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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and
non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely with the International
Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

International

Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.

The main ta
adopted by
International

Attention is ¢
rights. ISO s

ISO 12107 W
SC 5, Fatigu

This second

5k of technical committees is to prepare International Standards. Draft International Stangflards
the technical committees are circulated to the member bodies for voting. Publication¥@s an
Standard requires approval by at least 75 % of the member bodies casting a vote.

rawn to the possibility that some of the elements of this document may be the subject of gatent
hall not be held responsible for identifying any or all such patent rights.

as prepared by Technical Committee ISO/TC 164, Mechanical testing.of metals, Subcommittee
b testing.

bdition cancels and replaces the first edition (ISO 12107:2003), which-has been technically reyised.
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Introduction

It is known that the results of fatigue tests display significant variations even when the test is controlled very
accurately. In part, these variations are attributable to non-uniformity of test specimens. Examples of such non-
uniformity include slight differences in chemical composition, heat treatment, surface finish, etc. The remaining
part is related to the stochastic process of fatigue failure itself that is intrinsic to metallic engineering materials.

Adequate quantification of this inherent variation is necessary to evaluate the fatigue property of a material
for the design of machines and structures. It is also necessary for test laboratories to compare materials
in fatigue behaviour, including its variation. Statistical methods are necessary to perform these tasks. This
International Standard includes a full methodology for application of the Bastenaire model as

more;

sophisticated relationships. It also addresses the analysis of runout (censored) data.

© 1SO 2012 — All rights reserved
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INTERNATIONAL STANDARD
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Metallic materials — Fatigue testing — Statistical planning and
analysis of data

1 Scope
1.1 Objectives
This |nternational Standard presents methods for the experimental planning of fatigue testing and

analy
a hig

1.2

This
leveld

Spec

sis of the resulting data. The purpose is to determine the fatigue properties of metallie,mater|
N degree of confidence and a practical number of specimens.

Fatigue properties to be analysed

nternational Standard provides a method for the analysis of fatigue life-properties at a var
b using a relationship that can linearly approximate the material’s response in appropriate cq

fically, it addresses

a)
b)

The
valid
tests

1.3

This
beha
that 4

In fa
mech
and 1
homg

An e
site 4
correl

e fatigue life for a given stress, and
e fatigue strength for a given fatigue life.

rm “stress” in this International Standard can be replaced by “strain”, as the methods descr
for the analysis of life properties as a functionéf'strain. Fatigue strength in the case of stra
is considered in terms of strain, as it is ordinarily understood in terms of stress in stress-co

Limit of application

International Standard is limited to“the analysis of fatigue data for materials exhibiting h
viour due to a single mechanism of fatigue failure. This refers to the statistical properties g
re closely related to material oehaviour under the test conditions.

ct, specimens of a given material tested under different conditions may reveal variatig
anisms. For ordinary’cases, the statistical property of resulting data represents one failure
nay permit direct‘analysis. Conversely, situations are encountered where the statistical beli
geneous. It isshecessary for all such cases to be modelled by two or more individual distrib

kample of such behaviour is often observed when failure can initiate from either a surfag

sponding to the different mechanisms of failure. These types of results are not consi

[he statistical
als with both

ety of stress
ordinates.

bed are also
in-controlled
trolled tests.

bmogeneous
f test results

ns in failure
b mechanism
aviour is not
Litions.

e or internal

t the_same level of stress. Under these conditions, the data will have mixed statistical characteristics

lered in this

Interr||ational Standard because a much higher complexity of analysis is required.

Finally, for the S-N case (discussed in Clause 8), this International Standard addresses only complete data.
Runouts of censored data are not addressed.

2 Normative references

The following referenced documents are indispensable for the application of this document. For dated
references, only the edition cited applies. For undated references, the latest edition of the referenced document
(including any amendments) applies.

ISO 3534 (all parts), Statistics — Vocabulary and symbols

© 18O
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3 Terms and definitions

For the purposes of this document, the terms and definitions given in ISO 3534 and the following apply.

31
3141

Terms related to statistics

confidence level
value 1 - « of the probability associated with an interval of statistical tolerance

3.1.2

degrees of freedom

\4
number calc
from the dat{

31.3
distribution
function givir

314
estimation
operation md
parameters

3.1.5
population
totality of ind

3.1.6
random var
variable that

317
sample
one or more

31.8
size
n

number of itg

31.9
mean

u

Llated by subtracting from the total number of observations the number of parameters. estin

function
g, for every value x, the probability that the random variable X is less than jor equal to x

de for the purpose of assigning, from the values observed in{aysample, numerical values f
f a distribution from which this sample has been taken

vidual materials or items under consideration

able

may take any value of a specified set afi values

items taken from a populatiofizand intended to provide information on the population

ms in a populationslot, sample, etc.

sum of all th

data in a population divided by the number of observations

hated

o the

3.1.10

sample mean

Jii

sum of all the data in a sample divided by the number of observations

311

standard deviation

(o2

positive square root of the mean squared standard deviation from the mean from a population.

3.1.12

estimated standard deviation

o

positive square root of the mean squared standard deviation from the mean of a sample.

2
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Terms related to fatigue

fatigue life

N

number of stress cycles applied to a specimen, at an indicated stress level, before it attains a failure criterion
defined for the test

3.2.2

fatigue limit
fatigue strength at long life

NOTH

3.2.3
fatig

Historically, this has usually been defined as the stress generating a life at 107 cycles.

e strength

valug of stress level S at which a specimen would fail at a given fatigue life

NOTH This is expressed in megapascals.

3.2.4

specimen

portion or piece of material to be used for a single test determination ahd normally prepared in a p
shapg and in predetermined dimensions

3.2.5

stregs level

S

intensity of the stress under the conditions of control in\the test

EXAN

3.2.6

IPLES Amplitude, maximum, range.

stregs step

d
differ

NOTH

4

D

4.1

The f
stres
an S-

ence between neighbouring stress levels when conducting the test by the staircase method

This is expressed in megapascals.

ptatistical distributions in fatigue properties

Concept ofddistributions in fatigue

ptigue properties of metallic engineering materials are determined by testing a set of specimg
5 levelsto generate a fatigue life relationship as a function of stress. The results are usually §

edetermined

ns at various
expressed as

log oF

ly either log-

Fatigue test results usually display significant scatter even when the tests are carefully conducted to minimize
experimental error. A component of this variation is due to inequalities, related to chemical composition or heat
treatment, among the specimens, but another component is related to the fatigue process, an example being
the initiation and growth of small cracks under test environments.

The variation in fatigue data are expressed in two ways: the distribution of fatigue life at a given stress and the
distribution of strength at a given fatigue life (see References [1] to [5]).

© 18O
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4.2 Distribution of fatigue life

Fatigue life, N, at a given test stress, S, is considered as a random variable. It is frequently observed the
distribution of fatigue life values at any stress is normal in the logarithmic metric. That is, the logarithms of the
life values follow a normal distribution (See 6.4). This relationship is:

1
2

x— Uy
c

Sl

where x = log N and u, and oy are, respectively, the mean and the standard deviation of x.

Formula (1)
lives less th

Formula (1) g
some specin
greater scatt]
the data set.

This Internat
the remainin

Other statisti
is one of the
apply to liveq

Figure 1 shd
plan using 4
demonstrate

Ives the cumulative probability ot tailure for x. This is the proportion ot the population 1all
n or equal to x.

oes not relate to the probability of failure for specimens at or near the fatigue limits In'this rg
ens may fail, while others may not. The shape of the distribution is often skewed; displaying
er on the longer-life side. It also may be truncated to represent the longest failure life obsery

onal Standard does not address situations in which a certain numbergf’specimens may fa
) ones do not.

cal distributions can also be used to express variations in fatigue: life. The Weibull [4] distrif
statistical models often used to represent skewed distributiofis. On occasion, this distributior]
at low stresses, but this special case is not addressed in.this International Standard.

ws an example of data from a fatigue test conducted with a statistically based experim
large number of specimens (see Reference [5]). “Fhe shape of the fatigue life distributig
d for explanatory purposes.
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Figure 1 — Concept of variation in a fatigue property — Distribution of fatigue life at given stresses

for a 0,25 % C carbon steel tested in the rotating-bending mode
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4.3 Distribution of fatigue strength

Fatigue strength at a given fatigue life, N, is considered as a random variable. It is expressed as the normal
distribution:

2
1 y 11y —Hy

P(y)= exp|——=| —| |d 2

(y) Gy\/ﬁj—w 2( o, ] y )

where y = § (the fatigue strength at NV), and 1, and o; are, respectively, the mean and the standard deviation of y.

Formula (2) gives the cumulative probability of failure for y. It defines the proportion of the population presenting
fatigye strengths less than or equal to y.

Other statistical distributions can also be used to express variations in fatigue strength.

Figure 2 is based on the same experimental data as Figure 1. The variation in the fatigle property|is expressed
here jn terms of strength at typical fatigue lives (see Reference [5]).
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Figure{2— Concept of variation in a fatigue property — Distribution of fatigue strength|at typical
fatigue lives for a 0,25 % C carbon steel tested in the rotating-bending mode

5 Statistical planning of fatigue tests

5.1 Sampling

It is necessary to define clearly the population of the material for which the statistical distribution of fatigue
properties is to be estimated. Specimen selection from the population shall be performed in a random fashion.
It is also important that the specimens be selected so that they accurately represent the population they are
intended to describe. A complete plan would include additional considerations.

© 1S0O 2012 — All rights reserved 5
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If the population consists of several lots or batches of material, the test specimens shall be selected randomly
from each group in a number proportional to the size of each lot or batch. The total number of specimens taken
shall be equal to the required sample size, n.

If the population displays any serial nature, e.g. if the properties are related to the date of fabrication, the
population shall be divided into groups related to time. Random samples shall be selected from each group in
numbers proportional to the group size.

The specimens taken from a particular batch of material will reveal variability specific to the batch. This within-
batch variation can sometimes be of the same order of importance as the between-batch variation. When the
relative importance of different kinds of variation is known from experience, sampling shall be performed taking

this into con

ideration

Hardness m
material into
be extracted
will generate

5.2 Allocation of specimens for testing

Specimens t
way, in orde
randomized

When severd
equal numbg
verified prior

When the te
different mat
of progress,

6 Statist

pasurement is recommended for some materials, when possible, to divide the population
distinct groups for sampling. The groups should be of as equal size as possible. Spé¢imens
randomly in equal numbers from each group to compose a test sample of size 7. This procs
samples uniformly representing the population, based upon hardness.

bken from the test materials shall be allocated to individual fatigue tests in principle in a ra
I to minimize unexpected statistical bias. The order of testing/of ‘the specimens shall alg
n a series of fatigue tests.

| test machines are used in parallel, specimens shall be tested on each machine in equal or n
rs and in a random order. The equivalence of the machines in terms of their performance sh
to testing.

5t programme includes several independent test-Series, e.g. tests at different stress levels
erials for comparison purposes, each test seriés’shall be carried out at equal or nearly equal
50 that all testing can be completed at approximately the same time.

cal estimation of fatigue life at a given stress

bf the
may
pdure

hdom
o be

early
all be

or on
rates

6.1 Testing to obtain fatigue life data

Conduct fatigue tests at a given stress, S, on a set of carefully prepared specimens to determine the fatigue
life values for each. The numberiselected will be dependent upon the purpose of the test and the availability
of test mater(al. A set of seventspecimens is recommended in this International Standard for exploratory fests.
For reliability| purposes, however, at least 28 specimens are recommended.

6.2 Plotting data.on normal probability paper

Plot the fatiglie lives on log-normal probability coordinates. The results should plot as a straight line. Should one
or two data goints (really a very low proportion of the data set) deviate from the curve, this is usually the fesult
of invalid data. Examining test records and failed specimens is useful when there is non-conforming behaviour.
The purpose is to identify a cause for such deviant behaviour to learn if these results can be discounted. Other
statistical distributions e.g. Weibull may be evaluated. However, since the vast majority of unimodal fatigue
results have proven to be distributed log-normally, the standard does not consider Weibull statistics. Subclause
8.3.3 gives some examples of normal probability plots constructed from data used to generate an S-N curve.
Refer to these plots to understand how they will appear when the data conform well to the assumption and in
other cases when there might be some issues. Please note that for the present case, the y-axis will just be the
property in question as opposed to the standardized residuals given the y-axis on the presented plots in 8.3.3.

One other issue is that if the data appear to support two distinct failure distributions, the data should be
segregated by the root cause. For example, results for both surface and internal initiation sites should be
separated into two groups and evaluated uniquely.

© 1SO 2012 — All rights reserved
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Estimating distribution parameters

Calculation of the sample mean is performed as follows:

/:t B n
where
4 is the sample mean;
XA; is the ith observed value;
is the number of data points.
Note [that the symbol “*” means an estimation based upon a sample.

The gsample standard deviation is calculated using the following relationship:

6.4

A nu

Quantitative evaluation of the assumption of normality

Mmber of statistical tests have been developed aftempting to quantitatively consider the a

normiality. These tests can sometimes generate ‘c@nflicting results. However, one that seems
is th¢ Anderson-Darling Test. The details for performing this evaluation as well as others can be found in

Refe

evaluations of normality.

6.5

Estimating the lower limit.of the fatigue life

Estimate the lower limit of the fatigue life at a given probability of failure, assuming a normal distri

confi

The
P co

lence level 1 - « from,the-equation:

N pi-a) = By = k(pGegy)O

coefficient A1 - o, v) is the one-sided tolerance limit for a normal distribution, as given
responds. to the reliability of the prediction (say 99 % probability) and 1 - « is the confi

reliahility statement. These values are generated by integration of the non-central ¢ distributi

centr]

plity\parameter:

ssumption of
quite useful

ence [9]. Also, there are commercially available statistical software packages that perform quantitative

pution, at the

()

in Table B.1.
dence of the
bn with non-

8§ =n

(6)

The number of degrees of freedom, v, is the same number used in estimating the standard deviation. For the
present case, thisis n — 1.

A wo

© 18O

rked example is given in A.1.
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7 Statistical estimation of fatigue strength at a given fatigue life

71

Testing to obtain fatigue strength data

Conduct fatigue tests to generate strength data for a set of specimens in a sequential way using the method
known as the staircase method (see Reference [7]).

It is necessary to have rough estimates of the mean and the standard deviation of the fatigue strength for the
materials to be tested. Start the test at a first stress level preferably close to the estimated mean strength. Also
select a stress step, preferably close to the standard deviation, by which to vary the stress level during the test.

If no informa
strength ma

Test a first
cycles. For t
specimen di
specimens h

Exploratory
the fatigue s

A worked ex
described in

7.2 Statis

Count the fr
analysis for t

Denote the s
denote the n

distribution 9

be used as the stress step.

ecimen, randomly chosen, at the first stress level to find if it fails before the givennumk
e next specimen, also randomly chosen, increase the stress level by a step(if, the prec
not fail, and decrease the stress by the same amount if it failed. Continue-testing until 3
pve been tested in this way.

esearch requires a minimum of 15 specimens to estimate the mean andthe standard deviat
rength. Reliability data requires at least 30 specimens.

bmple of the staircase method is given in A.2.1, together with-werked examples of the ang
7.2 and 7.3.

tical analysis of test data

pquencies of failure and non-failure of the specimens tested at different stress levels. Us
he group with the least number of observations:

tigue

er of
eding
Il the

on of

lyses

e the

ress levels arranged in ascending order by(So < §1 < ... < S}, where [ is the number of stress Igvels,

Limber of events by f;, and denote the stress step by d. Estimate the parameters for the stati
f the fatigue strength, Formula (2), from:

e

Zd(D + 0,029)

A1

c 2

stical

(7)

(8)

i“fi

cry:1,6
where:
/
A:Zi
i=1
l 4
B:Zl
i=1
/
=
i=1
D= BC -
C

In Formula (7), take the value of + 1/2 as:

— 1/2 when the event analysed is failure;

+ 1/2 when the event analysed is non-failure.

© 1SO 2012 — All rights reserved
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In Reference [7], it is stated that Formula (8) is valid only when D > 0,3. This condition is generally satisfied
when d / d'y is selected properly within the range 0,5 to 2.

7.3 Estimating the lower limit of the fatigue strength

Estimate the lower limit of the fatigue strength at a probability of failure P for the population at a confidence level
of 1 — ¢, if the assumption of a normal distribution of the fatigue strength is correct, from the equation:

JA}(P,1—0:) :‘ﬁy_k(Pﬂ—a,v)&y ©)

wherg tThe coefficient k< o v) IS The one-sided tolerance imit for a normal distribution, as given in Table B.1.

P,1-

Take(as the number of degrees of freedom, v, the number that was used in estimating the.Standard deviation.
For the present case, thisis n — 1.

7.4 | Modified method when standard deviation is known

A modified staircase method, with fewer specimens, is possible if the standard\deviation is known and only the
mean of the fatigue strength needs to be estimated (see Reference [8]).

Conduct tests as in the staircase method described in 7.1, by decreasing or increasing the stfess level by
a fixged step depending whether the preceding event was a failufe or non-failure, respectively] Choose the
initiall stress level close to the roughly estimated mean and the-stress step approximately equal fo the known
standard deviation.

A minimum of six specimens is required for exploratory {&sts and at least 15 for reliability data.

If the|test is conducted on n specimens at stress levelsS1, So, ..., S, in a sequential way, then the mean fatigue
strength is determined by averaging the test stresses, S to S,.1, beyond the first, without regarld to whether
each|event was a failure or a non-failure:

n+1

XS,
i=2

4, = (10)

n

The test at S, _ 1 is not carried out, but the stress level itself is determined from the result of nth tgst.

Estimate the lower limit/of the fatigue strength for the population from Formula (9). Take as ttfle number of
degrees of freedommthat corresponding to the standard deviation used for the test or, if this numbef is unknown,
take {tasn — 1.

In the modified staircase method, it is necessary to know the standard deviation of the fatigue strength. It may
be egtimated from the S-N curve as described in Clause 8.

A worked exampte 15 given im A 2-

8 Statistical estimation of the S-N curve

8.1 Introduction

Analysis of S-N fatigue is performed for the purpose of fitting an appropriate mathematical relationship to test
data to generate a curve which yields approximately 50 % probability of failure. Typically, the data exist at a
number of stress or strains and represent a continuous single distribution that is log-normally distributed with
constant variance as a function of stress or strain.

The basic relationships employed to describe behaviour are used to reflect either linear or curvilinear response.
Figures 3 and 4 demonstrate the behaviour in question. Figure 5 presents a case which occurs only on occasion.

© 1S0O 2012 — All rights reserved 9
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This more complicated behaviour can be managed by use of the Bastenaire equation. This relationship is
useful when the data demonstrates an asymptotic flattening of the curve in the very high life regime while
simultaneously displaying a convex downward shape in the high stress or strain region.

Mathematica

N =

S—-FE

where

lly, the Bastenaire relationship has the following form:

]

S—-FE
B

N
S

A, B, C,

The Stromey

|Og10(N)

where
N
S
E

A, B

Application ¢f the Bastenaire equation or its(simplification, Formula (12), cannot be performed usin

method of lin
document. T
a method su

Note that hid
exceeding th
result. Convs
controlled te
strength. Thé

is the fatigue life;
is the stress or strain;

are curve fit parameters.

er relationship, useful when there is no high stress downward concavity is:

= A+ Blog,y(S - E)

is the fatigue life;
is the stress or strain;
is stress at very long life and must be les$'than all the stress or strain values in the d

are curve fit parameters.

ear least squares. More advanced concepts are required and are beyond the scope of the pr
hey can be found in References [10] and [11]. Additionally, a future standard is planned to ad
table for this analysis as well’as other advanced topics that remain to be defined.

h stress behaviour can result from performing stress-controlled tests at maximum stress |
e yield strength. In.general, this is an improper test technique because cyclic ratcheting
brsely, this high—stress behaviour has been observed in strain-controlled tests as well. §
5ting is sometimes purposely conducted at strain levels producing stresses exceeding the
se are usually valid in the absence of specific testing issues, etc., invalidating the results.

(1)

(12)

ata;

gy the
bsent
dress

evels
may
train-
yield

10
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Y
1000
100 ‘ ‘ ‘
10° 10* 10° 10° 10’
Key
X cycles to failure
Y sfress or strain, stress units (MPa) presented
Figure 3 —Typical linear fatigue reSponse
Y
1000
100 T T T
10° 10* 10° 108 107
X
Key
X cycles to failure
Y sfress or strain, stress units (MPa) presented
Figure 4 —Typical curvilinear fatigue response
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Key
X
Y

cycles to fi
stress or 4

The mathem
are given bg
methodologi

rather infreqliently and the majority of S-N curves can be evaluated using the techniques presented for

or curvilinea
on the methd
methods or 1

These relatig
Linear f4

Logqo (M

where b

Logqq (N

Curvilingar fatigue response

Y
1000,0
1000 \
—
10,0 : : :
10° 10* 10° 10° 107
X

pilure
train, stress units (MPa) presented

Figure 5 — S-N response occasionally observed

atical models appropriate for the majority of the cases the fatigue practitioner will encg
low. However, there will be cases, noted above, that“occur that our outside the domain ¢
bs presented and require more sophisticated approaches. However, in general these cases

response (Figures 3 and 4, respectively). The statistical techniques presented below are K
d of linear least squares [121.113]. The more'advanced methods require either nonlinear regre
naximum likelihood estimation (MLE).

nships are:

tigue response model

) = by + blogyg(S)

, b1, ...b, are linear regression coefficients and S can be either stress or strain.

unter
f the
bccur
inear
ased
5sion

(13)

(14)

12
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8.2 Estimation of regression parameters

8.2.1 Estimation of the parameters for the linear model?)

For all the data, take the logarithms of the stress (or strain) values and the corresponding observed lives. Base
10 logarithms are encouraged. Logarithms to another base, for example base e, are acceptable. However,
base 10 is recommended, as most practitioners seem to use these values.

Specifically, the model then has the form:

="ty F ;X (15)

wherq Y is the predicted value of the dependent variable, ~ X; = logy(S;) and ¥; = logsg (V).

D X%/
ZXiYi _i=1 i=1

n

B = i=1 5 (16)
n
) 2
ZXIZ _ A
i=1 n
n n
PR AERIPIP¢
bf) _ i=1 - i=1 (17)

Standlard deviation calculated from the results of regression analysis is defined as:

(18)

wherg p is the number of parameéters estimated in the model, in this case p = 2.

Correlation coefficient{~A useful parameter to assist in the evaluating the quality of the fit is tHe correlation
coeffjcient, R2. This parameter presents the proportion of the variation of the data explained by [the model to
the tgtal variation. A he’ following relationship is normally used for the linear case. It is generalizgd later in the
discussion of therquadratic model.

o Sndn]

N\ vy =1 i=1
i T

)
R? = _ _ (19)

n n

AN S %7
2 i=1 2 i=1
R D

Usually, a value of 0,9 or better is indicative of a good fit.

1) Classically, linear regression refers to any linear combination of explanatory variables. For the purposes of this
International Standard, however, a linear model simply means a relationship of the form y = mx + b.
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8.2.2 Estimation of the regression parameters for the quadratic model

Linear regression models that is, all models in which the parameters are linear or can be linearized by a suitable

transformation (for example logarithmic) can be calculated using the methods of linear algebra. References [12]
and [13] provide the details.

Basically, the solution to the general linear problem is given by:

b=(xX)" XY
where
b is the matrix of the calculated regression parameters;
X’ islthe transpose of the matrix of x values; the independent variables;
X is the matrix of X values; the independent variables;
Y

is the matrix of Y values; the dependent variable.

Additional rejationships of interest are:

< —\2
Rgst = Z(Yi - Yi)

Rssr

SSE

where
RssT
RssrR
RssE

Y

The standarq

Q>
Il

==

where

e}

n—=p

14

is the sum of squares total;
is the sum of squaresTegression;

is the sum of squares error;

is the average-of all the ¥’ in the model.

SSE
—P

deviationfar the regression model, given in Formula (18) is alternatively expressed as:

is the estimated standard deviation;

is the number of parameters (b’s) estimated in the model
p = 2 for a model of the form y = bg + b1x and
p = 3 for a quadratic model, y = bg + bqx + b1x?2 ;

is the degrees of freedom.

(20)

(21)

(22)

(23)

(24)
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The correlation coefficient presented in Formula (15) is more generally given by:

R
2 - Rssr

8.3

Rsst

Analysis approach

(25)

In general, the simplest model that captures behaviour should be used for the analysis. Usually, a more complex
relationship will give a better fit and certainly will increase the R2 value, but the final model should only be more
complex than the linear relationship if it can be shown to significantly reduce the scatter. Analysis of the data

usin

this strategy is encouraged and the following details will help in determining the significance

of increasing

the c

8.3.1

The first analysis, the one assuming linear response in S-N coordinates, should be_plotted with t

to ge

8.3.2

bmplexity.

Plot the curve on the S-N diagram

herate the curve to obtain an assessment of the overall fit.

Residuals plots

he data used

Evaldation of the quality of fit is undertaken by evaluating plots of’residuals and plots of regidual versus

cumylative normal probability. A residual is defined as:

Q

One
predi

an agceptable plot and plots with issues that require resolution are given below. Ideally, the res

more;

be zgro, so the residuals should be centred-about the zero value on the y-axis. Note that the res

y-axi

Figure 6, as noted, demonstrates the case when a model is adequately capturing response. Fi
classic case where data was evaluated using a linear response model, but requires a quadrati

Whe

© 18O

- (Yi - I?i)

property of the residuals is that they should sum to‘zero. A plot of the residual versus the c
cted () [ which is, logyq (Life) | values shoulgsmore or less uniformly populate the plot. A

or less uniformly populate plot curve without biases or trends. As always, the sum of the res

5 have been scaled by the standard: deviation. These are referred to as the standardiz

(26)

brresponding
n example of

duals should
duals should
duals on the
bd residuals.
gure 7 is the
expression.

h the quadratic model is applied, the residuals plot will then appear similar to that shown in Figure 6.

2012 — All rights reserved
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-0,5 1 . .
-1.0 * ®
-1,5 1 o® . PO
2,0 - .
-2,5

Key
X predicted |ife
Y standardized residuals

Figure § — Residuals plot demonstrating results for a model adequately capturing behaviour

Y
2,5
2 ¢ P
L J
15 | . o (N .
1 4 &
¢ A L J L J
0.5 1 Tut €4 on ¢
0 - > ¢ —So—
%00y ® ¢ e o
-0,5 - M
3 ’
a1, T
1,5 - ¢
2 ] *
2,5 ‘ ‘
10° 10 105 108

Key
X predicted |ife
Y standardized-residuals

Figure 7 — Residuals plot demonstrating classic behaviour when a linear response model is applied
to results requiring a quadratic relationship
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X
Key
X predicted life
Y sfandardized residuals

Figu

Final

that accompany the results to see if there were anysmachining and/or testing discrepancies. In

recof
spec
be pif
can (
aberi|

Undu
the s
This

In ca

be pr
cons

8.3.3

Plots
evalu

‘e 8 — An acceptable residuals plot for the fit, but also’demonstrating a candidate ou

y, when a possible outlier(s) is observed, it is appropriate to conduct a careful review of the

hmended that a metallurgical and fractographic evaluation of results be made in order to de
men is a valid observation or if it may have been damaged. Note that the disposition of outly
oblematic and subjective. Quantitative\statistical tests to evaluate outlying data are availah
ften generate conflicting results. This-is particularly true for cases where the points(s) are
ant, but no so far deviant as to be'clearly erroneous.

ly high (long-life) results, as-well as short-life values, can be problematic; both can inapprop

Can lead to lower tolerance limits than appropriate.

5es with outliers, the.correct perspective is to be judicious, neither automatically rejecting te
pblematic, nor rétaihing such results because no physical reason can be identified. The guid
prvatively in such cases by retaining observations where there is insufficient cause to reject

Normal probability plot

tlying result

test records
addition, it is
ermine if the
ing data can
le, but these
suspiciously

riately inflate

Catter and shift the curves: Fhe likely result is higher than necessary estimates of the standard deviation.

5ts that might
ance is to err
them.

rstributed and this

of-the residuals, or standardized residuals, versus cumulative normal probability are :Ilso useful in

assumption can be evaluated by determining if the residual from the analysis plot reasonably as a straight line.

© 18O
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0,5
0.4
0,3 -
0,2
0,1

0,1 1
0.2 |
0,3
0,4
-0,5 T T

Key
X cumulativg normal probability
Y standardiged residuals

Figure 9 +— Example of a cumulative normal probability plot displaying excellent conformance|to

normality
Y
4
3 i
2 i
1 i
O i
1
2 *
.34 ¢
-4 T T T T T
-3 -2 -1 0 1 2 3

Key

X cumulativenormat plubab;“ty
Y standardized residuals

Figure 10 — Example of a cumulative normal probability plot displaying acceptable conformance to
normality

18 © 1S0 2012 — All rights reserved


https://standardsiso.com/api/?name=f212a2e3acdf2b7e472a98b44bbd554e

1ISO 12107:2012(E)

o»e?

Key

x
o)

imulative normal probability
andardized residuals

<
(2]

-n

gure 11 — Example of a cumulative normal probability plof displaying marginally acgeptable
conformance to normality

8.3.4| Quantitative measures of normality for the residuals

Should the analyst wish to quantitatively evaluate thé’assumption of normality, the procedures of Reference [9]
(as njpted in 6.4) can be applied. For regression analysis, however, it is the residuals that are pvaluated as
oppoped to the actual observations.
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https://standardsiso.com/api/?name=f212a2e3acdf2b7e472a98b44bbd554e

ISO 12107:2012(E)

8.3.5 Remedial measures

Should the results for the tools evaluating the quality of the fit indicate there might be some issues, the following
measures are recommended:

check fo

r invalid data;

determine if a more complicated model (quadratic) is required;

requiring segregation into separate data sets. Unique curves for each population may be required.

examine the S-N curve and the diagnostic plots to see if there are two or more populations within the data

8.3.6 DetelImination of the need for a quadratic model

Should the S
of the so-cal

To perform this test, first analyse the results with both the linear and quadratic models. The general linea

uses the sun
and quadrati

N plot suggest a lack of fit and the residuals plot have the appearance of Figure 7, then"appliq
ed “general linear test” [12] can quantitatively evaluate the significance of using this relatior

n of squares error, Rssg, and the corresponding degrees of freedom for.each of the fitted
C expressions.

Specifically, this is:
R - R
e ( $SE 1 ssrzz)+ vy
Rsse 1 (v1=v2)

where

Rsse 19 Rssg2 for the simpler model;

Rsse 2 4 RssE for the candidate (quadratic) medel;

v is the degrees of freedom.forthe simpler model;

V1 is the degrees of freedom for the candidate model.
If F*> F, v, conclude the quadratic.model is significantly improving the fit.

F is the valu
parameters i

If the results
should be pl
has been ob
fatigue respd
over at the h

e obtained from the-# distribution table (or integration of the F distribution) at the p, numi
h the candidate model, the v» degrees of freedom and the choice of the « level.

of this test deem that the quadratic relationship is significant, the curve generated from this 1
ptted against the data to verify the relationship yields reasonable S-N character. On occas
servedsthat significant quadratic relationships demonstrate inconsistent behaviour with acc
nse. For example, properties can curve downward at low stresses/strains or occasionally

ation
ship.
r test
inear

(27)

er of

hodel
on, it
bpted
curve
5train

ghest levels of these stimuli. That is, the curve can suggest life improvements as stress or

increases. P

possibilities.

€ase note, this is within the range of the data and is not referring to any extrapolation. The reason
that a significant quadratic model can demonstrate uncharacteristic fatigue behaviour is attributable to several

One or more invalid observations exist in the data. Some can become particularly problematic if they are at the

lowest or hig

hest levels of stress or strain.

biases resulted.

More than one failure distribution is contained within the data.

outlying data have been removed, the analysis process should be repeated.

20

The data were not developed according to the recommended procedure presented in 8.4 and

The remedial action for the first issue involves suitable identification of invalid results. Then once the
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For the second issue, either additional data must be appropriately generated or one must accept the linear
model and recognize it is not performing an optimal analysis.

For the final issue, the data should be segregated into homogenous populations. If this is a not an option, then
other techniques, beyond the scope of this International Standard, are necessary.

Given the S-N response is with the quadratic relationship is acceptable, then the diagnostic residuals and
normal probability plots should be developed to confirm the model is adequately analysing the data.

8.4 Calculation of the lower tolerance limit

H £ £ Ll 1 L it £l QAL LE£ 4 H balkilit £ L1 i 1 1 1 1
ESt“T dAlUUTT UT UIC 1uoweT mmmuur uarnc o™y ourve imic dal'd HIVUII 'JIUUGUIIILy vl 1danure, qooullllllu aTurirgil d|Str|bUt|0n,

at the confidence level, 1 - « follows that given in 6.5 is given by:

1

N N , -1 2
He =Y =K(p 1 - g0 {1+XH(XX) XH} (28)
wherg
Yo is the lower tolerance estimate;
A is the factor for a one-sided tolerance limit atja probability of P, a confidencg of 1 - «
(P, 1-av) i

and v degrees of freedom;

b'of is the inverse of the matrix of specificvalues for which a tolerance estimate|is desired;
this is also known as the inverse of'the “hat matrix”;

Xy is the matrix of specific x valugs,for which a tolerance estimate is desired; this is the

“hat matrix”.

For the linear case, this simplifies to

N[ =

(29)

h<

=

-
~

|
3

i=1
The ¢oefficient & is_the one-sided tolerance limit for a normal distribution, as given in Table B.1. These values
are generated by infegration of the non-central ¢ distribution with non-centrality parameter:

q = (30)

The g Q iation. Please
note this is a simplifying assumption, to make calculation of the lower tolerance limit more straightforward.

The actual non-centrality parameter for a regression model is more accurately given by:

1

5 = (31)

1
[X}i(XX)_I XH:IZ
However, this requires integration of the non-central ¢ distribution for every specific X value and is quite tedious.

It is for this reason, the non-centrality parameter is assumed to be the v/n . This permits tabular values. These
are presented in Annex B for many commonly used values for P, 1-«, and v.

© 1S0O 2012 — All rights reserved 21


https://standardsiso.com/api/?name=f212a2e3acdf2b7e472a98b44bbd554e

ISO 12107:2012(E)

8.5 Experimental plan for the development of S-N curves

Data generation to support the development of design curves should be performed by first determining the
appropriate sample size. For a regression model, a minimum of 10 observations is necessary for exploratory
work, but 30 are necessary for a curve intended for design or reliability pursuits. Regardless of the intention,
the stress/strain range over, which the data are to be generated, must be identified. Replicate data are not
necessary and are in general discouraged. Then specimen test conditions should be allocated in equal
increments of stress or strain. Data are generated in this fashion because

it mitiga

it clearly helps to define if the response is linear or curvilinear, and

es against any biases since the data are uniformly distributed

Fatigue resu
length of the
allocated in i
the higher lifg

Worked exar

ts tend to demonstrate more scatter as the stress or strain diminishes. The uncertainty, alon
curve increases proportionately. To address this behaviour, it is recommended that speeime
hcrements using the double logarithm of strain or stress. This tends to locate more, specimg
P regimes.

nples are given in A.3. and A 4.

g the
ns be
ns in

9 Test report

9.1 Preseptation of test results

The test repagrt shall include the following information as appropriate/te’the type of test.

a) the observed fatigue life at a given stress;

b) the test|stress level and the estimated mean fatigue (life, plus the estimated standard deviation ¢f the
logarithm of the fatigue life. The number of test specimens shall be indicated;

c) a compifation of the experimental fatigue life ‘data obtained for each specimen, the observations|such
as the mode of failure or non-failure, and indicting the test stress or strain. The R ratio (ratio of min[mum
to maximum stress or strain), the type of test and the test frequency shall also be reported. If th¢ test
was performed in strain control, indicate the method of extensometry and if the test was performied at
constant frequency or strain rate. Rgport the strain rate if test were performed using a constant|stain
rate. Copversely, if the test frequency was held constant, this value should be reported. Finally, report if
the test ppecimen was smoothed or notched. If notched specimens were used, the corresponding gtress
concentfation factor (Kt) should be reported;

d) a plot of the experimental data on probability coordinates with the line best fitting the results shall be
reported. No extrapelation beyond the range of the data shall be presented;

e) the estimated telerance limit at the selected confidence and reliability level should be reported.

9.2 Fatigyestrength at a given life

The test report shall include the following information as appropriate to the type of test:

he method used to estimate these parameters, such as the staircase method;

subjected, with observations on failure or non-failure in the order of the test;

a)

Report t
b)
c)

extrapol
22

ation of the probability curve is permissible beyond the limits of the data.

the estimated mean fatigue strength and the estimated standard. Include the number of specimens tested.

a list of the experimental at each stress level and the number of cycles to which each specimen was

The estimated lower limit of the fatigue strength at the selected probability, when necessary. No

© 1SO 2012 — All rights reserved
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9.3 S-N curve

The test report shall include the following information as appropriate to the type of test:

a) the estimated mean S-N curve, showing plots of the experimental data. No extrapolation beyond the limits

of the data are permissible;

b) a list of experimental data including the stress or strain level and the number of cycles applied to each

specimen. Each should be identified as a failure or non-failure, as appropriate;

c) the estimated lower limit of the of the S-N curve at the selected probability of failure;

odel, including the standard deviations for the linear or quadrat|c models, R2 values, and
e general linear test calculation shall be presented. The reviewer should be able te,clearl
e process for final model selection.

he choice of
he results of
y understand

© 1SO 2012 — All rights reserved
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A.1

Annex A
(informative)

Examples of applications

Example of statistical estimation of fatigue life

A set of sevq
using Formu

n

n data items is given in Table A.1 as an example. Calculate the average and standard dey
ae (3) and (4).

X.
1
g i=1 1
# n
where
4 s the sample mean;
X; is the ith observed sample value;
n is the number of data points.
In this case, ; is the logarithm, base 10, of each observation.
Hence,
[Icg10(6,05x104) + logyq (6,31x10% )
= = 4,905
7
- RY:
b (x; - A)
6 =\
n-1
Hence,
4 2 4 2
(Iog1o(6,05><10 )—4,905) +(Iog10(6,31><10 )—4,905) ;.

= 0,121

7-1

ation

(A1)

(A.2)

The lower limit of the fatigue life for a 10 % probability of failure, at a confidence level of 95 %, is estimated from

Formula (5), taking £(0,1; 0,95; 6) as 2,755 as given in Table B.1:
’2(10) = 4,905 - (2,755 x 0,121)
=4,572
or
— 104572

Niro)

3,73 x10% cycles

Finally, the median life is 104:905 = 80 352 cycles

24
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Key

X cymulative normal probability, Z

<

ife cycles

Specimen number Fatigue life Log of fatigue life Rank Numzizi:]ftis;ﬁzdard
i N, cycles x; =log N; (i-0,5)/N z
1 6,05 x 104 4,782 0,071 4 -1,465 50
2 6,31 x 104 4,800 0,214 3 -0,791 43
3 7,39 x 104 4,869 0,357 1 -0,365 66
4 8,46 x 104 4,927 0,500 0 0,000 00
5 9,11 x 104 4,960 0,642 9 0,363 78
6 9,37 x 104 4,972 0,7857 0,780 53
7 1,25 x 105 5,098 0,928 6 1,404 00
Y
10° ~
10° 7 ——*
Pi— )
2
10
-2,0 0,0 1,0 2,0
X

Figure A.1 — Example of-a cumulative normal probability plot for the fatigue life data given|in Table A.1

A.2

A.2.

Staircase method

Exanmiples of statistical estimation of fatigue strength

When using the staircase method, specimens are tested sequentially under increasing stresses until a failure
occurs. An example of a set of data are given in Table A.2. From the beginning, the last non-failure in terms of
stress is the first valid data which is 500 MPa in Table A.2. In this test, there are seven failures and eight non-
failures. The failure event is therefore the one considered in the analysis.

Only three stress levels are considered in the analysis, as shown in Table A.3, with So = 500 MPa and stress
step d = 20 MPa. The number of the relevant event, f;, is given in the third column of the table. The values of
A, B, Cand D are as follows:

A=7,B=11,C=7;,D=0,571

© 1SO 2012 — All rights reserved
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The mean and the standard deviation of the fatigue strength are calculated from Formulae (9) and (10), as follows:

i, =500 + 20(7/7 - 1/2) =510 MPa
6, =162x 20(0,571 n 0,029) =194 MPa

Table A.2 — Example of staircase test data

Stress Sequence number of specimen
Si

MPa
540 X X
520 X (0] X X (0]
500 O X O O X O
480 o* (@) (@)
460 o

X for failure

1 5 10 15

O for non-failufe

* not counted (see the discussion in the first paragraph of A.2).

Table A.3 — Analysis of the data in Table A.2

Streds Level Values
Si 1 o if; %f;
MP4
540 2 2 4
520 1 3 3
500 0 2 0
Sun — 7 7 11

The lower limit of the fatigue strength for a probability of failure of 10 % is calculated from Formula (11) at a
confidence Igvel of 95 %. The'value of the appropriate coefficient, £(0,1; 0,95; 6), taken from Table B.1, is 4,755.

P10) = 10 - (2,756 x 19,4)
= 456 MPa

In this example, The Sress step ¢ 1S close enougn to the estimated standard deviation and D is greater than 0,3.

A.2.2 Modified staircase method

This example is based on the same fatigue test data as in A.2.1, but only for sequence numbers 1 to 6. The set
of data used is given in Table A.4. The standard deviation of the fatigue strength is 19,4 MPa with a number of
degrees of freedom of 6, as calculated above. The test was conducted with a stress step of 20 MPa which is
close enough to the standard deviation.
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The mean fatigue strength is calculated from the data, using Formula (12), as follows:

a, = (520 + 500 + 480 + 500 + 520 + 540)/6
=510 MPa

The lower limit of the fatigue strength for a probability of failure of 10 % is calculated from Formula (11), at a
confidence level of 95 % and taking a value for k(0,1; 0,95; 6) of 2,755 from Table B.1, as follows:

P10) =510 - (2,755 x 19,4)

= 456 MPa
Table A.4 — Example of modified staircase test data
Parameter Test sequence
i 1 2 3 4 5 6 7
Si, MPa 500 520 500 480 500 520 540
Event (0] X X (@) (0] (0] a

a [est not actually carried out (stress level calculated from previous value).

A.3 | Statistical estimation of S-N curve

Table A.5 — Strain-controlled low cycle fatigue results

Specimen number

Strain range
Yo

Cycles to faillire

1 1,34 3534

2 1,34 3002

3 1,01 4174

4 1,01 4442

5 0,84 10 477
6 0,84 8 758

7 0,61 31476
8 0,61 30990
9 0,50 47 000
10 0,44 73 387
11 0,44 73 280
12 0,41 309 600
13 0,41 583 300
15 0,37 433 620
16 0,34 2400 800
17 0,34 1315800
18 0,34 895 280
19 0,34 443 930
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Figure A.2 — Results for the linear model
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Figure A.3 — Cumulative normal probability plot for the linear model
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Figure A.4 — Residuals plot for the'linear model
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