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ABSTRACT o
N

A brief description of the complex fatigue machines
used in the test hrogram_is‘presented. The data genérated
from fhesevmachines are glven aﬁd discussed.- Two methods
- of obtaining strength distributions from the data are ¢
aiso discussed. Then follows a dlscussion of the con- N
‘struction of statistical fatigue diagrams andutheir'use
- In designing by reliability. Finally, some of the pro-A

vblems encountered in the test'eqﬁipment and a corrective

-modification are presented.
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CHAPTER I

5

 INTRODUCTION

1.1 Background on Testing Program.

The purpose of the test program is to generate cycles-

to-failure data by testing roteting specimensAsubjected to
- a bending moment and a constant torque. The test machines
fwere desibned and built at the University of Arizona.
The following is a brief discussion of the test
'machines. For a more complete discussion of the design and
development of the test-machines see Ref. 1. Presently
there are three machines at the Univeréity of Arizona.
The test specimen is subjected to a bending moment by
weights hung at the end of a lever arme. Fig.‘i.i shows a
schematic diagram of the machine illustrating the loading,
- geometry. .The torque 1is applied by turning the torque
coupling, whichvrotates shaft A withlrespect to sheft B
and holds the relative position'of the shafts. After the
specimen is tightened in the holding collets the ad justing
“nut on the torque coupling can be turned while holding,

shaft A from rotating. This will rotate sheft B with

respect to shaft A, It requires a full 360 degree turn of

the adjusting nut to rotate shaft B one degree with respect

to shaft A. Once the play in the gear boxes is taken up
B . . 1 " .
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Schematic Diagram of Test Machines Showirg

o the Loading Configu;ation



then torque 1s exerted on the specimen.;

‘The magnitudes of the shear stress and the nornal
stress that the specimen experiences are related to the
stresses which the toolholder experiences. Two strain
gage oridge curcuits are mounted on the toolholder in the
-position.shOWn'in Fig. 1.1.. Acting through‘an amplifier
| the output of one bridge is a measure of tne normal_stress
end the output of the other bridge.is a measure of'the
shear.stress thet the toolholder experiences. The out;
_puts are in the form of a Visicorder<:)reccrd. The strain
gage outputs and how they are used to determine the stresses
in the speclmen will be further discussed in Sect 2.1, -

Since the machines are capable of subjecting a speci-

men to combined stresses, tests can be conducted for any

combination of alternating and mean stresses. The alter-
nating stress is in the form of a normailstress caused by
e constant bending moment'on.the‘rotating{specimena Any
element of volume located at the surface of the specimen
uill experience an alternating tension and compression'of
equal magnitude. If torque is applied the element will also
experience e constant shear stress perpendicular to the
normal stress. Figure 1.2 show the stress ‘elenment., ' .._!
| Early in the research program a study was made of the |
Various fallure theories. On the basis of this study it
* was concluded that the von Mises-Hencky theory most- closely

predicts fatiguc Tailures in steel (1, p. 41)



Tyxm

'Fig. 1.2 Stress Element on Surface of Test Specimen

J
7

Shigley (2, P. 185) makes the point that the von

Mises-Hencky theory (alsq called the distortion-energy
theory) was developed to'pfedict yield under static loads.
However, because of the good agreement between fatigue

data and the theory 1t was accepted as the falluie governing |

___eriterion for the research program. <

. In order to have some measure of the relative mag-

, nitudes of the alternating and mean:stressés a stress
ratio was defined in terms 6f fhe von Miées stresses
(2, P. 188);~-For an ordinary_eiement subjected to bi~-axial

stresses the von Mises stresses are given by:

B S
cr—



s, = [s2 -s_ s, +82 +3¢2 ]*iz;'
a xa Xa ~ya ya xya
B
- 2 ' 2 = _
Sp = [Sxm - Sxm Sym + 3fcxym ]2 N

For the case of an alternating normal stress along the X
axis and a constant shear stress perpendicular to the”x

exls, the above equations reduce to -

Sa.= $xa - . L o ~‘:A_ (1)

szﬁtxym 5 (2) ,
The stress ratio is defined as
| --seL 8, | L R

TR T B e B

o - Xynm ' '

where |

R # stress ratio h 7

"Sé' = alterneting normal'stress

Sm = mean normal stress

thm= mean sheaxy stress.}, . .

The specimens being used fop the‘testvprogram'are
made of SAE 4340 steel, condition c-b, heat treated to
35 - 40 Rc . The specimens were ail manufactured from the
same heat., Fig., 1.3 shows the specimen geometry. o
B - The ultimate purpose of the test program is to develop
» statistical fatigue dlagrams which can be used to design a
specified reliability into‘a rotating shaft subjected to a

bending moment and a constant torque for a specified life.

-
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In order to secure data to construct the statistical

fatigue surfaces the following test plan was proposed

- (1, pp. 132-138): - | .

1, Tests are to be conducted at various alter-

nating stress levels, holding the stress

ratio constant, to determine the cycles—to—'

failure distributions at the varlous levels.

Tests, of 18 specimens at each levél, are to

[

be conducted at 4 to 6hd1fferéntfstress

" levels for each stress ratio. This data_dan

2.

then be plotted on log-log paper with stress

level on the 6rdlnate»and cycles-to- failure

on the abscissa. The resulting diagram”will'

look like fig. 1.4 . Such a diagram can be
Aobtained for each stress rétio except'R = 0,
Once the cycles—to-failure diagramé are ob-
tained then the strength distributiohs for

specified lives would be obtained and these

distributions used in constructing the fatigue

~diagrams to be used to design by reliability,

2

1.2 Data Reduction

The data as taken from the testing machines is in the

form of a Visidorder record which contains two traces for

each specimen, One trace records the amplitude of the altef—

nating normal stress as seen by the strain gages on the
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- Fig. 1.k 'S-N Diagram Showing Cycles-to~Failure

Distributions for g Specific Non-~Zero
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toolholdpr.and thé ofper tracé records fhe magnitudé
of the constant sheaf stress. From these records the
nominal normalnstress and average nomihal shear stréss,cgn.
" be obtained for all the specimens which were»tested at a
- given 1e§e1. The ¢etermination of these sfréSS'levels-
from fhe Visicorder records is discussed in Section 2.1.

" The terms,"nominai normal stresé" and Vﬁominal'shear
‘stress“ refei to the stresses the Specimen would éxper—
lence at the outermost fiber of the cross seétion if it

did'not contain a stress riser; ie, 1f the test section

' Were of & constant diameter and that diameter were equal

to the dlameter across the base of the groove in the

present specimen. | - A o
Section é 2 diéousses the mefhods employed in deter-

mining the endvrance level at the various stress ratlos.
Sections 2.3, 2.4 and 2.5 deal with the calculation

of the meen and‘standard deyiation, and the coefficients

of skewness and kurtosis of both‘the cycles~to~fallure data

and the natural logarithms of the cycies—to—failuie data{'
Two computer programs were developod to aid in tho |

reduction of the test data:

1. A program to reduce the Visicorder records

to stresses and stress ratios.,

BN
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2,- A progrom to ealculafe the meen end-sﬁendérd
deviation of the cycles-to-failure data ahd
test how well the data fits the normel dis-

:tiibution. The progran elso makes these
oalculatiohs for the log-normal distribution.A
- The programs are discussed in Appendices A and B.
Included in the discussion 1s a complete description of the
input data card formats for esch deck and a flow chart for
each Prﬁﬂram.‘ /
The first proéram mentioned adbove was developed by

this auLhor whereas the second was previously written but

was modlfied to be used with the data of this research

program, ot

<

1. 3 Goedness- of»Fit Tests

Seotion 2.6.1 discusses the Chi- square goooness ~0f -
£1t tenl and its applicability to the test data. Section
2.6.2 discusses the Kolmogoro#~8mirnov goodness~of -

Tit tent and its applicability. |

1.4 Geperation of Statisticael Fatigue Disgrams From

Test Data

The generation of the statistical fatigue diagrehs
requivgo that the strength distributions at various cycles
of 1if'e be knovn. The test plsn that was proposed at the
- beginning of the research effort was set up .with the

Oﬁdeative of obtaining test data from which ‘estimates could
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be made of these strength distributions. Section 2.8 |

discusses the proposed mefhod and its limitations. In the

same sectlion another test plah and method is provosed for.

obtaining the required distribution based on actunl data.

| Section 2.8.1,diécussés how to use étafisticél fatigﬁe
diagrams to design a shaft to a specificd reliability. The
essumptions and;limitations of the‘ﬁethod are.also dis-

cussed. s

«”

1.5 Modificetion of One Test ¥achine | ) E
\ ~ With the approval of Dr. Kececioglu and Mr; Vincent R.
- Lalli of NASA-Lewié'this author méde a modification o |
one of the three test machines in December, 1969. It is
‘believed that this modification will eliminate some of the
pfoblems encountered with tﬁe-machines. None 6f the data
presented in this reporﬁ was.bbtained fromutﬁe mddified
'machine. Detalls of 'the modification are presented in

| Sect.{on 2090 .



© ' CHAPTER IT-
“VDATA REDUCTION

2.1 vDétermination of Stress levels and Stress_Ratlos

- As stated in the introduction, the-raw data 1s in the
form of a Visicorder recordycontaining two‘traces; ' |
- Figure 2.1ris'an 1llustration of what such a record Jooks
like. The traces are\é.@easure‘of the élternating normal
stress ‘and constantuéhéar stress as seen by the gtrain
gages which aré mounted on the machine toolholdef. The
values of these traces;-in terms of divlisions, can be
converted into values of nominal normal.stress ahd»noﬁinal
éhear stress in the grqbvé of  the gpeoimen. However, to
be able to maeke this conversion several consténts_must be
'khoﬁn which relate the outprut of ﬁhe strain gages onlthe
.toolhoider to the nomiﬁél stresses in the groove of the
specimen. The calibrations requiréd to obtain these con-
stants are guite extensive and since thé original céli—
brations were not conduéted Ey fhls éuthor only a bricf'
discussion will be undertaken here., For a complete dis;
cussion of the calibraﬁion’procedure see Ref. 3.
There are fivé constants réqqired to meke the con-

version from @1visions on the Visicorder record to nominal

12
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"Fig. 2.1 Illvqtration of a Visicorder Record Showing
the BEending, Torque and Celibration Traces
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stresses in the

K. = g_9.§
- bgr T o
X _ oot
gr-th oos
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t/b "~ Tyt
K _ Tot
b/t Ot
where
Cos ~

.’.1.[)'

test specimén. "They are:

constant to relate the output of the

strain gages on the specimen to the
actusl stress In the specimen,

constant to relate the output of the
bending strain gages on the toolholder
to the output of the strain gages on the
specimen, o '

- econstant to relate the actusal shear

stress in the specimen to the output of
the torque strain gages on the toolholder.

constent to relste the output of the
bending gages on the toolholder to the
output of the torque gages on the tool-

- holder when the toolholder is subjected |

to a chanéing torque while the bénding

.moment 1is held constant.

constant to relate the output of the torque

 gages on the toolholder to the output of
" the bending gages on the toolholder when

the toolholder is subjected to a changing
bending moment while the torgue is held
constant. | '

normel stress in the sreéimen as indiceted by
the output of strain gages on the test specimen.

)
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Q.
]

s actuallnorgal st?e§5'1h the specimen.
’ O, = normal stress in the tooiholder as indicated
byﬁthe strain gages on the toolholder. *fi
 Tgs-= actua} shear streés in fhe'specimenf
Tot = sﬁear stress as indiéatea 5y the~strain

- gages on the toolholder.

The last two constants listed are interaction con-
stants. ~Due to misalignment, a bending gage may record an

output5when the shaft 1s subjected to pure torsion. Like~

ﬁise. a misaligned torque gage may feact to a pure bending

on the shaft. These two cqnstants take this interaction
into account. | o
_Whenever a strain gage on theltoolholder-is>£eplaoed
or when a change 1is made,tb the machine that alters its
‘ 16ading characteristiés éomé of the célibrapgon COnstanﬁs
may change. Therefore‘ whenever such changes are ﬁade;
calibration tests must-be perfofmed to obtain corrected
values for fhe constants that are affected by the cﬁange.
Changes thaf affected the calibretion constants were made
at three different times throughout the test program. In
ofder to khdwﬂwhat.constants were in effect during giveﬁ
timé periodé each time period was designated as a mode of
operation. The values of these constants are given in

\

Appendix C.
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Figure 2.2 shous thé'sequence of calculations required

to convert the strain gzge outputs, as recorded by the

Visicorder, to’nominal stresses in the groove of the test

. specimen,

The meanings of the symbols used in Flg. 2.2

ﬁhich have not béen defined'earlier in this sectlion are:

N

cb

b

ct

vb

vt

ct:

number of Visicorder record divisions used
when ad justing the gain in the bending
chanmnel of the amplifier.:

number of.Visicorder record divisions used
when adjusting the gain in the torque channel

. of the -amplifier.

value in ohms of the calibrating resistance
used when adjusting the gain in the bending
channel amplifier.

value in ohms of calibrating resistaﬁce used
when ad justing the gain in the torque channel

“ of the amnlifier.

ewount of deflection, in Visicorder divisions,
caused by the toolholder bending strein gage
bridge output when logd is 9pplied to the
specimen.

amount of deflection, in Viéicbrder divisions,
caused by the toolholder torque strain gage

bridge output when load is applied to specimen.



Output bending stress
in toolholder from '
Visicorder divisions

. N, ER

G . = vb £b
ot. Nob N

a Gb hcb

Output bending stress in
toolholder corrected for
torque interaction

. ’ : )

St = %%t =~ Ky/p Cot

Actual nominal bending
stress in specimen groove

’4f
oot

g = 5
as - Kgr~th Kbgr
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l

Output shear stress
in toolholder fron.
Visicorder divisions

Y
ER

M .

:t' _ vt T et
= W UTGH

ot ot “a Ut

ct

Y

Output shear stress in
toolholder corrected for
bending interaction

-

Lt ' )
Tot = th - Xp/t %ot

)

Actvzl nominal shear
stress in specimen groove

o .
Tas = K¢ Togp —th Zar
as t “ot C N

R

T

Stress Rétio

R.._.._......._...

V3T

as

Fig. 2.2 Flow Chart of Calculations to Cbtain Nominal
Stresses in the Specimen CGroove From the ‘
Strain Gage Outputs. :




=
1

"

gr

gY

In Fig.

b

- 18

modulus of elasticlity for steel

30 x 106 psi.

Teslistance of each bending gage
190 ohus. | '

resistance of each torque gzage

- 120 ohms.,

bending gage factor |
3-23 ‘

torque gage factor
2.05

number of active gages in each’bridge

<

polar moment of inertia of the toolholder

cross section where the gages are mounted.

‘radius of the toolhdlder where the gages are

mounted.
1.000 inches.

polar moment of inertlia of the specimen
cross section at the base of the groove,

radius of the specimen at the base of the
groove, |

+ 249 inches.

¥

2.2 the eqﬁafion for 0, ¢+ in the second
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box onthe left, is an approximation. The full equation
‘ iS’ . . . " . .' : s
ot f. 1ﬂ+ Kt/b Kb/t - ' L o : \j_j.

Upon examination of the valués of Kt /b and'Kb/t in |
. Appendix C 1t 1is seen that‘they ere small end the product
‘is hegliglible compared to 1. Thus, Eé.'(h) reduces to
the one giveﬁ iﬁ FPig, 2.2 . | E - |
A program for the CDC 6400 cbmputef at The University
‘of Arizona using FORTRAN IV was developed to determine
' oaé v T,s and B, as per Fig. 2.2, from the data. “The
progrem, along with user instructions and flow chart, is
. presentéd>in Appendix A, | ‘ | | |
Table 2.1 lists,the average stress levels énd rétiés
.at which test datavwere collected; The computer outputs
vllistinglﬁhe stresses in the 1ndiv1duél s?ecimens are givén
” in Appendlix D. | | | |

2.2 Stress-to-Failure Data (Staircase Method).

The method used Tfor testing spegimens to defermine
the distribution of the'endurance_strength was the stair-
' case;méthod (L, p,hu8; 5) sometimes.called'the "up and
dovwn nethod". Briefly, the methbd consists of testing a
speélmcn_subjected to a stress eqﬁal to the est1mated
endursaiice strength. If the speclimen fails, the next spéoi—
men 1is subjécted ﬁo'a stress one increment lower than the

failed specimen. If the'spécimen does'not fall by a
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predetermined time the test is terminated and the next spec-

-imen is suogected to a stress one increment higher. This

W w [

tprocedure continues until the desired sample size is
obtainegd. It should be noted that only approximately

.50p of the tested specimens are used in the calculations

of mean and standard deviation. The calculations are based

on eith r the successes or failures, whichever has occurred

At s

the lea t number of times.: The specimen Just preceding

the first change of mode is considered as the beginning

"\ i1 LR

of the test. A change of mode is a suecess followed by

L ’ & =

a failure or a failure followed by a success,

e of , Yoo

The eouations for calculating the estimates of the

T L ,' .-
| R

vmean and Scandqrd deviation of the endurance strength are

. - s

- glven by (5, p. 11@)

"‘r(“;‘_. N a e, -

R e PRt

"ut,..l.n = J ot d‘(N 2) | . | S - (5)
and; S N ”-l‘ | R
g B F Lo 620 d(NB"A?~ +. 0. 029)' o o (6},
where . N .

n = mean

5. = standard deviation

.- ..y = the lowest stress level at which a success or

. failure»(whichever the analysis is based on)

.. occurred.

i}

.8 = stress .increment

L0 BN
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N . '
N = effective sample size; ie. the number of speci-

mens used in the calculations. : _
~.." " - _VI\‘.

n = number of sﬁccess (or fallures) which occurred at
- the ith level,
'The lowest level is considered the zeroth level, the next

- the 15%

level, etc. In Eq. (5) above the (+) is used if
the calculations are based on successes and the ( ) it
1 based on failures.

The above analysis requires that‘the Variate being
tested 1s assumed to be normally distributed or can be
:transformed to‘a‘normal’distribution (5, p. 111). Also,
the stress increment sheuld be in the range of .50 to 20,4
where o is,the standard deviatlon of the distribution.
Therefore, sonme prior knowledge of the variance is helpful
for good results.

The staircase nethod is very good for the determination
of the mean of the varlate being tested. However, the
estimate of the variance can be poor if the sample size

is not large. Mood and Dixon state that (5, p. 112),

"Measures of reliability nay well be very misleading‘if.the

sample slze is less thanffgrtg or fifty." It is not clear,
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ghowever;fwhether’they ere referring to effective or aetnal
'sample size, the effective sample size being eppron;mately
50% of the actual sanple size. Because of research pPro=
gram limitations the effective sample sizes of the endur-
ance tests range#from 16 to 18; |

Endurance tests were conducted at R = «, 3.5, 1.0 and
0.4, As stétedwbefore.”tne tests of specimens which do
not fail are terminated at a predetermined time, For

o -
stress ratlio of = the tests were terminated after 90 hours

. wﬁiCh“iS”eQuivalent to more'than 9.5 million cyeies. In

conducting the enauranee tests at stress ratio of w, of the
eightcen specimens which failed, sixteen falled before 48

hours of’ running time.f"" S

2

?' For stress ratio of 1.0 the tests were termineted at

48 hours which 1s equivalent to over 5 million cyoles.

Of the eighteen specimens which failed during the endurance
.tests st B = 1 0 all falled before 24 hours of running time.
The endurance tests‘at R = 3, 5 were terminated at zh hours .
which represents nore than 2. 5 million cycles.,

. The endurance testo at R - 0.44 have not been com-
pleted as of the date of this report.\ They are also betng
terminated at 24 hours of running time., |

The caiculation of the means and standard deviations

from the stalrcase data will be discussed separately 1n.the

next two sections. The results of those calculations are
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~ ' o .
given in Table 2.2

"&_ .
. _
.« TABIE 2.2
ESTIMATES OF THE MEAN AND STANDARD DEVIATION |
' OF THE ENDURANCE STRENGTH FOR STRESS
' BATIOS OF e, 3,5 AND 1.0 |
Stress Ratio | Mean* (psi) | Stendard Deviation®*
0 \ 57,000 : 3,800
3:5 55,000 3,700
1.0 57,000 - 3,300

¢
)

Estimates are baéed on'the.calculations discussed in
Sections 2.2.1 and 2.2.2 o
¥ Rounded off to nearest 1,000 psi.

. ## Rounded off to nearest 100 psi;
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é.2.1 Endurancé Tests for R = 0 and R = 1.0
- The tests were based on the amount of weight

placed on the 1oad1ng arm. An 1ncrement of one_pound:}p

A

thé pen was used to obtain.the stairqase.' The calculations
Vfor nean and standard deviafionvwere also based on welght
and.these values were then convefted to psi. A

. Figures 2.3 and 2.4 show the staircase plots
for thé tésts. They were'takeﬁ}from an earlier report
(6,'pp..#8~49). Tables 2.3 and 2.4 list the specimens
'that were used 1n the endurance level calculations for
"R o= and R ='1.0 respecfively. | | .
- ' o obtain a better estimate of the endurance
'strength distribution the average/of the stresses in all-,
the specilmens for a given pan welght was-found and then thel
1n¢rement(between these averages for the different pan
‘welghts was caloulated; In order to obtaln a uniform
increment an avefage waé found'for the increments., .

For‘stress'raéio of « the calcﬁlatichs are

based on successes. The éverage stress at each pan weight

and the number of speéimens which succeeded at each level

is: o
Pan VWeight: , . Stress Number of
pounds . ~ psi - . Successes -
27 © ee 61,857 -1
26 : .. kO 59| 999 : 2
25 ) 5“:”30 o ' .10
24 i 51,915 . 2

23 - 59,421 - 1
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LIST OF SFECINENS AND THE»CORRESPONDING

- TABLE 2.3

STRESSES AND PAN WEIGHTS FOR

ENDURANCE TESTS AT STRESS RATIO = o

Specinmen Pan ‘ Nominal Normal
Number ggiig; | Stress ;gi?peclmen
87 25.0 60,519
17 25.0 37,476
7L 25.0 46,827
202 25.0 51,125
182 25.0 - 57,353
124 25,0 60,411
216 26.0 © 58,017
205 24,0 49,580
199 - 25.0 - 54,036
209 25.0 53,903
177 2.0 54,249
168 25.0 57,132
190 26.0 61,981
207 27,0 61,857
142 25.0 65,528
208 23.0

59,422

28
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_:“ - TABLE 2 . L”

o~

' TELERT Y7977 OF SPECIMENS AND THE CORRESPCNDING
“i. . :»7,STRESSES AND PAN WEIGHTS FOR
_ ... ENDURANCE TESTS AT STRESS RATIO = 1,0

I
o 364
2z} 372
S 362
: '14,29 ..

359

M7
_336; ‘

35,
Lo1i -
Loo

386 ST

Lo2

»7226,0

| 28.0
1 27.0

27.0

'26'0
26,0
25,0

29.0
” 280 0
270

26,0 |
25,0
N RERE T R

59,810
57,067
. 52,863
58,885
61,561
58,918
58,727
55,581
54,156
56,298
57,266
60,166
58,619
58,288

bra o
SREY; Specimen Pan .- |Nominal Normal Stress Stress
- . - Weight in Svecimen
s, o NUmbEr | ounds psi. Ratlo
248 . | 27.0 48,979 .721
- 288 | 27.0 61,723 1,072
SESL e 26,0 | 58,350 1.045
oy |er e300 - |l 27.00 o] 55,537 1.005

1.169
1,066
1,040
1,042
1,031
1,019
1,055

« 996

.909
1.114
1,081
1,064
1,063
1,087
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Note that the avefagé stress for the onerspecimen at a

pan ﬁélght of 23 pounds 1is gfeatef than the-average streés
for both 25 ang 24 pounds.  To eliminéte this incousistency,
the one data point taken at 23 pounds was elininated from
the caléulétions. Then, faking the average of the incre-
ments between the other four levels the value of 3,314

" psi. for the stréss increment was obtalned.

In order to get values for the number of'sﬁéc-
imens which succeéded at each level, it was essumed that |
éa@h specirzen tested at a given pan weight waé éubjeoted to
a stress equal to the average stress caiculéted Tor that
pan weight. Tﬁﬁé. 2 specimens were run at 24 pounds, 10
specimens et 25 pounds, 2 specimens ét 26 pounds and

1 specimen at 27 pounds. Using Egs. (5) and (6)

where o
Yy = 51,915 psi,
d = 3,31k psi.
N =15
3 o
A=3% in, = 0(2) + 1(10) + 2(2) + 3(1)
i=0 T o
o =17
3 2 20y 200 a2,
B=3 1% n, =1 (10) + 2°(2) + 3°(1)
i=o0 E '
| = 27
then

s g (17,1
m= 51,915+ 3,314 (3£ + 3)



.

 om= 57,317 psi.'

v and o -
| s = 1.620 (3, 314) [15(27) (171 + 0. 029_]
0 (15)
: 6 = 3,818 psi.
'€‘_§; - Thus the estimates for tne mean and standard

I

V’f%etlation of the endurance strength distribution for stress

Firatio of « are 57,317 psi. and 3,818 psi, respectively.

—

b ﬁ' : Similarly, the estimates for the mean and
standard deviation. 01 the endurance strenvth distribution
7for stre s ratio of~1 0 vere found to be 56 785 psi, and

e

3 290 psi., respectively.

.-'.':Wv

2 2.2 Endurarct Level for R 3.5

— -

§: é - ' The staircase method wes used to conduct the
tests at this ratio also, but instead of basing the tests
on pan welght they were based on stress in the specimen.

The_stress increment was chosen to be 3,000 psi. PFigure 2.5
L z : :

EShows the stalrcase plot for these tests. Table 2.5 lists
fthe_specimens whicn nere used in the caiculation of the

ﬁdistribution parameters.‘ Also listed are the stress as

recorded by the strain gages, the target stress end actual

“stress ratio in. each specimen.

s

= - i. Table 2, 5 indicates that the stresses vere not
held as close as tergeted when the tests were conducted.

The scatter may be due to cqreleasness on the part of the

operators and te t machine operating inconsistencies.
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U TABLE 2.5 |
. LIST OF SPECIMENS AND CORRESPONDING ACTUAL STRESSES
"7 . AND INTENDED STRESSES FOR ENDURANCE

T PR " TESTS AT STRESS RATIO = 3.5 .
Specimen | Actual Normal | Intended Normal Actual
':Numbér Stress in N . Stress in Stress

' Specimen (psi) | Specimen (psi) Ratio
C 477 55,917 - 60,000 3,54
. 465 55,825 . 57,000 4,26
478 58,201 60,000 - 3,64
506 51,256 57,000 3.22
528 57,376 - 60,000 3.78
W | 53,410 57,000 3,26
L66 - 54,236 57,000 3,60
524 47,071 " 51,000 3.03
546 50,292 54,000 3.93
499 60,903 | 57,000 5.72
532 54,533 | 57,000 Lo 43
483 " 50,828 54,000 3.10
529 51,381 54,000 3.56
587 52,067 54,000 3,50
581 54,320 57,000 3,67
611 | 56,826 60,000 3,42
589 54,118 . 57,000 3.47
603 53,813 7 57,000 3041
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These are diébuSsed=;nfSédtién 2.9. Because of this the

| gverage ‘actualTstress ‘at each target level was determined
e e, . o _ N

-

&S f6llowss & exs 53,15¢ vl
Avérage Aetusl. .il0_: Target Stress Number of
~ Stress.(psi) -. (psi) . ~ Successes

57,103 07 fzsived T 22v60,000
454823 : enin ‘:;t':‘;",;—57'.000
o 5t,ik2 - - 54,000
47 071" - 51,000

P Y ] £ rs e p v e s
ALEEL, T 2 ST AR N

Il VI

repcr: cr o The.average stress increment between these '

[ R

.....

Guet sostneo¥ = 47,071 psi.

levels is 3, 3?7Tpsi. Using Eqs. (5) end (6) where

The ’d = 3 ’3?7 . Ps i : /A -
DAL el FN"" 18v Lol

'

= 1(4) + 2(9) * 3(4)
g !
ny = 1(4) + B(9) + 9(4)
= 76 |

e

10

]
A

Y
o

[N

291

N

il

o

{

os) .3
Do 2%
1

Sl MW MW
N

o B
Vs

I Y -.m .47'071-*. 3'377 ( %B- + E )

Cmiwmaolu = 554139 psi.
andl Tl Lol Tl ' ‘\

er o i L 8= 1,620 (3 377) [(‘8)(zfé)§3“) + 0.029]
7 {»-= 30738 p31'

1l
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Thus, the estimated mean and standard devi-

'ation of the endurance strength distribution for stress

ratio of 3.5 are 55,139 psi. and 3, ?38 psi., respectively.

2.3 Cycleo-tanailuve Drta at Specifio Stres: Rztios

and Levels

It was desired to dctermine how the cydles»tou
"failure data et each stress level and ratio was dis-
tributed., o | _

‘Based on a study made by.Brbome (7) in aﬁ earlier
: réport on this research program it was decided éo fit the_
v~normg1'and log-normal distributions to the data‘and con-
_ducf goodness-of -1t tests.: |

The parameters for thege two-disﬁributibns vere
estimated using tﬁe‘unbiased‘estimates for‘mean_and stan~
Adard deviation. For the normél case the cycles-tb-
failure is the veriate and fdr,the loééhormal case the
natural 1ogarithms of the cycles~-to-failure is the variate.

The moment coefficients of skewne s and kuruosis vere
also estimated from the data. For the normal distribution
the values of these t&o parameters are 0 and 3, respec-
tifdiy. | . | | |

. Thé Kolmogorov-Smirnov'goodness-of»fit test was used

_as a measure of how wéll the distfibuﬁions it the daté.-
A computer program was used to make tﬁe calculatidns.

The program had been developed previousiy but it was modified.
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by thls author to inélude tge Kolﬁogorov—Smirnov test.

The original program, whicﬁ vas wriften by Patel (8), used
"~ only the Chi-équare goodnéés~of~f1t test, The program-and
usér instructions sare 1ncludedlin Appendix B.

Tadble 2.6_11sté the results obtained by estimating
the normel distribution pa:émeters from the data and con-
'ducting the Koimogorov-Smirnov_goodness-of»fit test. |
Table 2.7 listé the fesults obtained'by using the natural

logerithms of the cycles-to-failure data.

2.4 Normal Distribution Fit to the Data.
| The probability density function for‘fhe normal
~distribution is given by

f 1 x-u
1 2 ]
o/21

Cof(x) =

" where f/&é mean
6 = standard deviation
If)k and ¢ are not known frbm priof knowledge'they
‘must be estimated from the data as discussed in the next

section.

2.4.1 Determination of ilean, Standsrd Deviation,

Skewness end Kurtosis

\

' By definition the moment generating function,

t

‘denoted by m(t), is the expected value of e°* which is

denoted by E [etx]. For the normal distribution
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T 1
n(t) = E [etx] - Jﬂetx e 2
o . oy2m ‘

Carrying out the 1ntegration yields

' 2 2
m(t) - et)t + O /2

» ~

which is the monent generating function for the'normal

distribution.

th

The procedure for obtaiﬁing the r” .moment

th

is to take the r derivative of the moment generating

‘function with respcct to t and evaluate 1t at t = 0.

By definition the rth sample moment is glven

C n S
r n

Taking the first dgrivative ofﬁﬁhe moment

- generating function with respect to t and evaluating at
t = 0 ylelds |

. i, %I*k

. Then equating the firstidistribution’moment and the

firét sample moment yields the estimate for_the mesn
n ~ .

DR
X S
o i=1 7% ) )
/*g- 5 - (8)
‘It can be shown that ﬁhisvis an unbiased estimator.
Taeking the second derlivative of the moment

genérating function with respect to t and evaluating at

39
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2 2

| m, = 0" +A |
. : B . .
Equating the second moument ylelds 3
z x2
3% 42 =L
n
but ]
_ n
' T - :
. o
A~ 2 1=1 X4
AL = [F5—=] )
" thus |
S n n n
r 2 r . 12 P) =2
o2 - A=1T1 Ly2y X3 j=1 (%3
: n _n2 ) n
- where
n
- 1§1 Xy
X = ~=5-~ = sample mean.

It can be shown thet this is a biased'estimétor for 02 .

For unbiasednesé, the expécted value of the paraméter
estimator must equal the parameter (9, p. 72) thus in this

case for unbilasedness

n ‘ L
7)? | :

4 T .
(x, -
=171
E [ 5

Q
.

- Goling through the computations ylelds

n
%

)
g (X4 -%)

EL

|

n
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Therefore the estimator -
n L
L o =12 - -
: (x, -%) N

==
4 n

is a Biased estimate for_cz . However,.the unbiased

- estimator for o2 is

_ n
: z =2 .
‘ “(x, -X) o L
82 - A=t 78 T . v L : (9)

n-1

The moment coefficients of skewness and kurtosis are

given'by_ - _‘i . -
m : . m
O<3 = SN and OCL} = 42
- (m,)-/2 - (m,,)
respectively, where - \A; .
T -
m. = 1:1(X1-X)
2 n
n
Z =\3
m. = 1=1(X1-—X)
3 n
and n
121(X1“§)u :
mL[r = n _ . N (See‘Refo 10, p.’~3‘8).

_ Eialuating the third and fourth derivatives of
the moment generating function at t = 0 and sqbstituting.
into the equations for c<3 and.CKL}will lead to values of

CKB = 0 and O(u = 3 for tﬁe normal distribution, -

The estimates of the mean, standard deviastion
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-
E

'and the moment coefficients of skewness énd kurtosis have
béen calculated for each group of cycles-to-falilure data.

The estimates of the moment coefficlents of skewness and

A

kurtosis were caiculated in order to give a further indi-
cation of how well the data fits the normal distribution.

However, it is important to note that even though o<y

‘6f a symmetricél disfribution is zero, bﬁtaining a value
of zero for the estimate of cK3_from the data does not
._necessarily-mean that tﬁe distribution is symmetrical.
Mood end Graybill makeithis point (9, p. 109) and state
Vthatg "knowledge of the third moment gives almost no clue
as to the shape of the distribution." Therefore, the
moment coefficient of skewness.;anot a goqd'measuré-of
vwhether or not a distribution is symmetfidal. |

| The moment coéfficieﬁt of kurtosis is a
measure of the peakedness of the distribﬁtion.: |

2.5 Log-Nor=al Distribution Fit to the Data

A variate is distributed log-normal if the logarithm
of the varlate is distributed normal. That is, by 1etting
y = 1ogex then . .  _ »
. l*( Y-r )2

2 o

e

1

(y) =

" where the unblased estimates of M and o are
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2.5.1 Determination of Mean, Standard Deviation,

) ;SkGWnesé and Kurtosis

N The determination of thésé parameters.fév the
1og-norma1 dist;xbﬂtion is Lhe same as for the normal
distribution as oovered in Section 2, & 1 except the 1og
of the variate is used in the calculations.

'2 6 Goodness~of -Fit Tests ' ) » T

In order to determine how well the normal and log-
normal distributions it the dat& two goodneOS-of-fit
tests were proposed. They are thg Chi~square and Kolmogorove
Smirnov goodness-of-fit tééts. "However, Both tests were
not used in determining whether or not to rejéot a
; particular distribution. In all cases the Chi-square
goodness—of~fit test was not valid because of the small
sample sizes. Further reasons for'it not béing velld are
given in the next section.

Since the computer prégram is written using both
tests it showvld be pointed outvthét whén analyzing data
~where the Chi-square test is valigd, if both tests are used
to detérmine re jection, the ievei of significance changes.
In other words, if the éritica1 va1ues Tor rejection are
“based on a significance level ofc%.for both tests and the

Qriteria for rejection of the null hypotheSis is if either
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one or the other 6r both testslrejects the distribution
‘then the level of significance 1n rejeoting is not <.,

It is not clear what the .confidence 1éve1 would be since
the extent to which the two tests are correlated is not
knovin, .Therefore,.oniy one test should be used in deter-
| mining goodness-of-fit, For the data in this report only

the Kolmogorov~Smirnov test was used.

2. 6 1 Chi-Sagusre Goodnaos of -Fit Test

_ The Chi—square goodness=of~fit test can be
used only with grouped data, that is, data divided into
cells. The total éhi—square value is the sum of the Chi-

squaré values of each cell. This can be written as

<

: X (E,-0,)%

Vg = EOTETTTT
b i=1 i

- Wwhere A

"Ei = the expected frequency of the 1th cell
0, = the observed frequency of the 1th cell
X = total number of cells
Vk-l = totai Chi-square value

| Vk-l can be shown to be distributed Xk21
hehce thé name Chi-square test, ‘where k-1 is the number
of degreeé of freedom. However, if the parameters of
the hypothesized distribution must be estimated frbm the
: data the degrees of freedom nust’ be decreased by the number

" of paramcters estimated. In the case where the £it of the
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normal distribution to the data 1s being tested, if the
mean and standard deviation are estimated from the data
the number of degrees of freedom is k-1-2 or k 3.,' -
The derivation of the Chi-square ‘test is based
.on the law of large numbers in such a way that in order
for the test to be valid the number of observetions in
each cell must be large. In actual practice it is
generally accepted that the observed,value of each(celi
must dbe greater_than five. -, |
: Sinoe the two barameters of the normal dis-
tribntion were'estimated:from‘the dats there must be at
least four cells in order for the degrees of freedom to
: be greater than Zero. Therefore, there would have to be
at least 2L observations to have greater than five in each
cell. In each case in this test program there viere
either twelve oxr eighteen specimens tested. Hence, the

' Chi- square test would be 1nvalid for the sample sizes tested,

2.6.2 Kolmororov-Smirnov Goodness=-of-Fit Test

Briefly, the Kolmogorov-Smirnov test 1s a
comparison of a hypotbesized cunulative frequency distri-
bution F (x) and the observed cunulative distribution
S.(x). Reject*on or nonnrejection 1s based on the absolute
- value of the maximum difference betueen the two functions.

In matheratical terms

= an(x) - Sn(x)l -, ' (10)



" where

n

A

f{x)l

N
If Dn

D_ = Kolmogornov statistic

il

—~—
- -—

\\

_ o ,
'Fn(x) = j‘ f(x) dx

o 0O

probability density function of the

vhypothesized distributioﬁ

any specific value of the varlate X

. S a
N o | (11)

number of observations less than or
equal to Xy |

sample'siée

L6

is greater than some oritical value (Dc)

the hypothesized distribution is rejected at some level of .

significance (<), The probability statement is P(Dn> Dc) =

o+ Table 2.8 lists the cfitical values fér sample sizes

of 12 and 18 at various levels of éignificance.

TABLE 2.8

TABLES OF CRITICAL VALUES OF D TO USE IN THE

KOLFMOGOROV~-SHIRNOV GOCDNESS~OF~FIT TEST

Sample Level of Siznificance (X)
Size 0.10 0.05 0.01
12 0.338 0.375 | 0.450
18 | 0,278 | 0.309 | 0.371
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In using-the Kolmogorov-Smirnov test the
i A : ) . s '
D~value 1s found at each data point. If at any point the

-calculéted D-value 1is greater than the critical value\gt
~~the desired significance. level, the hypothesils is rejeéted.
If not, the hypothesis is not rejected.

247 Discvqsion of Results -

In 8 of the 15 stress 1evels tested the D~value
- (Kolnogorov Statistic) was less fop the log-normalidis—
itributioh than for the‘nérmal distribution., The moﬁent :
~egoefficient of kurtosis was élosér.to 3.0 for.fhe log~
normel distribution in 9 of the i5 cases. The moment
- cbefficient of skewness wésAcloser'to Zero for'the log-
- normel distribution in 7 of the'lS}caées. However, as
- vas mentioned in Section 2.4.1, ogtaining a value c¢lose
 to zero for thé moment coefficlent of skewness ddes not
Hnecessarily mean that the distribution is symmetrical or |
normal. | | | |
_Based on the Kolmogorov-Séirnovutest, in no'cése can
either the normal or the log~normai_distribution be re-
jected with 90%‘conf1dence, ‘For streSs.ratio of'O.uu
&t stress level 69,000 psi. the normal distribution can 7
be rejecbed with 859 confidence. “
- From the above results 1t appears that the log~
normal distritution 1is favored.

The cycles~to~failure data for stress ratios ofnﬁ
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Aand 0.825 were previously analyzed and reported by Broome
"(7). He also concluded that the 1og¢n0rna1 distribution
‘was favored, He alse points out that from a phenomenoq_ |
logical viewpeint ﬁhe 1og~norma1 distribution 13 Justified.
Figures 2.6 thréﬁgh 2.9 show plots on log scales at
the averagze stress levels of the eycleSwto-failure dis-
.‘ntributions for stress ratios of o, 3.5 , O.825vand o.uhy ,
~The distributions shown are log-normal. The mean 11ne
shown on each figure was obtained by fitting a straight
. 11ne, by the method of least squares, to the estimates of
the means of the distrieutions on each figure., The 3
standard de&iation 11mits_forveaCh distribufion are alse
shown. To obtain a'smeoth'envelope;the'dashed lines vere

drawn in by sight.

~

, Specimens wefe tested at enly two .stress levelsdfor
the stress ratio of 0.lk, They were 69,000 psi. and
60,000 bsi. An attenpt was made to test at a level of
75,000 psi., but at a stress ratio of 0.4l this requires a
shear stress of 98,500 psi,» The specimen.began yvielding -

and finally broke as the torque was. applied. Thus, for

A'.stress ratio of 0. 44 the cycles-to-~ failure tests were

restricted to two stress.levels. The endurance tests for
stress ratie of 0.4l have not yet been completed but it
_ appeare as though the mean endurance 1linit is about

: 51.000 pSio



Al‘,ng

o JO 0T3¥Y SS9I38 I0J zOﬁpﬁpanmﬁn .
zuwnonpm moﬁd&ﬁ@rm @cmwcoﬂpSQHngwﬂamHSHﬂmmnOplmoHOhooN .wﬁm

*1sdy fyjz3usagg 2ousBanpuly

¥ !ssaajg SujrsvuIogIv Teu

o;ﬁﬂdmmnoJxmmHoho
OV gios € z O gos ¢ 2 moﬂnom:m 2 #°tg oy ¢ oz OF
HHH I T R R A A R T T R e Oy
I
ofr ¢ 1
o = == — e I o5
os1 N » !
LN N I
)] N N 09
09 t T N T
\ﬁd /%// ./// T
L |\...I SN IR R O 4 / AN H.
04 F N <O T 0l
LY i TS E T I
L ° —hoa \rb ”J.VA/ N T 09
T/7RSATpOBTE = P YEYY d;_xm =1 »Al/.rx\_ﬁ,/ R ) T
v S 2AU - X
soﬁm.ﬁ.ua%mﬁa uyBueIis | doupanpla /;,. N e IR Fos
K < 1
N C
w “ _ T™LODNLIN T
/ . . ’ . ' AN ~ P/ Oo.ﬂ
*VIQ 005°* — . I NG G ]
: . "VIQ S€L° BN >
Qv $qv | ﬁ etk — <IN
; // | R s e ///mwx‘ 021
| . ; ?"B . %{ﬁfOHm>c of+ "_/ 3
Ny i o
, E;ﬂ o : .VE | | . L
* m 04~S¢ PLETQ SANLTBL~02-SPIIOY - 09T
%=0 °*aNOD THILS odmz davs Co rowﬁ

i

A
d

o

¥

«7sd



Cepsdy ‘yaBusIag soueINPUL

*Ge°C JO ofaBy €

£5912g J0J Qodpsnﬁhpoaa

yjzduazag eduBINPUY DPUB SUOT3NQTILSIQ SINTTBI~03-SaT04LD L*2 *B7d
L BINTIBA~03~SSTILD
Ot 896 € 2 P gocu ¢ oz OToocy ¢z 40Tg g0y ¢ 7 (OF
L R R e T HEH R S R J: it “:T:I.?.;w..: HHHPH R T e O 1)
I 335] gaere =| 54 tevsg Wuo.mm = °g I
Oyt ~——UOTANG T ST Y3 BUaRR G| douganpug H
T T o — it T Ty +
4] S : 0§
Om.i /\\ // ...H
T 71 N N\ I
09t / < AN R 09
£ 4 — N :
ON:I : > // ON
g —_A N T
NI TN R T
08t RTINS — 108
/ TN BN - bdotaaus bf- T
N T
- //n\\VA < T OO .
N R / // ..,H
+VYIQ 00S° = //,u/, 00t
- N N t~ UBOW 4
- ..Q‘ ' . N / L~
cgdm md.ﬁo HQ LmN. // //lld\x\/
- i SEENPZEN 1ozt
3 O 1 ///\ N 1
T TR 1o,
i adotaaus| ot |— |\ /,/w
i | ‘i NPT
) . St 091
* g on-S¢ -l | L ~NAE
#~0 *QNOD TIIILS OH{EH VS "3510 BINT}BA-ORFSPTIA] —— - 0g1

*1sdy fsssaag Surqeulaqxv Teutwop



51

(e o o o

egsdy ‘yaSusagzg ooUBINDUT
o

*628°0 JO OT3BY SSaIlg HO% UOTANATIIST
£pw9mnpm oosMAS@zm PUB sSUOT3NQTIISTQ SINTTBI-03~SST0LD g*Z .wam

2aINTIeJ~03~SoT0£)D

P g9c ¢ z P gocn ¢z Plgocy ¢ g 40T g g0y ¢ 7z (OF
R - S S R T A R st e Oy
om , 5 T
wt | 34 00€1 g =| To teisd Sm.mm = " I
L . \1|!aeﬁuz~ﬂhpnﬁm spwsmruw LouUBINpUY . L ¢
. . N Lt — .S g O .
ST w\ /// 4
1 » 0
’ / N D £
u.-l T T U T T LT uJ/» > ,// A I o.m.
// NN . o St
4 : ..,rJ // N : T
. 0/ //\\d N 4-
e . AN = LN - Ow
8 J\,\ N ///m\ ogToAys oOf- I
™ //, - Or\\
N P - uebw . F
f m P . : : W WA 1// .\&\I X OOH
"VIQ 00 o, e O NN 4
‘qvd ui. J — VIq 5Es P (W N .
\ e SHOTeAUD P~ NN /X\ N ‘ ]
. 77/,_ 1 021
R . *asgdl baarledroarsaTofdLN| | N o -
. w N < on
. P T /”//, C
.9 _ N g
leq.DZOo TIILS OhEH EVS T ogr

*7sdy fssaxqg JUTIOUASTY TBUTWO}



"T*0 3O 0T3TY SSAIYS 3T SUOTANGTIIST SINTTBJ-03-SOTAD 6°2  *FTd

N
mWrJ : o . PINTTBI~03-SOTOLD
x 1 | | .
= OV g9s ez PV gy ¢ oz ¢OTg 95n €z #Fg 96y ¢ z (OF
- !
= E B BRI 1 a2 B L L 1 L e R o e i e A B LT LA LT LS UL AR A2 A AR AR “.m ity R IE TR s e tataREO L T R Od
S-S L
- .,Y.Wr , T
S T
R : O.m

2
)

3
L

N T sdoTapya og-

/
/
//.‘/

l
1

N 09
YA > |~ to8cisting ‘

o
~

adoToAus! of+1+—"

ot

N
N\
A
/
/
/ 7/
/
/

14 wHSHw mﬁwho,

-
Y
<5
=9
i
(o)
Y
L)
1]
\ | \
/
/
7
"/
I S WS T BT ¢
L
o O
o 0

i e
LA

L VIa 00§ : ot ;
_M.oqm msﬁ.

4 .v \ S — + ony

09t

— *VIQ mmm.,_ A | i

. e Puon-se | T
=0 SQNOD. TEHIS osms m<m AR I

Cgl

TBUTUON

LV

-
3,

Suyjzeuxssy



53

2,8 . Construction of Statistical Fetigue Diagrams at

_Various umbers of Cycles of Life

'LThe ultimata objocﬁive'of the reséarch program is. .
to construct statis £ical fatigue dlagrams from which
'shafts can be designed for a specified cycle life and
reliability. - ’

~ One kind of conventional fatigue diég?am 15 oﬁe

using the modified Goodman line as shown in Fig. 2.10 .

2})/— Sendurance S -

///~ MODIFIED GOODMAN LINE

SODERBERG LINE

ALTERNATING STRESS

Syie1d

i ¥

MEAN STRESS Spltimate

\

Fig. 2.10 Fatigue Diagram Showingvthe Modified
" Goodman Line end the Soderberg Line.

The dlagram 1s a plot of alternating stress on the
ordinate versus mean stress on the abscissa. The modified
Goodman line is a line connecting the endurarce strength

‘and ultimate tensile strength.  Another line, which

i



connects the endurance strength and yleld strength, is
called the Soderberg line. Both the modified Goodman line
and Soderbers line are conservative (2, pe. 178). -

f- The modifled Goodman line 1s used to design for an
linfinite life. Other lines can be constructed connectiné :
- the ultimate strength to some alternating stress corre—'
sponding to a specified life. This line would be used to
| design for that.finite life. However, these types of lines
are deterministic and dc not account for variability in the
strengtn of a naterial. If the‘strength distrlbutions can
;te determined for various stress.retios and cycles of life
tnen fatigue diarrams can be defined in terms of a mean line
’and standard deviation about the line. N

The method of determining the strenﬁth distributions

which has been proposed for this research program has been
discussed in earlier reports (1, pp. 134-135; 11, pp., 24-26),
»Briefly, once the mean line and 3¢ entelopes (6 = standard |
deviation) have been established on the S-N diagrams as
discussed in Section 2.7 then distribution parameters cen
“be 1nterpolated at evenly spaced stress levels. Suppose -
- the strengtn distribution is desired at N cycles. A hist-
ogrem can be constructed along the N cycle line such thatl
the midpoints‘of each histogram cell is one of the inter-
pclated stress levels, as shown in Fig, 2.11- . The ordin—

'ate'cf each cell is the aréa, to the left of Nl-' under the



55

distributibn curve corresponding to that cell, For

exanple, denoting the bottom distribution function on

A
ograem cell 1s

Fig. 2.11 as f(NISl) then the ordinate of the bottom hist-

N | e
F[s,) = 5" r(wlsy) an. (12)

. e OO

leewise, the ordinate of the next céll will be

. N : : : . .
4 1 . : o
F([s,) = 5; f(¥|s,) an. oo (13)
In general the ordinate of the 1™ cell will be
F(N[s,) = ‘J; £(N[s,) an (1)

‘and the total histogram will 1ook_liké that shown in
Fig. 2,11 ., This total histogram, as a firét approx-
jmation, is taken to be cumuiative strength histogram of

specimens falling by N cyclés. The‘probability density

1
histogram can be obtained from this cumulative histozgram.

Denqting the strength random variable alohg the N1 axis as

th

S then the value of the 1 cell of the probability density

histogram is £(8,) = F(NIS;) - F(N|s After the

i-l)‘
probability density histogram is found then the normsl dis-
tribution pararmeters cen be estimated using statistical

methods,
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‘A computer program was developed by R;'E. Smith (11)

~ using this method of estvimating the.strength distribution
parameters. Aﬂprintout of the program 1s given in Aprendix
F. The estimates of the'sfrength distributioh parameters
at cycles of 10,000, 50,000 and 100,000 for & stress ratio
of 3.5 are listed in Table 2.9 « These distributions are
Plotted on Fig. 2.12 . Note that the + 30 limits are
1hside the + 30 enveiopeAfor the cycles-to~failure dis-
ﬁributions: hence, for this cése thé method apﬁears to
‘yield unconservative estimates of the sﬁrength distri-
bution parameters. The reason fof this will_be inves-

’ tigated °

| ~ TABLE 2.9 o
~ ESTIMATED NORMAL PARAMETERS FOR STRENGTH
DISTRIBUTIONS AT VARIOUS CYCLES-OF~LIFE -

- Parameter Estimates
Cycles of Normal Distribution
of _
Mean Standard Dev,
.
Life N (psi) . (psi)
10,000 106,639 . 3,256
50,000 79,021 - 3,253
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Another-approach mizght be td_base the strength dis-
fribution estimates on actual‘déﬁa so that some measure of
'accuracy can be obtéined through thé nsé of an appro¥'~
T priate goodn95°~of-fit test. The approximate diétributibns
of strength at a specified nunber of cycles is wanted,
then the distribution_of the stresses to which the spec-
imens'failing‘at i cycles are subjectéd night be obtained
" as follows. N is a random variéble and the probability
" . of even oné specimen failing at ¢Xact1y N cycles is zero.

'Therefore; tne strength distribution at a discrete N is
unattainable, but a distribution of specimens failing
within a band of N is possible to obtain.

—————— CONVENTIONAL
S~-N LINE

bt e o — e e —

STRESS-LOG SCALE

\ .

 Fig. 2.13 S-N Diagram Showing Random Data Points
' and Cell Structure for Testing and Ob-
taining Distributions.
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Suppose the strength distribution is desired at
N1 éycles. From existing data an estimate of the con-
ventional S-N curve can be obtalned and a range of stress

corresponding to 10> cycles and the endurance limit can

‘be obtained; S and‘Se on Fig. 2;13 + Then specimens

-"could be tested af random 1eve1sAwithin this range. The

stress rénge,coﬁld be divided into cells, as shown in
Fig. 2.13 and_specimens:tested at random levels within
eéoh cell. This would insure é moré éveh‘distribution_of
data points.. - “_ }

' " Once the random data is obtained then the parameter
estimates can be calculated and goo@ness—of-fit tests
conducted. A Céll wifh N1 as itslmidpoint can be con-
structed as shown in Fig.-2.13 . For a conservative
estimatg'the cell may be constructed so that N, is the

‘ lower boundary. The estimate of the mean étrength at N1
cycles would be the avérage of the stresses at which the

specimens were tested that faiied within the N, cell (the

1
derkened data points on Fig. 2.13). The width of the cell
would depend on how good an esfimate waé desired{- Using
-these data points the_estimateé of any'diétribution rara-
méters could be obtained and goqdnessuofnfit tests con-
ducﬁed to determine which distributions to reject. As an
example, Fig. 2.14 is the S-N diagram for stress ratio of o

T.Showing the estimated distributions of the cycles-to-failure

data. Suppose it 1s desired to find the strength diétribution

F



e

' the strenzgth for these points yields

for 70,000 cycles, If a cell of width 30,000 cycles is

_conétructed on the conservative side of 70,000 cycles it

passes through fwo distributions. The actual daté points_

A

which fall within the cell can be obtained from Table 2.10

which lists the cycles to failure.data at thesa two stress

levels for stress ratio of » , For stress level 73,000

- psi. one point falls in the cell and for stress level

81,000 psi. 13 points fall in the cell for a total of 14

points. Calculating the mean and standard deviation of

. 5.;.80,516 psi. and g = 2,632 péi}

' Then, using the Kolmogorov-Smirnov goodness~of~fit test

e

it can be determined whether or not the normal distribution
is a good est;mate for the-strength~distribution at 70,000
cycles. | | _ '
"~ The D statistic, as given by Eq. (10), is
D= an(x)'- Sn(X)l-_ 1

where

Z4
Fn(X) == ““L‘ S
JZﬂ %
and |

Zl =0

s-8
S

- i
O uhn
?/\\J’,\”b '

RN
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- TABLE 2.10

CYCLES-TO-FATLURE AND STRESS DATA FOR

STRESS RATIO OF o AT STRESS LEVELS
"OF 73,000 FSI. AND 81,000 FSI.

63

_ Average Stress .~ Average Stress
Level of 73,000 psi. Level of 81,000 p=zi.
Actual 1 Cycles-to-~ - Actual Cycles~to-
Stress-psi., Failure Stress-~psi. Fallure
73,796 125,950 81,820 -~ 64,997
73,886 103,413 81,282 67,759
70,969 - 145,783 81,321 - 83,812%
72,029 195,824 80,421 786,852%
71,973 93,303% 82,641 60,002
74,342 178,192 81,027 64,857
73,404 196,894 80,667 71,968%
72,572 183,306 79,201 86 ,349%
74,031 177,508 81,832 82,2L48%
72,374 203,019 £0,032 7 690%
72,925 155,178 ~ 80,871 75,662%
74,819 205,041 - 83,112 71,166%
75,982 172,661 82,001 71, 556%
73,647 124,137 81,224 73,089%
72,961 127,794 81,423 96, 00L*
74,629 172,572 81,363 107,415
68,029 i72,275 . - 81,363 98,468
72,164 - 182,860 81,78k 74,698%

% Inaicates Specimens Whose Cycles- to-Fallure Fall

Within the Range of 70 OOO to 100 000 Cycles.



At Therefore-

o

8 1s the value of the stress of the deta point being

examined and , : _ o o
e o : o B t N
- g «,a_ . Ce e - S ) - .
- Sn(X) = N .

where

the number of points which have a stress less

)
IH

. than or equal to S.

;N = total ﬂﬁmber of points.
ST For eyample, using the last date point under the
i81 OOO psi. stress level column in Table 2.10;
. 5 = 81 784 psi.
N = 1k | N .
» A' Since‘81,?84 psittis the sedond highest stress value
of'the datarpoihts there are 13 points less thanvor equal to

it, so

A“‘.,

S (k) = 0.929

The value of z is

81,780-80,516 _
Zl = 2, 632 = 0,482

'From standard normal tables this value of z1 correspohds to

Fn(x) = 0.520

D = 0, 309

From a tacle of critical: D~va1ues (lhich can be found in

\

most statistics books which discuss the Kolmogorov-Suirnov
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test) ‘it is seen that for e sample size of 1k
- P(D>0.292) = 0.15 ! |
' Thus, since the D obtained here is greater than 0.292-..
this normal distridbution can be rejected with 85& con-
fidence that the distribution does not fit tue uﬂta, “but
can not be rejected with 90% confidence. - ”
Past studies by others indicate that for a given | /?7
cycle life the fatigue strength distribution is normal N i
: : : -TO\MWL%
(12, p. 351). One reason the normal'distribution can be Mﬁ@Nﬁ.
' rejeoted here with 85% confidence ﬁay be that the sample
ﬁsed to estimate the mean and standard deviatlon is not
ran@om end therefore the estimates may be biased,_ Definite
streSS‘leveISLWere almed for andvglthough there is some
scatter about those 1eve1s, the sample cannot bevconsidered'
a random one, The properties of the estimators for the mean
and standard deviation are knoﬁn'to be goodlif the sampie
is random. ,If-the sample is not random the estimates may -
be bimsed or insufficient. It is for this reason, if this
method is used, that the'data can give little more than
- gross approaimations of the strength distribution pardmeters.
The present data might be useful 1f more tests wvere con-
ducted randomly throughout the stress range to give an
even distribution of points. . ’

It must be pointed out that a very 1arge number of

- specimens may _have Lo be tested to obta1n enough specimens,
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s0 éhat érefefably ﬁore than 35 faii within the narrbw
cycle life range desired for suffiéient accufacy, par-
- ticularly for strength distributions at iower cycles‘bf
- life. -
.fJ?:;...The sfaircase:method-should also be tfiedAfér finitg
iife to see how the results from thé_three methods conpare.
Once the fandom data is thained and the sﬁrength |
, distribution parametérs have been calculated'af the
- desired Cycles of 1l1life, construétion of the fatigue dia-
- grams, 1s relatively simplé. . .
‘Assuming the stress ratio is held constant for the-déta
. . points on eadh S~N diagram then the alternating strength
. @istribution can be_trénsformed to the\mean strength
~distribution through the constant R. When elther dis-
' tribution'and'the stress ratio, R, is kno%n thenvthe‘other
distribution is completely defined,-s§ only the alter-
nating strength_distributions will be worked with.

The means and variances are related by

= o 2 2 2
S =RS and o© = R~ © ’
a m _Sa ‘ Sm
vhere »
1A§a "= mean of the alternating strength distribution
. 4 . -,. . .
5, = mean of the mean strength distribution
Og = standard deviation of the alternating

strength distribution

—D



' Og = standard deviation of the . mean strength
L. B distribution L

'As‘an example, a fatigue diagram uéing the endurgpce'
strength distributions celculated in Sections 2,2.1 ahd
2.2.2 will be constructed. The endurance strength dis-
tribﬁtion parameteré are iisted In Table 2,11 ,

© The distribution fof stfess_ratio of 0 is the
_ ultinate streﬁgfh'distributibh fér unnotched specimens as
obtained from tensileﬁtests. The deteils and results of
these testsvwere reported in an earlier report‘(é) and
theréfore.will not be discussed,here. The resuits are
presented.in Tables 2.12 and 2.13 .. Twenty specimens
viere tested. Ten were 1ldentical to thésg used in the
fatigue tests (Flg. 1,3) and ten ﬂeré unnotched specimens.
Thé unnotched specimens'exhibited a yield poinf, which was
I recorded, and the}notched speoiméns did not have'a notice-
bable'yield»point. |
 The reasbns for using the ultimafé strength-dis-v‘
tribution obtained from the ﬁnnotched specimens rather—than_
thaf for the notched speciméns is as‘followé, The mean or
constant stress that the speéimensbaré subjected.to in the
teStAprogram is é shear stress, Heweﬁer, a mean normal
. stress is desired for the mean streés axis of @he fatigue
| diagram; If.fhé specimens wouid have. been tested tb fracture

"4in static torsion the shear stress distribution would have

been converted to normal stress by the relationship Sm=4J§”t.
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DATA AND RESULTS FROIM STATIC TESTS

TABLE 2.12

- ON NOTCHED SPzZCIMENS#*

69

&

"

. (Stress Ratio = 0)
True

Test Ultimate Breaking Ultimzte Breeking
: : Load Lozd Strength Strength
No. 1,000 1bs. {1,000 1bs. psi, F*% psi. F%

1 ho,3 47,0 253,500 305,000

2 . 49,6 b7.0 255,000 305,000

3 ho,4 46,3 254,000 299,500

L 50.3 L7 .4 259,000 299,500

5 48,8 46,0 251,000 306, 500
6 ho,2 L46.0 253,000 302,500
7. ho,6 L6,8 255,000 304,500

. 8 Lo,8 - 47,1 256,000 305,500
.9 50,5 47,7 260,000 309,500
10 ho.9 k7.5 256,500 302,000
Meen 255,500 304,000

Standard '
Deviation 2,500 3,000

Avcrage specﬁmen diameter at the base of the

notch is

0.4975 inches.

| ** All strengths rounded to nearest 500 psi.
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1

.It is generally acceptéd that the éfatic strength

of ductile steel is not‘affecfed by a étress.concentration.
Therefore, the?reticaliy,_the samé’shear strength distri-
butioh should be obtained whether-the specimens are notcped
or not. | | | ‘

Howe&er, the mean normal-strength distribution was
obtained directly from the tensile tests. .In the case of
tensilé tests a notch does have an affect dn the stfength.
The notchedispécimen has a higher ultiméte stréngth due

to a radial stress being introduced into the sﬁecimen ,

. at the root of the groove (6, p. 19). A grooved specimen:
subjected to a static torque load would not experience
this‘radial stress., Therefore, the étrength distribution
used at‘étress rat16 of 0 is the ultimate_strength dils-
bitribution for the unnotched specimens. | o .

In order to construct the fatigue diagram the dis-
tributions along the varlous stress ratio lines hust be
éalculated. The required relationships can be derived

from Figo 2015 ° They are’( L

. 8
Tan 6 = ~= = H = stress ratio
. Sm :
g = 5ins : o s)

but
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Sin 0 = —-——rlon.® = B

7 .
[1+(Tan 6 )2]2 [1+82]3 o e

thus

' 1
5, (1493

8, =
R™ 7 g

- (16)
' Usihg the same derivation the expressions for the
standard deviation along the R axis are

o

sy = Sin® L an
‘and' )
1
O88(1+R2)2 g
0, = R (18)

Befelring to Fig., 2.16 the distrlbution along the
alternating stress axis (R ~ww) can be plotted directly.
© For this exis 6 = 90° and Eq. (15) yields §R é = §

1y

a,

and Eq. (17) ylelds OSR’ o = osa. o S

For the distribution along the stress ratio line
3.5 Eqs. (16) and (18) give | ' |

é . 1 " B
- a,’3.
Bg,3.5 = |

2
l;(1+R )
R

_ .
_ 27 =
- 55@00[;;(3.5_) le - 57,201 psi.

»

o
oo

Pr



7
for the mean and _
. : 1
R
- 5,13, (1) 2 R
98p13.5 = R | ST

. B :
~ 3,700 f1+(3.5)21 2. = 3,848 poi.

for the standard deviation,
‘The same procedure would be used along any other stre°s

retio axis except the appropriate values of S and osa- v
would be used. The resu]ts of the calculations for the
paremeters for endurance are listed 1n Table 2.11 and the
“resulting fatigue diagram 1s Fig. 2.16 . The endurance
tests for R = 0.44 have not.yeflbeen completed but from the
tests that have been run it appears as though the endurance~
'level will be in the range of U9,0001to 53,000 péi. and the
| scatter will be wide. The.actual distribution will probably
‘be very close to what the distribution shown on Fig. 2.16,
in dashed lines, looks 1ike, ;

It probably will not be possible to conduc£ tests at
ratios much lower than 0.44, especially atvhigh stfess
levels. The stress ratio is R = Sa/»sm and the lower limit
onhsa is the endurance level. The upper limit on Smlis the
yleld strength which,is_l?l,OOO'psi. Thus the lower limit
on stress ratio, assuming the endurance doesAnot fall much

below'51,000 psi. 1s

_ 51,000 _ .,
R=19v1,000 = 0.28
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This may not be a very good assumption since the
fatigue diagram shows that it does fall off rapidly at
” ylow stress ratios. At these low ratios yielding will be
the predominant failure mode. Unless the capabllity exists
to monitor the torque on the specimen oontinuously, it will
not be knoun whether or‘not the initial torque load ﬁas

~constant .throughout the test.

"2.8.1 Use of Statistical Fatigue Disgrams in Desisgn

‘The conventional use. of fatigue diagrams 1is

-~ to determine what combinations of mean and alternating
.stress are safe for a given number of cycles of operation.
For example, in Eig. é.l? the stress oombinetion of'Sal
Vand Sml would be considered safe for a design life of Al
100 cycles but not for infinite life. The combination of
:sal and sz is not safe for 10° cycles of life. The
"-,questiOn arises, "With what confidence can one say that a
comnbination is safe?" To'answef this question the dis-
tribﬁtions of the alternating'and mean stsesses to which
the component in question 1s'subjeoted and the distri- _
bution of the. limiting fatigue boundary must be considered.
A method of obtaining the‘distribution'of the fatigue
boundary at varlous cycles of life has been previously'

- discuscsed.



77,

S R
y |
. ! ‘\\_—
[
0 5105
£
E;Sal ‘ S
o 5S4 MODIFIED GOODMAN LINE
g |
=8 !
& |
= |
< | ! . !
s s 8, - s

mi m2 y . u
MEAN STRESS ' o

Fig. 2 17 Conventional Fatigue Diagram Showing the
Modifried Goodman Line‘

If the distributions of the éitérnating and
" mean stresses to which a shaft is s;bjected.are kﬁown or
vcan be estimated then they cén be plotted on the fatigue
_diagrdm 2s shown in Fig. 2.18 .',If the shaft stregé
distributions are normal énd.the stress ratio can be
assumed to be constant then the‘diStribution along the

stress ratlo axis (R2 axis in Fig} 2.18) can be obtained

from the relationships

vhere



STRESS

ALTERNATING

MEAN STRESS

' Fig. 2.18 Statistical Fatigue Diagram
S, = mean of the stress distribution along

ST the R2 axis.

- Q g
il

8p standard aeviationvof'the étress
2 , distribution aloqg the_R2 axis,
§a " = mean of.the alternatingvstrgss of the
jshaft. |
'oséA: = standgrd deviation of tﬁe glternéting

stress of the shaft. ‘
Figure 2.19 shows the stress and strength
distributions along the Rz exis., Once the parameters of
" the distributions are knowh the probability of fellure can
be calculatéd. Defining the random varlable Z as

Z:S-FS
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AN R, AXIS

s L S

Fig. 2,19 Enlargeﬂent of Stress and Strength Distri-
butions on R2 Axis of Fig. 2. 18 .

vhere

S = the random variable, strength.

-8 the random variable, stress.,
then the mean and standard deviation of Z can be shoyn to
be'hormally distributed with parameters (13, ‘.,113)

S

7 =8 -5 (19)
- [2 2 .
o, = og + 0g o | | (29)

_ ‘ Failure occurs whén s> S 6r vhen S - s<0.
In Fig. 2.20 the shaded area represents the probability of
failure, Sﬁated in methematical terms

| | . | ) |
' o

P(Z < 0) = 5 1 e 2 az

OZJZW _ _ -

C e 00
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£(z)
o
ﬁ ’ .
_ . Z
) 4{; -8 = é | o o
Fig. 2.20 The Distribution of 2 = S - s,
Putting into the stendard normalvfgbm by letting
Xy = 9=z . o S -8 , V (21)
O'Z al .
(o] 2 4+ 0 2 ' -
S s
“"then g
: Xy
1 _2
P(X< Xy ) 1 ‘ E'X? :
= A, o ax
. bt m ‘ ’

For a known x, the value of P(X<:Xl), which is the prob-

1
ability of failure, can be obtained_from standard normal

distribution area tables; The reliability Relis defined
Be =1 - P(failure) = 1 - P(X<:x1)

which can be efpressed as

) 1.2 :
1., T2* o -
R = ‘f —— e dx (22)

as
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' Thus the-reliaﬁility.of the shaft can be determined.

' | In most cases the designer must start ﬁith a
level of reliability and determine the shaft diameter\guch
that for the imposed loadéj the specified rTelizbility -
will be met, -The procedure in this case is to work back-
ﬁards through the preceding derivation. Thé aiternating'

stress in the shaft can be expressed in termsg of the dia-

meter by - ol o
_MDo_ o324
8 = 5% ~3 R (23)

where |
| M = the bending moﬁent on the seétion‘in..
question. | | o ” | |
D = diameter of the shaft. - |
;- -ﬂDu _ o o .
I = L = moment of inertia of the shaft cross
section, -
‘The.Standafd deviatibn of the stress can be
exbressed in terms of the mean end the standard devietion
of the diameter of the shaft. Using the aepproximate
partial derivstive method (13, p. 90) for the standard

deviation of the 91ternating stress yields

{[3—5—3- o] 2+ [-%,-~ DJ} (2t)

The expression obtained using the approximate

partlal derivative method may not be valid in certain cases, .



S B2

For example, in the case of a product Z = XY the standard -
"deviation of Z is given by (13, p. 123) | | _

A

.iuﬁ‘-f“:«l'ibz = JQX oY)2 + (¥ ox)2 + (oqu)Z' (25)

 whereas the expression given by the partial derivative

method is

o= JxoP4 (xo?  (26)

When the ternm (chY)2 1s small compared to .
other terms on the right.side‘of.ﬁq. (25) then the approx-
imation willlyieldvgqod answers; If the valueé of Oy |
and oy differ from each other by 3 or 4 orders of még»
nitude.then the term 1s no lqngerinegligible. Then exact
expressions for the standard deviations must be.used.

-They can be found in Chapter 3 of Ref, 13. |
' The standard deviation of the shaft digmeter
is é function of fthe toleranﬁe on the diaﬁeter. Assuming
~the distribution of the shaft diameter is normal then
99.?3% of the shaft diameters will rall within + 3 °D ’
Denotihg the shaft diameter as D it, vhere in most cases
the tolerance 2t is knowh. then 30D = t,
_ "The mean and standard deviation of the momenti
can be determined from the loading distribution. The
only unknown in equations 21, 23, and 24 1s‘D the diameter

of the shaft and it can be solved for.
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This, then, is a method of designing 8

rotating shaft, subjected_to a bending moment and a torque,

- for a specified number of cycles of life with a predeter- .

mined reliability.

‘However it is important to recall the limita-

tions and sssumptions.

1.

2,

The amount of data used in estimating the

-distribﬁtionvparameters can have a sub-

stantiel effect on the shape of the dis-
tribution. The‘mosﬁ pronounced effect is
in the tails. Since the calculétion of
feiiabilify is based on the overlap of the
tailé‘éf two distpibuﬁions it is néces-
ary fo have good.éstimates of the distfin
butions in order to obtaln accurate values

of reliability.

- The tests~were conducted on specimehs of

given geometry, hardness, and material at
room temperature. " The fatigue surfaqes

generated from these tests are valid only

for this type of specimen, environment and>
. loading. The 1oadingIWas a bending moment

~and a torque causing an alternating normal

stress acting parallel to the centerline of

the shaft and a constant shear stress acting

.perpehdicular to the centerline. .
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3. It wes assumed that along.enyAgiven stress}
retio axis tﬁe strengtﬁ disfributioniis
i normal. | s R | ei,. A
k, It was also assumed that the ratio of the
alternating and mean stresse ; to_ﬂhich the
- shaft being designed 1s subjected, is con-~
sﬁant. B ' _" | A
Obviously, it would be an almosp impossible task'
to geﬁerate sggtistical fatigue supfaces to cover every type
~of material and confliguration. However, 1t 1s feasibie that
eﬁough_tests could be conduoped %o e11ow empirical equations
to be developed relating different stress ooﬁcentration
ffaotor» end conventional physioal properties for the more
common steels, This uould make 1t possible to design from
e diagrem ﬁhich was not generated for that particular con-

: figuretion and maﬁeriai.

2.9 Modification of One Test ’achlnev

Th;s section will discuss pome of the problems
encountered in working with the test machines end the
measures taken to overcome some of the problems. Two of _
the most troublesome areas are the instrumentation and the
gear couplings. The gear couplings are the means by which
~the toolholder arms are allowed to swing downnard slightly .
when the bending Joad is applied. Referling to Fig. 1.1
1t is seen that the ‘bending load configurafioﬁ also.applies

a shear load to the couplings. However, the couplings



were not designed to withséand rédiél shear loading;
their purpose being té transmit torsional)loads only.

The couplingslgonsist of ﬁhrée major parts. Two of the
parts are pressed onto the Shafts that are beingz coupled
'and'héve ah external gear;. The:third part-is an.internal
'gear sleeve which slides over>with the other fwo‘parts
with the gears meshing as shoun 1h‘Fig. 2,21 .‘

A radial shear load causeé the sleeve to cock allowing
‘the centerliné of one shaft to fall belbw the centerline
of the other., This misalignment, élong with the angular
deflection downward causéd by the bending load, causes
varying degrees of vibration in fhe toolholders'and specl-
‘men., When thé,gear ccuplings are new ﬁhe misalignment is
small and there is veryllittle vibrétion, but as the teeth
in the couplings wear the misalignment éné vibration
_Become greater. ' .

Note, also that there 1is Ao'definipe pivot point in
the couplings, thus the length of the moment arm between
the loading bearing and the pivot point cen change while
the machine 1is runniné causing a éhangé in stress applied"
to the specimen. However, from‘observing teéts in progress
it appeafs as though the magnitude of the alternating stress
_remains Qﬁite_constant for runs of up to about two hours.
This investigator has never monitored a rﬁn.longer_thén about'

two hours. The reason for this is_thaﬁ it is necessary
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B (e A
to‘have-thé conta@t point; off.tﬁe»slip ringé ﬁheﬁ the
specimen breaks. Jﬁét prior to the specimen breaking, it
~and the'toolhélder afms vibéate quiﬁe a bit. if the |
points afé down on the sliprings when this happens they
can become démaged or 5roken. Usually the endurance tests
'ére monitored for about.ZO minutes, | |
" Another problem 1s that there 15 a difference'ih the

number of divisions, as recorded>by the Visicordér, between

the étatié and dynanic outputs; In other words, after the
_ specimen is loaded, the machine is rotated by hand and the
Visicorder ﬁface ié observed. ’Then.the'loads are ad justed =
until the desired output is atﬁained. vawev?r, wheﬁ the
machine‘is rotated under power the output 15 a different
- amount, sometimes as mﬁohlés,four divisions. This cean |
represent as high as‘8;000 psi. depehding ﬁpon the gain
‘setting of the amplifier. The change can be easily cor-
rected for the-bending'stress simply by bhanging the
weﬁght'on the loading arm. This can be done while the
machine is running. To make. the correction for torque

l0ad the machine must be éhut down and tﬁe torque coupling
ad justed. ﬁowever. the amount of change between static

and dynamiq outputs 1is not constént. After adjusting the
‘itorque to allow for the'change;'when the machiné is | ’
restarted the change may be & different amount so the

machine must again be shut down and readjusted.
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There is another complication entering the problem.
- Aftel atout 30 seconds of running time the torque trace
beglns to drift quite a bit. The amount of drift depends\
upon whion machine ;s being used and the torque 1oad
epplied to the specimen.~ The highervthe torque load the
1ess the drift. Tests were made to.determine if the torque
1oad was changing or if the drlft was due to amplifier v
drift., Several factors 1ed to the conolusion that the

~ drift is caused by drift in the amplifier. one being the
fact that the torque ouﬁput.drifts upwerd in two machines,
It is hard to believe that if the torque were changing,

it would :become greater. >The tests seemed to indicate
thet the zexo datum point was drifting. However, it
.drifted only when the‘maohine'was running. The drift;‘
when the machine was not'running would amount to one.'
division, at the most, in'abouf'é hours whereas the drift
amounted to es high as 3 divisions in 2 minutes with the
machine Tunning. One result of the drift is. that if, when
ad justing the torque load, the proper nnmber of divisions
is not obtained in one or two tries the sorque will start
- to drift end no accurate measure of the_amount of torque on
tne specimen can be obtained.f,When this happens the loads
nust be removed from the specimen, one holding collet
must be 1oosened and the amplifier recalibrated.' This is

2~very tlme consuning, especially if .this procedure must
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bé gone throﬁgh two or-éhree times..

| The drift problem could protably be eliminated by
obtaining sbllg state amplification equipment. The pre-
sent equipment has been in use since the start cf thé
fesearch piogram and 1is not so0lid state, Obvtaining solid
state equipﬁent is planned for the near future.

It is not quite clear what is causing the difference
between the static and dynamic outputs. For.the bending
stress it seems feasible that such a difference may be
caused by the difference in the rate of elastic deformation
af the toolholder. When the machine is rotated by hand the
rate of deformation is slow but under power thz machine
‘rotates at about 1,750 rpm and the defornation of an element
on the surface of the toolholder may lag behind the applied
load. Using this line of reasoning 1t€wou1d seem that as
the peak load is reached, if the corresponding‘deformatioﬁ
is 1agg1ng, then as the load begins to decrease the deform-
ation will cbntinue to increase only to‘that point where
the deformation corresponds to the decreasing load., In
other words, the toolholder never reaches the amount of
deformation corresponding to the peak load., Thils reason-
ing would mean that the divisions of Visicorder output
should be greater for the static case than for the dynanic
case, However, the opposlte is true. In all cases, where a

@ifference in the. bending output has been experienced, the
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b¢nding'gage output has.been greater with the machine
running uwnder power‘thaﬁ when turﬁed'b& hand.

The above,reasoniné cannot explain the difference in
outputs in the torque gage bridge either, because the
torque load is not‘alternating but is constent,

‘The torque gage bridge output for the static case has
been greater than for the dynamic case in most tests.

This can be easily expiained. Tofque is exerted on the
specimen through the torgque coupling on the backshaft

(Fig. 1.1). The torque is transmitted from the backshaft
éo the toolholder shafts through the gear boxes., When f
torque is applied through the tofque coupling the rate at
which it is appllied is very slow. When torque is applied
the play in the gearboxes 1s taken up albng wlth any other
play in the system. Then when the machine 1s started the
initiel impact causes more play té be taken up and the
torque decreéses. At very hilgh toique levels 1l the play
is taken up in the initial application of the torqﬁe.

The initiazl starting impact causes very little decreése in
torque gage bridge output, but the lower the torque level
the greater is the amount of decrease. For the lower levels
it 1s more difficult to take the decrense into account by
setting the torque higher because at any given torque level
the amount of decrease from specimgn to specimen is not the

"~ pame., Several trials enable one to determine the change
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. and set the divisions accordingly.
Iate in November, 1969 one machlne vas partially
sdismantled foréuhe purpose'of modifying the gear gouplings.
" The modifidation consisted of placing & spherical bearing
inside of each of the two csuplings. The bearings do '
several things to elimlnate somevbf the prbblems. They
absorb the radial shear 1oadrand create a definite point
"ebout which the tooiholder arms can pivot. The bearings
' have'not been in usevloﬁg enough té determine whether or:
‘ﬁot the rate of gear tooth wear will decrease in the »
souplihgs, but it is believed that it will. Since there
~3s now a definite pivot point, even if there is excessive
tooth wear thé outer ring will‘nd% be able to misalign and
cause:vibration. In Fig.‘2.22‘noteathat the inner dia-
meter of the spherical bearing has é”sliding fit with the
_sﬁaft through it. This is true of both bearings, This
eliminates the possibllity of subjecfing the speoimen to an
axial load when tightening the’speéimen in the collets.

- Since the spherical begrings have been installed;‘about
34 endurance tests at a.stress ratio of 0.44 have been run
on the modified machine. No vibfational problems have been
_encountﬁred and it appears as though the diffnrence between
the static and»dynamic outputs is mininal.

\
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CHAPTER IIT - .
- OVERALL CONCLUSIONS .
1. Estimates. for thé normal distribution paraméters

were obtainéd for the,gnduréﬁceAleVel at sffess raﬁios of
. ®; 3.5 andll;o . ‘The tests at stress ratio of 0.4 aré
in progress. | : ' | o | _ |

C2. Estimates for the normal and log-normal distri-
‘Butibn pérémeters were obtained from the cycles;toéfailﬁfe
datal By domparing'the D-values'ahd the coefficients of
skevness and kurtosis it was conéluded.that the data tends
toﬁaﬁds the log-normal distributidh. 'If-was also conecluded
fhét in order to make as more conclusive decision e larger
sanmple size at each stress levelvﬁould be reQuired.v

,3. - The metﬁod previousl&-propoéed to obtain strength
distfibution ﬁarameter estimates yiélds optimistic values
and should be studied further, " | o

k., If rendom data is obtained by the method proposed
" in this report estimates which'mighf have favorable
properties may be obtained. -

5. Fatigue surface vas genefated‘hsing tﬁe éndur-
ance data whichsis.among the Tirst few attempts to obfain
such design data. Efforts to generate sucﬁ.data based on

'”larger_samples, with solid state instrumentation, and with

95



greater operétor care, should be continued. :
_L 6. ' On the basls of -the 34 specimens tésted on the
machine with the modified couplings it is concluded #Eat
the gphef;qal.beariﬁgs 1mproved the running character-
1stics’of>the machine; It 1é hoped that the 1ong‘raﬁge

‘berformance vpuld also be satisfactory.

Ok



CHAPTER IV

P

R RECOMMNENDATIONS

1.” New”so;id-state instrumentation should be pur-
vchased., The new inétrumentation should be drift free and
should have the caﬁability of constantly monitoring the
. strain gage outputs., L | | o |

"2, The gear couplings should be modified on the
remaining two machines. .
3. The endurance tests for stress ratios of « and
1.0 should be checked. |

'4. Before the next phase of the test program is
' embarked upon the machines should/be recalibrated to see
if the calibration constants sre the same. |
| 5. Larger sample sizes should be used in future
tests, preferably 30 or more_at.each stress level to
obtain thélmuch-needed cycles-to-fallvure design data.

6. The feasibility of incorporating random stress
levels to produce data from which better strength distr1~.
bution psremeters might be estimated should be investi-.

Vgéted;
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APPENDIX As
- COMPUTER PROGRAM TO CALCULATE
STRESS LEVELS AND RATIOS
’i. The purpose Sf this pfogram is to convert the viéié
cordexr records into normal stresses;.shear stresses and
 stress ratios. The program also calculates the means and
standard deviations of the ;tfesses and ratio of each group
~of data. It aléo‘calculates the cycles-to-failure from
tinmes to failure data, but the program will also accept
cyclés-to- failure data. The pfogram distinguishes be-
,tWeén the twé through the use of'g'codelnumber. The code
élso tells the program whether or.not é group of data are
endurance test data. This discrimination is necessary
because of the cﬁloulation.of mean and standard deviation
- of tﬁe sﬁresées. The'pfogram ﬁill nbt calculate the enduyr-
ance level distfibﬁtion pér;meteré. The diserimination
code is:fed in as dava and_is as follows; |

0 if the fallure data 1s in times to failure
1 if the data is an endurance test
2 1if the fallure data is in cycles-to-failure,

‘The input format for the code will be discusséd shortly.
-+ . The prograx will accépt as many sets of data as
desired and the groups may be mixed; ie, endurance test,

group with cycles~to—failuré data and group with times
. i 96 L )
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to failure dafa. "A group is all thé data for one stress
level. A group of data consists of the followiﬁg. The

first card contains in this order, the number of sﬁec;:

A

vel, the mode.of the run and the code. The

J

mode is dependent upon the date the run was mzis. For a

mens in the le

further diécussion on mode see Section 2.1,
"The flelds on the data card are as follows:

spaces I-to 5 = numbexr of specimens
spaces 6 to 10 - mode |
spaces 11 to 15 - code

“ The nuvanber of specimens, mdde ahd_code are fixed point
‘numbers end have no decimals but thcAnumbers must be
placed to the right in each field.

- - The next sequence of cerds reeds in the cycles-to-
failure or times to failure in hours, minutes and seconds.
" If the data is in times to failure there are ten groups on
vaﬂéard,.so the number‘of cards required will depend upon
:how many s;ecimens are in the level., The format across
tﬁe card is: | ‘

and 2 blank

spaces 1 -

spaces 3 and 4 - hours
spaces 5 and 6 - minutes
spaces 7 and 8 -~ seconds
spaces 9 and 10 -~ blank -

ah& the sequence continues in thls mammer. If the failure
data is in cycles-to-fallure the.formaf is 8 fields of 10

spaces each end the decimals appear in the last space of



_data ig for en endurance test there is no failure data
end these cerds are left out, The program will auto-"-

matically handle it 1f the proper code number is put on

5

the first card.
a Folloving the cycles-to»faiiure cards are the cards
60ntainiﬁz the information for each specimen in the stress
level. Tbe information must be piaced on each card as
folloves
| gpaces 1 to 5 - test number C -
gpoces 6 to 10 - specimen number '
spacesvil to 15 - machine number
spoces 16 to 20 with a
deoimal in space 20 - pan weight
gpnoes 21 to 30 with a | |
decimal in space 28 ~ bending calibration resistance

gpuces 31 to 40 with a » |
dgoimal in space 38 ~ number of bending calibration
' divisions

spnoes U1 to 50 with a ‘
dcoimal in space 48 - number of divisions of bending

gpanoes 51 to 60 with a
dooimal in space 58

torque calibration-resisténce

gpanoes 61 to 70 with a
dcolwal in space 68

numbexr of torque calibration
. o ~dlvisions '

gpaces 71 to 80 with a
dealral in space 78

numbexr- of divisions of torque
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The test number, specimen number and machine number
.are fixed point numbers and must be placed to the rivht_
in each field. There is one card for each test spe01nenv_
~and the cards must be pWaced 5n the same order as the
failure data is placed on the caras precedﬁpr aﬁese cards,
‘For data at stress ratio of « there will be 1o torque
stress data. In this case these fields can be lert blank.
The combuter reads blanks on data cards as zeros.
».. This makes up one group of data et a given stress
level and ratio. As many groupslmaj be run as desired by
simply placing the groups one behind the other |
Following is a listing of imbortant varizbles in the
_ program and Fig. A -1 is a flow. chart of the grOCT |
Figure A -~ 2 1s a progran listing. The outpuvs from this

program are given in Appendixes D and B,



_ NCARDS
MODE
NCODE

‘XHOURS(Ij
XMIN(I) -
SECS(I)

“poTCY (1)
NOTEST
NOSPEC
MACHKO
PANWT ;
RCALB
ENCALB

ENVISB
RCALT
ENCALT

ENVIST
ENA

RGAGEB
RGAGET

GB

. 100

List of Definitions for Program to Find
‘Stress Levels and Ratios (PROGRAM STRESS)

l.

number of speqimeps‘tested at given levél.

" number of mode depending on date of test.

0 if fallure date is in times to failure.

= -1 if data 1s from an endurance level,

: cycles—to~faiiure.

2 if failure data is in cycles-to-failure.

times to failure in hours, minutes and seconds.

test number.
speciman number.’

machine nunber, P

~amount of weight on loading arm.

calibration resistance used in bending channel.'

number of visicorder divisions used when
calibrating bending channel.

number of divisions during actual test.
calibration resistance used in torque channel.

number of visicorder divisions used when
calibrating torque channel, |

nunber of divislons during actual test,

“number of active arms in strain gage bridge.

- resistance of -bending strain gages,

resistance of-torque_strain gages,

bending gage faotor,'_



GT
CBGR
CGRTH
cT
CTB
.
" RPM
SOUTH

TAUTH

- STRGR(I)

‘TAUGR(I)
SOUTHP -

TAUTHT

it

torque gagé
calibration
calibration

calibration

calibration.

calibrétion

" revolutions

101

factor,

constaﬁt,KBGé~.

ConstanttKéR”TH .« ‘\~' 
constant KT ,.
constant KT/B .
constant KB/T'

per minute of machine.

output normal stress corrected for interaction.

- output shear stress corrected for interesction.

normal stress in specimen groove.

shear stress in specimen groove,:

' output stress not corrected for interaction,

output stress not corrected for interaction.



102

Program to Calculate Stress Levels end Ratios

'MAIN PROGRAM (STRESS)

- - ((sTART
K \\hEAD NCARDS, MODE, NCODE/é. ' <§>

Y
PRINT HEADINGS FOR
ENDURANCE TESTS3
AND MODE

PRINT HEADINGS FOR
NON ENDURANCE TESTS
AND MODE

YES DOES _NO

| \\\\ggfif/j;g/,//' .
READ CYCLES ' L READ TIMES
: TO FAILURE : ' ’ \TO FAILURE/

N 7

SPDIA = ,4975
TOD = 290
TID = 1.3125

s y 3
SPJC = £3-1“}593éS}DIA1

6 z
o qage - (3.141509) (Ton*-11D™*)
. = — (16)(T0D)
onsT - THIC R
COI;SP = SPIC

Fig. A - 1
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I =1 o AN
Y |

READ NOTEST, KOSPEC, MACHNO //
PANWT, RCALB, ENCALB, ENVISB>/ﬂ-—————<:>

RCALT LLCALT ENVIST

: » i
N ' E = 30000000,
RGAGEB = 190,
RGAGET = 120,
GT = 2,05

!: -

Logical if statements to choose correct
calivration constants for MACHNO and. MODE

RO DOES

ENVIST =

YES

0.0

_ (ENVISB) (E)(RGAGEB)
SOUTH = TERCALE) (ENA) GB)(HCALPT |
SOUTH -
STRGR(I) = (CGRTHSYCBGRY
TAUGR(T) = 0.0

®

Fig., A - 1 (continued)
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DOES
NCODE = 1

)

“PRINT NOTEST, !NCSFEC, MACHKRO,
PANUT, TCY, RCALB, ENCALB,
ENVISB, RCALT, EMNCALT, ENVIST,
STRGRE(I), TAUGR(I)

: DOES
NCODE =

2

[ 4

CYHR = (XHOURS(I))(60)(RPM)
CYMIN = (XMIN(I))(RPHM)

(SECSéI))(BPM)' ~' -~ [wey = rorey (1)

" | CYSEC =

TCY = CYHR+CYMIN+CYSEC

PRINT NCTEST, NOSPEC, MACHINO,

PANWT, TCY, RCALB, ENCALB,

ENVISB, RCALT, ENCALT, ENVIST,
STRGR(I), TAUGR(I)

Fig. A - 1 (continued) -

Iy



) _ (EIVISB) (E) (RGAGER)
SOUTHP = e ATE Y (510A) (GB) (HOALDY

R _' (ENVIST)(E) (RGAGET)
TAUTEP = TERGALT) (E1A) (GT) (RCALT)

SOUTH = SOUTHP-(CTB)(TAUTHP)
THUTH =" TAUTHP-(CBET) (SOUTH)

105

SOUTH

STRGR(I) =

(

TAUGR(I)

-

(CGRTH) (CBGR)

CT) (TAUTH) (COKST)
STRGR(T)

e \R(T) = (g

R(I1))(1.732)

PRINT NOTEST, NOSPEC,
MACHNO, PANWT, RCALB,
ENCALB, ENVISB, RCALT,
JENCALT, ENVIST, STRGR(I),

| TAUGR(I), R(I)

Fig. A-1 (continued)l

[TcY = Torcy ()| <

YES _ IS
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7

CYHR = (XHOURS(I))(60.)(RPH)
CYMIN (XMIN(I))(RPM)

1

LSECS(%))(RPM)

CYSEC =

TCY = CYHR+CYMIN+CYSEC

e

FRINT NOTEST, NOSPEC, MACENO, .
PANWT, TCY, RCALB, ENCALB,
ENVISB, RCALT, ENCALT, ENVIST,
STRGR(I), TAUGR(I), R(I)

Fig. A - 1 (continued)



Calculate mean and |

standard deviation

- Jof normal stress
SUBROUTINE MEAN

N\ FRINT XHDAM, DEV /

-

DOES -

- DQOES
NCODEE = 1
- AIED

ENVISIT = 0.0~

7
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NO DCES

NO"

NCODE = 1 2

ENVIST = 0.0

Fig. A~1 (continued)

~

. )
Calculate mean and
standard deviation
of shear stress
| SUBRCUTINE MEAN

! |

"\FRINT XVMEAN, DEV/

~

Calculate mean and
standard deviation
of stress ratio
SUBROUTINE MEAN

~ \\FRINT XIEAL, DIV /
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Program to Find Mean and Standard Deviation

SUBROUTINE MEAN

. (sTART) O
; ! T
SIGMA = 0 .
TOP2 = 0.

=1

.
SIGHA = SIGMA+X(I)

TOP2 = TOP2+(X(1)-MEAN)?[ I

SIGHA
DATA

w1 XMEAN =

\ PRINT XMEAN, DEV /

P L

(RETURN)

- Fig., Al (continued)



APPENDIX A (continued)

(

Fig. A~2 Computer Printout of
- PROGRAM (_STRESS') :

109
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APPENDIX B

Progra# to Calculate the Parameters of the Normal

and Log-Normal Distributions end Conducts
Goodness-of-Fit Tests

This program calculates the mean and stendard devi-
ation of the cycles~to-failure data for both the normal and
log-normal distributions and calculates the moment

coefficients of skewness and kurtosis. It also performs

the Chiquuare and KolmorgoroV—Smirnov goodnessnofafit

tests, The input consists of: -
1. 38 card containing the nunber of data points at
- thet stress level, the accuracy of the data, the

stress level and the stress ratio.

2. & card or series of cards containing the cycles-~
' to-failure dete listec 4in descending order.

3. 8 card or series of cards containing the cumu-

-~ lative frequency of the cycles-to-failure up to
that point. These must be listed in the same
order as the cycles~to-faiiure_data.

The input 7Tormat for the first card iéx

spaces i to 3 - number of data points in fixed point
format, o
spaces U4 to 8 with a '
decimal in space 7 =« nunmber of data points in floating '
point format

SR . 115
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-spaces 9 to 17 with a
decimal in spacevlj

accuracy of the cycles-to-
fallure data, _\”
spaces 18 to 27 with a

decinal in space 26 - . stress level at which the data
' was taken.

- sraces 28 to 35 with &~
decimal in . space 30 - stress ratio at which the dats

" was taken.

_ _Thé cards containing the chles-t6~failure'data have
elight fields of ten spaces.each with the decimal at the
right of each fielé. In othexr W§rds ?he first data point
~is in spaces 1;10 with theidecim?l in space 10, the second.
~data point in spaces 11-20 wifh fhe decimal in spacé 20, etc.

The fornat of the cards contalining the cumﬁlative |
fréquenéy data is 26 fields of three spaces each with the
decimal to the right of each field, The Tirst value is in
- spaces 1-3 with the dedimal 1n'space 3, thevseoond;vaiue.
ié in spaces 4-6 with the décimal in sﬁace 6, etc,-

The progran is set up to accommédate as many sets
" of data &s desires.

| Following is . a 1ist of important veﬁeblés'used in the

pfogram. vFigure B-1 1s.a.flow diégram of the program and
:'Figy B-Z'is a printoﬁt of the program. Filgure B—B is
'an_example of the output for one set of data. The output
shown is for déta,testéd-at a stress level 114,000 péi. and

- stress ratio of 00,
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List of Definitions for Progrem to Fit Normal

and Log-Normal Distributions to CJcles~
' to-Falilure Data (PROGRAM CYTOTR)

.....

NDATA == DATA =

STRLV
AKURCY

RATIO
X(1)
CUMFRQ(I)

PCAREA(T)

—
-—

il H

number of observations.
stress level 1n psi.

accuracy to which cycles- to failure data
are Xnown. '

stress ratio
cycles?tosfailure dats

cumulative frequency of each X(I)s ie,
number of X's 1ess than or equal to X(I).

-

CUHFRQ(I)/NDATA

»Subroutiné tb calculate the mean and standard deviatiqn of

the cycles-to-fallure data (SUBROUTINE MEAN)

SIGMA

XMEAN
TOPZ2

- DEV

Hj

sum of the X(I)'s
average of the X(I)'s
n ' o 2

L (X(I)-XMEAN)

=1 A

stendard deviation of the X(I)'s

Function subroutine to find the, area under the normal

curve (FUNCTION

- X

PROB

it

n-

PROB(X))

absclissa value for which corresponding area
is desired. |

desired area.
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‘Subroutine for Chi-square goodness-of-fit test (SUB=-

ROUTINE CHISDA).

K

XHAX =

XMIN =
- CSV =
'CEV -

" CLB
CUB

il

FREQ(J)

REQAREA (J)=

. CHISQR =

U(1)
Subroutine for

(1Y

.

ARUNCN

DSTAT(I)

XMEAN =

DEV

H

 PROB(T)

il

number of observations in J

o

number cells,
largest value of cycles~to-failure.

smallest value of cycles-to-failure.

cell starting value.

cell end value.
cell lower bounds

cell upper bound. 5
th cell,

th

expected value of J cell.

totel Chi-square vealue.

th

Chi-square value of I~ 'cell.

Kolmogorov-Smirnov test (SUEROUTINE DTEST).

abscissa value on standard normal curve for
a given X(I), ‘

area under standard normal curve from -
to Z(I).

absolute difference between the data cumu-
letive frequency and the hypothesized cumu-
lative frequency. ' ' '

average of the X(I)'s.

‘standard deviation of the X(I)'s

area under the standard normazl curve from
"T tO +To
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, Subroutine to calculate'the moment coefficients of skew-
ness and kurtosis (SUBROUTINE ALPHA), . N

ALPEA3

‘moment coefricient of skewness.

ALPHAL = momént coaefficient of-skewness.

o e, ~n . - 2 '
VAR = T (X(1I)-X)
A=t '
- TOP3 = % (X(I)-X) ' .
: =1 o _
SKEW = third moment of the data.
" STDEV = biased,;stimator for standard;deviation.
on I
TOPY = (X(I)-x)" =~
' i=1 - '
TKURT = fourth moment of the data.
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Program to Calculate Parameter Estimates for thé
Formal and Log-Normsal Dlstributions and Conduct
Goodness-of-Fit Tests:

MAIN PROGRAM (CYTOFR)

- ( START) .
READ o
NDATA, DATA, AKURCY, STRLEV, RATIO &-“-—~<:>

END OF DATA
?

~\ READ X(I)'s/

\READ CUNFRQ(I)'s/

CUMFEQ(T)

» PCAREA(I ) = NDATA

;%1'='1+1[

—~\ PRINT STRLV, RATIO, X(I)'s/

)

Calculete mean and standard deviation of X(I)'s
SUBROUTINE MEAN

Y
Do Chiuoqualc goodne°s of - fiL test
SUEBROUTINE CHISQA '

Fig. B-1 . (j)




121

(i) o - . L

| ,

Do holmogorov—&mirnov Goodness~of-Fit Test '
SUBROUTTFB DTEST

Y.

Calculete Moment Coefficients of
Skevnass and Kurtosis
SUBKOUTINT ALPHA

!

" [ AKURCY = .00001

t

v

I=1
- ‘ |
' LOG X(I) | |
WX(I) = [(—55 + LOG_(20))(10000.)] + .5
X(I) = WX(I) | A
| X (X
| X = o005

~ = =

)\ PRINT STRLEV, RATIO, X(I)'s /

Calculate mean and standasrd deviation of X(I) S
SUBROUTIF: MEAN

Fig.ABQl (continued)
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Do Chiésquare
goodness~-of -fit test
SUBROUTIRE CHISQA"

s
Do Kolmogorov-Smirnov

goodness~cf=-fit test _
SUBRCUTINE DTEST . . -

: v
Calculate moment coefficients

of skewness and,kurtosis
SUBROUTINE ALPHA

- Fig. B-1 (continued)'
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Subroutine fo Find Mean and Stsndard Deviatibn'

'SURRCUTINE MEAN

-SIGMA
TOP2

0.
0.

H

i

E“I:zl -

"

SIGKA = SIGHA+X(I)

POP2 = TOP2+(X(I)-HEAN)Z

__YES

IS
I > YNDATA

NO - Lﬁrtff+1

 Fig, B-1 (coritinued)

A
sel XMEAN = %ﬁiﬂq
T T0F?
Vo= s o e et
DE\ -.- D!ir.[’A“l . O

| M
\ PRINT XMEAN, DEV/

i)

'fvh

(RETURN)
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 Subroutine to Find Ared Under-Standard Normal Curve

FUNCTION PROB(X)

I8 (0~-1.2)

XsQ = (X)?

PROB = (.79788455)(X) .99999774-%5Q[ 16659433~
. X8Q(.024638310-X5Q(.002397%867))]

(RETURN) T
.
Y
RECXSQ = -
2 : X2
XsQ = X | .
PROB = 1.0 - PBO?/; 1.0f(,?9?88u53) EXP[
PTERH = 1.0 | B (1 0-Recxs(1 . -rECKSQ
TACTOR = 1.9 (3.-RECXSQ(15.~RECXSQ(105)))))]
ODDIET = 3.0 - _ A -

‘1

( BETURN)

Fig. B-1 (continucad)



PTERM =

TERM = ¢

PROB =

PTERM(XSQ)

- T2) Fho

PTERM _
ODDINT

PROB+TERY

TOR

<0

Y

|rER

SIS
M-,00007|

125

FACTOR
ODDINT

I

1

FACTOR+1,0.
ODDINT+2,0

co

PROB = (07978

455)(X) (PROB)

Fig. B-1 (continued)

 (BETURN)
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Subroutine to Conduct Chi-Square Goodness-of-Fit Test
' - SUBROUTIKE CHISQA | ‘

- (START)
T CHISQR = 0.0
K = 1.5 + (3.322) 1.0G, ((DATA)

REALK
- XMAX
- XHIN

(LI
PSR

(1)
(1)

V-

[ = 1]

Is
X(I) > XMAX

[XEAX = X(1)]

Y
X

WMIN = Y (1)} YES /IS _NO

T X(I) < XWIN ]

Fig. B-1 (continued)



Fig. B-1 (continued)

-
RANGE = XMAX-XMIN
1.0 _
DIVIDE = 3iiscy
v _ [BANGE+AKURCY - -
K = [F555% + ( 5)AKU¢C 1 IVIDE)
RK1 = KV
W o= =ohl. '
= DIVIDE
N PRINT XWX, Xiid, v/
. !
[T =1]
>
A =1
B = (.5)AKUBCY
CSV(I) = XMIN+(A-1. o)(z)
T CEV(I) = CSV(I)+¥-AKURCY
| CLB(I) = CSV(I)-B
- | cUB(I) = CEV(I)+B
NOAY{ES . o
_ - cun( ) = CEV(I)+B
' {CEV(X) = XMAX
CUB(K) = CRV(K)+D
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| )
o X(1) > Csv(J)
RS AND 0

Cx(1) < CEV(J)

lI=I+1}

YES 18 NO

~_I > NDATA >

‘Fig. B~-1 (continned)




.A"

_ ~XHEAN
{2(1) = CUS(E%V T

I = I+1] T = 2(I)

AREA(I) = 25§§é$l

. | 4

129

REQAREA(1) = 5-AREA(1)
MANU = K.1

21
M= I-1

s
> 0 AND Z (M)
" OR - —

0 AND Z (M) _

¥ .‘ ’ ‘ . _» Y
REQAREA(L) = _ | BEQAREA(T) =

|AREA(T) ~ AREA ()]

18 YES

— _HO _
B ' . I > MARU

Fig. B-1 (continued)

#/////// AREA(T) + ARFA(¥)
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| REQAREA = .5-AREA(K~1) | .

1EXFREQ(:1) = DATA*REQAREA (M)

. . 2 ' '
- BXTREQ(M)-FREQ(M)” - [‘:_‘:‘7.- it

CHISQR = CHISQR4+U(H)

<

YES 4////(/;E\i\5\;, 0

‘ é\ PRINT I; CLB(I), CUB(I), :
=\ EXFREQ(I), FREQ(I), U(I)/

Y
\ PRINT CHISQR /

Fig. B-1 (continued)



Subroubine to Conduct holmoaorov-Smirnov 13

L _.Goodness- 01—Fit‘m~st
: SUBROUTI\V DTEST

O\
(START) | ,
(I “)“EA‘
O—[rm -1
. i \ l
- [DSTAT(T) = .5~PCﬁREA]
. ¥ . i |
ARUKCH = 1:£§g§izl
DSTAT = ARUNC-~PCATEA(I) . | |
e " ' T "!
< ARUNCP = PRO%CQZ + .5
e

N DSTAT(I) =
S . ARUNCF-PCAREA(I)

IS

NO
I > NDATA

‘! - . ‘e '
I = 1+1 . .-~ \PRINT DSTAT(I)'s/

v

 _( B (ﬁETURH)

Fig. B~1 (continued)



2
Subroutine to Find the homent Coefficients of ?3

Skewness and Kurtosis
SUBROUTINE ALFHA

STA .’xT

‘l
TOF3
TOPL
VAR _

nnn
loXoNe/

VAR = VAR+(X(I)-XHEAN)?Z ;
TOP3 TOP3+(X(I)=XMEAN)3

TOPU = TOPL+ (X (I)-XuEan)

]

i

J{0) o T ='EI{1

J > NDATA

. TOP3
] KR =
5] SKEW = $222
v o= | AR
STDEV = DATA
ALFEA3 = ~iﬂ9§iﬁ-§
- (STDEV)
- Toph
TKURT = famr
{ arenat - ~TEURT
(STDEV)

) RETURN
Fig. B-1 (oontinue@)

s\PRINT ALYHA3, ALF¥AL / =



|

- APPENDIX B (continued)

e

Fig. B-2 Computer Printout of
PROGRAM (CYTOFR) -
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APPENDIX B (continued)

Fig. B-3 Output of PROGRAM (CYTOFR)
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AFPENDIX C

- CALIBRATION COISTANTS OF EACH MACHINE
FOR THE DIFFERENT MODES '

26 July, 1966 %o 10 August, 1967

Mode 2: 11 August, 1967 to 1 June 1969

Machine Kbgr Kgruth Kt Kt/b Kb/t
1 1.0123 | 0.0208 0.8752 | -0.,0459 0.0290
2 1.0123 | 0.0188 | 0.8201 0,034 | 0,0422
3 |1.006 | 0.0211 0.9330 | 0.0 |-0. 0119

Hode 3: 2 June, 1969 to 1 February, 1970

Machine Kbgr Kgrmth ' Kt Kt/b Kb/t
1 1,0123 | 0.0208 | 0.8752 | -0.0459 | 0.0290
2 1,0123 | 0.0188 | 0.8201 | 0.0344 | 0,022
3 1.0946 | 0,0211 | 0.7721 0.0 -0.0127

1ks




146

APPENDIX C (continued)
CALIBRATION COKNSTANTS OF EACH MACHINE
FOR THE DIFFERENT MODES

Mode 4: 2 February, 1970 to next change

Machind Kpooo | Kepgn | K Ke Ky /4
1 |1.0123 | 0.0208 | 0.8752 | -0.0859 | -0.0290
2 1.0123 | 0,0188 | 0.8201 | o0.03u4 0.0422
3 1,023 | ©0,0197 | 0.7721 | 0.0 ~0.0127
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APPENDIX D

 COMPUTER OUTPUTS LISTING STRESS
LEVELS AND RATIOS OF INDIVIDUAL

SPECIMENS FOR THE VARIOUS STRESS LEVELS
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