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ABSTRACT: A cumulative fatigue damage procedure that considers
sequence and mean stress is proposed for engineering metals. Fatigue
life data for prestrained specimens are used to account for sequence
effects due to crack initiation. Histories with fluctuating mean stress
are analyzed by determining the mean stress of each cycle. The rain
flow cycle counting method, which counts all closed stress-strain
hysteresis loops as cycles, is employed in the damage procedure.

Axially loaded unnotched specimens of 2024-T4 aluminum were
tested to failure using various complicated stress or strain control
conditions. Life predictions using the proposed cumulative damage
procedure were made prior to testing for 83 specimens. The predicted
lives were within a factor of three of the actual lives for all of the tests
and within a factor of two for more than 90 percent of the tests. In
some of the tests there were large plastic strains, and in others the
strains were predominantly elastic. Someof the stress control histories
were similar to the load histories for actual maChines, vehicles, and
aircraft in that there were irregular loadings superimposed on changes
in the static leveL

It ls shown that the use of the average mean stress to make life
predictions can result in large nonconservative errors. The rain flow
cycle counting method allowC satiactory predictions of the effects of
different block sizes different sequenres of applying the same strain
peaks, and superimposed loadings. The range pair counting method is
nearly identical to the rain flow method, but the use of any of the
other well known cycle counting methods, such as peak counting, level
crossing counting, or range counting, can result in large differences
between predicted and actual fatigue lives.

KEY WORDS: metals, aluminum alloys, stress-strain diagrams,
failure, fatigue (materials), damage, crack initiation, fatigue life, stress
cycle, axial stress, cyclic loads, strains, plastiC deformation

Nomenclature
Block A sequence of straining or stressing that is

repeatedly applied to a specimen until failure
occurs -

s Strain measured on the gage length of a smooth
specimen

e Strain range
..si Total strain range during one complete block
As Minor strain range

The maximum strain range during one repetition
of the random sequence in strain control
The number of repetitions of the random sequence
between changes in the static stress level

k Minor cycles per block; where the control con-
sists of two superimposed signals of different
frequencies, k is also the ratio of the higher
frequency to the lower
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n Number of cycles applied during the fatigue life at
a given strain amplitude and mean stress

N1 Cycles to failure
N0 Cycles reduction in life due to prestraining
N, Cycles to failure for a prestrained specimen
n Ratio of cycles applied at a certain strain ampli-

tude and mean stress to the expected life for a
test at that level run to failure
Load per unit area for a smooth specimen

o, Aui, °i Stress ranges similarly defined as for strain
The maximum stress range turing one repetition
of the random sequence in stress control

00 Mean stress
Range of variation of the mean stress

afl Average mean stress

A cumulative damage procedure is developed to predict the
fatigue failure of engineering metals subjected to complicated
stress-strain histories. Histories with plastic strainings and
cycles not completely reversed in stress are considered.

Most previous workers in the area of cumulative damage
have employed notched or bending members as test specimens.
In such members the stresses and strains at the location of the
fatigue failure are related to the applied loads in a complicated
nonlinear manner [1, ] and are usually unknown. The two
variables most significant in deterrninizig fatigue life can there-
fore not be isolated for study. In this investigation the relation-
ship between stress-strain behavior and fatigue life is investi-
gated for uñnotched adàfly loaded specimens for which the
stresses and strains can be measured fOr the duration of all
tests. Since either the stress history or the strain history was
known befOre each test was conducted, the other could be
estimated and a life prediction made. -

Simple linear summation of cycle ratios based on strain
amplitude is illustrated in Fig. 1. Failure predictions made on
this basis are often in error because sequence effects and mean
stresses are not accounted for. For some stress-strain histories
it is difficult to define a cycle, and some method of cycle counting
must be employed. The simple procedure of Fig. 1 is modified
and esterided to make it consistent with existing fatigue data
and to make it applicable to complicated stress-strain histories.
The resulting more general cumulative damage procedure is
ud to make life predictions for a wide variety of complicated
history tests on 2024-T4 aluminum.

Literature Survey

In this section the literature that relates to predicting fatigue
lives from stress-strain histories is surveyed. Sequence effects,
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FIG. 1Faligue failure prediciona by linear summation of cycle ratios
ba.sed on strain amplitude.

especially the high-low effect due to crack initiation, are dis-
cussed The various methods of counting cycles and of handling
mean stresses are reviewed. Cyclic stress-strain response is
treated briefly. At several points diring the literature survey,
conclusions are stated which contribute to the proposed cuinula-
tive damage procedure. The reader may omit this section with-
out serious loss of continuity if he is fmilis.r with the topics
covered.

Sequence Effects

Crack initiation is defined as that portion of fatigue life prior
to the existence of a tensile mode crack across several grains.
For strengthened -aluminum alloys and steels the initiation
period is observed [3-8] to be short in the low cycle region, most
of the life being spent in crack propagation. At longer lives an
increasingly smaller fraction of the life is spent in propagation,
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TABLE 1Cycle counting methods.
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until at long lives most of the fatigue life is required for crack
initiation.

These observations on crack initiation explain the sequence
effects [9, 10] shown schematically in Fig. 2. The deviations
from linear summation of cycle ratios indicated in Fig. 2 are
more pronounced when the difference between the two levels is
larger [11]. For the high-low sequence, a crack that would
ordinarily take many cycles to initiate at the low level can be
initiated during the high level. Failure then occurs alter fewer
cycles at the low level that predicted. The high-low effect can
be drastic [121 if the high level is in the low cycle region and, the
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- Range pair and rain flow counting
- - - Range counting
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Magnitude of Excursions Ignored
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FIG. 4The effect of ignoring all ezcursiön.s smaller than a specified vaZue.

low level is in the long life region. For the low-high sequence, the
cycles at the low level are spent in initiating a crack that would
have been initiated soon after the beginning of the high level
even if they had not been applied. A large number of cycles at
the low level can therefore be applied without significantly
affecting the number of cycles required for failure at the high
level. Damage summations greater than two are not possible
for this low-high effect, because failure is expected if the con-
stant amplitude fatigue life at either level is exceeded. Multiple
changes in level are cirnil,i.r to the high-low sequence in that a
crack initiated at the high level can propagate at the low level.
The sequence effects of Fig. 2 do not occur if all of the levels

cause significant plastic straining [13-17], which is ConSistent
with the observation that the initiation period is shoit in the
low cycle region.

Grover [18] proposed that the sequence effects due to crack
initiation be accounted for using linear summation of cycle
ratios separately over the initiation and propagation periods
He showed that this is the simplest damage rule that is inathe-
matically possible for multilevel tests where the fraction of the
fatigue life required for crack initiation is not constant for the
differentlevels. Topper and Sandor [12] used constant amplitude
data on specimens prestrained for 10 cycles at ±0.02 to calculate
the damage for all cycles after significant plastic straining
occurred. Stimrnntions of cycle ratios close to unity were ob-
tained for a wide variety of low-high, high-low, and two-level
repeated block tests on both 2024-T4 aluminum and SAE 4340
steel.

In view of the crack initiation studies cited above [3-8],
itis likely that the prestraining done by Topper and Sandor [12]
was sufficient to cause crack initiation. If this assumption is
made, the damage procedure used by Topper and Sandor is
essentially equivalent to the damage rule proposed by Grover
[18]. Linear snmin$ion of cycle ratios should give summations
of cycle ratios close to unity for prestrained specimens only if
prestraining causes crack initiation. Grover's damage rule and
the a.umption that prestraining causes crack initiation will be
used in the proposed cumulative damage procedure.

There are other important sequence effects. Different se-
quences of straining can affect the fatigue life because different
mean stresses are induced or because different amounts of

plastic strain occur. These effects will be treated in detail later
in this paper. Due to the coaxing effect [19], which occurs in
strain aging metals, damage summations much greater than
unity can be obtained by gradually increasing the stress ampli-
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tude from below the endurance limit. Coaxing will not be
considered here, because 2024-T4 aluminum does not strain age
and because the effect of coaxing is probably small even for
strain aging metals, if the load history is irregular [10]. Initial
plastic straining usually causes rapid cyclic softening or harden-
ing, depending on the material, which may alter the stable stress-
strain hysteresis behavior at subsequent lower levels. This effect
is not thought to be important for 2024-T4, because no signifi-
cant dependence of the stable behavior on the previous history
has been observed.

Cycle Counting

Six well known cycle counting methods [20, 21] are described
in Table 1. The range pair [21,22] and the rain flow [23] counting
methods are described and compared in the Appendix.

If the various cycle counting methods are compared on the
basis of their applicability to complicated strain histories, it is
easily seen that for most of them there are situations where
unreasonable results are obtained. In the sequence shown in
Fig. 3a, the small reversals do some fatigue damage that may or
may not be significant compared to the damage done by the
large cycle on which they are superimposed. Peak counting
gives the same result for a and b of Fig. 3, but b is likely to be
more damaging than a. Mean crossing peak counting gives
the result that a is equivalent to c, which is nonconservative in
cases where the small reversals do significant damage

The range and range mean counting methods have the
characteristic that, if small reversals are counted, the large
ranges are broken up and counted as several smaller ones.
This gives the unrealistic result that small excursions do negative
diage, as the calculated damage can be decreased by including
them (see Fig. 4). For example, in Fig. 3a the large cycle on
which the smaller ones are superimposed is not recognized by
range counting; therefore, the calculated damage could easily
be less than for Fig. 3c. The range pair and rain flow counting
results are much more reasonable, the small reversals being
treated as interruptions of the larger strain ranges, and the
damages for the large and small strain ranges are simply added.

No information whatever is given on sequence by the peak,
mean crossing peak, level crossing, or Fatiguemeter counting
methods. These methods all give the same counting result for
a and b of Fig. 5. Some fatigue dninge calculations for se-
quences simi1r to these two, using simple linear siimms.tion
of cycle ratios as illustrated in Fig. 1 and the strain-life curve for
any structural metal, will show that b is expected to be much
more damaging than a. In Fig. 6, a and b axe identical eoept
that the signs of the smaller peaks are opposite. The peaks and
level crossing are the same for these two sequences, but the range
pair and rain flow counting methods predict that a will be more
damaging than b. It will be experimentally shown that a will
cause more plastic straining than b and that the fatigue lives
can be significantly different.

(a) (b)

FIG. 5Two sequences for which several counting methods give the. same
revdt.
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(a) (b)

FIG. 6.4 ehange in sequence that can affect the fatigue life.

All of the counting methods, with the exeeption of the range

pair and rain flow methods, have been shown to have serious
flz,w. The comparison of these two counting methods in the
.\pendix shows that they are nearly identical. No test could be

dvied for which either gave an unreasonable life prediction.
The rain flow method applied to a strain history gives informa-

tion oh the stress response in that all closed stress-strain hys-
teresis loops are counted as cycles.

3lcan Stress
In strss-strain histories where large mean stresses are present

for a significant number of cycles, the fatigue life cannot be
adequately predicted without considering the effect of mean
tress. Tensile mean stresses shorten the fatigue life, and corn-

pressi:e mean stresses prolong it.
The basic cause of the effect of mean stress is not known.

Some f the possibilities are that mean stress affects the stable
stress-strain behavior, the rate of crack initiation, the size of
shear crack necessary to start a normal mode crack, the crack
propagation rate, and the crack size necesry to cause final

failure. Several of these possibilities are explored in the test
results to be presented, but it is probably not possible to thor-

oughl investigate the effect of mean stress without making

extensive microscopic studies.
Simple linear summation of cycle ratios (Fig. 1) can be

extended to include the effect of mean stress if constant ampli-

tude fatigue life data at different values of mean stress are
available. Such data can be used to plot strain-life curves for

various values of mean streSs, and the fatigue life for any desired
combination of mean stress and strain amplitude can be found
by interpolating between these curves.

Several, methods for predicting the effect of mean stress on
fatigue life have been propod [12, 24-27]. Three of these,
expressed as parameters that can be plotted versus cycles to
failure and that should bring data for various mean stresses all

onto one line, are as follows:

Smith [24]1 -

Morrow [26]
1 -
[(a,, + .a/2) (.e/2)E] Smith, Watson, and Topper (27]

In these parameters, the ultimate tensile strength, S.,, and the
modulus of elasticity, E, are defined in the usual manner The

quantity a1t, which is approximately equal to the true fracture
strength, is defined in Ref 26. Note that the above parameters re-
duce t stress amplitude when the mean stress is zero and the
strains are elastic.

The above parameters were compared to the mean stress
data on axially loaded unnotched specimens in Refs 12and27-84.

T

(a)

FIG. 7Two aequences which have the same average mean sfress.
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Parameters b and c gave fair agreement with the data in most
cases, but a was often excessively conservative for ductile
metals.

Mean Stress and Cycle Counting

To predict the fatigue life for complicated stress-strain his-
tories, it is necessary to use some method of accounting for
mean stress in combination with a cycle counting method. An
average mean stress is sometimes defined for the entire history
[85]. If the. average mean stress were the significant variable,
the stress sequences of Fig. 7a and 7b would be equally darn-
aging, but this is not likely because a has more cycles at a high
tensile mean stress. The use of the average mean stress neces-
sitates the assumption. that equal numbers of cycles an equal
amount above and below the average mean have a cancelling
effect. It will be shown experimentally that this is not, so.

It has been suggested [20, 86] that the average mean stress be
defined for sections of the stress-strain history. Such a procedure
could be applied to the sequences of Fig. 7, but for more irregular
histories arbitrary divisions of the history into sections would
have to be made. The life predictions could vary considerably
depending on how the history is divided into sections and also
on how the mean stress within each section is defined.

None of these difficulties are encountered if the mean stress
of each cycle is determined. This is conveniently done when
cycles are defined according to the rain flow counting method,
the mean stress of each cycle being simply the average of the
most positive and most negative stress peaks occurring during
that cycle.

Predicting Cyclic Stress-Strain Response

If the strain history at the location critical for fatigue failure
is known, the stress history can be estimated. If the rain flow
cycle counting method is applied to the strain history, the strain
ranges which form closed stress-strain hysteresis loops, and
thOse few strain ranges which do not, are identified. Stable
stress-strain hysteresis loops from low cycle fatigue tests or the
results of an incremental step test [87] can then be used to
estimate the stress history. A computer simulation of thei re-
sponse of the material during cyclic loading could also be used,
to estimate the stress history. Martin et al [38] have success-
fully employed such a computer program for 2024-T4 aluminum,
and their general approach is applicable to other metals.

In situations where a known load or nominal strain history
causes plastic straining at a stress concentration, the fatigue -
life can be predicted if the local stresses and strains at the stress
concentration can be estimated [1, 38-43]. Tucker (44] has
developed a procedure for predicting the fatigue failure of
notched parts subject to service loadings by usingthe simulated
cyclic response of the material and Neuber's rule to estimate the
local stresses and strains at the notch.

(b)

C.

I,

V\V
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Proposed Cumulative Damage Procedure

If both the strain history and the stress history at the location

critical for fatigue failure are known or can be estimated, and

if axial strain versus cycles to failure data for prestrained and

nonprestrained specimens are available, the following cumula-

tive damage procedure is recommended:

Apply the rain flow counting method to the strain history.

Use the stress history to determine the mean stress for.

each cycle defined by the rain flow counting method. Convert

each cycle that has a significant mean stress to an equivalent
completely reversed cycle by means of a mean stress parameter.

If mean stress data are available for the material being used,

these data may be used instead of a mean strss parameter.
Sum cycle ratios separately over the initiation and prop-

gation periods based on the assumption that a few cycles of
plastic prestraining cause crack initiation. Specifically, assume

that t.he initiation period ends when E(n/No) = 1, the N1,

value for a given strain range being equal to N, - N,. Next
sum damage using the strain-life curve for prestrained speci-

mens. Failure is predicted when E(n/N,,) = 1. For strain

ranges too large for there to be a significant effect of prestraixi,

use N, = N1. Note that if significant plastic straining occurs

near the beginning of the test, the initiation period is short and

can be. ignored.

FIG. SThe random sequence.

General Description of Tests

Axially loaded unnotched specimens of 2024-T4 aluminum
with cylindrical test sections having nominal diameters of 0.25

in. and lengths of 0.65 in. were tested. The specimens were
machined from 3d-in. rods of 2024-T4 which were purchased
at the same time as those used in ReIs 12, 15, 58, aB&.45. The
tensile properties, cyclic properties, composition, and source of

this metal are given in Ref 45..
All tests were conducted on an MTS closed loop axial hy-

draulic materials testing system. Strains were measured over

a gage length of 0.55 in.. using an Instron clip gage. The tests
were conducted in either strain control or stress control, and
both the stresses and the strains were recorded for the duration

of all tests.
In addition to the function generator that normally controls

the testing system, a second function generator was employed

so that two superimposed signals of different frequencies could

be used as the control signal. A Hewlett-Packard Model 3722A
noise generator at a setting of n = 11 was used to control some

of the tests. This output, which consists of a sequence of ap-
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FIG. 9Fatigue data from Refs 12 and 45 for E0e4-T4 aluminum.

proximately 200 peaks that is repeated continuously, is shown

in Fig. S and will be referred to as the random sequence. An
electronic switching and delay circuit was used so that the
static stress level could be changed at intervals of one or more

repetitions of the random sequence.
Ninety-eight specimens were tested to failure using a variety

of strain or stress control conditions. These tests were conducted
in twelve groups. In each group one or two test parameters were
varied while the others were held constant. Within each group

the tests were conducted in arbitrary order to avoid the possi-

bility of systematic errors appearing as trends in the data.
In all but the first group, the test results are compared to the

fatigue lives predicted2 using the proposed cumulative damage

procedure. The predictions were based on the data from Ref s
12 and 45, which are shown in Fig. 9. To predit the fatigue
lives for some of the strain control tests, it was necery to
estimate the stable mean stresses. This was done using the
rain flow counting method and the cyclically stabilized in-
creniental step test result shown in Fig. 10.

TestResülts and Discussion
Under. this heading each group of tests is described and the

results are presented and discussed. The effect of prestrain is
investigated and the possible causes of this effect are explored.
Next, two groups of tests relating to the cause of the mean stress

0 0' 10' 0' 10'

Cycles, to Failure

o a 0
aea0 1

u, a 10.4 ksi P,etrGifl 0 cycles
s, a2? I

0$ ± 0.02
O , a42 ksiJ

s IS 10-20 ksi Initial oner5trfl

- Did net foil

10' 'tO'

75

FIG. 10Stress-strain record for incremento2.steP MeL

'For each group of tests, the predictions were made before any tests in

that group were conducted. Note that this is contrary to common practice

'in cumulative damage studies, which is to conduct the tests and then mak&

fatigue life ca1culation, s4usting parameters until there is agreement
with the actual fatigue lives.



76

* Ste lOble 2

FIG. 11Effect of number of.cycles.and amplitude of prestrain.

effect are discussed. Block size effects are shown to exist for

historie with significant plastic strains and for histories with
predoni.nantlY elastic strains. The next subheading is concerned

with complicated histories in strain control during which la.rge
plastic strains occur. Finally, four. groups of stress control tests

which have programmed variations of the static stress are
discussed.

Effect of Prestrain
A number of specimens zere prestrained 1, 3, 10, or?0 cycles

at various aiplitudes of prestrain and were then cycled to
foilure under stress control at ±30 ksi. These data are shown in

Fig. 11' and Table 2, and some examples of the stress-strain

response during prestraining are shown in Figs. ,12a and 12b.

The specimens prestrained at ±0.005 generally required a
greater number of cycles for failure than did those prestrained

at larger amplitudes. Other than this, there are no signiflcanl

trends with either number of cycles or amplitude of prestrain,

the bulk of the data lying in a scatterband roughly symmetrical

about 3.5 X 10° cycles.
The effect of prestrain could be due to causesother than crack

initiation. Slight buckling of the specimen during the compres-

sive portion of the prestrain cycles could reduce the subsequent

fatigue life due to superimposed bending stresses. The fatigue
life would be expected to be shorter both for greater prestrain
amplitude and number of cycles, but the data do not show this.

Cyclic hardening during prestraining could reduce the amount

TABLE 2Effect of numlier of cycles and amplitude of prestrain.

0 2 5

Cycles of Prestroin
10 20

Strain amplitude linearly decreased to zero during cycles 10 to 20.

(ol Twenty cycles at *0.01

JOURNAL OF MATERIALS

(b) Ten cycles ci ±0.01, then
linearly ecreoSe C tp zero,

FIG. 12Ezainpies of stress-strain response durinQ prestraining.

of plastic strain that occurs during the subsequent cycling, but
this should cause prestraining to have a beneficial effect rather
than the observed detrimental effect.

If the effect of prestrain were due to the removal of com-
pressive surface residual stresses induced during fabricaton
[11, the specimens .prestrained at ±0.005 should have had
fatigue lives similar to the others. That an amplitude of ±0.005

is sufficient to remove residual stresses was verified by pre-
loading a specimen to a compressive stress of 35 ksi (see Fig. 13)

to simulate a residual stress of that value. The specimen was
then cycled under strain control for 10 cycles at 0.0048 about
the new strain zero and the resulting mean stress was observed

to be 3.6 ksi in compression, which is insignificant compared
with the original value.

Unloading from near the tip of a hysteresis loop after cycling
at a large strain amplitude can cause a surface residual stresS

[46] which is compressive for unloading from tension. On one
of the specimens the strain amplitude was gradually reduced to

zero after prestraining (see Fig. 12b) to avoid any compressive
residual stress. The subsequent fatigue life was not less than for

the other prestrained specimens, as would be expected if residual

stresses induced by unloading after prestraining were signifi-
cantly a.ffecting the fatigue lives.

0
c'J

0.004

35 ksi prelood

FIG. 13Simulated removal of residual stress by prestrainiflg 10 cycles

at ±0.0043.
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0.0200
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Cycles in
Compression,

a1

Cycles to Failure
at ±40 ksi,

ft

Summation of
Cycle Ratios,

(n/N)

0.68
1.14
0.89
0.88
1.32
0.93
1.23
1.20
0.79

During the first 100 to 200 compressive cycles, the minimum stress
was gradually decreased to 50 ksi as the specimen hardened. By this
PrOCdUTe the accumulated plastic strasn during the compressive cycling
was limited, the measured values all being between 0.0055 and 0.0075.

'All specimens were prestrained 10 cycles at ±0.012 similar to Fig. 12b
then tested in stress control at ..s 50 ksi.

o ± 60 ksi overloads
o - 60 ksi overloads

C,

0
U.

0

-.10 -- 0 0 20 30 40
0, Mean Stress , ksi

(a) Test data and predicted line

± 60 ksi overload,0 20 ksi

Time

Ut

1.

C,)

==:::m T

I.IL::l!illlli Ii ifihit. IU=

-60 ksi overIoad,O l0ksi
40

(b) Typical overload cycles

FIG. 15Effect of overload cycles on the fatigue- Lives at different meol

stresses.

Mean
Stress,
o, ksi

Cycles
between

Overloads

Type
Overload,

ksi

Cycles at
a 50 ksi

to Failure

Summation of
Cycle Ratios,

(n/N,)

10 200 000 ±60 >10 000 000
0 30000 60 630000 1.05

10 10 000 ±60 131 600 0.66
20 4000 ±60 69600 0.87
35 2 000 ±60 34 000 .0.85

0 30 000 60 900 000 1.50
10 10000 -60 133000 0.67
20 4000 60 65900 0.82

0 54000
0 90900

3 000 71 300
10 000 70 900
30 000 105 300

100000 74 200
300000 98 000

1000000 96 400
3 000 000 63 200
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2 IO TABLE 4Effeci of overload cycles on the fatigue lives
at different mean stresses.'

'
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stress would have resulted in large plastic strains at the begin-
ning of the compressive cycling. With the method proposed in
Ref 47, it is neither practical nor possible to determine whether
or not mean stress has an effect during crack initiation for 2024-

T4 aluminum.
The variations in plastic strain range during the cycling at

±40 ksi were measured for all of the specimens, including the
two which received no compressive cycles. The hardening
behavior was not significantly affected by the compressive

cycling. -
Fracture mechanics studies [48] indicate that the size of

fatigue crack necessary to cause final failure of a specimen
should be smaller for tests in which higher maximum stresses
frequently occur. One possible cause of the effect of mean

0.005

0
'I,

0.00 5
C
C

0,

(a) Typical strain - time recordings

E,

I-. '-ItBiock

(b) Typical stress- strain response

Cycles at
0.0072

per Block, k

0.0150

I I I

0 0 l0

k, Cycles ot = 0.0072 per Block

(c) Test data and predicled line

FIG. 16Strain control block sire effect tests.

stress is that, for a given constant amplitude, fewer cycles at a
tensile mean stress are necessary to cause a crack of critical
size than for zero or compressive mean stress simply because
the critical crack size is smaller if the maximum stress is more
tensile.

A number of prestrained specimens were tested at the same
stress amplitude but at different mean stresses. At intervals of
5 percent of the predicted lives, one cycle at ±60 ksi was applied
to exclude any effect of critical crack size. The results of these
tests are given in Fig. 15 and Table 4. All of the specimens over-
loaded at ±60 ksi would have had sirnila.r fatigue lives if the
effect of mean stress is due solely to the critical crack size. But
the overload cycles, and therefore the critical crack size, had no
significant effect on the fatigue lives.

Tensile overload cycles could increase the fatigue life by
causing crack blunting [49] or local compressive residual stresses
[50], and compressive overloads could have the opposite effect.
Tensile overloads alone could therefore obscure the effect of
critical crack size. It was for this reason that the tensile over-
loads were followed by compressive overloads. For comparison,
three specimens were tested with overloads of 60 ksi (see
Table 4 and Fig. 15). As neither the overloads at ±60 ksi nor

TABLE 5Strain control block sire effect eats.'
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'The mean strain was alternated from +0.0039 to 0.0039 at intervals
of k/2 cycles at ô.., giving a total strain range of - 0.0150.

2 3 160 1.21
6 8 580 1.29

20 14 750 1.00
40 17 800 0.89

100 19 200 0.75
300 25800 0.89

Time l..-.1 I Block

Cycles at Summation of
- 0.0072 Cycle Ratios,

to Failure
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Test data end predicted line

FIG. 18Sfreu control block size effect testi.

0N

Cycles at
31 ksi

per Block, k

TA.BLE 6Stress coafrol block size effect tests.0

The mean stress was varied in a triangular wave about + 10 ksi at an
amplitude of 30 ksi, giving a total stress range of. = 91 ksi.

The specimens for which k = 100 and 340 were prestrained 10 cycles
at ±0.012 similar to Fig. 12b. For all of the others, As was gradually
increased to the test value as the specimen hardened during the first few
blocks. This resulted in a mean strain of approximately 0.02 that did not
increase measurably until the last 5 percent of the fatigue life.

negative values. Between each change of the mean strain a
number of cycles was applied, this number being varied for
different specimens. Typical strain-time recordings, typical
stress-strain behavior, and plotted test results are given in Fig.
16. The tabular results are given in Table 5. The test results
are seen to be in excellent agreement with the curve predicted by
the proposed cumulative damage procedure. When . k, the
number of cycles per block at As2 = 0.0072, was large, the cycles

0

0

U'SI,
a

0'

Cycles at
= 31 ksi

to Failure

AC, 0.0200

o Sequence (a)
0 Sequence (b)

Su.mmation of
Cycle Ratios,

(n/N,)
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(a) Typical stress - time recordings

10! 0. 91 ksi

ve 1O liSt
In

b
0

=

,.. 0U f I

IOU 10'IO0

20 110 000 0.73
50 141 000 0.52

100' 201000 0.54
150 213 000 0.50
340' 278 000 0.55
600 293 000 0.54

02 IQ 2x103

Number of Blocks

FIG. 17Variations in mean stress of cycles at Ae = 0.0072 during strain
control blocL size effect tests.

those at 60 ksi had a significant effect on the fatigue lives, no
evidence was found that either crack sharpening/blunting or
local residual stresses are important for the specimens used

here.
Mean stress could affect the fatigue life by changing the stable

stress-strain hysteresis behavior. For hysteresis loops with a
given strain range, no dependence of the stress or plastic strain
ranges on mean stress was observed in preliminary tests. Similar
observations will be made for some of the complicated history
tests to be described.

Block Size Effect

One group of tests was conducted in strain control with the
mean strain changed alternately between equal positive and

I 1.Az -1 AC5

AC,

(a) and (b) Stress-strain response for sequences shown

in Fig. 6 (a) and (b)

0 0.005 0.010 0.015 02O
Minor Strain Ronçe

(c) Test data and predicted lines

FIG. 19Strain control memory effect teata.
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(a) Stable stress-sfroüt response for E,a0.02T0

0.01

U,

50

Time - i- I Block -'"

a,

U,

(b) Strain - time and stress- time
recordings for 0.027

2x IO'-

IC'

a

100

0

0

Total Strain Range

I I

0.010 0.020 0.030 0.040

(c) Test data and predicted line

FIG. 20-Tests with sinusoidal variation of the mean strain.

0 zo

'Sequences (a) and (b) refer to Figs. 6a and 8b, respectively.

T

at ei = 0.0150 that occurred one per block were too infrequent
to have a significant effect. At small values of k the number of
cycles to failure at Ac, = 0.0072 was reduced because the cycles
at Ac1 = 0.0150 contributed a major portion of the damage.
The block size in a two-level test can thus affect the fatigue life,

The variations in mean stress during the cycles at Ac, =
0.0072 are plotted in Fig. 17. Life predictions were made using
the estimated stable value of the mean stress shown in Fig. 17.
This value is a few ksi smaller than the measured value for most
of the tests because slightly more cyclic hardening occurred
than was predicted using Fig. 10. After cyclic stabilization in
all tests, the mean stress relaxed about 1 ksi following each
change of the mean strain.

A similar block size effect can also occur where the strains are
essentially elastic, as is illustrated by the next group of tests.
Stress control with an input signal consisting of a sine wave
superimposed on a triangular wave of lower frequency was
employed. Typical stress-time recordings are shown in Fig.
iSa, and the results of these tests are given Fig. 18b and Table 6.
The data show a trend qirnilar to the predicted line, but there
was a tendency for failures to occur at about half the predicted
lives.

Low CycZe Fatigue with Complicated Strain Histories

Three groups of strain control tests were conducted in which
strain ranges on the order of 0.02 or 0.03 were imposed. The
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TABLE 7-Strain control memory effect tests.

a 5naso5sI San011oft Of nIece 01100
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Tolsi Siren Rnqe

FIG. 21-Total strain ran'e versus total stress range after cyclic stabilization

for sinusoidal variation of the mean strain.

3

AO

Minor Strain
Range, Sequences

Blocks to
Failure

Summation of
Cycle Ratios,

I(n/N,)

1

0.o040
0.0080
0.0120
0.0150
0.0170
0.0190
0,004.0
0.0080
0.0120
0.0150
0.0170
0.0190

(a)
(a)
(a)
(a)
(a)
(a)
(b)
(b)
(b)
(b)
(b)
(b)

721
632
590
395
304
220
639
591
507
612
553
467

1.20
1.10
1.34
1.22
1.15
1.00
1.06
0.99
0.86
1.08
1.04
0.97

0
2' 0.007

- k=50
5,,0
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(b) Strain - time and stress - time recordings
for Mrs 0.0340
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response for

0.0340

0
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Maximum Strain Range

Cc) Test data and predicted
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FIG. 22-Strain controZ random sequence tests.

first of these is illustrated in Figs. 6 and 19a and 1gb. By changing
the sequence of the strain peaks, the stress-strain behavior
w& altered. Note that more plastic straining occurs for a than
for b. This djffezence is caused by the fact that the metal behaves

T

-I-

For all tests .es 0.0070 and Ic = 50.

differently depending on the sign of the previous large strain
peak that is, there is a memory effect.

Tests were conducted using different values of e2 (defined in
Fig. 6) while was kept constant at 0.020. The results are
given in Fig. 19c and Table 7. There was a significant difference
in the fatigue lives for the two different sequences of straining,
and the agreement of the data points with the predicted lines is
reasonable. In each of the memory effect tests small closed hys-
teresis loops were present that had equal strain ranges but differ-
ent mean stresses. There was never any measureable dependence
of the shape of these loops on the mean stress.

Typical stress-strain, strain-time, and stress-time recordings
for the second group of low cycle tests are shown in Figs. 20a
and 20b. Two sine waves having frequencies with a ratio of 50
were superimposed to obtain the control signal The amplitude
of the lower frequency wave was varied while that of the higher
frequency wave was kept constant. Results for this group of
tests are given in Fig. 20c and Table 8. The data show the same
trend as the predicted line, but the failures usually occurred
at 60 or 70 percent of the predicted lives. According to the
proposed rlsi mage procedure, most of the damage was done by
the minor cycles for the smaller values of but at the larger
values of the minor cycles were less important.

In Fig. 21 the stable (half life) values of i are plotted against
Most of the points lie above the cyclic stress-strain curve,

indicating that more cyclic hardening occurred than for simple
constant amplitude tests. To predict the fatigue lives for these
tests, it was necessary to estimate the mean stress of each small
cycle in one block of straining after cyclic stabilization. This
was done using the incremental step test of Fig. 10. Stress range
versus strain range for this incremental step test is alsq. shown.
in Fig. 21. The largest mean stresses for each test were under.
estimated by half the distance between the plotted points and
this curve. The line in Fig. 21 for the incremental step test lies
slightly below the cyclic stress-strain curve. It is likely that he

TABLE 9-Strain control random sequence tests.

Maximum Strain Blocks to Summation of
Range, Failure Cycle Ratios,

(n/N,)

0.0070 1 582 1.32
0.0120 414 0.56
0.0170 265 0.62
0.0220 131 0.46
0.0270 149 0.73
0.0320 109 0.73
0.0370 74 0.67

0.0170 111 0.88
0.0204 60 0.90
0.0238 34 0.83
0.0272 24 0.89
0.0308 15 0.78
0.0340 10 0.69
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-

Time -
F- I Block

TABLE 8-Tests with sinv..soidal vari&ion of the mean sjrain.

Total Strain Blocks to Summation of
Range, Failure Cycle Ratios,

Z(n/N,)
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FIG. 23Stress range versus strain range foi. closed hysteresis loops during

strain control random sequence £eais.
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(b) Test data and predicted line

FIG. 24 Constant average mean stress testS.

Amplitude of Cycles at
Mean Change Total Stress = 50 led Summation of

about +10 ksi, Range, to Failure Cycle Ratios,
te/2, ksi .oi, ksi (n/N,)

0 50 259900 1.30
5 60 155800 0.93

10 70 132 300 1.06
15 80 84600 0.99
20 90 59600 0.91
25 100 41400 0.73

All specimens were prestrained 10 cycles at 0.012 similar to Fig. 12b.
The mean stress was alternated from 10 + e/2 to 10 - 5.eo/2 at
intervals of 20 cycles at et = 50 led.

specimen used for this test was of slightly less than average
hardness, because other incremental step test results for 2024-

T4 aluminum [87, 51] are in closer agreement with the cyclic
stress-stran curve.

Note in Fig. 20a that the plastic strain range during minor

I ________ I 1 I

I I
.1:

L0
C

us
1-

10 ksi I I

Time

e

a

5 10 IS 2025
Amplitude of Mean

Change. ksi

10'

100 651

6 50
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TABLE 10Constant average mean stress tests.

o' O 40 60 O '00

Minor Stress Range, kSi

(b) Test data and predicted line

FIG. 25Tests with ainszsoido1 variation of the mean stress.

(a) Typical stress - time recordings I Block -

(o) Typical stress time recordings

3xl0
2x10
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cycles is not dependent on the mean stress. Similar observations
were made for the other tests in this group.

The third group of low cycle tests employed the random
sequence (Fig. S) as the strain control signal. The random
sequence was repeatedly applied and was attenuated, but not
distorted, by various amounts to give different values of

. 50

(a) TpicoI stress time recordings

(b) Stable stressstrain response for 0rs lOOksi

3lO,

'0'-

T me

80 ksi

I Block

Minor Stress Blocks to Summation of
Range, Failure Cycle Ratios,

ksi (n/N5)

83

TABLE 11Tests with .tinusoidal variation of the mean stress.

All specimens were prestrained 10 cycles at ±0.012 similor to Fig. 12b.
For all tests = 100 ksi and Ic 50.

Typical stress-strain, strain-time, and stress-time recordings
J_ O are shown in Figs. 22a and 22b and the test results in Fig. 22c

and Table 9. The test results are in excellent agreement with the
predicted line.

For one of the strain control random tests, the strain ranges
counted as cycles by the rain flow counting method, which are
the strain ranges for all closed hysteresis loops, are plotted
against the corresponding stable stress ranges in Fig. 23. The
plotted points lie slightly but not significantly below the cyclic
stress-strain curve. Similar plots for several of the other strain
control random block tests showed similar or better agreement
with the cyclic stress-strain curve.

Complicated Histories with Periodic Variation of the Mean Stress

Four groups of tests were conducted in stress control with
programmed periodic changes in the static stress leveL All
specimens were prestrained 10 cycles at ±0.012 similsr to Fig.
12b. If the specimens had not been intentionally prestrained,
large plastic strains would have occurred during cyclic hardening
for most of the tests.

In the first group of tests an average mean stress of 10 ksi was
used with the mean stress varied in a square wave about 10 ksi,
different amplitudes of variation being used for different speci-
mens. Forty cycles at a stress range of 50 ksi were applied
during each cycle of the mean stress. Typical stress histories are
shown in Fig. 24a. The test results are shown in Fig. 24b and
Table 10. The predicted and actual fatigue lives did not differ
by more than 30 percent.

TABLE 12Stress control random sequences 0g Iwo static levete.0

FIG. 26Stress control random sequences at two static teeth. All specimens were prestrained 10 cycles at ±0.012 similar to Fig. 12b.

10 14 200 1.29
20 11 750 1.07
30 5 160 0.78
40 2280 0.56
50 1 660 0.63
60 1 050 0.54
70 977 0.84
80 738 1.18
90 468 1.30

Maximum Stress
Range during

Random Sequence,
ne,.., ksi

Blocks to
Failure

Summation of
Cycle Ratios,

Z(n/N,)

30 2 892 1.14
40 1 976 0.93
50 1688 0.96
60 1189 0.85
70 898 0.76
80 632 0.59
90 355 0.36

100 358 0.46
110 269 0.50
120 257 0.77

0 0
'20 kV

0
S

C

20 40 60 50 '00 20

MOoinrnn. Shoos Rnç, D.nn
Ronden, S.00.nce. ko

Cc) Test doto ord predicted line
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If equal numbers of cycles an equal amount above and below

the average mean stress have cancelling effects, the fatigue

lives for all of the specimens would have been similar to the

fatigue life for the specimen that was tested at a constant mean

of 10 ksi. The dominant effect was that the cycles at the high

tensile mean stress shortened the fatigue lives. Note that the

use of the average mean stress to make the life predictions would

have resulted in significant nonconservative errors for any

varia.tion of the mean greater than ±5 ksi.
Stress histories for the next group of tests are shown in

Fig. 25a. Two sine waves having frequencies with a ratio of

50 were superimposed so that the peak tensile an4 compressive

strehses in each block were +50 ksi and 50 ksi, respectively.

The results of these tests are given in Fig. 25b and Table 11.

Where was small, the minor cycles were predicted to have

littl effect and the fatigue damage for each blockwas calculated

to be the same as for one cycle at ±50 ksi. For near 100

ksi, the calculated damage per block approaches the value for

50 cycles at *50 ksi. At small and large values of the test

results and predictions are in excellent agreement, but for inter-

mediate values there was a tendency foi the failures to occur at

about half of the predicted lives.
In another group of stress control tests the static level was

changed between equal tensile and compressive values with one

random sequence (see Fig. 8) applied for each change in level.

Typical stress-time and stress-strain recordings are shown in

Fis. 26a and 26b, and.the teSt results are given in Fig. 26cand

Table 12. The quantity Aoi was kept constant at 120 ksi and

was varied over a wide range. Agreement between the

actual and predicted.fatigue lives is good except for 4. between

SO and 110 ksi, where there was a tendency for failure at sum-

mations of cycle ratios around 0.4 or 0.5.

50
j

I

I-

I Block

(a) Stress - time record for j= I

5
Zx 10

C

50 ksi
20 ksi

2

0

Static levels in order:
0, .i.35,I5,+15,-35kS1

C

RepititionS of the Random Sequence

Between Static Level Changes

(b) Test data and predicted line

FIG. 27StreUcOflt0Z random sequences at five static levels.
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TABLE 13Stress control random sequences at five static leveZs.

Repetitions of the Random
Sequence between Static Blocks to

Level Changes, Failure
2

Summation of
Cycle Ratioe,

(n/Np)

All specimens prestrained 10 cycles at 0.012 similar to Fig. 12b.
The static stress level was alternated within each block as follows: 0,
+35, 15, +15, and 35 ksi

The final group of tests employed the random sequence at
five different static levels as shown in Fig. 27a. At each leyel the
random sequence was repeated a number of times. The number
of repetitions was the same for all levels of each test but was
varied for different tests. Values of .Aj 120 ksi and .c-,., = 50

ksi were used in all of the tests. As it had been noticed from the
other test groups that the largest differences between the actual

and predicted lives occurred where there were superimposed
loadings and predominantly elastic behavior, this group of tests

was designed as an extreme case of that situation. The test
results in Fig. 27b and Table 13 show that the data have a trend
similar to the predictions and that summations of cycle ratios

near 0.4 were obtained.

Conclusions

The following specific conclusions are supported by the test

data on 2024-T4 aluminum:

For preStrains larger than ±0.005, the effect on the
subsequent fatigue life is not dependent on the number of cycles

or amplitude of prestrain. The effect of prestrain is consistent

with the assumption that prestraining causes crack initiation.
The effect is not caused by cycle-dependent buckling, cyclic
hardening, or residual stresses.

No significant fatigue damage was caused by as many

as 3 X 106 cycles from 0 to 50 ksi, which is approximately

the largest compressive stress that can be applied without
causing large plastic strains near the beginning of tlie test.

There was no evidence that the effect of mean s1ress on

fatigue life is due to the inverse relationship between critical
crack size and m ximum tensile stress. -

Significant block size effects exist and are accounted for if

damage is calculated for the major cycle that occurs once per

block.
In tests with complicated histories that cause large plastic

strains, the counting of all closed hysteresis loops as cycles by

means of the rain flow counting method allows accurate life

predictonS.
In complicated history tests where there were closed hys-

teresis loops at different mean stresses, no effect of the mean

stress on the stable stress-strain hysteresis behavior was

detected.
The stable stress-strain relationship for closed hysteresis

loops during complicated histories is in general agreement
with the. cyclic stre-strain curve. The largest deviations
occurred for the tests with superimposed sine waves in strain.

1 781 0.5.5

2
4

405
263

0.41
0.42

7
10

164
117

0.41
0.40
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control, where some of the stress ranges were about 5 percent
larger than the values from the cyclic stress-strain curve.

The use of the average mean stress is an approximation
that should be used with extreme caution. It is valid only if the
variations in the mean stress are small

Using the rain flow counting method, the strain-life curve
for prestrained specimens, and the mean stress of each cycle
gives reasonable predictions for the fatigue lives of prestrained
specimens subjected to complicated histories where there is a
changing mean stress.

The use of any method of cycle counting other than the
range pair or rain flow methods can result in inconsistencies
and gross differences between predicted and actual fatigue lives.

The proposed cumulative damage procedure gives reasonable
predictions of the fatigue failure of 2024-T4 aluminum for a
wide variety of complicated stress-strain histories. Tests were
conducted to investigate all histories which could be devised to
deceive the proposed procedure. For the 83 specimens tested to
failure for which failure predictions were made, the summations
of cycle ratios were all between 0.36 and 1.50. The values are
distributed as shown in Fig. 28. Most of the values below 0.60
occurred in situations where there were large changes in the
mean stress with superimposed minor cycles for which the
tikulated damage was significant. The damages due to large
transition cycles and the minor cycles superimposed on them
simply do not add linearly. This could be due to the details of
crack propagation behavior. Another possibility is. that during
small predominantly elastic cycles the plastic strains, which
were too small to be measured by the techniques employed in
this investigation, are larger when the mean stress is canging.
In situations where there are significant minor cylé.s super-
imposed on large changes in the mean stress, an adjustment of a
factor of two in life predictions could be made but a more
complicated damage procedure is not justified.

To apply the proposed cumulative damage procedure to a
new material, it is necessary to have completely reversed
strain-life data for prestrained and nonprestrained. spéciméns.
Strain-life data at mean stresses other than zero are desirable
but not essential. A set of stable hysteresis loops from the lOw
cycle strain-life tests or the result of an incremental step test
is needed. A computer simulation of the stable cyclic response of
the material would greatly increase the efficiency of the calcula.
tions.

Tests on smooth, axially loaded specimens of other engineering

1
0

IDCe F..

0 0

Sumrnotiofl of Cycle Rotlos

FIG. 28Djstrjbtjjon of failure predicLion.

metals are needed to evaluate the proposed cumulative damage
procedure. For some metals, history or str&in rate dependence
of the stable stress-strain behavior, or the lack of a stable stress-
strain behavior, might necessitate modifications in the proposed
procedure.
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APPENDIX
Range Pair and Rain flow Cycle Counting Methods

The range pair nd the rain flow cycle counting methods are described
and compared in this Appendix. The apparent complexity of these cycle
counting methods disappears after a small amount of practice in applying
them. It is suggested that the reader draw some irregular sequences of peaks
and apply the range pair arid rain flow cycle counting method to them while
readingth descriptiOns below.

RanQe Pair Coiining Method

The range pair counting method counts a strain range as a cycle if it can
be paired with a subsequent straining of equal magnitude in the opposite
direction. For a complicated history, some of the ranges counted as cycles
wifi be simple ranges during which the strain does not change direction,
but others will be interrupted by smaller ranges which will also be counted
as cycles. Cycle counting by the range pair method is ifiustrated in Fig. 29.
The counted ranges are marksd with solid lines and the paired ranges with
dashed lines.

Each pesk is taken in order as the initial peak of a range, except that a
peak is skipped if the part of the history immediately following it has
already been paired with a previously counted range. If the initial peak
of a range is a minimum, a cycle is- counted between this thinimum and the
most positive maximum which occurs before the strain becomes more
negative than the initial peak of the range. FOr example, in Fig. 29 a
cycle is counted between peak 1 and peak 8, peak 8 being the most positive
maximum that occurs before thestrain becomes more negative than peak 1.
If the initial.peak of a range is a maximum, a cycle is counted between this
maximum and the most negative minimum which occurs before the strin
becomes more positive than the initial peak of the range. For example, in
Fig. 29 a cycle is counted between peak 2 and peak 3, peak 3 being the most
negative minimum before the strain becomes more positive than peak 2.
Each range that is counted is paired with the next straining of equal
magnitude in the opposite direction, explaining why complete cycle rather
than half cycle counts are made. For example, in Fig. 29 part of the range
between peaks 8 and 9 is paired with the range counted between peaks
1 and 8.

Rain Flow Couniing Method

The rain flow cycle counting method is illustrated in Fig. 30. The strain-
time history is plotted so that the time axis is vertically downward, and the
lines connecting the train peaks are imagined to be a series of pagoda roofs.
Severalruies are imposed on rain dripping down these roofs so that cycles
and half cycles are defined. Rain flow begins successively at the inside of
each strain peak. The rain flow initiating at each peak is allowed to drip
down and continue except that, if it initiates at a minimum, it must atop
whenit comes opposite a minimum more negative than the minimum from
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FIG. 29Example of range pair cycle counting method.

which it initiated. For example, in Fig. 30 begin at peak 1 and stop opposite
peak'9, peak 9 being more negative than peak l.A half cycle is thus counted
between peaks 1 and 8. Similarly, if the rain flow initiates at a maximum,
it must stop when it comes opposite a maximum more positive than the
maximum from which it initiated. For example, 'in Fig. 30 begin at peak 2

Strain -

FIG. 30Example of rain flow cycle counting method.

in cycle
-- I c dc

I cycle
in cycle

I/S cycle

I cycle

JOURNAL OF MATERIALS

and stop opposite peak 4, thus counting a half cycle between peaks 2.and 3.
A ain flow must also stop if it meets the rain from a roof above. For
example, in Fig. 30 the half cycle beginning at peak' 3 ends beneath peak 2.
Note that every part of the strain-time history is counted once and only
once.

When this procedure is applied to a strain history, a half cycle is counted
between the most positive maximum and the most negative minimum.
Assume that of these two the most positive maximum occurs first. Half
cycles are also counted between the most positive maximum and the
most negative minimum that occurs before it in the history, between this
mnimum and the most positive maximum occuring previous to it, and so
on to the beginning of thehistocy. After the most negative minimum in the
history, half cycles are counted which terminate at the most positive
maximum occurring subsequently in the history, the most negative mini-
mum occurring after this maximum, and so on to the end of the history.
The strain ranges counted as half cycles therefore increase in magnitude
to the maximum and then decrease.

All other strainings are counted as interruptions of these half cycles, or
as interruptions of the interruptions, etc., and will always occurin pairs of
equal magnitude to form full cycles. The rain flow counting tnethâd cor-

Strain

FIG. 31Rain flow cycle counting method and stress-strain hysteresis loops.

responds to the stable cyclic stress-strain behavior of a nietal in that all
strain ranges counted as cycles will form dosed stress-strain hysteresis
loops, and those counted as half cycles will not. This is illustrated in Fig. 3L

Comparison of the Range Pair and Rain Flow Cycle Counting Method,,

Except when half cycles are being counted, the rain flow counting
method reduces to the range pair method. All of the cycles counted bytbe
rain flow method are therefore counted as cycles by the range pair method.
But the half cycles counted by the rain flow method are handled differently
by the range pair method, resulting in no damage being calculated for some
parts of the strain-time history if the range pair method is used. Compare
the counting results in Figs. 29 and 30. This difference is significant only in
situations where the damage due to individual half cycles is important,
namely, where there are only a few reversals to failure or where tlere are
insignificant minor reversals and most of the damage is done by a fewmajor

reversals.
If cycles are to be counted for a sequence that is repeated until failure

occurs, one complete cycle should be counted between the most positive
and most 'negative peaks in the sequence and other smaller complete cycles
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which are interruptions of this largest cycle should also be counted. This
will be accomplished by either the rain flow or the range pair cycle counting
methods if the cycle counting is started at either the mostpositive or most
negative peak in the sequence. The rain flow method will count no half
cycles and will thus give a cycle count identical to that obtained using the
range pair method.

The rain flow and range pair cycle counting methods can thus be con-
sidered equivalent for most practical Situations.
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