-
cimens will be applicable to structures for
the life until visible cracks appear.

11.For structures a limited amount of experi-
mental evidence is available. The informa-
tion is obscured by the simultaneous occurr-
ence of different interfering modes of fail-
ure. The general impression is that the
Palmgren-Miner rule will be conservative




forstructures including the crack-propaga-
tion stage. '

12.For life talculations for which ground-to-

° air cycles are important in addition to a
symmetrical gust-spectrum the damage of
these cycles should not be calculated se-
parately but they should be treated as being
negative gust loadings, thus implying an
asymmetric load spectrum,

On scatter,

13.For the same number of cycles until failure
the seatterin program-fatigue tests is con-
siderably lower than for constant-amplitude
tests. The scatter for program-fatigue tests
was of the order of the scatter for constant-

amplitude tests at the maximum load level

of the program, suggesting a dominating
effect of that level with respect to scatter,

14.Forthe present investigationthe coefficient
of variation of the logarithm of the endur-
ance in cycles for the program - fatigue
tests showed aiendencytowards an average
value of 1. 5% independent of the endurance.
The standard deviation of the same proper-
ty. excluding the test series with periodic
high loads, had a mean value of 0. 105.

15.In general constant-amplitude tests at the
so-called "most damaging level” are not
suitable to obtain indications about scatter
to be expected under a more or less random
loading. '

On program- fatigue fests as a representahon

mate of the fatigue life. If all the data on
whichthe estimate is based are correct un-
conservative estimates will be very seldom
for notched parts loaded with a positive
mean stress. Uncertainties may be intro-
duced, however, due to insufficient know-
ledge onthe anticipated load spectrum, the-
loading of the particular component in the
structure and the S-N-curve to be used.
The life estimate may be helpful in deciding
whether any design action from the fatigue
point of view or ad hoc fatigue tests are
necessary.

On the information io be cobtained from pro-
gram-fatigue tests.

of service loadmg

16.In comparing program-fatigue tests with
gervice loading obvious differences are re-
latedtothe speedofloading, to rest periods,
tothe environment andtothe load sequence.
It is believed that for the time until crack
growthno large effect of speed, restperiods
and environment need to be feared, provid-
ed that sufficient measures against corro-
sion have been taken and that no danger of
stress corrosionexists. The available evi-
dence then suggests that a carefully planned
program-fatigue test will be a conserva-
tive replacement for service loading with
respecttothe life until crack growth; how-
ever, the evidence is still rather scanty.

17.1t may be expected that in program-fatigue
tests with an increasing-decreasing load
_Sequence more damage will be done by low-
amplitude cycles than in the corresponding
random-load test.

On the usefulness of the Palmgren-Miner rule

18.Inthe design stage of an aircraft the Palm-
gren-Miner rule may be considered to be
an-acceptable means to obtain a first esti-

19.Program-fatigue tests will provide the de-
signer with useful information concerning
life estimates, crack rate estimates, the
indication of fatigue-critical locations and
inspection methods. The quality of the in-
formation depends on the representation of
the important fatigue loadings in the test.
Espemally it should not be overlooked that
ground -to-air" cycles may be more da-
maging than suggested by the Palmgren-
Miner rule.

20.With respect to the qualityof information
to be obtained from alternative testing me-
thods it may be said{1) that an experimental
determination of the relevant S-N-curves
combined with the use of the Palmgren-
Miner rule is an inferior method, {2) that
the RAE-test will provide useful informa-
tion, butis gtillinferiorto program-fatigue
testing and (3) that random-load tests in
which a representative load-time history
is applied will be a superior method. The
degree of superiority of the latter method,
however, isstill difficult to judge and the
methodinvolves serious experlmental com-
plications.

Problems on which more regearchis desired.

21.A number of problems on which more re-
searchis highlydesirable are listed below.
The liat is not meant to.be complete, nor
'i8 it claimed that a sufficient knowledge
exists of related problems which are not
mentioned. It only attempts to indicate the
most urgent problems associated with the
subject.discussed in this report.

(a) Comparison of service loading with
program-fatigue loading for notched
elements and, if possible, structures.

(b} Study of fatigue-crack propagation in
structures or representative compo-
nents under program-fatigue Joading
and/or random loading in comparison
with constant-amplitude loading.
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{c) The effect of frequency on crack propa-
gation in large parts.

{d The effect of corrosive environments
on crack propagation.

(e} Scatter in fatigue trouble occurring in
service.

}

{f} The comparison of full-scale laboratory
fatigue-tests with service experience
for aircraft for which the service-load
statistics are reasonabiy well known,

The National Aeronautical Research Institute
will be grateful to receive any informationon
these topics. -
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Table 1. Results of constant-amplitude fatigue tests for 7075-specimens at

- ; 2
S, = 6.30 kg/mm )
Specimen 1) Sheet Sa 2) S M | 3) - )

thickness 2 2, N !logN ean life Variation

{mm) (kg/mm®) (kg/nng ) (kc) (ke) log N coefficient
62 0.79 4,81 101
133 0,77 4,93 104
102 0.80 4,75 110

33 0.82 4,83 ‘ 115 _ : '

40 0.84 4,52 4,66 134)5.1168 130.8 0. 0806 1.58 %
87 ¢, 85 4,47 139
154 0,81 4,69 142
152 0,82 4.63 145
180 0, B0 4,75 165
65 0,83 4,57 175
24 0.81 3.78 145
81 0,76 4,03 187
4 0.85 3.61 225
105 0,79 3.88 248

140 0,87 3.51 3.76 260 |5.3987( 250.5 0.1155 2.14 %
130 0. 83 3.70 281
76 0.81 3.78 283
6 0,82 3.74 284
11 .83 3.70 286
5 0.80 3.83 382
136 0.78 2.89 400
83 0. 80 2,81 400
26 0.85 2,65 498
161 0.81 2.78 566

101 0.83 2,71 2,76 640 |5,7932 621.2 0.1437 2,48 %

115 0.79 2,85 663 .

52 0.82 2,75 675
88 0. 84 2,68 706
125 0, 82 2,75 759
36 0,81 2.78 1236
176 0.82 2,08 1197
160 0,78 2.20 1218
79 0.81 2,11 1658
88 0.82 2,09 1868

55 g. 85 2,02 2,10 1885 (86,3718 2354 0, 3646 5,64 %
22 0. 81 2.11 2038
2 a,84 2.04 2455
66 0.84 2,04 2599
73 0,80 2,14 2847
41 0,79 2.08 16533

1) The specimens have been arranged in order of increasing life,

2) The load amplitudt was constant for each group of specimens,

3} The mean life is the anti-logarithm of log N,
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Table 2, Results of constant-amplitude fatigue tests for 2024-specimehs at

= 2
Sy, = 9.00 kg/mm
Speci 1) 2) = .3 .
pecimen Sheet S S N log N | Mean life 0 10e N | Variation
thickness | 2 & & coefficient
(mm) - | (kg/mm?)| (kg/mm?) ) (ke) (ke)

19 0,81 8.44 53
112 0.78 8.77 61

5 0,77 8.88 67

43 0,80 8.55 67

79 0.78 8.77 8.71 7014, 8454 T70.05 0, 0625 1.28%
89 0.79 8.65 71 . .
68 0,81 8,44 73

17 0.76 9.00 76

52 0,79 8.65 79
102 0,77 8.88 90
139 0.81 5.33 184
137 0,80 5.40 199

61 0.80 095,40 202

24 0,76 5.68 207

13 0.77 5,61 5.50 207 (5. 3554 228,17 0,0638 1.19%
142 0.79 5,47 234
155 . 0,78 . 5,54 246

44 0.78 5. 54 255

94 0.77 5.681 273

22 0.79 9,47 282
153 0,76 3,62 457
157 0.78 3.52 4498
108 0.73 3.76 585
136 0,79 . 3,48 582

56 0. 80 3.43 3.50 60815, 8107 646.7 0,1134 1.95 %
30 0.77 3.57 641 :

26 0.78 3,52 663

42 0.80 3.43 667

23 0.79 3.48 | 802

81 0. 82 3,35 B 1173 |

38 0.73 2,70 1239

74 0,78 2,49 1345

41 0.78 2,52 1518

57 0,77 2.55 1574 ,
130 0, 80 2,46 2,51 162816, 3158 2069 0.2168 3.42 %
91 0.82 2,40 1883

98 0.78 2,52 1954

75 0,76 2,59 2602

84 0,80 2,46 3962
156 0,79 2,49 - 5847
149 0.77 1,94 >3497

28 0,79 1.88 3628
135 0.77 1.94 3695
103 0.176 1.96 3891
125 0.79 1,89 1.90 4282 |6, 9076 8083 0.4787 6.93 %
18 0,78 1.91 4440

46 0. 81 1.84 7045

6 6. 80 1.86 17413
152 Q,78 1,981 >48779
110 0.80 1.86 . »>57380

1) The specimens have been arranged in order of increasing life,
2} The load amplitude was constant for each group of specimens,
3) The mean life is-the anti-logarithm of log N, :
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Table 3. Numbers of load cycles in one period for the program-tests on
7075-gpecimens,

1 Number; Number of cycles (kc) in one period at -Sai b High loads in gne Load
of test 9 period (kg/mm sequence
series - (kg/mm i

NENRE s S S 5 S, |S shown in

al | Ta2 ad a4 2) ab ab a7 ag 3) a9. 4 figure:
=1,2/=1,601=2.00=2,75 =3,76 =4, 67 | =6, 30 =11,80%7|=18.15 ) ] ’
1 - - a6 48 13 5 - - 14
2 -1 - 49 26 6.5 - - - - 14
3 -1 - 45,61 22.8 6.5 6.5 | - - - 14
4 -1 - 134,5) 21,5 ] 2 - g - 14
5 |- |asls| 24 6. 5 2.5 | - 19) - 17
6 - - 48 5| 24 6.5 2.5 - 16) - 17
6a - - 48,5 | 24 6.5 2.5 - 17) ~ 17
6h -0 - 48.5 | 24 6.5 2.5 - 1 -~ i7
7 - - 48.5| 24 6,5 2.5 - - 1 17
8 - - 48,5 24 | 6.5 2.5 - 1 1 17
9 - - 48.5| 24 6.5 2.5 - 1 1 17

10 - - 1 47.5] 24,3 6,5 2.1 0.5 - - 14 to 17
11 - 181 47.5¢ 24,3 6.5 2.7 6.5 - - 14

i2 - - 24 12 3.25 1. 35 0.3 - - 15,16
13 - - 24 12 ©3.25 1,35 0.3 - - 15
14 - - 47 24 6.5 2.7 0.7 - - 15
15 163 |81.5 | 47.5 [ 24.3 6.5 2.7 0.5 - - 14
17 -1 - 48,5} 24 6.5 2.5 - 1 - 17

18 -l - 94,5| 48.4 13 53 [-1.0 - - 14,16

1) In the program-tests the load amphtudes have been obtained by multiplying S . with
nominal cross-~section based on the mean thickness (0. 8§15 mm)j,

2) Syy =

2,66 instead of 2, 75. 884

2.75, except that in series 1 and 2 a slightly lower value has been used,

is the level of maximum damage,

3) SaS was applied as one positive half load cycle per period,

4) S g was applied as one negative half load cyele per period,

5) In thls test series only one+high pre-load to Sm+S

6) Positive high loads omitted after the 50th period (Z-—"U 4. 65},
78 a8 was applied in odd numbered periods only.

i.e,

=23.1 kg/mm2 has been applied.




Table 4, Numbers of load cycles in one period for the program- tests on.

2024-specimens,

Number of cycles {(kc) in one period at Sail) (kg/mmg)

Number High loads in | Load sequence
of tfest one period s‘hown in
series |'s =0.81 S_4=L1.51 S, 5=2.42" |S_,=3.77(8,.=5.12| S, ,=8.08 Sa7=13.$2‘2) figure:

21 - 320 95 15 2.26 0.175 - 14, 15, 17

22 - 320 95 15 2,26 0,175 - 15

23 - 320 95 15 2.26 0.175 - 15

24 - 320 95 15 2.26 - - 14,17

25 402 320 - 95 15 2,26 0.1175 - 14

27 - 320 95 15 2, 26 0.175 1 17

28 - 320 95 15 2. 26 - 1 17

1) In the program-tests the load amplitudes have been obtained by multiplying S i with te nominal
cross-section based on the mean thickness (0. 785 mm).

2) Sa7 was applied as a complete load cycle starting with the positive half cycle in series 27 and
starting with the negative half cycle in series 28,

3) S5

was the level of maximum damage,

8¢



1able 5. Test resulis ot program-tests on 7075-specimens,
Test- | Specimen !)|Sheet sn [z |Total life N -total (g N' |G, x| Coefficient
series || number thickness N N in periods |life in cycles ' °g of variation
(mm) {kc) of log N'
15 0.81 0.639 4 643
151 0. 83 0.656 5 768
77 0,82 0,666 5 744
1 34 0.83 0.809/0.762 6 930 5.9024 | 0,0608 1.03 %
95 0,78 . 0. 855 5 773
109 0. 84 0.875 6 872
90 0. 80 0.883 5 810
58 0. 85 0.463 9 706
1 0.79 0,464 3 488
59 0,82 0.623 10 796
2 78 0.82 0.662 0,713 10 815 5.9430 | 0,1704 2,87 %
123 0.79 0.779 11 840
69 0.83 1.084 18 1448
" 25 0. 81 1.249 18 1467
108 0,82 0.655 6 489
113 0.76 0,728 6 453
68 0. 86 0,782 9 722 :
3 107 0.83 0,85710,866 9 708 5.8122 | 0.1015 1.75 %
19 0, 80 0.953 8 651
39 0.82 1,047 10 808
103 0.81 1,142 10 814
63 0, 81 0,406 4 656
49 0.84 0,495 6 982
127 0, 84 0. 545 7 1073
4 168 0,82 0.574{0,587 6 884 5.9972 | 0,0915 1.53 %
131 0.78 0,645 6 955
164 0, 81 0,710 7 1148
97 0.79 0. 831 8 1283
18 0, 85 1.162 16 1302
94 0. 80 1,213 14 1084
80 0. 83 1.240 16 1295
5 128 0, 82 1,309])1.417 16 1295 6.1351 | 0.0755 1.23 %
54 0, 81 1,341 16 1261
31. 0.82 1.646 20 1621
70 0.79 2,154 23 1825

6E




Table 5, Cont, 1.

Test Specimenl) Sheet n_ n 2) | Total life 3) N'= total Too N Glos N Coeflicient
series | number thickness b2 N 2 ‘N . |in periods life in cyles og og of variation
{mm) (ke) of log N'
116 0.81 - 8.377 95 7734
6 53 0,83 10.085 | 9,895 126 10269 6. 9958 - -
129 0.84 11,468 - 150 12225
156 0.80 5.156 56 4556
6a 13 Q.79 5.414 | 5,511 56 4556 6, 6866 - -
114 0.79 5.667 59 4776
163 0.82 5.826 68 5625
23 0,80 1,348 15 1214
124 0,81 1,773 20 1630
6b 157 0.85 2.879 | 3.877 40 3228 6, 5451 - -
30 0. 84 8.189 107 8722
118 0.78- 11,926 117 9537
"85 0. 85 0.415 6 483
120 0.82 0.430 6 444
46 0.81 < 0.452 6 444
7 - 71 0. 84 0.519 | 0.512 7 569 5,7055( 0.0509 0.89 %
50 0.82 0. 549 7 562
96 0.79 0.585 B 489
135 0.79 0.686 8 583
51 0.85 0. 352 6] 406
117 0.82 0.675 8 652
166 0.82 0.680 9 747 :
8 84" 0. 80 0.698 | 0.685 8 643 5,8357( 0.1025 1.76 %
45 0.77 0.852 9 698
82 0.81 0.888 10 815
7 0.84 0.918 12 978
138 0.83 1,852 24 1923
158 0.82 2.448 29 2364
21 0.81 2.530 29 2355 :
9 121 0.76 3.601 3.114 32 2608 6.4633| 0.1350 2,09 %
20 0.85 3,737 51 4155
104 0.81 3.843 44 3565
112 0. 80 4,784 52 4229

0¥



Tabel 5, Cont, 2,

—2)

3)

Test Specimenl) Sheet 5o s Total life “/|N'= total log N' G log N' Coefficient
series | number thickness N N in periods |[life in cycles og of variation
(ke) of log N'

47 0,82 0,827 9 734
100 0.82 0.877 10 806
17 0. 84 0,882 11 887

10 153 0. 80 0.969 | 1.078 10 744 5.9549 0.0874¢ 1.64 %
37 0.87 0,987 13 1107
155 0.79 1.386 13 1083
119 0.75 1.994 16 1300
14 0.85 0.568 7 1142
159 0.78 0.731 7 1132
12 0. 80 0.761 8 1294

11 72 0.83 0,922 0.910 11 1784 6.2012 0.1239 2.00 %
56 0. 81 1,178 12 1956
117 0.82 1.181 13 2118
179 0.81 1.274 13 2120
8 0.79 0,653 13 515
126 0. 80 0.750 15 633
29 0.84 0.860 21 842

12 86 0.82 0.943 0.883 21 842 5.8858 0.0942 1,60 %
91 0.85 0. 944 23 941
165 0. 81 1,050 22 894
110 0.79 1.062 20 816
3 0,82 0.610 13 532
43 0. 86 0,674 18 696
60 0.79 0.760 15 614

13 106 0.82 0,811 0,837 18 697 5.8606 0.0910 1.55 %
- 176 0.83 0,888 20 788
g 0. 80 1,130 22 900
28 0. 81 1,131 23 941

[§4



Table 5, Cont, 3.

Test Specimenl) Sheet s '_'11__"2) Total life )| N'= total log N' G r | Coefficient
gseriesl number thickness N 2;N in periods |life in cycles og N of variation
(mm) : ' (kc) of log N'
75 0.80 0,710 14 560
122 0.83 0,772 17 674
‘ 93 0. 84 0,779 18 . 735
14 132 0.78 0.795 0. 840 14 572 5.8493 0.0775 1.33 %
' 10 0.83 0.846 19 775 :
61 0.€2 0,898 19 776
169 0. 80 1.149 23 923
44 0.83 0. 353 5 1549
64 0,81 0.488 5 1632
42 0,79 0,535 6 1819 : C
15 32 0,82 0.557 0.552 7 2201 . 6.3176 0.1150 | 1.82 %
38 0. 80 0.583 6 1953
67 0. 85 0.626 8 2604
57 0.83 0,834 10 3250
98 0.81 1,242 14 ‘ 1141
162 0,88 1,390 22 1793
74 0.83 1.7586 22 1793
17 27 0. 81 1,774 | 2.715 20 1630 6,4156 0. 3314 5.17 %
134 . 0,78 3. 306 : 33 2617 ‘
92 0. 80 5.665 61 . 4372
178 0,82 10,798 128 10432
, 139 0.82 0.554 3 - 487
18 16 0.81 0,672 0.759 4 627 5.8182 - =
88 0,84 0, 886 6 830
35 0.81 1.004 6 930

1) The specimens have been arranged in order of increasing life,
2) =3 pﬁ is.the logarithmic mean of ¥ % .
3) The life in periods has been rounded to the nearest integer,

(47




Table 6. Test results of programm tests on 2024-specimens,

%

Test Specimenl) Sheet n_ LZ) Total life 3)[N'= total log N' G 100 Iy | Coefficient
series | number thickness 2 N Z"N in periods |lifeincycles o8 of variation
(mm) (ke) of log N'
|
113 0.77 2,065 . 20 85649
167 0.78 2,747 28 12108
162 0,79 2.903 31 13405
21 65 0.76 2,918 | 2.903 . 27 11676 7.1159 0.0985 1,38 %
97 0. 81 3.121 : 37 15983 -
85 0.78 3,336 34 14703
161 0.80 3.475 39 16863
73 0.80 1,241 14 6057
131 0.78 i.248 13 56086
147 0.79 1.428 - 15 6502
22 66 0.76 1.470 | 1,561 14 5688 6. 8415 0.0675 0.99 %
107 0. 81 1,512 18 7464
87 0.78 1.790 18 7794
126 0.77 2.563 25 10638
40 0.79 1.468 16 . 6681
179 0.85 1.609 23 9692
181 0. 80 1.669 19 7972
23 14 0.78 1.832 | 2,133 19 7972 6.9909 0.1543 2.21 %
105 0.77 2,139 21 8834 ‘
121 0,79 2,673 29 12270
78 0.76 4, 864 45 1837¢
145 0.81 0. 813 10 4313
128 6.77 1.056 11 4691
67 0.76 1,317 13 5556 o
24 138 0.78 1.335 1.305 14 6049 6.7875 0.1140 1.68 %
154 0.79° 1,537 17 7338 ‘
90 0.78 1.556 |, 17 ‘ 7236
77 0.80 1,782 21 9013




Table 6 . Cont. 1,

o
Test Specirnenl) Sheet si 'éf‘n_ 2){ Total iife ) N'= total log N' G log N Coefficient
series | number thickness N N in periods life in cycles o8 of variation
{mm) {ke) of log N'

163 0,78 1,316 14 11575
109 0.80 1,340 15 12517
70 0.76 1,840 18 14587

25 101 0.77 2.088(1.955 21 17411 7.2222 1 0.1162 1.61 %
115 0,79 2,248 24 - 20026
10 0,78 2,649 ’ 27 . 22530
170 0,85 2,709 38 31709
172 0,82 0,688 8 3872
100 0.79 4 0.956 11 4693
82 -0, 82 1,041 13 5619

27 8 0,77 1.168(1.100 11 . 4755 6.7222 10,0759 1.13 %
180 0,76 1,158 11 4755
27 0,79 1,282 15 6328
48 0,78 1.734 18 7784
62 0,78 6.184 63 27243
69 0,717 7,344 71 30703
47 0.81 7.671 90 38919

28 134 0,74 7,726 )7,761 65 28108 7.5389( 0.0831 1.10 %

2 0,79 7,961 85 36757 :

104 0.79 8,428 90 38919
99 0.80 9, 385 105 45413

1) The specimené have been arranged in order of increasing life,

2) 2% is the logarithmic mean of Z %—

3) The life in periods has been rounded to the nearest integer,

A4
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fig. la: Loadspectrum =
= sumdistribution funcrion of the
L\ joad.

—mnumber of exceedings

load

load

45

fig. 1b: Approximation of the
loadspectrum by a number of
discrete load levels

fig. lc: Histogram of loadings

load-

b -

N
—humber of —w-numbers of loadings
of a load level in a exceedings at the indicated loa
certain flying time levels !
J
W —
i e
i
1 period —s-number of
— = load cycles

fig. 1d: Loadsequence in a program fatigue test :
The load levels and the number of load cycles per period are in accordance withfig. lc.
The ioadsequence of a period is repeated periodically until failure.

Parameters to be selected are : (1) Number of load levels

{2) Magnitude of load levels

(3) Highest load level tobe included

{4) Lowest load level to be included

(5) Number of 1oad cycles in one period =period length

(6) Sequence of load levels in one period. In fig. ldan
increasing ~decreasing order is shown. Other usual

sequences are ;

increasing order only, decreasing order only and a

randoim sequence.

Fig. 1. The loadspectrum, the lecad histogram and the program-
fatigue test and its parameters.
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245
160 \
o 10, 20 10
y
' 10
& —]
£20
S

1

I

br'.azie_,-r' type rivet

Dimensions in mm (1" = 25.4 mm)
Sheet material : 2024 Alclad or 7075 clad

Rivet material : 2117

Fig. 2. Dimensions of the specimens

Fig. 3. Specimen with specially designed clamping heads.
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Fig. 4. Anti-buckling guides for compressive loads,

Fig. 5. Automatic program apparatus, especially
deveioped for the Amsler Vibraphore,




toad A : r _
T ' o : . 1: Desired load sequence,

—— = Number of
eycles

11 ; Possible load sequence. For some
testseries 2’ (and b') would have
been too large if fully automatie

load control had been applied,
Then manual control of the pro-
gram apparatus was necessary.

III : This simplified load sequence
was applied instead of ITif b’
was small in comparison with
the time intervals involved in
changing ioad levels,

The determination of a' was
done in such a way that the
same calculated damage asin
case I was.obtained.

Fig. 6. Approximation of the sequence of the highest
loadamplitude({s), applied in some testseries.
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5
[ ]
X
-4 .AJY.‘ Weibull ~formula for S-N-curve
AN 1~ log N25.9420 - 1.6472 log (Sg-155)
A
<3 N
E ¢ No it
E -
2
K ]
z . ih
g2 TS
? N
1 ]
0
104 10° 10° 107 —»= N 10® 10°
Fig. 7. Fatigue test results for 7075 specimens, tested at S;; = 6,30 kg/mm2
10
9 4 : =1
o&d__Jr' ] I
8 \ __ Weibufl-formula for S-N-curve
logN=6.6657~2.0440 log (Sq-1.0)
~7 \ =
E
6 Y
E }Q
()]
x 5
R
4
o)
T 3 ™
o' 2 .
2 | . ‘?'F
\ T
- j
10* 10° 10° 100 —m N 10° 10°

Fig. 8. Fatigue test results for 2024 specimens, tested at Sp = 9,00 kg/mm2
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N
wn

e

analytical formula for spectrum
=~5.625 log m+43.75

@
/

3

—m=Uazgust velocity (ft/sec E.AS)
u
/

()
!

104 10° 108 107 108
—3=m = number of exceedings
in 107 miles

- T
Fig. 9. Gust spectrum of Taylor at a height of ca. 7000 ftfor 10 miles (ref, 51),

N{Sg)=8-N-curve damage distribution curve

m(Sq) = sum distribution=
load spectrum

level of max. damage

¥ fatigue limit

— = N({endurance) ' —»D'= damage intensity

__.....m(ndmber‘ of
exceedings)

Number of loadcycles in hatched interval : m (Sa) -m (Sa+dsa) = -dm

The corresponding damage incréement : dD = .Qﬁ_ﬂl

int it D'——ilz— '..1’- _CLIT_I
Damage intensity = dSa_ N dSa

Damage-distribution curve = D' as a function at 5,.
Total damage due to all Sa -values = D =/ dD =/ D' a5, = area under the damage -distribution curve,
Fig. 10. The construction of the damage-distribution curve, based on the Palmgren-

Miner rule.
Method reported by Chilver (ref. 6).




14-. T ' \

12
the level of maximum damage ‘
corresponds for both moterials \
to a gust velocity of about 9 ft/sec X
10 \

N AT L]

16

P
£ —
m o
= 2024] | - | \ \ ?
o 6 / : -] '
M NSURBZa- - e SN AN
> :
4 \%/.J ] \x
e
' N
2 ) I
— I
o 1 2 104 105 106 107
—»-damage intensity ' —»N

(arbitrary units)

Fig, 11, Fatigue curves and damage distribution curves for 7075 and 2024 specimen.
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Four Joad levels have been derived from the damage
distribution curve as shown in the figure (load levels
1, 2, 3 and 4). Lower ot higher stress amplitudes
were chosen more or less arbitrarily.

4 %/2 'D'

—3» damage intensity
D' (see fig.10)

max

Fig, 12. Determination of the stress amplitudes in the program-tests.
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spectrum according to Taylor _ 7075

spectrum_in test series 15

s LTI TLT /72727707

> x@/
4 W
| both lowest stress 47/‘
2 amplitudes have been S>>

omitted in test series 10 y 7
. T
| A

— S ( kg/mm?2)

V4

o)
10 } - l
\ spectrum according to Taylor 2024

8 P Y7 7777))
:\'g A , | spectrum in test series 25
Ees ~ 7
o
z Yt i
) 4 :
T /V%‘;@\

the lowest stress fip >

o omplitude has been

omitted in test series 21 é%
| | —
' 8
10 10 10° 10° 10° o 10
— number of exceedings

Fig. 13, Stress amplitude spectrum according to Taylor and stepped spectrum in program
tests,
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Material

Test series

type of spectrum

— time

Similarity with other

test series

s

%..__‘

Taylor's gust epectrum,
see Fig. 13

1.08

TANNANNY

Similar to series 10,
cne lower Sa added

0.9t

ﬂ S,<S¢

Similar to series 10,
two lower Sa ‘s pdded
see Fig. 13

0.55

Nk

zf,‘zz',z% 27—
|

Similar to series 10,
highegt ,Sa omlitted and
lowest Sa extended three
times

9.53

Similar to series 19,
highest Sa omitted and
the highest 5, but one
extended three times

0.87

Similar to series 10,
two higheat Sa 'a omiti-
ed

on

075

18

Taylor's gust spectrumn.
Similar to series 10,
period length increased
twice

;,';;57,;{{,’}"/,%

Similar to series 18,
highest Sa omitted

0.76

2024

Taylor's gust specirum,
see Fig, 13

2.90

25

7/} su“:\SE

e,

. g i 2 2

+—

Similar to series 21,
one lower S‘I added,
see Fig. 13

1.%

24

7

4

2

Simijlar to series 21,
highest Sa omitted

Rk

Fig. 14. The effect of the type of spectrum on the endurance.
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tmaterial

I

7075

8 + 5 1) Mean
o Similarity with other ~ [=% | lifein
t R

g ype of spectrum oo testseries = N periods
2 — P time

i g < Taylor's gust

S TI SIS SIS TSI II IS IT LY ///// o6 | s
18 - —é4 L e e 7207 spectrum
4

7! Similar to series 10, .
10 - -% Z period length reduced 1.08 12

A twice
— “‘-ﬁ Similar to series 10,
12 . % period length reduced 0.88 9

4x

1) The probability that the results of testseries 18 and 10 are different
is about 93% and the probability that the results of testseries 10 and
12 are different is about 90%,

Fig. 16. The effect of the length of the period on the endurance under

program-fatigue leading.
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Fig. 18. Comparison of the scatter in one load level

scatter in program-fatigue tests,

fatigue tests and the

o)
/
~ & o conventionel /
2 fotigue tests /
- {10 specimens) O )
'2 e program
™ fatigue tests o
o 5 (7 specimens)| —
[
o
Zz
3 4
A
o
s 14
o 3 A
T /
o ]
>
2 /
c 5 4 -/ ® ?
‘f=’ TR
v . %
L °
N ., ®
e O/ o o ¢ b °
o 1 hd
I L
0
48 52 56 60 G4 68 7.2 76
‘ ~— log N,log N’
10 108 107
—=N,N’
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Material

Test series

type of spectrum

—mtime

Similarity with other test
series

N

Taylor's gust spectrum

108

75%Sy

Sma 20‘[»5‘:“

A

One high pre-load, spectrum
of series 10, highesi sa
omitted

142

39%5u

ba

Spectrum of series 5, one
high positive load at thé end
of each period

90

Similar to series 6, how-
ever high loads omitted
afterz%wfi, 65(50th period)

-5.51

6b

77
. (]

5

Similar to series 6, how-
ever high loads at the end
of odd numbered pericds
only

17

%

Similar to series 8, how-
ever, spectrum in reversed
order

am

N

iz

ATy
oors

Sim.ilar to series 6, how-
ever, high negative loads
ingtead of high positive
loads

0.51
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SIS
p o502 /

Similar to series 6, high
positive loads now followed |. o7

by high negative loads

Similar to series 8, high

. m
loads in reversed -order

20724

21

Taylor's gust spectrum 2.90

27

.

39%Sy
Z /y//ﬂ

Similar to series 21, one

high positive and negative 10

load at the end of each

j_sg% Su U

period

24

EANANR

R . —

Taylor's gust spectrum,

gimilar to series 21,highest N

S_ omitted
a .

0

e I)’I’fl/’/l)’[/[%/

Similar to series 24, one
high negative and positive
load at the end of each

776

period

Fig. 17. The effect of several types of high loads on the endurance under
program-fatigue loading. Period length corresponds toZ—- ~ 0.1,




S 1 period
ﬁ = ]
f 9 stress
[T, Tevels
Samax
smax
e
I

o

Gust spectrum :

5 . .

a 1 3 5 ki g 11 13 15 | 16
s, 16 16 16 16 16 16 16 16 18
max

Number of

cycles in 703000 164250 28750 3600 1080 328 128 40 2

one period

40
Specimen type a, loaded in plane bending, Rt ~ 2.0
' .
—O— 122 specimen type b, thin-walled tube loaded in plane bending, which
may be considered as simulated axial loading since the notches are

=

located at the outermost fibres, k,£ ~ 2,25,

B 50
- 1800 S
4 100,100
| [
' 1
3 holes &5
Fliegwerkstoff Type of alloy 80,2 Sy
(kg/mm2) | (kg/mm2)

3115.4 33.0 45.5
3115. 6 32.8 46,5
3195, 4 Al Cu Mg 37.0 48.5
3125, 5 33.0 49.0
3315. 1 Al Mg 26.0 35.0

Fig. 19. Program-fatigue tests with a gust spectrum on two types of

Materials :

notched specimens of some aluminum alloys, Tests reported
by Gassner (ref. 18, additional information provided by private
communication),
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‘ . T ! 1 - 2 .
Material Type of specimen 5 ) S ). N at 8 n ) Number of periods
: ' ) m max max - = Y
| | ag/mm?y - (ke) :
58.7 <1 0.25 0.6
Tx 53.7 S Le 0.74 3
- _':_Z- | 49.6 9.5 0.2 5
- 481 10,3 1,02 8
46.3 . 13.8 1.06 12
410 24 0.61 20
52,5 1.2 L1 ? 3
50. 8 L7 0. 50-0.80 2-3
50.8 .7 1599 8
471 3.0 2.13 9 9
3125.4 a S 47.0 3.4 1,58 % 9
-'5—;-. 45.0 4.8 0.96 5
. 4.5 5.1 2,20 13
42,5 6.8 1,23-1.38 0-10
98,3 12.2 0, 89 15
35.1 18,2 0.1 24
3L 0 29.0 0, 85 35
43.5 <1 0, 58 2
40,0 1.8 0. 94 5
o 5.7 3.5 1.03 9
32,9 5.9 1.20 15
29,5 L1 1.64 2
26,3 1.2 0. B6 1
8125, 5 b S . (25,0 3.7 1.63 5
-%-4"— 22,5 7.4 2. 00 12
' 17.0 31,8 1.53 30
16,5 35,8 1. 86 40
13,0 87,0 0.30 . 40
o . 510 L0 0. 63-0. 63 3-3
; ' : 45.5 3.8 1.69 8
8115.4 8 Smax | 450 4.4 1.20 7
3.4 42,0 6.0 1.46-1,46 10-10
: 38,0 18,2 1.83 24
35,0 19, 5 0.97 a0
25.1 3.5 1. 009 3
23.17 5.8 3.88-3,89 4 17-17
3115 5 b . 23,5 6,0 1.48-1,48 -1
, ‘a_% 14,0 18.7 2,539 97
) 19,0 19.7 1.16+1,40 14-18 .
16.5 31.0 1,73 41
13,0 95,0 0.39 47
92.8 1.2 1.06 3
3315, 7" b S pax 19.1 3.7 1,84 10
: 34 17,0 7.2 1.44-2.08 15-22
) 15,2 12,8 0.91-1,25 19-25
1} Nominal bending stresses.
2) _ Individual test results.
3) - Lowest stress amplitude omitted .
4) ‘Tests with rest periods of 48 hours after .each program-period.




1 period
o — )
: 1 L
S ‘ A o 'FPH 12 stress Hrr M.
x o . wm . ‘rF levels WAF
gl E ] i
u.
w v
Pyt ..‘J Ny i J
Lang
5 [
f i) LLLL]
- E luLUL J . JHLJ LL '
: L i
I JH ' iV g
4] JJ'J'I
Spectrum: combined gust and maneuvet spectrum.
S,/S .77 [0.736 | 0.683| 0.654 | 0.570 | 0,491 0406 | 0.314 | 0.279( 0.181] 0.114( 0. 053
s /8 0,23 | 0.26 10,21 | 0,24 |0.24 |0.24 |0.24 ]0.24 10,20 | 0.20 | 0,14 | 0.14
m' “max : : .
umber of cycl : '
Number of cycles 4 |20 | 6 88 | 164 | 260 400 |600 | 600 |2400. |12,400(316,700
in one period .
Speciment Type a ( Flw.3125.4) and b( Flw, 3115.5), see fig.. 19
Test results
Material Specimen 3 Ng, Sa Ng, . n
(seefig, 19) 2 max max .min i N
42,6 600 2.9 © 0.63
39.6 1200 2.7 © 0.63
Type a .39.6 E 1200 E 2.7 © 0.76
3125.4 | - loaded in 35,8 & 2800€ | 2.5 ® 0.59
! bending 35.8 & 2800 & 2.5 o 0.87
2.4 5100 2.2 P 0.74
217.0 200 1.9 o 1.78
Tvpe b 23,1 700 1.6 ) 1.41
o g ’:ﬁ:t | 23,1 % 700 1.6 ® 1.61
3115. 5 m ) 1"' ' 19.7 E 2200 1.4 o 0.70
loa’;,a 19,7 & 2200 5 1.4 o 0.77
ading 19.7 2200 L4 ® 0.85
17.0 5800 L2 ® 0.94

Fig,20 Program-fatigue tests with 2 combined gust and maneuver:spectrum on two types
of notched specimens of aluminum alloy (Tests reported by Gassner, ref.18).




Specimen
Material

Loadsequence :

63

Specimen with a central hole, type a of fig. 19.
Flw. 3125.4 (AlCuMg), properties see fig. 19.

Program loading with 8 stress levels, see fig, 19.

max

Positive mean stress Sm =32 (smax = maximum stress of program)
Test results
' Number 3 N at iy
max . n
Loadeycles of periods 2 8 P
per period until failure (kg/mm”) max N
5 400 000 1 42 7500 0. 170
900 000 § 43 6500 0. 79
360 000 15 46 4000 1.11
180 000 30 45 4600 162 N
3

terpolation

' o
Values for T— were obtained by interpolation from test results. This in-

was necessary since Gassner wanted to compare different
values of the period length at the same total life of 5 400 000 cycles.
Consequently he found slightly different values for Smax {3 rd column).

Fig. 21 The effect of the length of the period on the endurance under

program loading, Results reported by Gassner (ref. 18).
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For the number of load cycles in one period at the nine stresslevels, see fig. 19, The material was
Flw, 3125. 4 (Al Cu Mg) and the specimen was type a, both being also indicated in fig. 19. In all tests
the number of cycles in one period was 900 000 and Smax/Sm = 3.4

1
: Sm N at -1 )
LOADSEQUENCE Note (kg/mmE) Sinax N
increasing -
amplitudes | 45 4600 102
increasing
and
decreasing 43 6500 079
amplitudes
% decreasing ‘
é‘ amplitudes 42 7500 070

1)
Z% calculstions were based on interpolated test results,
Interpolation was necessary since Gassner wanted to compare different load sequences at the same
total life of 5 400 000 cycles (=6 periods) and thus he found slightly different allowable maximum
stresses (3rd column).

Fig. 22, Comparison of different load sequences in program tests on notched
specimens.

Results of Gassner (ref.18)

n | 2)
Spectrum Sa N at 8, N at s n Number
max i T
S min s n of tests
(kg/mm? 4max | (kg/ mm?) 3 min

42.1 1250 4,2 oo 0. 72 5
37. 0 2700 3.17 oo 0.91 11
Log binomial 34.0 3150 3.4 oo 0.94 11
spectrum 3.2 6100 3.1 oo 0.91 10
(gust spectrum) 28.0 11000 2.8 ) 0.84 5
Binomial 35. 0 3400 4.4 oo 1,17 11
spectrum 33.3 4300 4.2 oo 1,05 7
{maneuver 29.5 8100 3.1 oo .18 11
spectrum) 25.0 20000 3.1 oo 1,18 9

1) Norninal stresses 2) Logarithmic average |
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S + 1 period =

SamaxT ‘ Fﬂ |
rrm 11 Load spectrum with 8 levels,

Sm =0 (rotating bending)

_.>
r

load spectrum with

MULI } ‘8 levels , Sm=0
d _ (rotating bending)
Log binomial Sa/8, max 1] 0,87 | 0.74 ) 0.61| 0.47 0.34 0.22 0.10
spectrum= Numget of cycles
gust spectrum in 1 period 18 | 40 142 590 2910 '14.400 97.000 j 885.000
Binormial | ys_g ma? : 110,95 | 0.85]0,725| 0;575 0.425 0.275 | 0.125
mber O
spectrum NUIREE R CYEISS 1 1) 8 140 | 1362 |10000 46000 140000 | 305000
: in 1 period

The binornial spectrum involves relatively more high and less low amplitude cycles than the
log binomial (gust) spectrum and may be identified as a maneuver spectrum.

l z7 Specimens were loaded in rotating

Specimen :
—{ bending. kt ~  2.15

2 mutually
perpendicular

holes , &1

Material : Flw.3125, Aluminium alloy, 2024 type (Al Cu Mg)

2 .
So 9 = 37 l{g/rru'n2 (52.6 k.s.i.), Su = 50 kg/mm” (71,2 k.s. i.).
Testresuits )

———

Fig. 23 Program fatigue tests on notched rotating bending specimens of
an aluminum alloy, Al Cu Mg-type. Tests reported by Gassner
(ref. 21) and additional data from private communication .
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_ Type éf specimens: . 4 , .
a. specimen with 2 holes . J .
—q}— 106 27 —@—
e S
, 12 ‘ -
'y .k
T i
: ---b-—r-— |

b. double lap ¢

joint '
.
single suwip-
joint

. O

T

\ 0

| ‘c. riveted o
‘ 51|

‘ |

|

~ ' N !

el b

610 10106

a4, —

I f

4 mm countersunk rivets

Materials: 2024-T Alclad and 7075-T clad

Loadsequence :

R period

-”“Smax

7

".‘L‘.‘I&{”’”///////‘y/ T R T
=y, //////////[///

—petime

I.gust spectrum

5 - 1 period
’ - Smax
S
min %S in=constant
—wtime

I : maneuver load spectrum
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Stress level 1 2 3 4 5 6 7 8 -9
, < |
Sa/sm 0. 10 0.29 0.49 0. 68 0.88 1.07 1,27 1.46 1.66
Spectrum 1
Number of
cycles pér period 562.000 | 131 400 | 23 000 ) 2 880 864 262 100 32 ) 20 .
: _
S‘/Sm 1.4 2.2 3.0 3.8 4,8 0.4 8.2 7.0 1.8
Specirum I
Number of .
]
cycles pet period 6 400 3600 2200 1240 700 400 240 136 78
Test results
. . Number of
Type of ' stress
Joad Typfz of Materia Sm 0 Smax 0 N a:; Smax levels Number of s n
specimen | (kg/mm<) | (kg/mm=) | (10%) below tests N
spectrum
: endurance
limit
13.0 34. 7 1.5 1 3 1,33
a 10.9 29.0 5 2 3 2.28
B.17 23.1 16 2 3 3.00
6.5 17.3 45 3 3 0.90
2024
10.9 29.0 3.7 0 2 1.20
6.5 17.3 29 1 3 2,33
b 4.3 11.5 - 120 2. 3 0.177
I 3.5 9.3 220 3 2 0. 64
- 49 0. 69
9.3 24. 8 1.4 1 4 3. 56
. . - 2" 4,70
c 7015
6.2 16, 4 4.5 2 2 2.25
4,7 12,4 2.0 2 2 1,33
- 27 9,18
5 min
(kg/mm?
b 2024 3.6 28,0 6.0 ) 1 2 2.34
2.7 21,1 18 1 2 1. 45
2.2 16,8 35 2 2 1.20
u . .73 29.1 0.9 1 2 1.45
c 7075 3.1 24.2 R A 2 2 i,61
2,33 18.2 12. 5 3 2 2,51
]

Load amplituted below the fatigue limit were omitted

Fig. 24. Program~fatigue tests on notched specimens. Results reported by W 21igren (ref. 53).
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Specimen :

8 b.oits,ﬂ 8mm

e e .
| 20 4 8
The material was 2024 -
The ultimate design load was 8400 kg corresponding to a loadfactor n=12
The static failure load was 9180 kg

loadsequence
load
' Maneuver spectrum with constant minimum
, load corresponding to n = -2
. (5}
i
! z?.prﬂ 1210 "
i
! ' —mtime
]__. 1 period ’
Corresponding
f
Loadlevel { Loadfactor Number o . cycles constant-amplitude
per period
endurance (kc)

1-11 2.5 81200 1100 .
2-10 3.5 9440 600 ‘
3-9 4.5 1748 200
4-8 5.5 324 80
5-7 6.5 32 33

6 7.5 8 14

o o Result of program test : Medium value of 7
The test result is slightly uncerntain sincg the bolt tests was 45. 5 periods A § 'ﬁ ~ 3.5

torque and the bolt hole clearance were not the same
for all specimens. Mareover there were two types of
failure, viz. one through the bolt holes and one in
the tongue at the end of the strip due to fretting. -
Some tests were not carried on until failure and some
tests were started with a slightly modified program.
Nevertheless the medium result may be regarded as
indicative.

Fig. 25 Results of program- fatlgue tests on a bolted joint,
Results reported by Walgren and Petrelius {ref. 54).
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Specimen' | —— é H 8 I¢ 10 -——D- ko~ o2
e

Circular bar, notched by a wansverse hole,

- | ¢-3

Material 7075-T, extruded material, §, = 66 kg/mm2 for the

specimen,
load Level 1-11 2-10| 3-8 4-8 a-7 &
ocadsequence
S S/Su 0,23 0.320.41 | 0,50 0.59 | 0.68
t N (kc) 1250 | 190 46| 15 | & [2.7
Number of
cycles per (30000 3000 | 233 38 9 4
. period
11
LU TER LD
—p time

1 period

Test results : 9 program-fatigue tests were performed.
Numerous constant-amplitude tests had been performed earlier,
thus allowing an evaluation on a probability basis, The results

were :
: 1
Probability of failure ¥| Number of l;;ariods to failure s "nﬂ' 2}
% Calculated Experimental
10 5.9 34 5.8
' 50 9.8 40 4.1
90 17.1 46 2.7
b Indicated values apply to the results of the program-fatigue
_ tests as well as the N-values employed for the calculationof
=
2)

Results published earlier by the authors in ref, 45 differ from

the results presented here. The older results were obtained

by private communication and not yet corrected for machine

errors,

Fig. 26 Results of program-fatigue tests on a notched
specimen. Results reported by W8llgren (ref. 55).




Specimen :

-4

70

Materials : (1) 2024-type material, extruded, Su = 356.7 kg/mmz.
‘ 8y p=4L8kg/mm?, S, =14%. " For the lug
S“_' = 46,5 kg/mm? (net  section)

(2) 7075-type material, forged. S = 58. 9 kg/mm?2,
Sy, o = 49.6 kg/mm?,

§ not stated. For the lug §,=49. 3 kg/ mm? (net section)

Loadsequence

aneuver-=t e spectrum, S =
M ype sp S

1 l 32=0.8 5, al1.dS3=0.581
2 "
m”” 3 i " { Number of cycles per period
l Spectrum forlevel 1, 2 and 3
. L . I 1000 4000 5000
' | — tirmie - n 1800 | 7200 | 9000
1 period
Test results
1
Spectrum |Material } 5, 0 N, at S, N3 at S3 -—— 2} | Number
(kg/mm") (ko) {kc) .2'&' of tests
1 2024 23,3 34 220. | 1.29. 4
70175 24.7 B 105 1,93 . 4
o - 2024 18,6 62 410 1,90 4
70175 19. 7 20.6 250 1,11 5
1 . '
) §, Is 50% and 40% of Su of the lug for spectrum I and II respectively,
2 -, . .
Arithmetic mean,
Fig. 27 Results of program-fatigue tests on lugs of two types of

light alloys. Results reported by W@ilgren and Svensson
(ref. 56)

0




loadsequence:

sequence g
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S { kg/imm?)

Loadscquence«eprese.nts gﬁst loads and landing cycles. All

stress

sequence b

— -5 gusis except one have the same amplitude. At the begin-
T 2.3 ning of each flight a higher positive gust load was applied,
its-amplitude corresponding to an estimated frequency of
f x cycles p———— X once per flight. Tests were performed for different values
l l : . of x (gust cycles per Right),
1 flight —— time Loadsequence b is similar to sequence a, however, higher

positive gust now at the end of the flight,

sheet thickness 1.2 mm
rivet diometer 3.5 mm

specimen

Riveted single lapjoint, with 2 rows of 5 rivets each.
Sheet material; AU4G1 (2024)

Endurances under constant-amplitude loading.
Landing cycle: 2. 5-21. 7 kg/mm®— N="7360

Gust cycle : 12, 3-18. 5 kg/mm? —w N=205300

19

e

4—-2 L
)]

o
o
o 100
o]

20
Test results :
Load sequence | Gust cycles per flight(x) 5 10 49 29 999
1
n
2N 0.53| 0.51| 0.44 | 0.37| o0.63
a Total number of cycles | 19740 | 30380 | 58400 | 59850 | 125800
Number of f!ights 3200 | 2762 | 1168 598 126
1y
n B
2N 0.60| 0.48 | 0.381 0.34| 0.42
b Total number of cycles | 22400 | 28350 | 51500 | 55431 | 84600
Number of flights 3733 | 2577 | 1010 854 85

1

Each value is the mean of three tests,

Remark: For the damage calculations the landing cycle
and the higher gust were considered as one load
cycte for which § .. =21.7 kg/mrn2 and

$,min =2 5 kg/mm

(stress in the sheet).

-f"ig. 28 Results of fatigue tests with landing-

cycles ou a riveted joint, reported by
Barrois (ref.2).
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N Maneuver lead spectrum
* ' 1 period
*
l
Sio
51*
+S.man=0.9 kg/mm2 (1.2 ksi) —m=time

=constant in all tests

Maximum of load cycles(g) (2.2 )2.7|3.2(3.7 (4.2 |4.7[5.2(57(6.2]6.7

Number of cyclesin 1 period | 26 | 20 | 18 ; 14 [ 12 | 8 } 6 | 4 2 1

Three spectra have been applied differing only in the "stress per g”.

Specimens

s

re24 53 79 kt = 3.65
Y

-

-

- Material Extruded aluminum alloy DTD 363 A (AlZnCuMgp)
For composition and properties see fig, 30
For the specimen : su = 58. 3 kg/mm"” (82, 8 k.s.1.)

Test results

Program | Design 5 N at 5 N at Numbet = =
No. factor | (% gu} S10 (%8 N of tests 2N
1 s,=11g | 6L2 |'~100 | 20 14000 3 118
3 |sg=lsg | SLT | ~300 16. 9 50000 3 1.22
3 |szs15g | 448 | ~500 14,7 | 160000 3 1. 00
231) Su= 13g 56,17 ~ 160 16. 9 ~ 50000 4 1,00
2" s=1% | 6L7 | ~100 16.9 50000 3 122
2c" =13 | 667 | ~ 10 6.9 | 50000 3 1.19

1) The program was identical to program no. 2, only the highest loadlevel has been
increased to the value indicated in the third column,
2) Logarithmic mean.

Fig. 29 Program-fatigue tests on a AlZnCuMgextruded alloy, notched
specimen, loaded by a maneuver spectrum. Tests reported
by Fisher (ref, 10),

]
1
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The spectrum isan exponential gust frequency distribution, i.e. there is a linear relation between U

L_F_H__Mi

" -1 period

73

m

™

(ft/sec) and the logarithm of the number of exceedings,

The slope may be defined as

Type of specimen

The specimen is axially loaded

Type of material

log m

15 ft/sec
-log 100

(6]

79

1

27,
T

thickness : 25

Static properties

Extruded aluminum alloy DTD 3634 sg .
{Zn 4-8%, Cu=¥p, Mg % 4%, M, < 1%, Cr< 1% s
u
)

Program test results

v

k ~ 3.95
t

59,0 kg/mm2 (84,0 k,s,i.)

62,8 kg/mm? (89,3 k.s.i.)

6.5 %

In all tests Sm = 10 kg/mm2 and Sapmgax =__'?. 8 kg/mm2 (28 fi/sec)
with a corresponding endurance of ~v 4000 cycles.

Program Similarity U S N at Cycles in | Geometric 1)
. Number min 2 min
No. with 1 of tests Sa one mean number 5 n
program no. 1. {ft/sec) (kg/mmz) min period of periods N
1 - 8 5 1.4 > 101 13000 10 1.18
2 period length . 6 5 1.4 > 10" 6280 18. 3 1.05
halved )
3 lower §, -values|- 5 - 7.5 2.1 . »v 500, 000 5530 13.17 1,47
omitied : .

1) Logarithmic mean.

-Fig.30 Prograrﬁ-fat_igue tests on an AlZnCuMg extruded alloy, notched specimens,
loaded by a gust spectrum.
Test reported by Fisher [ref.11),
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Specimen : -

DR

sheet

Material : 7075 T-6, bare sheet

Loadsequence

S

!

Smin=9.5

el

f
e

@ 32

thickness 1.6 ‘

kg/mm2(¢g1g)

F

I12.7 —-

Maximum load 1)
= 8 Number of cycles
Stress level g % limit load max i
2 per period
{kg/mm*=)
i 5.18 97.8 33.9 - 10
2 4. 41 83.4 28. 8 280
3 3, 55 67,0 23.2 © 1100
4 2.173 51.5 17.9 3400
5 1,170 32.0 11,1 11100
> PR |
~ 30 AN I: pre-locaded
o~
) \6\(
£ - :
Y
220 ' '
5 1 I:not pre-loaded
3 -
‘é’ 10 .
0 3 4 4 5 5 ©
.510% 10 5107 10 510 10
—=N
Arrows indicate the stress levels of the program tests,
For curve II each specimen was preloaded once at § =33.9

kg/mmz. which is the highest stress level of the prorgrajfn tests.
Each point is the mean of 8 test results,

1

Maneuver spectrum, 5 levels

(hererd Design limit load 5.3 g

1 periocd

stress on
net section,




Specimen

75

60°

<

22

7.6

B122 k =3.0

r'=0.25

Material: 7075 extruded material
Sy = 69 kg/mm?, ) , = 65 kg/mm?, § =12%

{Note vgry high §, and S

Specimen for R, R. Moore-machine

0.2

Type of loading: Continuousiy varying amplitude according .
to a gust spectrum.

" Test results

Series | S, (kg/mmz) N at s,  (kg/ mm?) | Nat "@ Number of tests
max min F’
Snlax (kc) Sa
min
1 23.9 11 1.04 oo 0.44 14
2 23.9 11 1.0 2000000 | 0. 46 15
3 20.4 19 6.3 - =] 0,31 10

Fig. 32, Program fatigue tests on notched rotating beam specimens.
Results reported by Hardrath, Utley and Guthrie (ref.28).

" Results of program tests:

PR 1)
. n n n
] - t — - —_—
S N Datal 2N E"N)min EF max
Curve | 4,9
Curve II 1,865 1,09 2.1
1)

mean of 4 test resuits

Fig. 31. Results of ptogram-fatigue tests on notched sheet

specimens,

Results reported by Smith (ref, 49).
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U
Specimen : . r=15 )y 187 t

i 9.5 Thickness 2. 3 mm

I~

Material : Bare 2024-T 3 sheet matenal 5,= 51 kg/mm 8q, 9= 37 kg/mmz,
8= 22 % .
Bare 7075-T 6 sheet material. §,= 58 kg/mm?, Sy o="53 kg/mm",
S =12 %, ’
Type of loading : Program-loading with 8 stress levels in accordance with a gust

spectrum of Rhode and Donely (type A) (ref, 43). Constant S .
For all tests the minimum 8, s below the fatigue limit. For
the maximum value of 5 see the following table.

Material Sm (kg/mmz) Sax (kg/mm?') N at 5,4 {(cycles)

7075 14.1 33.4 480
7075 .8 32.5 o8
2024 co12.2 29.1 150

Test results s .
Load sequence in one period:

50,
4.0L
7075 . Lo-Hi
. _ Sy=14.1 kg/mm?
30|- . )
Hi -
20F

%EQ@VA

clz 2024 .
5.=122 kgimm
W “ gimm Lo-Hi-Lo
oW —_— T
L Hi-Lo-Hi
o8
oe}
i randomized
04 i ] o — J

Lo-Hi Hi-Lo  Lo-Hi-Le Hi-Lo-Hi randomized

Each point indicates the mean result of a group of specimens. Most groups consisted of 3 or 4 specimens.
In the randomized sequence all cycles of one period with the same amplitude were apphed in one batch.
_The order of succession of the 8 batches was selected at random,

Fig. 33. The effect of the load -sequence in program-fatigue tests on notched
specimens. Results reported by Hardrath, Naumann and Guthrie (refs. 25 and 35)
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Specimen : Side notches, ki = 4. ) More detailed
Materials - : 2024-T 3 and 7075-T 6 ) infermation in
Type of loading : Gustspectrum, 8 stress levels, Sy~ constant ) fig. 33

For all tests the minimum 8, is below the fatigue limit.

For the maximum value of S and the corresponding endurance see the following table,

Material s, (kg/ mm?) Sﬁax (kg/mm?) Nat S, (cycles) 1
' 0 32,5 58
7078 7.0 33.1 140
14,1 33. ¢4 480
2024 0 - 28.4 - 58
12,2 28.1 780

Test results :

50
40+
7075 Hi-Lo
Yol o
_ . 7075 Lo~Hi~Lo N
20 7075 randomized o
clz
W
®
& .
10 f———
o8 N 7075 Lo-HI
2024 randomized
08
®
v N I L A
0 70 122 141

—» S,

Each point indicates the mean result of a group of 3 to 6 specimens. For each set of points the material and
the type of load sequence are mentioned. The load sequences are shown in fig. 33,

Fig. 34, The effect of mean stress in program-fatigue tests on notched specimens.

Results reported by Hardrath, Naumann and Guthrie {refs. 25 and 35)
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Specimen Side notches, k =4 ) .

. t 1
Material :  2024-T3 and 7075-T6 fﬁ?;:‘ -d:;lned
Type of loading : -Gust spectrum, 8 or 18'swess levels, ) in fim 33

S, = constant s ) &

For ail tests the minimum $, is below the fatigue limit

Testseries o- N at § Number of

Material -sequence-5_(Kg/mm®y max o 81 Omax er o Gust spectrum

_ m {kg/mm"~), (cycles) stress levels type
7075-randomized ~ 14.1 33.4 480 8 A
7075-Lo-Hi 14.1
2024 -Hi-Lo 12,2
2024 -Lo-Hi 12.2 } 29.3 500 18 B e
2024 ~randomized - 12.2 29.1 750 8 A
2024 -randomized - 0 28,4 58 8 A
1)

Type A and B according to Rhode and Donely (ref. 43).

Test results :

30r 7075 -randomized -14.1

2024 -Hi-Lo-122 -

7075~-Lo-Hi-14.1

2024 -randomized -12.2

2024 -Lo-Hi-12.2

2024 - randomized-0Q

06 |
04 |
- n
——m-number of periods at ZN=1
I(ﬂO { 1
= T =T =T 1 T T T T { ™ T T T T
001 005 010 ’

-_..z-',;‘,- per period
Each peint indicates the mean result of a group of 2 to 10 specimens {average about 4 specimens).
Fig. 35. The effect of tne period length on the endurance in program-fatigue

tests on notched specimens, Results reported by Hardrath, Naumann
und Guthrie (rei. 25 and 35).
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Specimen : Side notches, k, = 4 ) ;
. t Mote detailed
Materials . 2024-T3 and 7075-T6 y L ore GO
. : information in
Type of loading : Gustspectrum, 8 suess levels, ) fig. -33
Sp,= constant ) g

I 2 i
The S, -spectrum is derived from the gust spectrum by 5, = (5 Su " 5w 3

V. is the gust velocity and 2 30 fps gust is supposed to induce the design limit Joad. Note:

i
{30 fps gust)U- . = (50 fps gust)l' C.A.O

2/3 Sy

Further S, = design limit load factor
$ is the ultimate stress of the specimen. For the design limit load factor a value of
about 2. 5 has been used for both materials, leading to Sm =14,1 kg/mm?' and 12,2
lv:g/mm2 for 7075 and 2024 material resp. A comparison has also been made for S =
0, maintaining the same reduction method from gust spectrum o S, -spectrum,
. Therefore the siress spectra for both materials are directly comparable from a design
point of view. On an absolute basis they are different. For minimum and maximum
values of Sa see fig, 34,

50 T lts :
— est results Sm(kg!mmz)
40 | ‘ 14
30 |- 14.1
2
S (kg/mm*)
12.2 Hi-Lo-Hi 141
20
+ 141
clz LO"H"‘LO
W 122 3 141
* : randomized
1.0 — =5 .
- 12.2 ® O
os |
i randomized
0S5 19} '
122 U
Each point indicates the mean result of a group of 3 ot 4 specimens
0‘4 l 'l
2024 moaterial 7075

Fig. 36, Comparison of the results of program-fatigue tests on notched specimens
of 2024 and 7075 material. Results reported by Hardrath, Naumann and
Guthrie (ref. 25 and 35)}.
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*. o _a. Random load sequence

20% Pye P - , -

—atime

b. Random load sequence with landing cycles

1
Py, =20%FP,
44.2%P,

—a time

242%P,

l
|
l' »landing cycle

F"Z
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After each positive or negative gust r.he load returns toP
of r.he following gust spectmm Q1 ft/sec gust 21,44%P 0

. All gusts (half cycles) are selected 2t random cut

Pa (%_Pu) 3.24 5.40 7, I56 9.72 11.9 15.1 19,4 23.8 28.1 32.4 43
Number,of occurrences | 2, 753, 000 1,182,000 | 643, 100 260, 800 94, 520 51,100 11, 390 2,207 513 107 41
in 5,10 cycles ) '

Endurance oo 3{ | ~10

Test results

The same gust spectrum is applied. However after every 46 random load selections a landing cycle is added.

This cycle consists of a downward load of ~24.2% Py which is preceeded and followed by the smallest negative
gust load.

: -
Specimen : P 51 D Mustang- wmg Riveted 2024 structure with some cut outs. Cracks mainly originated in

two areas the gun bay area and the tank bay - area. Nominal stress level for both areas of the order of 28 kg/mm
with local peaks from 35 to 40 kg/ rnm2

Calculations, inespective of the

Calculations ta}ung into account the —‘
location of the faﬂure H

type and the location of the failure 2

Lead Mean life (‘cycles) ZEN according to h;ypor.hesis H 8 > %, hypothesis H1 Number of
sequence until final failure for final failire haif
H, H, { H, H, Initial failure Final failure wings tested
] : Gun bay Tank bay Gun bay Tank bay
a 3 275 000 ' 1.23 0.38 - 1.07 0.84 2.02 2. 66 1. 34/ 10 "
b 693 000 0. 92 0.19 0.36 | 0,81 2.08 1,28 - 1.00 . 3

3

) The endurances to final failure are used, irrespective of the location of this failure.

2 The appropriate endurances were used which are related to the type of failure, i.e., initial fajlure or final
failure, and to the location, i.e. the gin bay area or the tank bay area. Since oniy one type of final failute
can occur in a specimen the endurance for the other type had to be estimated from the crack growth data.
Therefore zi‘ - values in this’ f:ategory afe not accurate.

Hypothesis H_ : damage calculations were based on the gust spectrum to which the landing cycles were
added as negative gusts of {20% + 24.2%) P . The spectrum then becomes assymmetric. Positive and negative
gusts with the same frequency of occutrence are combined to complete loadeycles, irrespective of their
sequence in the tests (peak-methad).

Hypothesis H_ : damage calculations were based on the spectrum of load changes from each "peak” to

the succeeding “trough” and vice versa (range -method).

Hypothesis H_ : similar to Hl howevet landing loads were not introduced into the spectrum and their damage
was calculated separately.

Hypothesis H, : similar to H_,} however, N-values used are those for specimens preloaded by the max imum
load occurring in the test (63% P )

4) 5 wings will be tested, the results of 3 half wings are available. In this testseries (b) the gun bay failure is

largely suppressed as a final failure.;

Fig. 37, Results of random load fatigue tests on Mustang wings, reported by Payne (ref. 37 and 38).
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30 I
3 Pm = ' - 13.25%
| 20%P - Y550, |7.5%
2 oo 120 BN il
S a1 :
f 10 4 | 2120 l
l ‘ 5300\ 5300 . I
|¢26500 SN (.| 26500 ol
) | ]
I‘

I i
—p-number of
"{ cycles

r‘

! period
Load sequence
Thiee 1oad levels were used. The second load level was selected at the estimated level of maximum
damage. The number of load cycles per period at each level was about 3 of the endurance until final
failure at the relevant load level,

ISpecimen P 51 D Mustang-wing. Riveted 2024 structure with some cut outs, Gracks mainly originat-

‘ed in two areas, i.e. the gun bay area and the tank bay area. .
Noriiinal siress lovel for both areas of the order of 28 kg/ mm? with local peaks from 35 to 40 kg/ mm?,

Test results:

Procedure of calculating zg EI}N

Calculations irrespective of the 1 0. 89

location of the failure ) 10 half wings were tested
Cal‘culauons Initial Gun bay 2.62
taking into ,

failure
account the Tank bay 1,170
greani e Lo | Cmoy [T
; the failure 2) failure - Tank bay 1.03

1)

The endurances to final failure were used, irrespective

of the location of this failure.

2) : .
The apptopriate endurances were used which are related to

the type of failure, i, e. initial failure or final failure and

to the location, i.¢. the gun bay area or the tank bay area.

Since only one type of final failure can occur in a specimen

the endurance for the other type had to be estimated from

the crack growth data, Therefore X %-valuesin this category

v ’ are not accurate, -

Fig. 38 Results of program-fatigue testy on Mustang wings, reported by Payne
{ref, 38).



Specimen

Material

- 84

: Outer wing panel of a jet-fighter, 100% limit load £ 7.5 g. Failure occurred in lower

spar ‘cap' at tapped screw-holes, in the fatigue tests as well as in the staric test. At this
location the spar cap was slightly understrength. '

: Lower spar cap material was T075-T8.

1 period
load - »

three ioad levels
qL constant minimum load
’319213.3% limit load

—

—m time

2 fighter-maneuver spectra were applied

1
Stress level Maximum load N ) (cycles) Number of cycles per period
(% limit load ) (final failure) Spectrum I - | SpectrumlI
1 100 %o 1870 50
80 % 4000 75 1
3 60 % 16800 ) 200 16

1)

mean of 2 tests,

Test results Two panels were tested with each of both spectza.
Spectrum | Total humber of cycles z %
I s 1.28
8473 1,54
I 16413 1,61 -
| 15164 1.49

Fig, 39 Results of program-fatigue tests on outer wing panels.

Results reported by Carl and Wegeng (ref. 3).
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Gust load spectrum approximated by 16 load levels.

The design u]tmqfte load factor was 4. 63 corresponding to a maximum stress in the tension surface of
about 19 kg/mm . {27 k.s. i),

The mean load in the tests corresponds tu 1.2 g instead of 1g.

Smax at the highest level ~ 15 kg/ mm?

number of cycles
at each level

— number of exceedings
(complete cycles) in 107 miles

586
2036

0.15 for

—p-load inerement factor An

all steps 22247301
351000
1544400
oposd . _Z777}3931200
) . ) ///Z
T T T T T T T T
! 10 102 10° 10 10% 108 107
Specimen : Complete wing of the C-46 airplane, consisting of the center section and two

outer panels, The material is 2024, The distribution of the tension area over the

skin, spar booms and stringers was 58. 4%, 11.2% and 30. 4% respectively. Most |

failures originated in the outer panels near the joint to the center section. Inthis

area there were a number of cut outs. 5 !
Test-program  : In one pericd of the program test about 60000 cycles (= 10 miles) were applied

in accordance with the above loadspectrum. All load cycles of the same ampli-

tude for one period were applied in one batch. The sequence of these batches was

chosen at random for each period (randomized-step test). Load levels with a’fre-

quency lower than 1 in 60000 cycles (one in a period) were distributed at random

over the program test,
Test-results : Three wings (6 outer panels) were tested under program loadmg The locations and

the number of cracks were found to agree better with the higher than with the lower

con:;tant-amplitilde tests, Cracks leading to the final failure under program load-

ing were only found in the higher constant-amplitude tests. Scatter in the time of

first appearance ‘of cracks was fairly large.

Based on the time to crack initiation regardless of the location the average result

was —

¥ o= ase
N

: —;
Based on the complete life the average value was 37— = 4.81. This value may
be spmewhat flattered since in the lower  constant - amplitude tests and the pra-
gram tests different cracks have led to the final failure.

Fig. 40, Summary of randomized-step tests on commando wings.
Results reported by Whaley (ref.59).
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Specimen: Wing of the C-46 airplane (Comimnando), see also fig. 40.

Loading in the laboratory: A load history was developed which corresponded as closely
as possible to the flight operating experience of the C-46. Since calculations hidindicated that
loads due to such effects as landings, taxiing and maneuvers did not contribute significantly to -
the load history as compared to the contribution from rough air, the loading schedule was based
on the most severe limits of the gust data of ref. 43, and the average value given.in ref. 4 for the

- path ratio, i.e., ratio of flight distance in turbulence to total flight distance. The gust upectrum
was converted to a randomized-step Ioadmg. see fig. 40.

Loading in service : It was understood from ref, 29 that no load records were obtained in
service. ‘

Results in the laboratory : From tests on 5 wings (10 outer wing panels) the first crack
appeared on the average at 13000 hours of flight at 5 different locations,

Resulis in service: 4 sircraft with a flying time of 10000 to 14000 hours did not contain
cracks.

4 other aircraft with a flying time of 19000 1o 21000 hours had a total of 8 cracks at 4 different
_locations.

7 of these cracks at three different locations were indicated in the laboratory tests as being the
first crack to appear. The 8th crack was found in the laboratory tests but not as the first crack to
appear.

Fig. 41 The endurance of a wing structure in service as compared with
laboratory tetst.
Results reported by Huston (ref.29).

Specimen : Inref, 60 the joint is referred to as being a typical aircraft structural joint. The type
of alrcraft is not mentioned, probably it is a transport aircraft. The material is 7075-T6 Alclad for.
the skin in which the failure occurred near the ends of the top-hat stringers.

Loading in the laboratory : Six full-scale specimens were tested at §_ = 9.1 ké/mm2
(13. 0 k.s, i.) and constant amplitudes to obtain the retevant §-N-curve from nh 2.10
N 10,

Loading in service : It was assumed that the gust ioads were in accordance with the guét data
of Rhode and Donely (NACA Wartime Report L 4 I 21, 1944 , Cuive A).

Calculated life : The calculation was based on the S-N-curve emplgying the linear cumulative
damage rule and the above mentioned gust data (1 ft/sec = 0.19 kg/mm =.265 p.s.i. which applies
to typical {lying conditions). Ground -to-air cycles and other types of loading were neglected. The
result was 7900 flying hours.

Life .in service: Cracking occurred between 10006 and 12000 hours.

Fig. 42. The endurance of a joint in service as compared with the life cal-
culated from laboratory test results.
Results quoted in the Aircraft Fatigue Handbook (ref. 60).
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All specimens were tested in fluctuating tension, except for Meteor tail-planes which were tested
in ‘bending at resonance. The mean stress was positive in all fatigue tests and ranged from 8. 4-
14.2 kg/mm2. The stress amplitudes ranged from 2. 7-5. 4 kg/mrnz. The corresponding endurances
for the not pre -loaded specimens varied from 79, 000 to 850, 000 except for six transverse hole speci-
mens, indicated with  for which N was 7, 700, 000.

1 kg/mm> = 1.422 k.s.i.

Fig.43 The effect of one high pre-load on the endurance of different types
of light alloy specimens.
Results reported by Heywood (ref.28).
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For some details on the test parameters see fig. 43,

Letter P near a point denotes that specimen had received ten high pre-loads. -

All other points represent specimens subjected to periodic high loads, which were applled at inter -
vals during the fatigue test, the load rewrning to the mean of the fatigue test after each applicat-
ion . The intervals of high loading were as follows: . :

At commencement of test, and every 20,000 cycles to 500, 000 cycles

Then every 50,000 cycles to 1, 000, 000 cycles '

Then every 100, 000 cycles to 2, 000, 000 cycles

Then evety 200, 000 cycles to 4, 000, 000 cycles

Then test continued to failure without further overloads.

Fig. 44.

Effect of 10 preloads and of periodic high loads on the endurance
of different types of light alloy specimens,
Results reported by Heywood (ref.28).
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Specimen : Channel-section boom specimens machined from extruded material with rivets and
bolt holes.

Material :D.T.D. 363 A (7075-type material).

Type of loading : Theeffectof one preload and of periodichigh loads on the endurance for a
fatigue loading of Snt §,=11.2+ 4.3 kg/mma2 has been studied.

Test results :

Treatment Magnitude of pre-load or high loads | fatigue life 5 ]
2 N
{kg/mm") (ke) o
No treatment - -9 3)‘ 1
One preload 26. 4 69 ) 0.87
1
Periodic ) high 3
positive loads 26.0 769 9.17
1
Periodic )high 3
icad cycles s = 26.0 foliowed by § . = -5.2 11¢ ) 1.56
max min
1) e ,
For periodicity, see fig. 44.
2) igs .
Mean value of unspecified number of specimens.
3)

Individual test results.

Fig. 45 The effect of high locads on the fatigue life of lighr alloy specimens
according to results published by Heywood (ref.28),
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Investigator Head and Hooke {ref. 26a) I(iowalewskl (ref. 30) Fralich (ref. 12)
] )
@47 gr27 cor 3878 sa /9.5 yzu
| 1
4
Type of specimen —, w3
/ | 4 reQ127
re20 loading 1"?0.5 Ioading ﬂtD::
{oading

circular cross section

eircular cross section

plate specimen , tn8.3

Materiai

2024 extruded material

2624 extruded material

7075-T6 plate

Type of loading

plane bending (Sm =0)

pla}ne bending (Sm =0)

plane bending (Sm =0)

k 1.3 i 117 a4
i N
Fatigue limit (kg/mm") 17.6 ~13 6.0
G
Roat mean square value 1) of stress 7.9 and 8.8 Values in the range of 8 to 16 Values in the range of 2,8 10 13.4
induced by random noise (kg/mm?)
Degree of irregularity 2 N()/ N1 0.84 ; .91 ~1
4
i
0.29 and 0.34 Values in the range of 0.7 to 1.1 Values in the range of 1.2 to 8.

n
= = val
ZN values

High values correspond to high
values of Gs -

1
) G is the root-mean-square value of the stressamplitude as a function of time = 1
8 i s T-eoo 2T

2)

No = number of times that § = 0 per second.

?
&
i
J

'

Nl = number of times that 5 is a maximum or a minimum per second.

Fig.46 Survey of random noise tests

on small specimens.

/ [su) }Zdt
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\ program of ranges
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!
|
The irregularity is not completely
! ' # determined by N /N, it depends
program of peaks
on the power spectrum
0 T g T !
0.8 09 10

—m=-Ng/N,{degree of irregularity) (

Ng =number of times that S=0 per second
Ny =number of times that S is a maximum or a minimum per second

)
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2024 specimen, k= 1.77. $pecimen is loaded in plane bending

{(S_ =0) by a vibrator, The input of the vibrator is either random
noise or a programmed sequence with an increasing-decreasing order
and 9 different stress levels. '

Type of loading: (1) Random noise with different degrees
of rregularlty(N /N ). Root-mean-
square value 10. kg}mm

(2) Program -fatigue loading, the pro-
gram is derived from the random
noise sequence with the peak-method.
( 3) Program-fatigue loading, the pro-
gram is derived from the random
noise sequence with the range-method.
Test results : Vertical scale : The life under the program of
' peaks was chosen as equal to 1.
Horizontal scale:NO/Nl = low irreguiarity

. N /N, ~ 0.7  high irregularity

Fig.47 Comparison of the fatigune life under rancjom-noise loading and program-fatigue loading.

Results reported by Kowalewski (ref.30).
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Specimen: Thin walled tube, notched by three holes, see fig. 19, specimen

- type b.

Material : Fliegwerkstoff 3115, 5 (A1CuMg).

Type of loading : Specimen loaded in plane bending. Notclies are in the out-
most fibre of the tube, thus simulating axial loading

Loadsequence : S

Program fatigue test,
gust spectrum

max

Sem Sm'—' 34 in all }esgg‘
time
! peried
2 0.9 million cycles
test results .
30
o O » (o] 4k
£
E 20 ® 9 [e) D 3 .
2 oo . N
E ot .
o
0 v
108 107 108

—totul number of cycles until failure

o tests without rest periods
e tests with rest periods of 48 hours at intervals of 0. 9 million cycles (= 1 period).

Fig. 48 The effect of rest periods on the endurance in program
farigue tests.
Results reported by Gassner {ref. 37).
~
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51

|
NI

@32

Specimen —— —_— kt=2'4 sheet thickness 1.6 .

- Material : -T075 T-6 bare sheet . ‘ 0
Type of loading : Comstant-amplitude testing at Spts, = 14,1+ 9.1 kg/mm .

Testst with and without preload. Preload stress = 34 kg/mmz.

Test results :

. E)
Preload Moment of fatigue tests N (ko
no immediately 2
yes immediately. 241
no half a year later t 94
yes . half a year later 220

D

i.e.; half a year after preloading.

2)

average of at least 4 specimens.

Fig. 49. The influence of 2 long rest period on the beneficial effect of a
preload. Results reported by Smith (ref. 49).




Type of

Type of

Range of b

More details

Type of ci n -
ype of specimen material loading iType of load spectrum §tress b I—q-va}lues Investigator given in figure
0 rotating Gust spectrum 6.7-0.9
2024 s =0
“ beam Maneuver spectrum m i.6-1.2 Gassner 23
otatin,
CD 7075 rotating Gust spectrum s =0 ~ 0.4 Hardrath et al. 32
beam m
2024 la
ED ? 1.1e random foise § =90 0.3 Head and Hooke 49
bending m
0 plane . _ .
-H- 2024 bending random noise Sm =0 0.7-1.1 Kowalewski 49
lane
705 prab® random noise 5 =0 1.2 -8 Fralich 49
bending m
plane Gust spectrum 0.5-1.8 19
o ——— ] ; N -
0
2024 bending Gust and Maneuver S > 0.6 - 0.9 20
e Spectrum
Gassner
Gust spectrum 6.3-2.0
Tube with 3 holes 2024 axial Gust and Maneuver S >0 6.7~ 1.8 19
' spectrurn 20
) j 2024 axial Gust spectrum $§ >0 0.9 - 3,0
Riveted joint 2024 axial Gust spectrurm Sm >0 0.6 -2.3
Maneuver spectrum 1.2 - 2.3 wlllgren 24
’ § . =constant » @
min
S T o T I a.gg o
Riveted joint 1075 axial Gust specrrum Sm> 1.3-3.6
Maneuver spectrum _ 1.4 -2.5
§ . =constant » 0
min
Bolted joint 2024 axial Maneuver spectrum Smm=constant 0 3.5 wgllgren and 25
' Petrelius
m 1075 axial - S . =0 4.1 witigren 26
min
2024 1.3 - 1.
~ 7:3. axial Manpeuver spectrum S = 0 - - nglg[en and 27
7075 ' pectit min 1.1 -9 Svensson
Constant §
Riveted joint 2024 axial and gmunda—to-air Sm » 0 ~ 0.5 Barrois 28
cycle
- w0
~~ 1.0 -1.2 .
u 075 axial Maneuver spectrum Srru'n 0 Fisher 29 o
Gust spectrum 1.0 - 1.5 : 30
L N ] I
m
I L] ' 7075 axial Maneuver spectrum Smin=constant >0 4.9 Smith 31
Riveted joint 7075 axial st specirum s o 0.6 -1,1 Schijve and 14 10 16
2024 pectrum. m 1.3-2.9 Jacobs
7075 § = 0.6 - 1.1
Sm)0 0.9 - 4.0 Naumann,
U axial Gust spectrum m ’ ) Hardrath and 33 to 36
L n_ s = 0.4-0.6 Guthrie
—=2024. = e 5T 5.0 T [ SO N P =
m
Random gust specirum 0.8 -2.7 31
Random gust spectrum
Mustang wing 2024 wing bending | and ground-to-air Sm >0 .0-2.1 Payne et al, a1
cycles
3-level test 1.0 - 2.6 38
Wing structure 7075 Wing bending | Maneuver spectrum Smin=constant>0 1.2-1.6 Carl and Wegeng 39
Commando wing 2024 wing Bending | randomized gust s > o 3.5 Whaley 40

spectrum

1 L . .
) The minimum and the maximum values of averages of test series are presented.

Fig. 50 Survey of investigations on program-fatique testing of notched

light alloy specimen






load increment
{arbitrary units)
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. peakheighﬂ +2 -1 +1 =2 43 +4 -1 +1 - “2 #1 -1 +2 -3 -4 +1 -1

range [+2 -3 +2 -3 «5 -2 +3 -5 +2 -2 +] =2 +3 Ta +3 -5 +2 -3 +5 -2 +2 -1
Peak-method : Peaks of equal height and opposite sign are combined to form complete cycles with amplitude equal to the peak height,
Range method : Ranges of equal size and opposite sign are combined to form 'complete cycles with amplitude equal to half the size of the

range. Effect of mean load is disregarded,

Peak height
or =5 ~4| -3 -B | -1 [+41 [+
load range

+3 [+4 { +5

Number of
peaks - 1 1 2 5 5

e B

Number of
ranges

-
o2

¢

[

2 - 3 5 1 1

Results of the reduction

Loadamplitude ) 1 | di]le |24 |3 | 4
Peak-method - 5 -
f
Number of cycles 1= e method | 1 | 5 | 5 2 | - | -

|
|

Fig.51. Reduction of a load-time history to load cycles according to the peak-method and the ranée-method
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Note : If the small variations are neglected the decomposition implies doub-

ling the number of cycles and halving its amplitude.

Fig. 52, Result of the decomposition of load variations in
anp extreme case according to the range-method.

gust loading 1g-ioad

pressure in the fuseluge

ground-to-air cycle

-

Fig. 53. Schematic load sequence in the RAE-test.

1simulated flight

P {ime
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PROGRAM-FATIGUE TESTS ON NOTCHED LIGHT
ALIOCY SPECIMENS OF 2024 AND'7075 MATERIAL,

J.Schijve and F. A, Jacobs, 41 pages, 6 tables, 53 figures
Program-fatigue tests and constant-amplitude tests at pos-
itive mean stresses have been performed on 2024 and
7075 riveted joints in order to study the effect of the para-
meters of the program, the scatter under program-fatigue
loading and the effect of occasional very high loads, and to
check the validity of the Palmgren-Miner rule,

The results of similar investigations on notched light alloy
specimens or structures have been summarized, A dis-
cussionis presented on the above mentioned objectives and
the following questions: What is the usefulness of the
Palmgren-Miner rule f{or the designer? How good is
program-fatigue testing as a representation of the load-
timehistory in service? What information may be expected
from program-fatigue testing and how does it compare with
the information of alternative methods?
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