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SYMBOLS 

CA suffix - refers to constant amplitude loadmg 

D fatigue damage 

E modulus of elasticity 

E(o) E umber of crossings of stress o by variable amplitude waveform] 
‘iumber of crossmgs of mean stress by variable amplitude waveforn) 

h parameter which governs the overall stress amplitude of an 

exponential loading spectrum 
23 

K 
P 

stress concentration factor under conditions of yleldlng at the 

stress concentration 

Kt stress concentratian factor under elastic strain conditmns 

K; stress concentration factor (d o maJd onet) under elastic con- 

ditmns, after yield at the stress concentratmn 

1 crack length 

m parameter which governs the overall stress amplitude of an 

exponentral loading spectrum 23 

0 
M = &- a parameter whxh governs partly the sensltivlty of materials to 

t afR residual stresses 

n number of stress cycles 

n 1 ’ nq 
number of stress cycles at stress levels o 1 ’ u4 

n 0 number of crossings of the mean stress by varrable amplitude 

wavefonll 

nP 
number of peaks III variable amplitude waveform 

% 
number of cycles under block programmed loading conditions 

N number of cycles to failure 

N 1 ’ *q number of cycles to failure at stress levels c! al 
, o 

aq 

NC! number of cycles to crack length 1 

s 

S 
P 

x1 

Pl ’ P2 

P,(a) 

proportIon of total number of cycles at stress levels 1, 2 III a 

block programme 

probablllty of occurrence of stress maxuna of amplitude 

Note that Pm(o) do = 1 

suffix - refers to spectrum loading 

pre-stress rat10 

dn exponent which vales with alternating stress level 0 
ai 
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SYMBOLS (Contd.) 

0, o1 , c2 stress 

is 
a’ gal” Oa2 

alternating stress amplitude 
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1 INTRODUCTION 

At the design stage of engineering structures it is necessary to obtain 

a first estimate of fatigue endurance for any fatigue sensitive components. In 
many cases, such as loading in motor vehicle suspensions over uneven road 
surfaces and loading in aircraft structures due to atmospheric turbulence, 
servxe loadings are variable amplitude in nature, and so it is necessary to 
employ one of the published cumulative damage rules l-21 . Despite the multi- 
pliclty of rules available, the original Palmgren Miner Cumulative Damage 

10,21 Hypothesis, (Miner's Rule ) is still generally in use in industry for this 
22 purpose . There are several reasons for this. Firstly, it is simple to use 

and is often regarded as giving a conzrvative (safe) prediction, although this 
is not necessarily correct. Secondly, standard S-N curves are commonly avail- 
able and most of the practical alternative methods of life predlction require 
additlonal data which in many cases would be expensive to obtain, and flnally 
none of the subsequent rules has yet been proved sufficiently reliable to 
outweigh the probable increased compllcatlon of their use. 

It 1s primarily the aim of this Report to investigate the lunltations of 
M~ner's Rule in order that designers may have a better apprecution of the 
circumstances in which the rule is unsafe, or safe, and to suggest and Investi- 
gate possible modifications to the rule in order to improve accuracy. 

Many cases in which the rule does not give a good prediction of the 
fatigue life of aluminium alloys can be explained by the influence of residual 

stresses acting at the point of fatigue initiation. Such stresses can be 
generated by local yielding at stress concentrations under the highest loads 
applied or may be already present due to manufacturing processes. In section 3 
of this Report the influence of residual stresses on cumulative damage 
behaviour 1s discussed. In Appendices A - F other reasons for inaccurate pre- 
diction are also discussed, including variation of relative damage rate with 
stress, cycles below the fatigue limit, effect on life of the particular load 
at which a component fails, and the effects of fretting. 

On the basis of the foregoing discussion a general approach to cumulative 
damage is suggested in section 4, based on a simplified method of accounting for 
the effects of residual stresses. 

Finally, section 5 describes an investigation of the cumulative damage 
behaviour of aluminuxn alloy lug specimens in order to explore the validity of 
the concepts developed above. The investigation covered the determination of 



8 

fatigue life under constant amplitude and two types of variable amplitude load- 
ing each at three mean stress levels. Measurements were made of residual static 
strength at different stages in the fatigue life under the various types of 
loading action. By this means the relative rates of accumulation of fatigue 
damage under constant and variable amplitude loading were determined. 

The results of the investigation broadly confirmed the concepts developed 
in section 4. 

2 MINER'S RULE AND METHODS OF ASSESSING ITS VALIDITY 

2.1 Statement of the Rule 

The Rule states that if any component is subjected to a variable amplitude 

loading sequence containing stress amplitudes o aq (q = 1, 2, 3 . ..p)then the 
fraction of the total life used up by any single stress cycle at stress amplitude 
0 

=q 
IS given by l/N , where N 

q q 
is the number of cycles to failure of the 

component under stress amplitude o .&XII?. 
=q 

Therefore the total fraction of the fatigue life used up by 

q=p 
a variable amplitude waveform is 1 ?J where n 

q=l N q 
is the number of cycles of 

stress amplitude o 
q 

=q contained in the variable amplitude waveform. Therefore 

the Rule predicts failure when 11; 2 = 1 . 
q 

Although as originally stated 10 Miner's Rule was intended to apply to life 
to the 'first crack' there is no fundamental reason why it cannot be applied to 
life up to any state of damage. However, the accuracy of predictlon In so doing 
may well depend on the damage state considered. 

2.2 Methods of verification 

Many investigations have been carried out to determine the applicability 
of the Rule under a number of loading conditions. Tests involved in this work 
have been of two main types. First is the 'step' test, where testing 
commences under constant amplitude loading at one alternating stress level and 
the level is changed after a fixed number of cycles to a second stress level. 
Subsequent level changes may be made, the levels all increasing or all 
decreasing consecutively. Testing 1s continued to failure at a predetermined 
final level. The second type of test is the mlxed spectrum test*, which 

*In this Report 'spectrum' refers to a spectrum of amplitudes and not of fre- 
quencxs as in 'power spectrum'. 

. 
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. 

approxunates more closely to service loading condltlon. In such a test loads 

may be applied in repeated programmes, with each programme conslstlng of nl 

cycles at level Oal , n2 at level 0 
a2 

etc., (block programme loading). 

A further reflnement of the mxxed spectrum test 1s the random test in which 

cycles are applied having amplitudes called up et random with a predetermined 

probablllty of "ccurrence of each amplitude. There are a number of varlatlons 

on the two types of test. 

The performance of Yu-~er's Rule is generally Judged by the cumulative 

q=p n 
cycle ratio, 1 F+ at fallwe, usually shortened to 1;. This is equal 

q=l 9 

to the ratlo 
achieved life 

predicted life using Miner's Rule for random tests, and for 

programmed tests where the number of programmes to failure 1s large. 2 i IS 

not equal to this ratlo for step tests except when 1; = 1. (See Appendix G.) 

3 THE EFFECT OF GEOMETRIC RESIDUAL STRESSES ON CUMULATIVE DAMAGE BEHAVIOUR 

It 1s apparent f~ov a study of the literature that M~ner's Rule can give 

highly inaccurate estunates of fetlgue life under variable amplitude loading. 

For ln5tLLPCe, 7alues of 1 ; varying from 0.01 23 to 8 24 have been reported. 

Geometric residual stresses can expialn much of the varlatlon in 1 g , and are 

dlscussed III this sectlon. [Ither factors are dlscussed III the appendlces, 

*iXIEly variation of relative danr.ge rate with stress and associated changes in 

fatigue mechanism (Appendu A), effect of the load at which a component falls 

(Appendix B) effect of low level stress cycles (Appendix C), effect of strain 

hardening (Appendix D), effect of fretting (Appendix E) and crack propagation 

conslderatxxw (Appendx? F).] 

3.1 Geometric residual stresse~generated in notched speczmens at a positive 
mean stress 

Geometric residual stresses are generally held to be responsible for 

certan aspects of the behaviour of notched aluminium alloy specunens. For 

such specunens under a variety of loading actions 1 ; has been shown to 

~ncrec~se with increase III mean stress 25 and comnonly exceeds unity at positive 

Illean stresses16~24-30. The reasons why thu does not necessarily apply to 

*III tills Report the term 'geometric residual stress' is used to describe rela- 
t~vely large-scale reeldual stresses. These may be due to manufacturing pro- 
cesses or local yleldlng at stress concentratuxx associated with the geometry 
oi the structural element concerned. The term 1s used to differentlate these 
stresses from microscopic stresses corresponding to strain hardening, and from 
resldul stresses at the tip of a crack. 
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other materials and, in particular to many components XI medium and low strength 

steels are explained in section 3.3. The behavxour mentioned above of notched 

alumln~um alloy specimens can be explained as follows, simplified to apply 

strictly only to a unlaxial stress state at the notch root. 

Consider a notched specuwn having a stress concentration factor Kt , 

and made of a material havxng a stress-strain curve as shown in Fig.1. The 
. . application of a net mean stress 0 m will give rise to a stress 9 = Kt om 

at the notch root. Assume that an alternating stress ~a is applied of such 

a value that (cm + aa) K is less than o . In this case the material at the 
t Y 

root of the notch will cycle between 02 = (am + ua) Kt and o3 = (om - ua) Kt. 

The local mean stress oem will of course be o1 . If oa 1s larger so that 

(0 m + oa) K > CI , 
t 

then the ~~XUJUJI stress at the root of the notch under cyclic 
Y 

loading ~111 be given by 04 = (am + ua) Kp , where Kp 1s the stress concentra- 

tion factor under conditions of yielding at the notch root. This is not a 

sunple value to calculate since K is itself a function of the plastic strain. 
P 

However, an approximate value for 04 can be obtained by assuming that ~4 is 

equal to the elastic strain, i.e. 

(0 + aa) 
E4 =Kt mE (2) 

The corresponding value of a4 can then be obtained from the stress/strain 

curve. The error involved in using the elastic strain value ~111 depend upon 

the stress concentration factor, the slope of the post-yield stress/strain 

curve and upon the elastic strain ~~ . For fatigue life prediction in 

aluminium alloys it should be sufflclently accurate to assume that equation (2) 

holds, provided the maxunum strain at the notch root does not exceed 2%. 

After c~4 is reached (on the fust quarter cycle of the net alternating 

stress amplitude ua) the material at the root of the notch will cycle purely 

elastically between o4 and 
O5 

where 

. 

o5 = o4 - 2K; oa 

where "; is the new elastic stress concentration factor for the notch 

after the geometric distortion which accompanied the initial plastic strain. 

For maximum strain values at the notch root of 2X, the error in assuming 

Kt = Kt ' is negligible. Therefore 
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o5 = o4 - 2Kt oa 

. 
so that the new local mean stress o9.m IS 

o6 = o4 - Kt oa . (3) 

If the alternating stress 1s made larger the maximum local stress ~111 

increase to say 0, , but the local mean stress 08 will be larger than 

" 
7 

- Kt o a due to local compressive yleldlng between A and B* . Cycling 

at this level ~~11 therefore uwolve plastic yielding on every cycle unless the 

hysteresis loop ABC 1s ultxnately closed by a cyclic strain hardenrng process. 

Flg.2 shows the calculated variatwn in local mean stress with alternating 

stress level under constant amplitude loading for the lug specunens used ln the 

lnvestlgatlon reported in section 5 of this Report. It has been assumed that 

the stress concentration acts as a pure strain concentration, 1.e. equation (2) 

holds, and no allowance has been made for the effects of compressive yielding.' 

Flg.3 shows the varlatlon in njm (Ref.32) measured on a large notched specunen 

of ~65 with a stress concentration factor of 2.27 and demonstrates how local 

compressive yleldxng can affect the resu:ts. The stress hutory at the notch 

root was determined by a method used in Ref.33. 

If a well-mIxed random loading sequence which 1s synunetrlcal about the 

mean 1s applied to such a specuxvzn, It can be seen that the local mean stress 

~111 be governed by the value of the highest alternating stress applied G 
P 

so that 

ohr = O4 - Op Kt (4) 

where O4 is now the maximum local stress corresponding to the peak stress 
OP. 

Equatlon (4) ~111 be modified if local compressive yleldlng occurs giving a 

larger value.of GLm as in Flg.3 for values of ~a greater than 8.8 ksl rms. 

Under random loading, therefore, due to the presence of a compressive residual 

XAfter initial plastic tensile yielding, local compressive yielding ~111 occur 
at stresses much more 'tensile' than the initial compressive yield point. Simi- 
larly, the yield point in tension is lowered by any prior plastic straining in 
compression. This phenomenon 1s known as the Bauschlnger Effect (Ref.31). 
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stress, oEmr ~111 be lower than (or equal to) the local mean stresses which 

existed under the constant amplitude loading actions used to obtain the part of 

any S-N curve which were needed in turn to predict the life under random load- 

ing. This results in less damage per cycle in the random loading case than is 

predicted from the constant amplitude data. Hence Miner's Rule tends to be 

conservative for notched specimens under symmetrical loading at positive mean 

stress levels. At zero mean stress oem will be zero under both random and 

sinusoidal loading so no correspondmg effect on 1 t is to be expected. 

Methods of life predlction based on accounting for such effects of resld- 

ual stresses have been published X,17,18 

It was explained above how residual stresses increase 1 i for notched 

aluminium alloy specimens at a positive mean stress; lt was assumed that the 

load spectrum was symmetrical and well-mixed, so that the effects of tensile 

and compressive yielding cancelled out and oam remained effectively constant 

throughout the life. In practice this does not happen since a finite number 

of cycles must usually elapse before the highest load in the spectrum is applied 

and the residual stress state is fully developed. Also in practice the loading 

may not be symmetrical, so that the largest tensile and compressive loads may 

not occur close together and may be of different magnitudes (e.g. largest 

tensile loads due to aircraft maneouvre and largest negative loads due to air- 

ground-air cycles). In this case when yielding occurs under the compressive 

loads, any subsequent low amplitude fatigue cycles have their associated damage 

amplified by the raised local mean stress, and vice-versa for those following 

large tensile loads. Provided the variation m oLm is known the effect on 

fatrgue life can, in principle be assessed as in sectmn 4.6. 

3.2 Residual stresses already present in components 

The state of stress of specimens before testing comances is of con- 

siderable mportance. Geometric residual stresses can be introduced by many 

manufacturing processes (e.g. turning, grinding, mllmg, rolling) or intro- 

duced deliberately with the object of improving fatigue performance, by coining, 

shot peenmg, or by subjectmg a notched component to a single unidirectional 
load23,34-38 The effect of such stresses on Miner's Rule can be lllustra- 

ted as follows: 

Assume a number of notched specimens are preloaded before testing to the 

highest value of load (static + dynamic) expected to be encountered under an 

intended symmetrical variable amplitude loading pattern, thus introducing 
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geometric residual stresses. These specimens are then taken as 'new' specmens 
to be tested under variable and constant amplitude loading at a posltlve mean 
stress to determzne the applicability of Miner's Rule. In the absence of local 
compressive yielding, tensile local yielding will not occur under either type 

of loading and so the value of 4 em will be the same for both constant ampli- 

tude and variable amplitude loading actions. Hence 18 will be less than for 

specimens which have not been preloaded because, UI the case of the preloaded 
specimens, the beneficial effect of the residual stresses applies under constant 
amplitude as well as under variable amplitude loading. An as illustration, 
reduced values of 1 ; have been shown for preloaded lug spec~~ns under pro- 
granrned loading 39 compared with values for specimens which were not preloaded. 

Similarly, if tests on specimens which have been subjected to a tensile 

preload are carried out at zero mean stress, compressive yielding may occur 

under the highest cyclic loads. This ~111 increase the value of opm with 

increase in alternating stress (i.e. opposite effect to that shown in Fig.2) 
and so produce a reduction in 1 s . A series of such tests have been carried 

out on 7075-T6 aluminium alloy notched specimens in rotating bending 23 . The 

specimens were first axially preloaded to values given by the pre-stress 
ratio: 

S = nominal elastic maxxmum stress at notch root 
P 0 u 

After the pre-stressing, constant amplitude and random loading spectrum tests 
were performed at different overall stress levels, the applied random spectrum 
having an exponential distribution of load amplitudes. In Fig.4, the data 
obtained has been replotted to show the variation in 1 i with alternating 
stress at different pre-stress ratios and it can be seen that positive pre- 
stress ratios giving compressive residual stresses result in low values of 

1; and vzce versa. 

In this section it has been shown that geometric residual stresses can be 
of extreme importance in cumulative damage of aluminium alloy specimens, since 
they can cause large variations in 1 E . All the examples quoted have xwolved 

notched aluminium alloy specxr~ens since residual stresses can easily be induced 
by local yielding at the notch root. However, it is clear that since machining 
operations can induce residual stresses into the surface of plain specimens, 
such variations in 1 a can apply to all classes of specimen. 
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3.3 Condltmns for effectiveness of residual stresses 

For residual stresses to be effective m altering the fatigue life two con- 
ditmns must be fulfilled. First, the stresses must be reasonably stable unde- 

cyclic loading below the yield point. If such stresses are relaxed by low 21:5-i- 
tude cycling, then local mean stresses in notched specimens "111 tend to red:ce 
progressively under fatigue loading, regardless of the loading action. In this 

case, any changes in the magnitude of %n which do occur, as described in the 
last sectlon, due to local yielding may well be insignificant if the rate of 
decay of oem 1s large enough. Secondly, the yield point of the material must 
be considerably above K o t a at the lowest value of o a which produces sigrii- 
flcant fatigue damage oafa. . IfK CJ t af2 ' Oyp then the local mean stress in 
a notched specimen will always be relatively close to zero under symmetrical 
loading greater than the fatigue lxnit stress oafe , regardless of the value 
of the net mean stress. In this case residual stresses cannot be sustalned 
under cyclic loading of any slgniflcant amplitude because the first cycle after 
the introduction of such stresses ~11 relax them by local yielding. The para- 
meter governing whether or not this occurs 1s therefore the ratio 

&= M , i.e. residual stresses will not be effective unless M>l. 
t af@. 

This has been shown to be the case in Ref.38. Tests were carried out on 
notched specimens of 61s aluminium alloy in both the precipitation hardened 
and the soft condition. It was found that preloading with a single unl- 
directional load changed the life of the heat treated specimens but not those 
in the soft condition. Measurements using X-ray diffractlon showed that in the 

latter case the residual stresses were close to zero after the first few cycles, 
but this did not apply ln the former case. For the latter case M was close 
to unity. 

Fzg.5 shows the results of an lnvestigatlon 40 in which residual stresses 
were introduced Into square-sectloned bars of mild steel and aluminium alloy by 
overstralning in bendlng. Stress cycles of the amplitude shown were then 
applied to the specimens. The residual stresses at various numbers of cycles 
were determined by cutting the bar and measuring the residual strains by means 
of strain gauges. The results show a sharp lnltial fall UI residual stress 
over 10' cycles for the mild steel specimens, and a subsequent gradual drop in 
value even at +4 ton/In' (?9 ksl) which was far below the fatigue limit. The 
aluminium alloy specimens showed no appreciable fall in residual stress up to 

lo7 cycles at any stress amplitude below the fatigue limit. Flg.6 shows the 
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effect of the residual stresses on the fatigue life of the bars, demonstrating 
a much greater effect for aluminium alloy than for mild steel as would be 
expected from the stress measurements. 

When M 1s close to one, calculations of residual stresses are complica- 
ted by the action of the Bauschmger Effect since the yield stress 1s likely to 

be exceeded frequently III both directions and Its actual values therefore 
(tensile or compressive) depend at any moment on the previous strain hlstory. 
In order to demonstrate this it was decided, at R.A.E., to subject a plain steel 
specmen to a stram history smilar to that experienced by the material on the 

mltially compressed surfaces of the flat bars of Ref.40. For that material PI 

was equal to about 1.05. Flg.7 shows the measured behaviour of the specimen 
under the stram history resultmg from initial overstraining m compression 
ABC, followed by elasto-plastic unloading CD to a residual stress state of 
16.5 ksl at D , 1.e. an Initial residual stress value somewhat less than half 
the yield stress, as ln the mvestigation of Ref.40. The applrcation of one 

stress cycle DEGHG of approximately k7.5 ksi (?250 LI E) reduced the residual 
stress value to OG = 10.7 ksx by yleldmg along DE . The figure also shows 
the behaviour of the material during subsequent strain cycles of ?500, 750, 

1000 and 1250 J E giving further large changes in residual stress state. 
Fig.7 is not strictly comparable with the strain history used in Ref.40 since 
due to the Bauschmger Effect the drop in c(~ on the first cycle is highly 
dependent on the magnitude of the initial plastic strain BC , and this value 
1s not clear from that work. The mechanism by which large drops in mR can 

occur is however demonstrated, together with the reversed plastic cycling which 

occurs at only moderate loads. The subsequent (see Fig.5) progressive drop in 

residual stress after the first stress cycle was probably due to the corre- 
spondmg lowering of the yield point (cyclic strain softemng) which occurs for 

mid steel under fatigue cycling 41,42 (see Appendrx D). For the aluminium 

alloy specimens described in Ref.40, M was equal to about 2.4. 

Many low and medium strength steel components are therefore not greatly 
affected by residual stresses due to the low yield point of such steels com- 
pared with the fatigue limit stress and the tendency for residual stresses to 
be relaxed under low-level cyclic loadmg. This lack of sensitivity to 

residual stresses has been further demonstrated 43-45 in tests on medium 
strength steel notched specimens, which have been shown to be affected rela- 

tively little by mean stress or the application of single unidirectional high 
loads. However as was stated in section 3.1 the arguments in section 3 
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strictly only apply to a uniaxlal stress state at the point of fatigue 

initiation. In cases where complex stress systems exist (e.g. in welded 

structures) a more widely applicable criterion for yield should be used such as 

maximum octahedral shear stress. In such circumstances residual stresses may 

be important in steel structures. 

3.4 Percentage of life affected by geometric residual stresses 

Once a crack begins to propagate through a geometric residual stress 

field it 1s not a simple matter to predict behaviour. In particular the size 

of the specimen 1s likely to be an Important factor. This can be seen by con- 

sldering the case of a fatigue crack propagating from an edge notch in an 

InfInite sheet (Fig.&) subjected to fatigue loading at a positive mean stress, 

the loading being high enough to cause local yielding, giving rise to a residual 

stress DR. If the notch is extremely large the fatigue crack will, throughout 

the fatigue life, be effectively the same as an edge crack (Fig.8b) in an 

inflnlte sheet in which the general alternating stress is K (r t a 
(provided 

0 is not high enough to give rise to alternating plasticity) and the mean 

shess is given by (Kt om - OR). Since mean stress has an effect on crack 

propagation rate of aluminium alloys 
46 

the value of OR ~111 affect the rate 

of fatigue damage during crack propagation. It should be borne in mind that 

frequently ~~ may be large enough to give compressive stresses at the notch 

root over parts of the loading waveform and this may be expected to further 

reduce the crack propagation rate 47 . 

It can be concluded then that geometric residual stresses may affect the 

fatigue damage growth rate to some extent throughout the fatigue life, where 

initiation 1s from a very large notch, i.e. where in the untracked specimen 

the elastic stress value does not change significantly over the depth d in 

Fig.8. For smaller notches of the same Kt value, cracks will propagate 

through regions of significantly diminishing residual stress and hence such 

stresses are likely to be most effective in the early stages of fatigue life. 

For very small sized specimens where the stress field at the crack tip quickly 

becomes comparable in size with the geometric residual stress field the effect 

of residual stresses is likely to be small since the residual stress field will 

be dispersed early in the life. 

It follows therefore that where 1 : is increased by a geometric 

residual stress field, XI general, in the absence of any other effects 1 i 

should be greatest for damage states reached early in the life. This assumes 

of course that 1 i for crack propagation is unity in the absence of residual . 
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stresses. The results quoted in Appendix F suggest, in fact, that for crack 

propagation tests in the absence of geometric residual stresses 1 ; may be 

expected to be close to unity for Gaussian random loading in aluminium alloy 

specimens but greater than unity for gust loading spectra where the ratio of 

peak stress to rms stress is greater. 

4 AN APPROACH TO CUMULATIVE DAMAGE 

In this section a general approach to cumulative damage 1s described which 

it is hoped contains the elements of a practical method of life prediction. A 

first attempt at devising such a method is also described. 

The method assumes that for notched and plain specimens the value of 

1; is known in the absence of yielding at the point of fatigue initiation 

during the fatigue life. The method then in principle accounts, where necessary 

for the effects of geometric resadual stresses introduced by local yieldrng 

under the loading action. Specific cases are covered, namely that of notched 

aluminium alloy specimens at a positive mean stress under a symmetrical loading 

action, that of a residual stress initially present in the specimen due to manu- 

facture, and finally the case of air-ground-air cycles. It should, however, be 

emphasised that prediction for any kind of loading actron can be dealt with in 

a similar manner. The principle of the method is that Miner's Rule must be 

applied to the actual stress history at the point of fatigue initiation. This 

history may not be a simple function of the net stress history as discussed in 

section 3. 

Before the actual method is described, however, the question of consistency 

of Miner's Rule in the absence of geometric residual stresses is discussed 

(section 4.1). This is, of course, fundamental to the accurate working of the 

method. Data is revrewed, for which, if the specimens used ware free of manu- 

facturing stresses, geometric residual stresses would not be formed subsequently. 

It IS suggested, however, that the wide variation in values of 1: under 

similar loading actions could be substantially due to stresses induced in manu- 

facture, since in no case were any stress measurements made prior to testing. 

4.1 Consistency in test results 

One of the great difficulties confronting any investigator when examining 

cumulative damage behaviour is the apparent lack of consistency of many of the 

results in the literature. However it is often difficult to find two sets of 

data which are directly comparable and it is practically impassable to isolate 

many factors giving different values of 1 + from the work of different 



1nvesr1gators. In Table 1 a collection of data is shown all obtained under 

Gaussian random loading. All the tests are either on plain specimens, or on 

notched specunens at zero mean stress. This choice 1s to isolate any geometric 

residual stress effects, assuming all of the specimens were Initially stress- 

free. X'o clad spec~meds have been included since such specimens have been sho7.m 

to exhlblt cumulative damage behaviour dlfferent from those in the bare material 

(Appendix A). Frnally to elunlnate load sequence effects no programmed tests 

have been Included. The lack of consistency of the aluminium alloy results 45-54 

is quite remarkable for example at 106 cycles 1 ; values range from 1.7 to 

0.04. Possible reasons for the differences include:- 

(a) Bending or direct stress condltlons 

The g5yst values of 1 ; for alum~nrum alloy were for direct stress 

condltlons ' although nbt for the steel specimens. If this trend for alu- 

mlnlum alloy specimens 15 slgniflcant, size would also be a factor since very 

large specu~~ens in bending approach stress conditions over the area of action 

of fatigue ldentlcal to that of specimens under direct stress. 

lb) Dlfferent waveform lrregularlties 

The effect of waveform irregularity on fatigue life has been investigated 

by a number of workers 
51,53,55 

No general pattern seems to have emerged, 

even on whether life as measured by numbers of zero crossings increases or 

decreases with irregularity factor. Tentatrvely It can be stated Chat between 
n 

values of $ of 1.0 and 0.8, life is unlikely to vary by more tlnn a factor 
P 

of 1.5. An examination of Table 1 shows therefore that waveform irregularity 

1s unlikely to be a major factor III accounting for the variation observed. 

(4 Different truncation values 

The effect of truncation level "p on 1 i has been investigated 58 for 

mild steel specimens. Little variatio:was shown in 1 i for truncation 

levels varying between 3.5 and 5.5. Although truncation level was not measuted 

in every investigation quoted III Table 1, in every case where it was 
50,52,56,57 

measured it equalled or exceeded 3.5 times the rms level. Hence 

difference 1x1 truncation level between different investigators is unlikely to 

be the main cause of the variation in values of 1 $ , assuming no difference 

in behaviour III this respect between steels and aluminium alloys. 
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Other possible reasons for inconsistency include surface finish, size of 

specimen and state of heat treatment of the material. If, however, any of these 

factors are of importance, it is not at present clear by which mechanism 1 i 
is being affected. 

One other phenomenon which shows promise of being largely responsible for 
test result inconsistency is the effect of residual stresses due to manufacture. 
In section 3.2 it was shown how such stresses can be the cause of large varia- 
tions in 1 + . III aluminium alloy specimens (see Fig.9) and can give rise to 

values of l z greater than unity. It was also shown that mild and medium 
strength steel specimens are generally unaffected in this way. Although only 
three investigations 56-58 on such steels are quoted in Table 1, and there are 

differences in bandwidth and stress concentration factor, 1 $ values are 
remarkably consistent. Therefore, while it is impossible to say with certainty 
whether or not manufacturing stresses are responsible for the variation in 
results of different investigations on aluminium alloy specimens, the evidence 
quoted here is consistent with this hypothesis. If this is so, the results of 

such investigations on aluminium alloys are of little use without any initial 
measurement of the state of stress of specimens before testing. A number of 
methods are available to do this, and a bibliography of papers on this subject 
is given in Ref.59. 

4.2 Method of approach 

On the basis of the factors discussed in the previous sections of this 

Report, the following approach to cumulative damage is suggested. 

In particular sectors of engineering, certain conditions are likely to 
be conunon to large numbers of components, i.e. type of material, general load 
action, the occurrence or otherwise of fretting and the maximum load as a 

percentage of ultimate. Other conditions exist which will vary more from 
component to component, i.e. rms alternating stress, initial state of stress, 
mean stress, and stress concentration factor. At present common practice is 
to design components from previous experience, using Miner's Rule where 
necessary. 

.ing 

As always in fatigue it is difficult to generalise, but test results 

show that for non-welded components in medium and low strength steels 1 i is 
rarely greater than unity or less than 0.3 43,56-5X This is despite the 

possible beneficial effects of coaxing (Appendix C) and strain hardening 
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(Appendix D). The circumstances under which beneficial effects have been found 
to predominate are stated in Appendix C. For such steel components too, maau 
stresses do not greatly affect either absolute life or 1 i for the reasons 
already stated 44 . Also stress concentrations do not greatly affect 1 g for 
these materials. Hence it can be concluded that for non welded components in 
low and medium strength steels present design practice is adequate in principle, 
but it should be emphasised that it is advisable when using the Rule to assume 
a value of 1% of about 0.5. This is put forward as au average obtained in 
practice and not as a 'safe' value - the life so estimated will generally be 
divided by a safety factor to cover scatter, corrosion, aad other effects. In 

cases where a large proportion of stress cycles are below the fatigue limit a 
lower value of 1 g should be assumed. 

For components made of aluminium alloy it is necessary to accouut for the 
effects of geometric residual stresses in addition to making some general assump- 
tion about the values of 1 i to be obtained for initially stress-free speci- 
mens in the absence of subsequent local yielding. It has not yet been proved 

that 1 t is relatively consistent for different aluminium alloys under such 
conditions. However, it has been shown in section 4.1 that this is at least a 
possibility. Once such values of 1 z have been established for particular * 

load spectra under the above conditions, residual stress effects can be accounted 
for by the method described in the next section or a development thereof. 
Geometric residual stresses are affected by conditions which were stated earlier 
in this section to vary considerably from component to component, e.g. initial 
stress state, mean stress and stress concentration factor, which means that life 
prediction needs to be considerably more involved for aluminium alloy components 
than for those in medium and lower strength steels. 

4.3 Method of life prediction 

Methods of life prediction which account for the effects of geometric 
residual stresses have been published 16-18 , All such methods are similar in 
principle. The method described here is based on the work in Refs.38 and 60, in 
which the behaviour of notched aluminium alloy specimens under constant ampli- 
tude loading after a unidirectional preload or change in net mean stress, was 
explained by the change in local mean stress and the use of the Goodman diagram. 

In section 3.1 it was shown that the local mean stress at the root of a 
stress concentration in an aluminium alloy component under loading at a constant 
amplitude o and a positive mean stress om is given by equations (2) and (3), ' a 
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zn the absence of local compressive yreldrng. Where local compressrye yleldlng 

occurs, oem is greater than the values given by equations (2) and (3) (see 

Frg.1). Under random loading, therefore, the local mean stress oemr is grven 

by the highest stress in the applred load spectrum o p (i.e. equations (2) and 

(4)). Consider an alternating stress amplrtude ~a within the random loadrng 

spectrum. Under loadrng at thas amplitude, the local mean stress aEm 1.5 given 

by a6 in equations (2) and (3). Hence if the life under random loading is to 

be predrcted from data obtained at stresses ~a then such data should be 

adjusted for a change in local mean stress %l to 02mr . Data can be adjusted 
61 by means of the Goodman relationshlp . Let 0; be the adjusted fatrgue 

strength correspondrng to oa : therefore 

(4) 

The adJustment to any set of values of ca 1s clearly drfferent for each 

value of maximum stress o 
P' 

so that for every value of maxmum stress there 1s 

a drfferent frctrtrous S-N curve to which Miner's Rule should be applred 1n 

order to obtain an estimate of the random fatigue life. Fig.9 shows such a set 

of curves obtained from the investigation descrrbed later in this Report. Each 

of the fictitious S-N curves cuts the experimentally obtained curve at the maxi- 

mum stress rn the spectrum for whrch that curve is valid, i.e. curve A can be 

used to predict fatrgue lrfe under any load spectrum in which the maximum stress 

1s 6 v/i ksl (the factor of fi appears srnce all stresses are rms on this 

dragram). Finally it may be necessary to introduce a further modification to 

the predIcted life to account for the factors which tend to make Miner's Rule 

overestrmate the life of plarn specrmens. For simplicity this was not done 

when applyrng the rule in section 6.5. 

4.4 Allowance for the presence of stresses due to manufacture 

In order to account for stresses already present in a specimen it is 

strrctly necessary to know the value of the residual stress 
oR 

and of the 

accompanyrng resrdual strarn ER at the pornt of fatrgue inrtiation. Fig.10 

shows the stress/strarn curve for a material under conslderatron. Point A 

represents the state of stess at the pornt of fatrgue Initration before test- 

'"g c*mmenceS. On rnrtral loading, therefore, the stress/strarn relationship 

~11 follow the lrne AB . As to what ~111 happen rn the regron of B , this 

1s not clear and will be governed by the state of strain hardening of the 

material. For srmplrcrty It ~111 be assumed here that loadzng ~111 follow the 
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lme ABC . The calculatiori of predicted life proceeds exactly as iii the pre- 

"lous section except that curve ABC is used instead of curve DBC . If the 

post yield O/E curve 1s fairly flad, as in the figure, there is little &ror 

xwolved in assuming ER to be zero, since the strain is only of importance 

Insofar as It enables the stress at the maximum load in the spectrum and the 

corresponding C%SD to be calculated. In Fig.10 the error in hem in making 

this assumption would be the difference between o 1 and S2 * 

In cases where, due to a particular combination of residual stress and 

mean stress, compressive yleldlng occurs at a lower amplitude than tensile 

yielding, the procedure 1s the same as previously, except that the compresskve 

stressjstraln curve must be used, and 
'Zm 

will uxrease with alternating 

stress amplitude from a negative value (cf. Flg.3). 

4.5 Accuracy of the method 

Accuracy in using the method will depend on a number of factors:- 

(a) The effectiveness of residual stresses probably depends on size as 

discussed =n section 3. 

(b) The shape of the mean stress/alternating stress diagram is an 

important factor XI the method. In section 4.3 it was proposed to use the 

Goodman line, which gives a straight line of constant fatigue strength for the 

relationship between mean and alternating stress. Other relatlonships may give 

a better result61. In particular, there is evidence that fretting can affect 
62 the relatIonshIp . 

Cc) The reliablllty of any prediction depends to a large extent on the 

accuracy with which 'P.m is calculated. As was shown iri section 3 and Fig.1, 

for high peak loads the action of the Bauschinger Effect is to change the value 

of osm from that given by equations (2) and (3). As a general rule31 the 

Effect becomes of significance approxunately when the local stress changes sign 

after yielding in one dlrection, e.g. after tensile yielding some compredsitie 

yielding wrll occur as soon as the stress becomes negative. Figs.42 - 44 show 

predicted and achieved fatigue lives under random loading conditions in khe 

programe described later in this Report. In this case the Bausthinger Effect 

may be expected to be significant at stresses above approximately 2.5 ksi rms. 

Its effect ~11 be to reduce the values of predicted lives above thid stress 

level. 
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Cd) The predlction strictly only applies to the parts of the fatigue 

life fully affected by residual stresses and so should tend to overestimate 

their effect. Work 1s needed to 

affected. 

4.6 Developments of the method 

determne the percentage of fatigue life so 

In the foregomg sections It was assumed that the basic fatigue informa- 

tlon used to calculate variable amplitude fatigue lives was in every case data 

obtamed under constant amplitude condltmns, i.e. the S-N curve. Xethods of 

life predlction have been devised for components subjected to symmetrical load 

spectra 8,63,64 in which data obtained under a standard form of variable 

amplitude loadmg were used m the place of the 5-N curve. 

These methods, smmlar to each other in prmclple, can be summarised as 

follows. 

It is possible in many cases to obtain the same load amplitude dlstribu- 

tion as that found 1x1 service by applying stationary random loading with a 

Gaussian distrlbutlon of anplltude in sequential-‘blocks’ of different root mean 

square values, for different lengths of time. Thus the load spectrum can be 

syntheslsed by a number of stationary random components. In Ref.8 a method of 

so synthesising service load spectra was described, and an aircraft gust loading 

spectrum was synthesised by only three random rms levels, say or1 for pl of 

the time, 0 r2 for ‘2 of the time etc. Thus the fatigue damage caused by 

each of these three components can be assessed and the life predlcted accordingly. 

Life prediction for servxe loading proceeds as if Miner’s Rule was being applied 

to a block programme containing three constant amplitude levels, except that Nl 

1s now the fatigue life under stationary random loading at stress level 0 rl and 

so on, so that life under service spectrum loading 

Ns = 
1 

p1 p2 p3 
N+iT+N+‘-’ 

1 2 3 

(5) 

Clearly it is possible to develop the method of sectlon 4 to use variable 

amplitude data. In principle, representative values of ~Pnlr are calculated 

for a range of values of random rms stress from consideration of the peak 

stress at these levels, so enabling a diagram similar to Fig.2 to be drawn, 

except that the alternating rms stresses refer to stationary random loading. 

Next the o-N curve (random loading S-N curve) is adjusted for the values 
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of ahlr which apply under service spectrum loading, so that a set of 

fictitaous o-N curves is constructed similar to the set of fictitious S-N 

curves in Flg.9. Each fictitious o-N curve can be used to predict fatigue 

life under any spectrum loading which contaans the particular value of 
oP ' 

the maximum load in the spectrum that applies to that curve. For the predic- 
tion, equation (5) is used with N 1 , N2 etc. being the loves on the 

factitious o-N curve corresponding to CI 
rl and D r2 * The advantages of 

this method are as follows. 

(a) The basic data would be conditioned to some extent for the effects 

of dlfferent relative damage rates, variation with stress of residual static 

strength at failure and for cycles below the fatigue limit. 

(b) The values of oemr for the basic data would be cIoser to those 

exlstlng under the service loading action. Corrections for geometric residual 

stress would then be smaller and as a consequence more accurate. 

Cc) stresses, initially present in the specimens used to obtam the 

basic data, would an many cases be relaxed under the variable amplitude loading 

and would therefore not affect the prediction. 

An alternative approach would be to use, in obtaining basic constant 

amplitude S-N data, specimens which had been initially loaded to a value 

approximating to the highest load expected in the service load spectrum. This 

would agam ensure that values of oem were more representative for the basic 

data. A standard preload value could be used for desagn data, and adjustment 

for the correct value of oIm could be made. Note (b) above would then apply. 

The mclusion of air-ground-aar cycles in block programmes has been shown 

to result III a large reduction in life. This reduction which was greater than 

predicted by Mmer's Rule was attributed to the action of geometric residual 
65 stresses . Allowance for air-ground-air cycles can be made by extending the 

method of section 4. The damage associated with such cycles can be calculated 

using Maner's Rule applied to the material at the point of fatigue initiation. 

The calculated damage due to cycles immediately after such cycles will then in 

general have to be modified, since any local compressive yielding due to the 

air-ground-air cycle (yielding will be accentuated by the Bauschinger Effect) 

Will increase %r 
and hence also the subsequent damage rate. This situation 

~11 continue, with D emr progressively reduced by local yielding under each 

succeeding higher posatlve load after the air-ground-air cycle, until the 

highest positive load III the spectrum or the next air-ground-air cycle is 



applied. This is shown diagrarmnatxally in Fig.11. The upper diagram represents 

the net stress history on an aircraft component during an air-ground-air cycle. 

The lower diagram shows the corresponding varlatlon of 0 at a stress con- 
. %mr 

centration on the component. The accelerated fatigue damage rate due to the 

raised level of aZmr between A and B can be accounted for as in 

section 4.3. 

5 CLIMLILATIVE DAMAGE PROGRANXE 

Nuch work 1s required to lnvestlgate fully the validity of the approach 

to cumulative damage and develop the method outlIned III sectlon 4. The pro- 

gramme described in this section was lnltlated ln order to make a start on such 

an assessment by determining the cumulative damage behaviour of alurn~n~~~~ alloy 

specimens with fretting, under a wde range of symmetrical stressing condltlons. 

Tests were carried out at three mean stress levels, 10, 16 and 25 ksl, under 

three types of loading, that 1s slnusoldal constant amplitude and two shapes 

of variable amplitude load spectrum. The variable amplitude loading actIon 

used was III all cases narrow-band Gaussian random loading, giving a load 

pattern in the form of a randomly modulated sine wave, Fig.lZa, at a frequency 

'of 112 Hz, and having a Raylelgh dlstrlbution of peaks (Flg.lZb). This ioadlng 

actlon under 'stationary' conditions, 1.e. constant long term rms level, was 

the first of the random loading condltlons used. The second random loading 

condltlon was obtalned using the technique of random programming8 to apply 

to the spec~~~en a stress spectrum based on the gust spectrum contaIned in the 

Royal AeronautIcal Society data sheets 66 (nearly exponential peak distribution). 

Random programming consists of the sequential application to the specimen of 

'blocks' of random loading at different rms levels for different lengths of 

time (see sections 4.5 and 5.2). 

In order to better understand the manner in which fatigue damage accumu- 

lated under the various types of loading, 'partial damage' tests were conducted 

in addltlon to those carried out to total failure, 1.e. specimens were fatigued 

for a given percentage of the expected life to failure, and were broken 

statically to determlne the state of fatigue damage. In this work fatigue damage 

was defined by the fall-off in residual static strength. 

5.1 Fatigue mdchrne and associated equipment 

A 20 ton Avery Schenck resonant fatigue machIne was used (Flgs.13 and 

Iii). This nachlne has been modified' to perform fatigue tests under either 

stnt~onary randon, randam programmed or constant amplitude conditions. 
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Broadly the modlflcations consisted of replacmg the standard mertial excita- 

tlon unit with an electro-dynamic shaker which could be used to apply either 

random or constant amplitude excitation to the machine. 

!Jonltoring of the dynamc load was achieved by the use of semiconductor 

strain gauges mounted on the dynamometer rmg of the machine. The output of a 

full bridge of these gauges was sufficient to drive a random noise voltmeter 

duectly (see Flg.14). This instrument has a -'., output corresponding to meter 

deflection, and was YA turn used to supply a dc trace recorder, enabling a 

continuous monitor to be Fade of the alternacmg stress level. For constant 

amplitude tests the random noise voltneter -,A ~sez -nEh a time constant 

settmg of 0.3 second, so that any relatively rapld fluctuations in the alterna- 

tlng load were detected. For random loadmg, on the other hand, a setting of 

30 seconds was used so that the momtor shoved only an Integrated long-term 

value of root mean square stress. The rms level under all loadmg conditions 

was controlled by changing the Input anplltude voltage level to the machine when 

lmnt switches were actuated on the trace recorder. This method of control was 

satisfactory ln the case of random loadmg, but requred some skill in the case 

of constant amplitude tests when setting the excitation frequency at the 

begmmng of the test. If the frequency was not set correctly, large changes in 

amplitude would OCCUR when the ~pe~men started to crack and the control rate was 

not always fast enough to compensate. Therefore, in a few cases, specimen tesrs 

were reJected because of overloading. For this reason a controller, which altets 

the machine amplitude by changmg the excitation frequeacy, is at prtisent being 

assessed, and should simplify testmg. 

Resonant fatigue machines, m general, take the form of lightly daniped 

single degree of freedom mechanical systems, having a constant amplitude force 

input at a frequency close to the machme resonance. If a 'white noise' (con- 

stant power spectral density) force input is substituted, the machine filters out 

all frequencies relative to a narrow band centred on the resonant frequency. 

It can be shown 67 that If the amplitude distribution of the whrte noise excita- 

tlon is appronmately Gaussian and the response of the machine is linear, then 

the loading waveform of the machine is a randomly modulated sine wave with a 

Gaussian amplitude dlstributlon a Rayleigh distribution of peaks (FigllZb), i.e, 

a narrow-band random process. In practice, the idealised white noise input is 

usually replaced (as in Fig.14) with noise filtered by a band paas filter 

centred on the resonant frequency of the machine. The object of this 1s to 
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reduce the required power output of the main drive amplifier and to avold 

excltlng unwanted machine resonances. This last point was of particular 

xnportance I* this xwestigatlon since the mechanical resonant system of the 

. machlne in Flg.13 took the form of a beam, and so was a multi-degree of freedom 

system. In order to increase the operating frequency of the machine, all tests 

were carried out with the beam excited ln its first overtone node at 112 Hz, 

rather than in its fundamental mode at about half this frequency. 

For random programmed tests the programmer altered the root mean square 

value of the Input signal to the machlne ln steps by switching the random slgna.1 

through each of three attenuators ln repeated order. 

. 

Analysx of the random load pattern was accomplxhed by supplying the out- 

put from the strain gauges to an Instrument which can count the number of times 

each of ten Independently preset voltage levels 1s crossed in a posltlve-going 

dIrectIon. This 1s a more accurate method of measuring the shape of the load 

spectrum than the previously used8 method of monitoring the envelope of the 

random loading waveforp. Typical measured load spectra are shown in F1gs.15 

and 16. 

5.2 Load spectrum for random programmed tests 

As ln Ref.8, the load spectrum chosen for the random programmed tests "as 

that ImplIed by the gust spectrum ln the Royal Aeronautical Society data sheets66. 

For the purpose of this rnvestigation, a new synthesis was prepared (Fig.17) 
to give a spectrum with a snwller relative number of counts at the lower stress 

levels than that used previously. In this way the length of time to iallure was 

reduced for the random programmed tests. Fig.17 also shows a comparison between 

the synthesis used in this programme and that used previously. In Figs.16 and 17 

o/h is a non-dlmenslonal amplitude parameter, where G 1s the actual stress and 

h is that value of stress corresponding to a 5 ft/sec gust on the Royal 

Aeronautical Society spectrum. The method of synthesis of the spectrum from 

three random components is described in Ref.8. Table 19 gives details of the 

programmed spectra used in the fatigue tests. 

5.3 Specimen and material 

Chemical composrtlon and tensile test results for the DTD 5014 alum~~um 

alloy are given II?. Table 2, and a typlcal measured stress/strain curve for the 

materxtl 1s given in Flg.18. All the specimen material came from the same melt. 



Specunen and pxn dunenslons are given in Flg.19. As can be seen, the 

specimen is in the form of a double-ended lug. Failure in fatigue for such 

specimens occurs at the points shown, where a stress concentration factor of 

2.96 is close to an area of fretting. Sample specimens were tested to deter- 

rune approximately the state of macroscopic residual stress at the point of 

fatigue initiation. Strain gauges having a 2 mm gauge length were first 

attached to the specimen as shown in Flg.l?. After the gauge had been connec- 

ted to a strain gauge bridge, the bridge was balanced, a ~eweller's sawcut was 

made, as shown, to relax any longitudinal resrdual stresses at the gauge to 

zero, and the bridge rebalanced so as to measure the change in strain. This 

residual strain value was used to calculate the longitudinal residual stress. 

5.4 Test procedure 

Fatigue tests were carried out by applying fluctuating tension at 112 Hz, 

and all specimens were assembled without grease or antl-fretting compound 

between the pins and the holes. For selected random and random programmed 

tests the dlstributlon of levels crossed (spectrum shape) was measured. TypIcal 

results of these analyses are shown in Figs.15 and 16*. These in general confirm 

the measurements taken during the previous uwestlgation, demonstrating that at 

the higher random stress levels the amplitude dlstributlon tended to truncate so 

that few peak alternating stresses were obtained greater than o m pp 
rovlded 

Not untxpectedly, It was found that the stress spectrum truncated more 

sharply on the compressive side than on the tensile side. Fig.20 shows the esti- 

mated truncation levels at all the stress levels tested. 

The results of the tests under the three types of loading are shown in 

Tables 3 - 11 and Flgs.21 - 29. In all cases the stress value plotted is the 

root mean square stress. Partial damage tests were conducted for constant 

amplitude and stationary random loading by breaking statlcally specuwns which 

had been fatigued to various percentages of the expected endurance. The falling 

load was recorded in these tests and the change in residual strength from the 

untracked state was regar-led as a measure of the fatigue damage. The results of 

the PartId damage tests drf given =n Tables 12 - 17 and Figs.30 - 32 and were 

*In the text, and diagrams, the mean and alternating rms stresses are shown, for 
example as 10/3.5 which represents 10 ksi mean stress with 3.5 ksi rms alterna- 
tmg stress. 
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used to construct S-N and o-N (stationary random) curves which applied to 

different measured states of fatigue damage, i.e. 95, 90, 80, 70 and 60 per 

cent of the untracked static strength (see Figs.21, 22, 24, 25, 27 and 28). 

Partial damage tests were not carried out under programmed random loading. It 

is hoped to do this at a later date. 

Lives under stationary random loading to different states of fatigue 

damage were predicted using Miner’s Rule by means of the corresponding curves 

obtained under constant amplitude conditions. Also the rule of sectIon 4 of 

this Report was used to predict life, assunnng inltlal compressive residual 

stresses of 0, 10 and 20 ksi (see Figs.33 - 35). 1 t values using Miner’s 

Rule are given In Figs.36 - 38. For the purpose of the predictlon no allowance 

was made for the Bauschlnger effect - it was assumed that equations (1) and (2) 

hold where they give positive values of oLrn . Where negative values were given 

by the equations ozm was taken to be zero, i.e. the assumption was made that 

the compressive yield point remains the same after tensile yielding. The effect 

on Miner’s Rule of the static strength at fallwe was also estunated (see 

Table 18 and section 6.3). For random programmed tests, lives to failure were 

predicted using Mxwr’s Rule, the rule of section 4 and the rule of Ref.8, which 

1s described In section 4.6 (see Figs.23, 26 and 29). In all cases where 

Miner’s Rule was used the truncation levels of the random waveforms were taken 

into account. 

5.5 Accuracy and consistency of test results 

Certain lnconsistencles were found during testing. Specimens were 

machined ln two batches, and most of the first batch was used up before the 

start of the partial damage tests. These tests are labelled ‘first test series’ 

In Flgs.21 - 29. Therefore the partial damage tests were carried out almost 

entirely using the second batch of specimens. Subsequently, further tests were 

carried out to check lives to failure. The results of these tests are labelled 

‘second series of tests’in Figs.21-29. In general the second series of tests con- 

firm the first. There are, however, two exceptions, both under random loading. 

First, at 10/l ksi the second test sexes differed from the first by a factor 

of about 2:l on life. Secondly, at 25 ksi mean there was a sunilar difference 

at stresses above alternating stresses of 4 ksi. In no other case was a slg- 

niflcant difference found. Only at 2514 ksi was the difference significant 

UJ the partial damage tests, and here the conclusions of the work were not 

affected. 



In Flgs.21, 22, 24, 25, 27 and 28 the S-N and o-N curves and 1 ; 

values for the lntermedlate states of fatigue damage are clearly not as accurate 

as the curves for final failure, since they were constructed from a knowledge of 
L 

the S-N and o-N curves to fIna. failure together with data from partial 

damage tests at only two or three stress levels. It is, however, believed that . 

the overall trends shown in these curves are reliable. All the constant ampll- 

tude S-!: curves at the various states of damage are shown as having approxl- 

mately the same fatigue lunlt. This 1s because none of the unbroken fatigue 

test specimens, which were all subsequently broken statically, showed any more 

than 5% drop ln static strength compared with the average untracked strength. 

6 DISCUSSION OF EXPERIMEKTAL RESULTS 

Typical broken specunens are shown ln Flgs.39 and 40. It was found that 

failure always occurred from an area of fretting close to the point of maximum 

stress concentration. 

The results show that ln this Investigation n 
I, was generally greater 

than unity under random and random programmed conditions (see Figs.23, 26, 29 

and 33 - 35), ln line with a number of other investigations into cumulative 

damage of aluminium alloy specunens with stress concentrations at a positive 

mean stress (see SectIOn 3.4). Exceptions to this were found at the alternating 

stresses below 10/Z ksi random loading. Under random loading conditions at 

10 ksi mean stress, 1 i was found to uxrease with rms stress at all states 

of damage up to 3.5 ksi alternating stress, the highest value tested (Flg.36). 

At 16 and 25 ksi mean stress 1 s increased up to a maximum value at about 

2.5 ksi (Flgs.37 and 38) and thereafter decreased. Also under the stationary 

random loading 1 ; values were generally greater for lnitlation than for the 

total lrfe to failure, and were higher for random programmed tests than for 

statzonary random loading. 

The various aspects of the performance of Miner's Rule referred to above 

are discussed in more detail in the following sections. The results should be 

considered in the light of the fact that the part of the investigation in which 

strain gauges were used to determlne the initial stress state showed evidence 

of initial compressive residual hoop stresses around the hole varying between 

4 and 15 ksi. Accordingly, life predictions based on 0, 10 and 20 ksi initial 

compressive stresses are Included in Figs.23, 26, 29 and 33 - 35. It should 

be noted that only about fifteen strain gauge readings were taken xn estab- 

lishing the actual residual atreSSeS: It was felt that owing to variations in 

readings from specimen to specimen a more comprehensive investigation was 

desirable. The results of this investigation will be published later. 

. 
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6.1 Rate of accumulation of fatigue damage 

In Appendu A the effect on cumulative damage of variation in relative 

damage rate with stress, is discussed at some length suxe it has received a 

great deal of attention in the past. It was concluded that for spectrum load- 

lng the effect was not large. However, the shapes of ‘damage against percentage 

11fe’ curves can be of some value in deducing the relative magnitudes of other 

conditions effecting cumulative damage. 

Comparison of the results of the partial damage tests with those of 

Ref.68 shows a marked difference. Whereas with the notched and plain specur~ens 

of 2024-T3 alumlnlum alloy used in that lnvestlgation macroscopic cracks were 

not recorded until relatively late in the life, in this case, under constant 

amplitude loading at least at the lower stresses, large cracks were present 

very early in the life (Fig.39). This difference was almost certainly due 

to the actIon of fretting and demonstrated how crack lnitlatlon tune can be 

reduced =n Its presence. 

The partial damage tests under constant amplitude loading also showed 

that at all three mean stress levels the reduction in residual static strength 

early in the life occurred relatively faster at low than at higher stress levels. 

This 1s an effect opposite to that which has been found for plain speclmsns 

(Appendu A)and there are three likely explanations for this. One explanation is 

again the action of fretting. Fretting lowers the fatigue limit and so at 

stresses below the unfretted fatigue lrmlt ~111 reduce the fatigue life from 

virtually ufinlty to a finite value. Hence on a percentage life basis, fretting 

1s more effective at reducing fatigue iritiation time at low than at high 

stresses. Therefore fretting may reverse the trend of inltlal relative fatigue 

damage rate with stress. Geometric residual stresses also provide an explana- 

tion for the reversal in trend. In a notched specimen under constant amplitude 

loading, at a positive mean stress, such residual stresses reduce the local mean 

stress as the alternating stress is Increased. As a result of this, the rate of 

fatigue damage initiation should not increase wzth stress in a notched specimen 

as fast as in a plain specimen. Thjrdly, the fact that speclmans which are 

fatigued at high stress levels will fail at the lowest state of damage 

(Appendix B) , tends to cause the observed trend in damage accumulation. If, to 

take an extreme case, a specimen were cycled such that the maximum stress in the 

cycle was 99% of the ultimate, then very little fall in residual strength would 

be detectable during the life. Hence at the lower stress levels the residual 

strength against percentage life curve must show a greater drop, at least in the 

later stages of the life. 
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There is some evidence from the partial damage tests to support fretting 

as having some effect on the shape of the residual strength curves. From F1g.2 

It can be seen that for Initially stress-free specimens at 10 ksi mean, under 

constant amplitude loading, the local mean stress was unaffected by alternating 

stresses up to 4 ksl rms. (Initial compressive residual stresses would increase 

the unaffected stress range.) Fig.30, however, shows that, early III the life, 

damage still accumulated faster at 2 ksl than at 4 ksi. Hence since residual 

stresses were not effective, fretting was a lrkely cause of the particular 

varlatlon of damage rate with stress measured here. 

As for the effect of damage state at failure, Fig.41 shows the results 

at 25 ksi mean, replotted to represent failure under all alternating stresses at 

the state of damage corresponding to failure at 1.5 ksi rms. As can be seen, by 

comparison with Fig.40, the general trends of the damage against percentage life 

curves were not affected by the changed failure criterion, and would clearly also 

not be affected at the other mean stress levels. Damage state at failure was 

therefore not important in this case. 

Relative damage rates under random loading showed trends different to 

those under constant amplitude loading. This is discussed III section 6.2. 

6.2 Evidence for the presence of geometric residual stresses - 

Under random loading, the residual strength against cycles curves show that 

at 16 and 25 ksl mean, at the lower stress levels, damage did not accumulate 7 

nearly as fast early in the life as it did under constant amplitude loading 

at smnlar lives (see Figs.31 and 32). Different behaviour was shown with 10 ksi 

mean stress where at 1.5 ksi rms the trend was similar to that found under con- 

stant amplitude loading (Fig.30) and 1 z was less than unity. This was the 

only random loading case III which the maximum static plus dynamic loads were not 

high enough to cause yleldlng at the root of the stress concentration. This 

dlfferent behaviour strongly suggests that the initial, relatively reduced, 

rate of damage accumulation under random loading at the higher mean stresses 

was associated with geometric residual stresses. It can be deduced that 

residual stresses Increased the lnitlatlon time relatrve to the crack propaga- 

tlon tune at the lower random stress levels at 16 and 25 ksi mean, to produce 

the trend XI damage/percentage life shown. This 1s further demonstrated in 

Flgs.36 - 38 in which 1 i IS shown to have been larger up to damage states 

reached early III the life, than for flnal fallure except at lo/l,5 ksi, i.e. 

1 i was greatest for the lnltlatlon. 
n 
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In another respect the shapes of the o-N curves at 25 and 16 ksi mean 

stress are consistent with the effects of geometric residual stresses (Figs.34 

and 35). At the approxunate stress above which the Bauschinger Effect 

(section 3.1) was operative the o-N curves stralghten or even bend slightly 

towards the low life direction rather than maintain a concave shape as predIcted 

by Miner's Rule. This produced a decrease in ; ; (Flgs.37 and 38). The pre- 

dlctlons of fatigue life based on consideration of residual stresses as I* 

section 4 show a sxmilar reflex shape for the predicted 0-N curves with the 

point of inflectlon at a higher stress than that found in practice. Allowance 

for the Bauschlnger Effect should lower the point of lnflectlon and so reduce 

this discrepancy between the experImenta and predIcted results. 

Finally, as in Ref.8, for the random programed tests at all mean stress 

levels 1 ; to faliure was consistently greater than under stationary random 

conditions. This general trend 1s also predlcted by the method of sectlon 4. 

However, recent work has shown that 1' ; values greater than 1 can be obtaIned 
69 for crack propagation under a gust load spectrum . It 1s therefore possible 

that parts of the increases in 1 ; in the programmed random cases were in the 

later stages of life. 

6.3 Residual static strength 

The partial damage tests were used to obtain an estimate of the effect on 

Miner's Rule of residual static strength at failure by means of the construction 

of S-N curves representIng life to various values of static strength. Fig.42 

shows S-N curves, at the three mean stress values, representlng life to a 

static strength value given by the highest load in the random spectrum, at the 

rms levels shown. Therefore, for example, If the life to failure at 25/6 ksl 

random 1s required using Miner's Rule but allowlng for the effect of residual 

static strength, then the Rule should be applied to the left-hand curve Instead 

of that to fIna failure at 25 ksl mean. Table 18 shows the modlflcation due 

to this phenomenon requred for the calculated lives. The largest effect can be 

seen to have occurred at a mean stress of 25 ksl, at which the highest static 

plus dynamic loads were applied. The conclusions reached in Appendix B (that 

the effect on the achieved life of a bolted joint would only be large if loads 

approaching the untracked static strength of the specimen were to be applied 

during the fatigue life) clearly also applies in this case. One point however 

needs clarlfxatlon. Although the effect has been expressed, in this case, as 

a percentage change in life, in prlnclple the effect of this phenomenon is to 
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shorten the life by a given number of cycles rather than by a given percentage 

smce the rate of fall off of residual strength 1s a function of crack growth 

rate and does not depend on Initiation tlrlle. Therefore, If the total achieved 

life 1s shortened by an unfavourable intcractlon in the initiatmn stage, the 

effect of residual strength at failure ml1 be proportionally greater. In the 

case of this mvestigatlon the Effect, as a percentage of the achieved life, 

was generally less than shown 1~ Table 15, smce 1 s in most cases was 

greater than one. 

The results of r'ie tests carrled out under programmed random loading 

(Flgs.26 and 29) lndlcate that at the higher mean Stresses the modzfied rule 

(described =n Ref.8 and sectlon 4.6) applied to random data gave a signifi- 

cantly better predlction than Miner's Rule based on constant amplitude data. 

At 10 ksl mean stress (Flg.23), however, Mmer's Rule was marginally superior. 

In all cases 1 i was greater than unity. The generally superior performance 

of the modlfled rule can be explalned 3y the conditioning argument of 

section 4.6. The questlon as to whether constant amplitude, preloaded con- 

stant amplitude or SausSlan random loadmg data (see section 4.6) is the most 

effzcient for use m life predIctIon can only be settled by further experi- 

mental work. 

6.5 Performance of rule of section 4 

Consider first the results of random tests at 10 ksl mean (Flg.33). The 

interesting characteristic here is the near vertxal portIon of the Cl-h' 

curve. As can be seen, the sharp upward trend in the curve was predIcted by 

the rule assummg zero imtlal compressive residual stresses, but Its severity 

was underestimated. Also, although the rule gave a good prediction for fma1 

failure, this was probably comcldantal. In considermg this apparently good 

prediction it should be noted that the plot of 1 $ against stage in life 

(Fig.36) clearly indicates that the longer than expected life 1s due to the 

fact that there is a very high value of 1 i early m the life and not a 

constant value all the way through. This lnltlal value was underestimated by 

the rule (see predxted results for 95% static strength - Flg.33), and the good 

agreement for the final failure case was only obtained by assummg the full 

residual stress effect, I.e. constant 1 $ over the whole life. When an 

initial compressive residual stress was assumed of 10 ksl or greater, the 

prediction became practically identical with that of Miner's Rule. 
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It 1s therefore doubtful whether all of the increase in 1 i was due to 

geometric residual stresses in the case above. However, as discussed below, 

under programed random loading at 10 ksi mean, and under both types of loading 

at the other mean stresses the results were consistent with geometric residual 

stresses being the most Important factor causing devlatlons from Iiu~er's Rule. 

At 16 ksl mean stress, if the assumed lnitlal residual stress were to be 

zero, residual stresses should have some effect on the predlcted life over the 

ent1re stress range. This 1s because the mean stress on Its own 1s sufflclent 

to bring the stress at the stress concentration close to yield. Under this 

mean stress there 1s a large dlfference XI predlcted life when using the rule 

of sectlon 4, depending upon the assumed state of initial stress (flg.11). In 

one respect the results are slmllar to those of 10 ksl, in that ?I~ner's Rule 

gave a reasonable predlction up to a given stress, in this case about 1.5 ksl, 

and above this stress the life was longer than predicted. Agaln the behaviour 

IS explaIned qualltatlvely by the new rule, the point of deviation from Ylner's 

Rule being governed by the assumed rn~t~al residual stress (Fig.34). However, 

1x1 this case the new rule greatly over-predicted the deviation even at the 

damage state representing 952 static strength. As was dlscussed in section 6.2, 

the presence of a point of lnflectlon in the 0-N curve was predxted by the 

rule of section 4 and allowance for the Bauschrnger Effect should lower the 

predlcted point of InflectIon closer to that actually achieved. 

At a mean stress of 25 ksi considerable local yielding occurred under the 

appllcatlon of the mean load on its own. Therefore the predictions using the 

new rule were practically the same, for the three values assumed of initial 

residual stress (see Fig.35). This factor also means that yielding will have 

occurred under any loading cycle, however small the amplitude, provided it has 

not at any time been preceded by any cycle of a larger amplitude. For this 

reason residual stress effects were at a maximum down to the lowest stress 

levels. The performance of the rule at this mean stress level is essentially 

similar to that at 16 ksl mean with zero assumed initial residual stress. 

Under programmed random loading (Figs.23, 26 and 29) the new rule over- 

estimated the life in every case for 11ves to final failure. Thu is to be 

expected III "hew of the performance of the rule under stationary random loading, 

and because the rule assumed Initiation condxtions throughout the life; as 

dlscussed III section 3.3 residual stresses may be expected to be more effective 

early III the life. 
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Despite the limitations of the rule in terms of accuracy of life predic- 

tion, the results of the experiments are encouraging in that the main charac- 

teristics of the cumulative damage behaviour of the specimens bore out the 

general approach to cumulative damage outlined in sectlon 4, i.e. 

(1) Miner's Rule was unconservatlve under loading conditions which did 

not cause local yielding. 

(2) Where 1 z was greater than unity the unprovement was associated 

with the earlier stages of the fatigue process. 

(3) 1; . Increased with increase in mean stress. The rule predicted 

that the optimum effect is reached for initially stress-free specimens approxi- 

mately when the mean stress alone just causes yxlding at the notch root. For 

mean stresses above this value the magnitude of oLrn at a particular value of 

alternating stress is almost independent of mean stress, and so little further 

unprovement in 1 R should occur. The results of the investigation were 

conslslstent with this. 

(4) 1 ; increased with alternating stress, reaching a maximum in the 

approxunate region in which the Bauschinger Effect became operative. 

(5) 1 G was greatest for the loading condition (programmed random) 

with the highest peak stress ratio 
rms stress 

6.6 scatter 

In tests on plain specimens of aluminium alloy 
so,70 

and high strength 

stee171 . It has been found that scatter at the longer fatigue lives is signifi- 

cantly less under random than under constant amplitude loading. In the present 

mvestlgatlon, although not enough specimens were tested to obtain accurate 

scatter factors It is clear that in general there was no significant reduction 

under random loading. Scatter was generally low under constant amplitude load- 

mg in these tests, as 1s usual for this type of specimen 
72 

, where fretting 

shortens the initiation time. This is to be expected because scatter is nor- 
73 

mally attributed to the crack initiation phase rather than crack propagation , 

an hypothesis which has been confirmed by crack growth measurements over the 
68 entlre life of notched and unnotched aluminium alloy specimens . It therefore 

follows that any improvement in scatter under random compared with constant 

amplitude loading will be much less where fretting is present, since initiation 

is a much smaller percentage of the fatigue life under fretting conditions. 
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6.7 Further practical considerations 

It was noted earlier that the results show a variation in damage against 

percentage life different in the random case from that found under constant 

amplitude loading. This fact has practical implications in two directlons. 

. 

First, in any structural component there will be an acceptable value to 

which the residual strength may drop before the component is consldered unsafe. 

From the designer's point of view, then, it is preferable that fatigue lives 

should be expressed in terms of life to a given residual strength rather than 

to life to total fallure, although fatigue data is commonly in the form of the 

latter. Figs.36 to 38 show that 1 i values are not necessarily the same for 

the two cases. It is reasonable to deduce that where residual stresses give 

values of 1 z of less than one for flnal failure (e.g. low mean stress and 

large occasional compressive loads XI a notched specimen) 1 i for lnitxation 

may be very low - this will lead to a comparatively early fall off in residual 

strength. This leads to the second consideration, that when tests are carried 

out on an aluminium alloy component to determine the variation of residual 

strength with life, a representative servxe loading actlon must be applied if 

misleading results are to be avoided. 

7 SUGGESTIONS FOR FURTHER WORK 

It 1s suggested that the work described in this Report be extended in the 

following ways:- 

(=) The strain gauge investlgatlon to determine the Initial state of 

residual stress of the specimens at the point of fatigue initiation may be 

extended. 

(b) Partlal damage tests may be extended to cover programmed random 

loading. 

(cl An lnvestlgatlon may be conducted using the techniques described 

ln Ref.33 to determIne the magnitude of the Bauschinger Effect. The results 

can then be used to modify the life predictions using the rule of section 4. 

Cd) The random data may be used to predict the programmed random 

11~s as suggested in sectlon 4.4. 

(e) Lives may be calculated applying the rule of section 4 to a 

selected percentage of the life. For the rest of the life 1 s will be 

assumed to be 1. 
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(f) It is hoped that the work may also be extended later to obtain 'pre- 

loaded constant amplztude data' so that this can be evaluated for use III life 

prediction, as suggested in section 4.4. 

(9) Further programmes are envisaged at present to repeat the work 

descrrbed rn this Report on specunens ln different materials and of different 

conflguratlons, i.e. notch wthout fretting, and clamped joint. 

(h) Some unprovemant in the accuracy of life prediction may be achieved 

by the use of a more representative mean stress/alternating stress than the 

Goodman diagram (section 4.5). Work is at present being carried out at R.A.E. 

on clamped Iolnts, m which failure occurs from an area of fretting in the 

absence on a geometric stress concentration 72 , which ~111 shed some light on 

this. 

8 CONCLUSIONS 

Factors affecting the performance of Xlner's Rule have been reviewed. 

8.1 For alumxuum alloys, geometric residual stresses strongly affect 

cumulative danage behaviour and can cause Miner's Rule to either overestimate or 

underestimate fatigue life. These stresses may be present in specimens due to 

manufacturing processes and may also be produced by local yielding at points of 

fatigue lnitutlon under high loads in either directlon. A commonly encountered 

case where 1 ; 1s affected by residual stresses is that of initially stress- 

free notched aluminium alloy components; under a symmetrical loading actlon at 

a posltlve mean stress Miner's Rule usually underestimates fatigue life for such 

specimens. 

Another case arises when residual stresses are Introduced unintentionally 

during manufacture of components or deliberately to unprove fatigue performance. 

For components where such initial compressive stresses are present 1 : may be 

expected to be low. Where such a tensile stress is present, 1 i may be expec- 

ted to be high. 

8.2 An investigation into cumulative fatigue damage was carried out using 

aluminium alloy lug specunens. The results of this work strongly indicated 

that geometric residual stresses were the most significant cause of deviations 

in 1 z from unity. Although a simple rule to account for these stresses did 

not give good quantitative predictions, the qualltatlve agreement was good and 

it is believed that a practical and reasonably accurate rule can be developed 

along the same lines. 
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8.3 Fretting, by causing crack propagation to occupy a greater proportion of 
the fatigue life, can affect the magnitude of the relative contributions from 
residual stresses and other factors which are of importance in cumulative damage. 

8.4 Residual stresses do not greatly affect the behaviour of medium and low 
strength steels in many cases, mainly because the material properties are such 
that the local mean stress is reduced close to zero on the first cycle of any 
significant amplitude. 

8.5 For aluminium alloy lug specimens the variation of residual static 
strength throughout the fatigue life was found to depend greatly on loading 
action and stress level. For this reason, when tests are carried out on an 

aluminium alloy component to determine the variation of residual static strength 
with life, a representative service loading action must be applied if misleading 
results are to be avoided. 

. 
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Appendix A 

VARIATION IN RELATIVE DAMAGE RATE WITH STRESS 

Fatigue damage D can be defined as a variable, beginning at zero at the 

start of the fatigue life of a component and reaching unity at failure. The 

shape of the 'damage against percentage life' curve can then be taken 

arbitrarily to be some convenient shape (e.g. a strazght line) at any chosen 

alternating stress level and stressing condition, e.g. waveform, mean stress. 

Under different stressing conditions , and in particular at different stress 

levels under constant amplitude loading, the shape of the damage against per- 

centage life curves may well be different. 

It has been proved 74 that if 

(a) the relative rate of damage accumulation under constant amplitude 

dD loading - 
( ) d; 

varies wth stress at fixed values of $ , the percentage 

fatigue life consumed, (1.e. there are different shapes of damage against per- 

centage life curves at different stresses) and: 

(b) the damage rate under spectrum loading is a sunple average of 
dD 

0 
x CA (i.e. under constant amplitude loading) weighted according to the 

pro ability of occurrence Pm(o) of stress cycles at stress oa = 0 so that 

the damage rate under spectrum loading is equal to 

then failure is predicted at 1 i < 1 , i.e. due to the above effect along Miner's 

Rule should overestimate life. 

The results of step tests on notched and plain specimens of steel and alu- 

minium alloys (excluding alclad material) at zero mean stress indicate in most 

respects a consistent variation of relative damage rate dD - 

( ) 

with stress. In 
d; 

almost every case using a low-high sequence Miner's Rule has been found to under- 

estimate the fatigue life, and vice versa for high-low tests 7,11,75-81 In 

two investigations 82,83 where in both cases the high stress approached yield at 

the point of fatigue initiation, these effects were not found in either a steel 

or aluminium alloy. These tests therefore indicate that in most cases under 
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constant amplitude loading fatigue damage accumulates r?latlvely faster early 

in the life at higher stress levels. An exception to the general rule 1s the 

case of alclad aluminium alloy. Of five investlatlons, one 10 showed no consl5- 

tent sequence effect, and four 27,84-86 showed an effect opposite to that of 

plain aluminium alloy and steels. 

Some life prediction methods have been based on accounting for the varla- 

tion of relative damage rate wth stress 
7,13,15 

and hence they predict 

lives shorter than those predicted by Miner's Rule when applied to spectrum 

loading. 

That there IS a varlatlcn in relative damage rate wrth stress XI unclad 

alumlnlum alloy and steel specimens under fatigue loading has been confirmed by 

a number of znvestlgators 68,87-89 using direct observation. Techniques were 

employed by means of which a record was made of the stage at which a detectable 

crack occurred. The observed dlrectlon of the varlatlon In relative damage 

rate with stress confirmed that lmplled by the step tests. Other observations 
have shom7>68~9W that for notched and plain specunens in a range of 

materials the number of fatigue origins Increases with stress, so that at high 

stresses multi-orlgln failures occur, with single origin failures at low 

stresses. Further, the changeover from sugle to multi-orlglned failures has 

been shown to occur over a relatively narrow stress range 
7,90 and a dlsconti- 

nutty in the S-N curve has been detected ln this region for a number of 

materlalsgO. 

The occurrence of a change in the number of nuclei with stress demon- 

strates that the varlatlon in relative damage rate exists alongside an actual 

change in the fatigue process, showing that equation (6) is not strictly true. 

Differences 1x1 fatigue mechanism with stress have been studied 

metallograph~callyg2. 

In the case of plain alclad specxiens, crack detection techniques have 

shown88 a varlatlon of relative damage rate with stress opposite to that of 

the bare material, a fact which 1s consistent with the particular behaviour 

of alclad specrmens 1x1 the step tests. 

Flg.43 demonstrates how 1 i may be expected to vary for two-level 

itep and block programme tests with an assumed difference in relative damage 

rate between the two levels, neglecting any change of fatigue mechanism with 

stress. In this figure It can be seen that _' i is always less than unity 

for two-level bloch programmes tests, demonstrating the proof in Ref.74 
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referred to earlier in this section. Calculations are g1”en in Appendix G. 

The curves for the step tests are similar to those found in the actual tests 

mentioned earlier. As a typical example, Flg.44 shows results which have been 

obtalned 
75 

by means of step tests on steel specimens at four levels designated 

A, B, C and D in descending order of amplitude. AB refers to a step test 

starting at level A and flnlshlng at level B . Assessment of the actual 

values of r n iE to be expected due to this factor alone is complicated by the 

fact that damage against percentage life curves constructed from two-level step 

test data do not always show a simple increase of damage with number of cycles. 
7,75-79,93 A strengthening effect has been found for low-high tests on both 

alumimum alloy and steel specuwns, 1.e. in a step test the life at the second 

level exceeded the life at that level for a “lrgln specxnen. The result of 

this factor is to necessitate the drawing of damage curves wth ‘negatlve 

damage ’ Ill scme Circumstances. Fig.45 shows the damage curves obtaned from 

Flg.44, assuming a straight line relatlonshlp for level A , and demonstrates 

the negative damage unpiled by the strenpthenlng effect. Fig.46 shows the cal- 

culated results to be expected fron tw-level block programme tests on the 

Sp~CUllfTlS, neglecting the strengthening effect by assumuxg the damage rate to be 

zero when in fact It was negative. The oblect of this is to obtain a rough 

estimate of the contrlbutlon to 1 i of variations xn damage rate alone. The 

figure shows that the minxnun possible value of 1 $ was 0.67 between levels 

A and D , a value which 1s unreallstlcally low due to the assumption made 

about the strengthening effect. For spectrum tests with levels A and D the 

predicted 1 g would zn any case be closer to unity. In this case then, for 

spectrum tests the effect of dlfference III relative damage rate is not likely to 

be large. 

It can be concluded from the foregoIng discussions that the effect of 

varutIon UJ relative damage rate with stress 1s to reduce the fatigue life from 

that value predlcted by Mxner’s Rule. The amount of reduction 1s not likely to 

be large for spectrum loadzng, and 20% reduction on life can probably be con- 

sldered as an extreme value. However, since the variation in relative damage 

rate with stress exists alongside an actual change III fatigue mechanism wrth 

stress, there 1s also the question of interaction between mechanisms at dif- 

ferent stress levels to be consldered, 1.e. equation (6) maynot hold strictly. 

Such interactions may increase or decrease 1 i and it is not possible at 

present to draw any conclusions on the magnitudes of such effects. One such 

effect, referred to here as the ‘strengthenlng effect’ is also discussed in 

Appendix C. 
. 
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Appendix B 

RESIDUAL STATIC STRENGTH AT FAILURE 

. 

A second factor also tending to make lives unconservative as predicted by 

the rule 1s the effect of residual static strength at fallure. If a well-mxed 

spectrum of loads is applied to a component, it will fail at approxmately 

the highest load ln the spectrum and ml1 have, at fallure, a value of residual 

strength given by that load. Under the smaller component loads in the spectrum 

alone, however, fallure would occur at a lower value of residual strength. This 

mplles a state of greater damage, so any calculatmn using Miner’s Rule will 

be based on lives under constant amplitude loading to fmal fallure at a damage 

state equal to or greater than that which is assocmted with fazlure under spec- 

trum loadmg. Hence, j ; should then be less than unity. Rules atLemptmg to 

account for this factor have also been derived 435 . 

It 1s possible to make an assessment of the magnitude of this effect m at 

least one spec1frc case. flork has been carried out 94 by means of which the state 

of residual strength of alu~mlum alloy bolted Joints with steel side plates was 

determrned throughout the fatigue life under programmed loading, representIng 

arcraft gust loading at a positive mean stress. The results of this work are 

gzven in Flg.47. The hrghest and mean stress levels zn the load programme are 

shown and an extrapolation of the curve of residual static strength against per- 

centage life shows that the static strength was dropping at such a rate that 

had the specunens not failed, the static strength at 1042 of the achieved life 

would have dropped to the strength for expected failure at the mean stress 

alone. Therefore, in this case the drop in static strength would affect the 

achieved life by less than 4%. 

between 2.2 and 8.4 24. 

The achieved 1 E for these specimens was 

Clearly in this case the effect on the achieved life 

would only be large If loads approaching the untracked ultimate strength of the 

specunen were contained in the load spectrum. This conclusion, however, does 

not necessarily follow for other structural configurations where the shape of 

the residual strength against percentage life curve may be different. 

s 

. 
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Appendix C 

EFFECT OF LOW-LEVEL STRESS CYCLES 

The effect of low-level stress cycles 1s dlfflcult to assess, since under 

different circumstances such cycles may be beneficial or damaging. 

At first sight it would appear that cycles of stress in the spectrum which 

lie below the initial fatigue limit should be damaging, since after a crack has 

formed in a component, Its effective fatigue limit might be expected to drop and 

the lower-level stress cycles become effective. Investlgatlons have been 

carried out 
80,91,95,96 in which steel specimens were subJected to cyclic 

pre-stressing above the fatigue lxoit. Subsequently the pre-stressed specunens 

were used to obtain complete S-N curves. In all cases this treatment was 

found to lower the effective fatigue limit which confirms that the above sltua- 

t1on can apply In some circumstances. The same behaviour has also been found to 

apply to an alumlnlum alloy 80 . In Refs.11, 15 and 80 cumulative damage rules 

are described which account for this behaviour. 

It has, however, been shown for steels 91 that cyclic pre-stressing at a 

single stress level below the initial fatigue lunit can actually raise the effec- 

tive fatigue llnnt. In addition, when subJected to a stress hlstory in which the 

stress started at a low alternating stress level and was raised in increments to 

a value above the fatigue lxnlt, steel specimens have at that raised level sur- 

vlved many txnes the endurance of virgin specunens. This second phenomenon is 

known as coaxing. Alumln~um alloy specimens do not exhibit this property 
76,78 

However It has been shown 97,98 that periodic stressing below the fatigue limit 

(1.e. two-level block programme test with one stress below the fatrgue limit) 

can increase the life at the higher level for aluminium alloy specunens. 1 i 

values greater than one have been obtalned also in programmed tests on steel 

specimens with large numbers of cycles below the fatigue limit 99 . 

Coaxing in steel specimens has been attributed to strain ageing 100,101 

Alumlnlum alloys, which are not strain ageing materials, do not show coaxzng 

behavuwr. It has, however, been shown 7,75,76,78,79 that both steel and 

alununlum alloy specunens show sunllar strengthenlng behaviour in low-hlgh 

step tests, where the low stress 1s above the lnltlal fatigue limit. Thu 

suggests that there exists a mechanism in addition to coaxing, by means of whxh 

damage at high stress levels 1s suppressed by cycles of low amplitude. This is 

unlikely to involve macroscopic residual stresses as described in section 3, 

since the action of these 1s to change 1 i by the effect of high on low stress 

cycles. 
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It is naturally of interest to summarise the circumstances under whxh 

strengthening effects ensure that cycles below the Initial fatigue limit do no 

damage, or are, on balance, beneficial. Whilst it is not possible to make an 

authoritative general statement on this point, one trend is discernible. when 

under spectrum loading conditions (block programned loading ln Refs.97 and 49) 

there are large numbers of cycles below the fatigue limit, and no cycles exceed 

about 105% of the Eatque strength at lo7 cycles 1 + is cormnonly greater than 

one for steel and aluminium alloy specimens. However, there are reasons to 

believe that where fretting is present the damaging effect of cycles below the 

fatigue IunIt ~111 be enhanced Appendzx E. In any case it would be unwise to 

rely on the strengthening effect in design, since the net effect on :41ner’s 

Rule in a balance between a favourable and an unfavourable effect. If a design 

case is chosen such that there 1s a net unfavourable effect and the number of 

cycles below the initial fatigue limit 1s extremely large, the effect on life 

could also be large. 

. 

. 
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Appendm D 

EFFECT OF STRAIN HARDENING 

Plastw deformation of metals due to a smgle monotonically increasing 

load generally results m stram hardening. This term is used to describe a 

process which gives rise to an increase in Indentation hardness and yield 

stress. Cyclic plastic straining on the other hand can result in either strain 

hardenmg or softening 
102,103 

, determmed in this case by an mcrease or 

decrease respectively m stress amplitude under constant strain conditions (or 

vice versa for strain amplitude under constant stress loading). It has been 

shown102 for a number of metals subjected to different heat treatments that in 

general cyclic strain hardening occurs under reversed plastic loading where 

3 G u 

T 
> 1.4 , and cyclic strain softening occurs where $ < 1.2. 2024 aluminium 

103 Y 
alloy has been shown to exhibit slight cyclx strain hardening properties 

under plastic strain cycling. 

Low-level stress cycling (i.e. generally below the yield point) has also 

been shown to give rise to both strain hardening and strain softening. In one 

investigation 104 a range of metals in the annealed condition were shown to 

exhlblt cyclic strain hardening propertIes under such loading, whereas in the 

cold drawn condition the opposite was true. As for the connnon engineering 

materials, mild steel shows marked cyclic strain softening behaviour and has 

been found to develop considerable plastic flow at alternating stresses of 75% 

of the initial yield point corresponding to failure in about lo6 cycles. For 

26s aluminium alloy the same effect was found at stresses for failure in the 

same number of cycles, but the effect was very much smaller 41 
. 

Since some of the mechanical properties of materials are changed, (e.g. 

indentation hardness, ay) h w en strain hardening occurs it is not unreasonable 

to suppose that the fatigue resistance might also be affected. If this is so 

then the process is unportant ln cumulative damage, because high stress cycles 

may affect subsequent damage under lower stress cycles and vice versa. The 

effect of static plastic pre-straining on subsequent fatigue performance is of 

Interest here. It has been shown that for plain specimens of aluminium 

alloys 7075-T6 lo5 and L65 lo6 large plastic prior straining reduced fatigue 

strength. For mild steel the opposite effect was found 106 
. In another pro- 

107 granrme the same effects were found as before for L65 and mild steel, but 

in this case the specimens were cut from bars which had been previously 

strained plastically in compression. 

t 
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It is difficult to separate the effects of strain hardening associated 
with microscopic residual stress systems, on cumulative damage behaviour from 
those due to geometric residual stresses, since the introduction of the latter 
is usually accompanied by plastic deformation and hence by strain hardening at 
the points of fatigue initiation. For instance, in the investigation described 
in Ref.40 (see section 3.3) some of the difference in lives between the speci- 
mens with and without residual stresses (Fig.6) may well be connected with 
strain hardening. However the fact that in general the direction of the change 
in life for preloaded notched aluminium alloy specimens depends on the direction 
of the initial applied load implies that geometric residual stresses are most 
important in this case. 

The marked cyclic strain softening behaviour of mild steel provides an 
explanation for the cycle by cycle drop in residual stresses in this material 
found in Ref.40. 

. 

. 
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Appendix E 

THF. EFFECT OF FRETTING 

Fretting 108 is essentially a process by which damage is caused at points 
where there is repeated movement between metal surfaces in contact. Its effect 
when acting at an area from which fatigue damage may originate is to speed 
the initiation of the fatigue process. It was found during constant amplitude 
tests 62 on aluminium alloy specimens, in which fatigue damage initiated from 
areas of fretting caused by removable metal pads, that fretting damage was fully 
developed after only one-fifth of the fatigue life. Removal of the fretting 
pads after this point had no effect of fatigue life. Fretting has a very large 
effect on fatigue strength, and strength reduction factors of 10 have been 

109 obtained . The largest strength reduction factors are usually obtained at 
higher mean stresses, factors being lower at zero mean stress 62,109 . 

Fretting may be expected to affect cumulative damage behaviour in a num- 

ber of ways. First, since fretting shortens crack initiation time, crack propa- 

gation should become a greater proportion of the total fatigue life. Conse- 

quently the residual static strength at a given proportion of the fatigue life 
is lower for a specimen failing from an area of fretting than for a plain or 
simple notched specimen. The effect on l g of residual static strength 
(Appendix B) is therefore greater. It also follows, from the fact that a 
greater proportIon of the fatigue life is spent cracked that in this case the 
damaging effect of cycles below the fatigue limit is also likely to be greater. 
Secondly, a change in the residual strength against cycles curve implies a 
corresponding change in the shape of the damage against cycles curves. This 

change may affect 1 i (see Appendix A). A third way in which fretting may 
affect 1 i is connected with the effects of residual stresses. Since fret- 

ting reduces fatigue strength (and hence CI aft ), when fretting is present the 

ratio M = R OY must increase. ~ As was discussed in section 3.5, this ratio 
t afl. 

is Important =n determining the effectiveness of residual stresses and so will 
affect 1: . To take a particular example, due to the increase in M , mild 
steel specimens with notches and fretting (e.g. lugs) may be more susceptible 

to the effects of mean stress and preloading than those with notches alone. 

There are also other possible effects of fretting which act in opposition 
and are both also connected with residual stresses. Since the effect of such 

. 
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stresses is to change the mean stress at the point of fatigue initiation, rt 1s 

to be expected that the damaging effect of the frettmg would mcrease or 

decrease depending on whether the local mean stress is raised or lowered. This 

is due to the fact that fretting has been shown to be more damaging III terms of 

percentage reduction 1x1 fatigue strength at posltlve mean stresses than at 

zero mean stress 62,109 Thus in this respect fretting should tend to enhance 

residual stress effects by effectively changing the shape of the Goodman 

diagram. On the other hand, fretting reduces crack initiation time and geo- 

metric residual stresses affect only the initiation and to a lesser extent 

umuzdutely following crack growth (section 3.3), so III this instance residual 

stress effects should be reduced. 

Finally, it is possible that fretting may be intrinsically more or less 

damagIng under variable amplitude loading than under constant amplitude loading. 

It appears that no tests have been carried out in which a comparison was made 

between identical specunens under the two types of loading so it is impossible 

to draw any definite conclusions on this point. 

. 
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Appendix F 

CRACK PROPAGATION CONSIDER4TIONS 

The fatigue process m plam specmens has been classified into two 
110 stages . Stage I starts from the surface of the materlals and 1s dependent 

upon the maxumxn resolved shear stress. Crack growth occurs along the plane of 

maximum shear stress, at 45 0 
to the maximum tensile stress. The stress state 

at the tip of the crack changes as the crack begms to propagate from a bm.xiaI 

to a trlaxlal state of stress. The effect of this is to reduce the ratio 

maximum shear stress 
maxlm”m tens11e stres?. and to change the fatigue mechanzsm to Stage II 

behawour. Crack growth m thu second mode occurs, at least initially, at 

rlgnt angles to the dIrectIon of maxmum tensile stress, and is characterised by 

striation markings at right angles to the dlrectmn of growth and a l/l rela- 

tmnshlp between number of strlatlons and number of cycles. All the investiga- 

tlons referred to m thu section apply to Stage II crack propagation in 

fluctuating tensLo*. 

Two-level constant amplitude tests have been carried out on cracked panel 

specimens of 2024-T3 alclad materml 111 . It was found that when the stress was 

changed from a high to a low level, crack propagation was retarded for some time, . 
gradually acceleratx,g to the value which would have been expected from a con- 

stant amplitude test at the lower level alone. in opposite though smaller 

effect was found when changing from a low to a high level, 1.e. after the cnange 
. 

the crack propagation rate accelerated to a rate somewhat beyona the cal.ie tz be 

expected from the higher level before settling down to the value expected frcn 

constant amplitude tests. It was also found that single tensile loads ln the 

middle of a constant amplitude loading pattern caused a temporary retardatwn. 

Single negative loads did not accelerate crack growth, but If applied after a 

single tensile load they reduced the retardation due to that load. The retar- 

datlon of the crack growth rate m the high-low sequence was attributed to a 

region of residual compressive stress Induced at the crack tip by the high 

Initial loading. It was also assumed that the actIon of any succeeding negative 

load was to destroy the residual stresses in the region by local yielding. The 

overall effect ga”e values of 1 ; greater than one for crack propagation rates 

under programmed and subsequently (Ref.69) under random loading to a gust load 

spectrum. 

Under Gaussian random loading however lt has been found 112 that under 

direct stress conditions in certain cases crack propagatun rates can be 
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predxted with acceptable accuracy by the application of a linear summation ot 

constant amplitude crack propagation rates. This difference III result may be 
aP connected with the higher a value in the case of the gust load spectrum. 

r 

. 

. 
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Appendix G 

EXAMPLE OF THE EFFECT OF VARIATION IN RELATIVE DAMAGE RATE WITH STRESS 

For the purpose of development of cumulative damage rules an expression 

for damage has been assumed' for loading under constant amplitude conditions at 

stress level ci . : 
al 

where D = damage 

n 

N1 
= cycle ratm - percentage of life consumed at the lth level 

x1 = an exponent which varies with alternating stress level. 

Assume a two-level block programne test is carried out between levels 

2 al and s a2 * Let the cycles of the two amplitudes be well-mlxed and let 

pl p2 be the proportions of cycles at levels oal and oa2 respectively. 

(Pl + P, = 1 .) 

From (7) under constant amplitude loading 

dD -= 
dn 1 

Therefore under two-level block programmed loading 

dD x1 "1 0 
x1-1 

-=pqj; 
drib 

(7) 

where "b 1s the number of cycles applied under block programmed loading 

conditions. 

. 
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Substitute (7) therefore 

Nb = I 
dD 

0 
p2 +- 
N2 

( > 
1-2 

22, x1 

therefore 

Let 

. 

therefore 

Let 

1 

dD 

C = linear damage at level 1 

p1 
q = 

Pl p2 [ 1 -+- 
N1 N2 

dD 

C X1 D + (1 - C) X2 D 

53 

D = CD') 
xl 

. 

. 
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therefore 

Appendix G 

f 

(x1-1) 
1; = Xl@‘) dD’ 

0 
C 3 D' 

(X1-l) 
+ (1 - C) X2 D' 

= J dD' 

0 
x2 C+(l-C)F 

1 

(8) 

Therefore 1 i depends only on x2 ii- for two-level programmed tests. 
1 

Equation (8) has been evaluated by computer programme. The results are shown 
in Fig.43. 

For step tests in the order 1-2 assuming nl counts at level 1 29 . 

Remaining life at level 2 = N 2 

therefore 

achieved life 
life predicted from Miner's Rule = 

. x1 q 
!)I 

“1 L- - N1 

and 

. 

(9) 

00) 

* 

And vice versa for tests in the order 2-1 . 
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An evaluation of equation (10) is also shown in Fig.43. 

Note that for step tests the ratio achieved life 
predicted life is not equal to 

1; except when 1 z = 1 . This is because if Miner's Rule does not hold, 
the component fails under a different load spectrum (i.e. different proportions 

of counts at levels 1 and 2) from that which it would fail under if Miner's 
Rule did hold. 
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Ref. 
NO. Investigator 

Meall 
tress 
ksi) 

Material 

48 Fuller 0 2024-T3 

48 Fuller 0 2024-T3 

48 Fuller 0 2024-T3 

49 Hooke & Head 0 
50 SWXlSOll 16 
51 Kowalewski 0 

52 Fralich 

24-ST 
2024-T4 
w3115.5 
(2024) 
7075-'i-6 

53 2024-T4 

54 2024 1.9 

56 

Clevenson 
Steiner 
Smith 
Malllle 
Frallch SAB 4130 

57 Marsh 
Mackinnon 

Mild 
steel 

58 Booth 
Wright 
Smith 

0 

0 

0 

0 

13.5 

0 

0 

EN 1A 
Mild 
steel 

58 

- 

Booth 
Wright 
Smith 

EN 15 
Mild 
steel 

Table 1 

SUMMARY OF RESULTS OF INVESTIGATIONS USING GAUSSIAN RANWM LOADING 
(PLAIN SPECIMENS AND NOTCHED SPECIMENS AT ZERO MEAN STRESS) 

Kt 

Plain 
specimen 

Plain 
specimen 
Plain 
specimen 
Notched 

1.0 
1.77 

Sharply 
notched 

2.2 

Sharply 
notched 
Sharply 
notched 
Plan 
specimen 

Plan 
specimen 

lo5 lG6 
0.23 0115 

0.30 0.17 

0.30 0.18 

0.40' 
0.12 0.04 
0.7 1.0 

4.5 1.7 

0.15 0.04 I I 

0.8 0.4 

0.6 0.6 

0.6 0.5 

0.4 

0.4 

ending 
or 

irect 

B 

B 

B 

B 
D 
B 

B 

D 

B 

B 

D 

B 

B 

n 0 
np 

0.96 

0.75 

0.95 

0.84 
0.96 
0.91 

>0.95 

.83 - 0.6, 

? 

>0.95 

PO.95 

0.78 

0.78 

. 

* at 3.4 x 10 6 cycles to failure 



57 

Table 2 __- 

XEASURED CHEMICAL COMPOSITIOL~ AND TEXSILE PROPERTIES OF 

DTD 5014 AL~IIIIIW ALLOY 

CHmIcAL COMPoSITION (per cent) 

CU Mg Si Fe Mll Zn Nl Tl 

2.26 1.38 0.25 1.06 0.06 0.02 1.02 0.06 

Balance aluminium 

Average tens11e properties 

UTS 58.5 ksl 

0 13 proof 50.8 kil 

t1ongatmn 13% 
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Table 3 
STATIONARY RANDOM FATIGUE TEST RESULTS 

MEAN STRESS = 10 ksl 

Stress ksl rms 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.5 

1.5 
1.5 
1.5 

1.5 

1.5 

1.5 
1.5 
1.5 

2.0 

2.0 

2.0 

2.0 

2.5 

2.5 

2.5 

3.0 

3.0 

3.0 

3.5 

3.5 

3.5 

3.5 

3.5 

3.5 

Spec. No. Life (N) 
1213-F78R 1.79 lo7 
0408-F84R 1.35 lo7 
1214-F85R 4.00 IO7 
0409-F86R 2.20 lo7 
1806-F367R 6.92 LO6 
1922-F370R 7.90 lo6 
2119-F371R 8.20 lo6 
2007-F372R 9.50 lo6 
0119-F399R 7.27 LO6 
0222-F408R 9.01 lo6 
0404-F76R 3.70 lo6 
1216-F82R 3.97 lo6 
2121-F35CR 2.70 lo6 
1711-F373R 3.20 lo6 
2403-F374R 2.70 lo6 
2314-F437R 2.29 lo6 
2811-F439R 3.66 lo6 
3616-F441R 2.75 lo6 
3221-F443R 1.78 LO6 
0411-F74R 1.26 lo6 
1203-FBOR 1.08 LO6 
2407-F349R 9.80 lo5 
2318-F366R 2.11 lo6 
0414-F72R 9.00 lo5 
1217-F81R 8.72 lo5 
2321-F348R 9.30 lo5 
0419-F73R 8.66 lo5 
1220-F77R 6.56 lo5 
041%F142R 8.96 lo5 
0403-F75R 8.00 lo5 
1202-F79R 8.40 lo5 
1215-F83R 7.56 lo5 
0410-F87R 8.30 LO5 
1619-F345R 8.38 LO5 
2215-F365R 6.91 lo5 

, 
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Table 4 

coNsTfi~~ AMPLITIJIIE FATIGUE TEST RESULTS - 

MEAN STRESS = 10 ksl 

Stress ksl Spec. No. 

1.0 1405-F92S 
1.0 0813-F107S 
1.2 0802-F206S 
1.5 1411-F89S 
1.5 0804-F105S 
1.5 0806-F141S 
1.5 0822-F207S 
1.6 1610-F20 
2.0 1412-F96S 
2.0 2306-~357~ 
2.0 2404-~362~ 
2.1 0816~F101.5 
2.5 1418-F94S 
2.5 0819-F108S 
3.0 1413-F95S 
3.0 0817-F103S 
3.0 2111-~363~ 
3.5 1403-~885 
3.5 081%F102S 
4.0 1409-F93S 
4.0 0809-FlOOS 
4.0 1308-F115~ 
4.5 0810-F99S 
4.5 1414-F133S 
5.0 1401-F91S 
5.0 0811-F97S 
5.0 1721-F364~ 
6.0 1402-F90S 
6.0 0801-F104S 
6.0 1522-~106~ 

Life (N) 

6.40 107+ 
3.67 107+ 
6.67 107+ 
3.38 LO6 
3.14 107, 
3.55 106 
1.87 107+ 
3.72 lo6 

1.86 lo6 
1.84 106 

1.05 lo6 
1.20 lo6 
8.10 lo5 
7.36 IO5 
5.98 lo5 
4.78 IO5 
4.36 lo5 
3.36 lo5 
3.36 lo5 
2.92 lo5 
2.36 lo5 
3.82 lo5 
3.60 lo5 
2.45 lo5 
2.06 lo5 
2.32 lo5 
1.62 lo5 
1.20 lo5 
1.50 lo5 
1.26 lo5 
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Table 5 

RANDOM PROGRAMMED LOADING FATIGUE TEST RESULTS 

MEAN STRESS = 10 ksl .,- .- 

Stress ksi rms 

1.230 0805-F180RP 
1.230 1211-F181W 
1.230 1602-F182W 
1.230 1003-F183W 
1.230 0914-F184W 

1.722 0803-F174RP 
1.722 1204-F175RP 
1.722 1613-F176~ 
1.722 loll-F17JW 
1.722 1007-F178W 
1.722 0918-F179W 

Spec. No. Life (N) 

1.26 lo7 
8.36 lo6 
1.68 107 
1.05 107 
8.11 lo6 

3.18 lo6 
6.33 LO6 
8.58 lo6 
4.34 106 
3.07 LO6 
7.52 lo6 
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Table 6 

STATIONA%' RANDOM FATIGUE TEST RESULTS 

?lEAX STRESS = 16 ksi 

stress kSl rms Spec. 30. 

1.0 1513-F3'3R 
1.0 0?08-F44R 
1.0 0706-F147R 
1.0 1813-F354R 
1.5 1514-F32R 
1.5 071V--F41R 
1.5 2212-F352R 
2.0 1511-F26R 
2.0 0717-F43R 
2.5 1519-FZVR 
2.5 0716-F37X 

2 5 1912-F351i-t 
3 . 0 1502-F27R 
3 . 0 0702-F34R 
3.q 0712.-F45R 
3 . il 0714-F142R 
3.0 1710-F376R 
3.0 2004-F377R 
3.5 1512.F28R 
3.5 0713.-F36R 
3.5 2311-F383R 
3.5 2112-F384R 
3.5 Olll-F385R 
4.0 1515-F33R 
4.0 0703-F39R 
4.5 1503-F35R 
4.5 0718.F42R 
50 1501-F25R 

5 0 0704- F40R 
5.11 1420-F149R 
5.0 ?Ol+F329R 

5.~1 :313 t‘375R 
II 0 1518 k38R 

Life (N) 

6.46 lo6 

6.60 LO6 

9.68 lo6 

9.20 lo6 

2.62 lo6 

2.27 106 

1.8'1 106 

1.28 106 

1 10 106 

7.43 105 

8 50 105 

6.30 lo5 

4 63 10' 
8.25 lo5 

4.48 10' 

6.74 loi 

5.40 lo5 

6 40 lo5 

4 20 105 

5.00 10 5 

3.60 lo5 

4.50 105 

4.45 105 
2.80 105 

2.61) LO5 

2.42 105 

2.34 10' 
1.92 105 
1 54 105 
1.111) 105 

1 30 105 
1.7') 105 
9.60 lo4 
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Table 7 

COXYTANT AMPLITUDE FATIGUE TESTS RESULTS 

MEAN STRESS = 16 ksi 

stress 
ksl rms Spec. No. 

1.0 1316-F137S 
1.0 1105-F144S 
1.0 1304-F148S 
1.0 1604-F203s 
1.2 0821-F202S 
1.2 0720-F204S 
1.5 1106-F17S 

1.5 1320-F24S 
1.5 2216-~380~ 

2.0 1305-F2S 
2.0 1104-F13S 

2.0 1114-F71S 
2.5 1301-F8S 

2.5 1116-FllS 
2.5 1109-F16S 
3.0 1120-F4S 
3.0 1312-F12S 

3.0 2309-F381S 

3.0 3106-F410S 
3.0 3703-F411S 

3.0 2509-F412S 

3.5 1110-F9S 
3.5 1303-F15S 
3.55 1307-F136S 
4.0 1119-F6S 
4.0 1314-F14S 
4.5 1117-FlOS 
4.5 1318-F21S 

5.0 1122-FIS 

5.0 1317-F20S 
6.0 1118-F7S 

Life (N) 

2.32 107+ 
2.78 lo71 
1.64 107+ 

3.0 107+ 
3.56 lo6 
5.91 lo6 
2.25 lo6 
2.70 LO6 
2.30 LO6 

8.80 LO5 
1.14 lo6 

1.06 lo6 
6.30 lo5 
5.60 lo5 
5.40 lo5 
3.15 lo5 
3.10 IO5 
3.80 LO5 

3.08 lo5 
3.94 lo5 

3.50 lo5 
1.90105 
2.00 lo5 
2.06 lo5 
1.60 10' 
1.80105 
1.05 LO5 
1.06 lo5 
1.00 lo5 

1.0810' 
5.60104 

Spa. No. 

6.0 1302-F19S 
6.0 1420-F119S 
6.0 1916-F382S 
7.0 1103-F18S 
7.0 1306-F22S 
7.0 1321-F135S 
7.0 1101-F138S 

Life (N) 

5.10 104 
4.90 104 
6.40 lo4 

4.20 lo4 
3.20 10~ 
4.48 lo5 

3.73 lo4 
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Table 8 

RANDOM PROGRAMMED LOADING FATIGUE TEST RESULTS 

MEAN STRESS = 16 ksi 

Stress ksi rms 
1.230 
1.230 
1.230 
1.230 

Spec. No. 

1015-F195RP 
0911-F196RP 

1605-F197Rl' 
0820-F196RP 

1.475 1507-F158Rl' 
1.475 0709-F159RP 
1.475 1311-F160W 

1.97 1509-F155RP 
1.97 1422-~156~~ 
1.97 1309-F157W 

2.46 1410-F152F.P 
2.46 1520-F153RI' 
2.46 1310-F154-RP 

Life (N) 
6.51 lo6 
9.01 106 
8.11 lo6 
7.79 lo6 

4.15 lo6 
5.54 lo6 
7.92 lo6 

2.72 lo6 

2.76 lo6 
2.43 lo6 

2.19 LO6 
1.67 IO6 
1.69 LO6 

. 

. 
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Table 9 

STATIONARY RANDOM FATIGUE TEST RESULTS 

MEAN STRESS = 25 ksi 

Spec. No. Life (N) 

0.7 1805-F346R 1.28 lo7 
0.9 1620-F343R 5.88 lo6 
0.9 0908-F344R 5.08 lo6 
1.0 1008-F57R 6.82 lo6 
1.0 0507-F62R 8.66 lo6 
1.0 0504-F69R 1.68 lo7 
1.0 1013-F145R 4.64 lo6 
1.0 2419-F332R 5.27 10~ 
1.5 1022-F47R 1.80 lo6 
1.5 0502-F54R 1.34 lo6 
2.0 1002-F49R 6.80 lo5 
2.0 0503-F56R 1.26 10~ 
2.0 2206-F378R 6.35 lo5 
2.0 1910-F379R 7.30 lo5 
2.5 1001 F48R 4.60 10~ 
2.5 0506-F67R 4.10 lo5 
3.0 1017-F50R 2.60 lo5 
3.0 0516-F58R 3.56 lo5 
3.0 0520-F140R 4.06 lo5 
3.0 1906-F328R 3.70 lo5 
3.5 lOlO-F46R 2.84 lo5 
4.0 1005-F53R 2.34 lo4 
4.0 0508-F60R 1.96 lo5 
4.0 3207-F427R 2.00 lo5 

4.0 2708-F428R 1.50 lo5 
4.0 3608-F429R 2.20 IO5 
5.0 1004-F51R 1.15 lo5 

5.0 0521-F61R 1.60 lo5 

5.0 1702-F327R 7.56 lo4 
5.0 3404-F432R 5.40 IO4 

5.0 3518-F433R 7.50 lo4 
5.0 3219-F434R 9.38 10~ 

stress 
ksi rms Spec. No. Life (W 

5.0 2904-F435R 6.07 lo4 
6.0 1006-F52R 7.50 lo4 
6.0 0519-F63R 8.60 lo4 
6.0 2105-F325R 8.20 lo4 
6.0 2218-F333R 5.14 lo4 
6.0 2402-F334R 5.00 lo4 
6.0 1808-F336R 2.80 lo4 
6.0 1816-F337R 3.50 lo4 
6.0 1810-F338R 3.50 lo4 
6.0 1622-F340R 4.50 lo4 
6.0 2210-F341R 4.60 lo4 
7.0 1016-F55R 2.80 lo4 
7.0 0517-F64R 6.50 lo4 
7.0 1009-F66R 5.50 lo4 
7.0 2421-F326R 3.02 lo4 
7.0 2418-F330R 3.70 lo4 
7.0 2106-F331R 2.80 lo4 
7.0 2116-F339R 2.50 lo4 

. 

. 
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Table 10 

CONSTANT AMPLITUDE FATIGUE TEST RESULTS 

. 

MEAN STRESS = 25 ksi 

Stress ksi rms Spec. No. 
0.8 3113-F421S 
0.8 2610-F422S 
0.9 1601-F209S 

1.0 0915-F125S 

1.0 0313-F130S 

1.0 1607-F199S 

1.0 0812-FZOOS 

1.0 0711-F201S 
1.5 0318-F118S 
1.5 0917-F120S 
1.5 2417-F388S 
1.75 0317-F116S 
2.0 0316-F114S 
2.0 0916-F124S 

2.5 0301-F109S 
2.5 0905-F117S 
3.0 0315-F112S 

3.0 0914-F121S 
3.5 0321-F122S 

3.5 090PF123S 
3.5 2217-F387S 
4.0 0322-FlllS 
4.0 0903-F126S 
5.0 0314-FllOS 

5.0 0921-F127S 
6.0 0919-F128S 
6.0 0311-F129S 
6.0 2319-F386S 
7.0 0906-F131S 
7.0 0310-F132S 
7.0 0907-F134S 

7.0 0913-F139S 

Life (N) 
1.40 to7 
6.90 lo6 
4.68 lo7 
4.78 10~ 

1.47 10' 
5.38 10~ 
5.19 106 
5.68 10~ 
1.88 106 

1.60 10~ 
2.00 106 
1.34 106 
7.70 105 

6.30 10~ 
3.74 105 
2.74 lo5 
2.09 105 

2.14 lo5 
1.16 10~ 
1.14 105 
1.20 105 
1.24 lo5 
7.20 10~ 
5.00 104 

4.25 10~ 
3.75 104 

3.55 104 
3.30 104 
3.08 lo4 
2.40 lo4 
2.62 lo4 

3.15 104 
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Table 11 

RANDOM PROGRAMMED LOADING FATIGUE TEST RESULTS 

MEAN STRESS = 25 ksl 

Spec. No. 

1.230 1616-F170W 
1.230 1505-F171RP 
1.230 0715-F172RP 
1.230 0707-F173RF 
1.97 1606-F167RP 
1.97 1508-F168W 

1.97 0705-Fl69W 
2.70 0701.Fl64W 
2.70 1504-F165RP 
2.70 1421-F166RP 
2.70 0814-F192RP 
2.70 1609-F193lU' 
2.70 1021-F194W 
3.44 1506-F161RP 
3.44 1416-Fl62RP 
3.44 1322-F163W 
3.44 1521-F185f9 
3.44 1612-F186RF 
3.44 121sF188RF 
3.44 0808-F190W 
3.44 1201-F191R.P 

Life (N) 

3.18 lo6 
2.83 lo6 
3.72 lo6 
4.67 lo6 
1.81 lo6 
2.24 10~ 
1.23 lo6 
8.82 lo5 
9.11 LO5 
6.44 10' 
6.10 lo5* 
6.62 105* 
7.60 Id* 
2.14 lo5 
2.24 lo5 
1.56 lo5 
3.30 1$* 
2.77 lo'* 
2.82 105* 
2.84 lo'* 
2.65 lo5 

I  

NOTE * - Test started on highest component ms level 
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Table 12 
STATIONARY RANDOM PARTIAL DAMAGE TEST RESULTS 

MEAN STRESS = 10 ksl 

Spec. No. 

2003-F294RS 
170%F297RS 
2117-F298RS 

2209-F299RS 
2415-F300RS 
1819-F301RS 
2203-F355RS 

1907-F35bRS 
2401-F43bRS 

2910-F440RS 
3701-F442RS 
3515-F444RS 
3410-F445RS 

3107-F446RS 
0604-F302RS 
2013-F303RS 
2302-F304RS 

1720-F305RS 
2420-F306RS 
1919-F307RS 

Seconds 
to 

stopoff 

10810 
10810 

7207 

7207 
3603 
3603 

16700 

16700 
15530 

15530 
15530 
10350 
10350 

10350 
4324 
4324 
2882 

2882 
1441 
1441 

Falling 
load 
(ton) 

Falling 
% stopoff 

41.8 3.97 58.1 
41.8 4.10 60.0 
27.8 3.97 58.1 
27.8 4.09 59.9 
13.9 4.12 60.4 
13.9 4.10 60.0 
64.5 3.85 56.2 

64.5 2.25 32.9 
60.0 2.27 33.2 
60.0 2.88 42.2 
60.0 1.58 23.1 
40.0 3.55 51.9 
40.0 3.58 52.4 
40.0 2.68 39.2 
60.6 4.00 58.5 
60.6 3.97 58.1 

40.4 3.86 56.5 
40.4 3.86 56.5 
20.2 3.94 57.6 
20.2 4.10 60.0 

1 

Stress = 1.5 ksi 

Nov. life = 2.9 ): 10 
6 

J: 
Stress = 3.5 ksl 
Nom. life = 8.0 x lo5 

. 
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Table 13 

CONSTANT AMPLITUDE PARTIAL DAMAGE TEST RESULTS 

KEAN STRESS = 10 ksi 

spec. No. 

0618-F255SS 
2408-~256~s 
0620-F257SS 
1701-F258SS 
2014-F259SS 
2410-F26OSS 
3720-F415SS 
3521-F416SS 
18O2-F261SS 
0611-F262SS 
2414-~26355 
2213-F264SS 
1918-F265SS 
2305-F266SS 

3218-F413SS 
2913-F414SS 

2002-~268~s 
2412-F269SS 
0609-F270SS 
2205-F271SS 
1915-F272SS 
1820-F273SS 
2lo7-F402SS 

2308+40355 
1714-F404SS 
2006-F406SS 

Seconds 
to 

stopoff 

8110 
8110 
2702 

5415 
5405 

2702 
5180 
7770 
559 
559 

1117 
1117 

1675 
1675 
1000 
1500 

108 

108 
216 
216 

324 
324 
500 
500 
750 
750 

% stopoff 
Failing 

load 
(ton) 

Failing 
stress 

(ksi) 

62.8 2.54 37.2 

62.8 2.55 37.3 
20.9 3.98 58.3 
42.0 3.16 46.2 
41.8 3.18 46.5 
20.9 3.61 52.9 
40.0 4.04 59.1 
60.1 1.48 21.6 
22.4 4.12 60.3 
22.4 3.96 58.0 
44.7 4.04 59.2 
44.7 3.59 52.5 
67.0 2.90 42.4 
67.0 2.52 36.8 
40.0 4.03 59.0 
60.0 3.25 47.5 

8.6 4.08 59.6 
8.6 4.10 60.0 

17.3 4.01 58.6 
17.3 4.14 60.5 
26.0 4.08 59.6 
26.0 4.12 60.3 
40.0 4.01 58.6 
40.0 4.06 59.4 
60.0 3.01 44.0 
60.0 3.40 49.8 

Stress = 2.0 ksl 
Nom. life = 1.45 x lo6 

Stress = 40 ksi 

Nom. life = 2.8 x 10 
5 

Stress = 6.0 ksi 
Nom. life = 1.4 x lo5 
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Table 14 

STATIONARY RASDOM PARTIAL DAMAGE TEST RESULTS 

'LA5 STRESS = lb ksl 

S?ax. No. 
Seconds 

to % stopoff 
stopoff 

'&13-F274RS 4504 25.2 

L207-F276RS 4504 25.2 

?131-F277RS 9009 50.5 

L304-F278RS 9009 50.5 

181S-F279RS YOU9 50.5 

211%F280RS 13510 75.5 

0607-r281RS 13513 75 5 

L902-F282RS 631 16.8 

O6!16-F283RS 1893 50 5 

1713-F284RS 1893 50.5 

2OO5-F285RS 1261 33.6 

2122-F286RS 1261 33.6 

2303-F287RS 631 16.8 

280Y-F430RS 2622 70.0 

?915-F431Rs 2622 70.0 

1901-F288Rs 1027 76.6 

'3li-I-28YRS 1027 76.6 

141h-FLYORb 684 51.0 

l;lY-F2OlKS 684 51.0 

2104-t'YZR5 342 25.5 

:~ni~i-F293R~ 342 25.5 

iXln-T310RS 1025 76.5 

JOll-T36lKS 964 71.9 

Lm7-1‘41wRS 965 71.9 

Fallmg 
load 
(ton) 

4.11 60.1 

4 13 60.5 

3.72 54.9 

3.78 55.4 

4.10 60.0 

3.94 57.6 

3.58 52 4 

4.12 60.3 

3.44 50.4 

3.98 58.3 

4.08 59.7 

4.01 58.6 

4.12 60.3 

3.36 49.1 

3.72 54.4 

3.67 53.7 

2.76 40.4 

3.91 58.1 

4.00 58.5 

4.13 60.4 

4.03 59.0 

3.75 54.9 

3.69 54.0 

3.68 53.8 

Stress = 1.5 hs.1 

Non. lrfe = 2.0 * lo6 

Stress = 3.5 ksi 
5 

xom. life = 4.2. x 10 

Stress = 5.0 ksl 
5 

xom. 11fe = 1.5 x 10 

. 

. 
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Table 15 

CONSTAST AMPLITUDE PARTIAL DAMAGE TEST RESULTS 

X!ZAN STRESS = 16 ksl 

spec. No. 
Seconds 

to 
stopoff 

z stopoff 
Fallmg 

load 
(ton) 

Fallin 
stress 

(ksl) 

1019-F215SS 13450 60.2 3.00 43.9 

0920-F216SS 8980 40.2 3.52 51.5 
1012-F217SS 4484 20.1 3.05 56.4 

0722-F224SS 13450 60.2 2.38 34.9 

0213-F227SS 4509 20.2 3.65 53.4 
OlOl-F228SS 9009 40.4 3.76 54.9 

0417-F229SS 13450 60.2 2.36 34.6 

0710-F230SS 13450 60.2 3.38 49.5 

1614-F212SS 1442 77.0 3.70 54.2 

0909-FZZOSS 1081 57.6 3.64 53.3 

1621-F221SS 1081 57.6 3.10 45.4 

OZOZ-F222SS 0721 38.5 4.05 59.4 

0116-F223SS 0721 38.5 3.84 56.2 
0610-F225SS 360 19.2 4.02 58.9 

0416-F226SS 360 19.2 4.08 59.6 

0211-F231SS 243 60.4 3.73 54.6 
0621-F232SS 243 60.4 3.83 56.1 
0622-F233SS 171 42.4 3.92 57.4 

0103-F234SS 171 42.4 4.06 59.5 
0220-F235SS 81 20.1 4.12 60.4 

0602-F236SS 81 20.1 4.03 59.0 

Stress = 1.5 ksl 
Tom. life = 2.5 X lo6 

Stress = 3.5 ksl 

Nom. 11fe = 2.1 x lo5 

Stress = 6.5 ks.1 
Nom. life = 4.5 x 104 

. 
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Table 16 

STATIONARY RANDOM PARTIAL DAMAGE TEST RESULTS 
. 

XAN STRESS = 25 ksl 

Spec. n-0. 
Seconds 

to 
stopoff 

2 stopoff 
Fallmg Falling 

load stress 
(ton) b.1) 

1817-F308RS 7568 56.5 4.08 59.8 

2020-F311RS 7568 56.5 3.27 47.9 

2411-F312RS 5045 37.6 3.94 57.6 
2221-F313RS 5045 37.6 3.96 58.0 
2103-F314RS 2522 18.9 4.14 60.6 
2310-F315RS 2522 62.8 4.14 60.6 
1707-F316RS 1405 62.8 3.82 55.9 
1811-F317RS 1405 62.8 2.84 41.6 
2422-F318RS 937 42.0 4.09 59.9 
1904-F319RS 027 !,2.0 4.11 60.1 
2312-F321RS 468 21.0 4.13 60.5 
1815-F322RS 468 21 0 4.09 59.9 
2406-F358RS 669 29.9 4.06 59.4 
1706-F389RS 616 27.6 3.94 57.6 
OZOl-F390RS 616 27.6 4.14 60.6 
1909-F394RS 1400 62.6 3.64 53.3 
2320-F395RS 1400 62.6 3.37 49.3 
1911-F391RS 196 29.5 4.03 59.0 
1510-F392RS 196 29.5 4.04 59.1 
2204-F396RS 322 48.5 3.77 55.2 
2012-F397RS 322 48.5 3.61 52.9 
2019-F398RS 482 72.6 3.39 49.6 
0613-F399RS 482 72.6 3.28 48.0 
3201-F423RS falled at 

645 
2908-F424RS 686 
3417-F425RS falled at 

675 
2806-F42bRS 686 

97.2 
103.3 

100.1 
103.3 

3.75 

3.07 

54.9 

44.9 

\ 

Stress = 1.5 ksl 

Nom. life = 1.5 x IO6 

Stress = 3.5 ksl 
Nom. 11fe = 2.5 x lo5 

i 
1 

<tress = 5.0 ksi 
3 

horn. 11fe = 7.5x 10 

J 
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Table 17 

CONSTANT AMPLITUDE PARTIAL DAMAGE TEST RESULTS 

MEAN STRESS = 25 ksi 

Spec. No. 
Seconds 

to 
stopoff 

% stopoff 
Failmg 

load 
(ton) 

0118-F237SS 8649 60.9 2.26 
0219-F238SS 8649 60.9 3.14 
0619-F239SS 2837 20.2 4.05 
0415-F240SS 2837 20.2 4.05 
0105-F241SS 5765 40.6 3.30 
0617-F242SS 5765 40.6 3.64 
0218-F243SS 72 6.7 4.12 
OL13-F244SS 72 6.7 4.12 
0616-F245SS 144 13.4 3.97 
0209-F246SS 144 13.4 4.04 
0109-F247SS 216 20.2 4.40 
0614-F248SS 216 20.2 3.83 
2202-F407SS 670 62.5 3.49 
2507-F417SS 428 39.9 3.73 
2715-F418SS 428 39.9 2.72 
2814-F419SS 643 60.0 2.91 
2602-F420SS 643 60.0 3.63 
OZlO-F249SS 54 20.2 4.11 
OllO-F250SS 54 20.2 4.08 
0601-F251SS 108 40.3 4.05 
0203-F252SS 108 40.3 4.12 
0115-F253SS 159 59.4 4.01 
0615-F254SS 159 59.4 3.40 
2009-F407SS 155 57.8 3.80 

Failmg 
stress 

(ksl) 

33.1 ' 
46.0 
59.3 Stress = 1.5 ksi 
59.3 Nom. life = 1.6~ IO6 
48.3 
53.4 

60.3 
60.3 
58.1 
59.1 
63.4 
56.1 Stress 3.5 ksi = 

= x lo5 
. 

51.1 Nom. life 1.2 

54.6 
39.8 
42.6 
53.1 

60.1 
59.7 
59.4 

Stress 6.5 ksi = 60.3 
4 58.6 Nom. life 3 10 = x 

49.8 
55.6 

f 
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Table 18 

Predicted 1 i values, allowing for failure at the highest load in the spectrum 

Random loading 

Mean stress Alternating stress 
(ksi) (ksi rms) 

1; - 

10 2.5 0.95 

10 3.5 0.95 
16 2.5 0.96 
16 3.5 0.95 

16 5.0 0.95 
25 1.5 0.95 

25 3.5 0.90 

25 5.0 0.87 

Table 19 

PARAMETERS FOR PROGRAMMED RANDOM LOADING 

rms stress levels (ksl) 

0 996 1.197 1.395 1.595 1.795 1.984 2.19 2.39 2.59 2.79 

3.50 4.00 4.50 5.00 5.50 6.00 6.50 7.00 
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