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SUMMARY

This research under NASA Grant NGR 03-002-044 was initiated in
1965, and included the theoretical research for the development of an
effective methodology for designing specified reliabilities into
mechanical components,and experimental research to develop three fatigue
reliability research machines which can apply a reversed bending moment
combined with a steady torque to round, rotating, ungrooved and grooved
specimens.

Phase I of the experimental research program, initiated in 1967,
included the generation of distributional cycles-to-failure versus
alternating bending stress (S-N} diagrams and of distributional Goodman
strength diagrams for specimens made of AISI 4340 steel, RC 35/40
hardness, and having a circumferential groove which provides a theore-
tical stress concentration factor, Kt’ of 1.42.

Phase II of the experimental research program was identical to
that of Phase I except that the specimen groove provided a theoretical
stress concentration factor of 2.34, and was initiated in September 1970.

Phase II results are compared with Phase I results in this report
and the effects of superimposing a steady torque on reversed bending on
the distributional S-N and Goodman diagrams are presented, as well as the
effect of different Kt's. Such distributional data has to be generated

to enable the designing of specified, target reliabilities into components.

xiii



A methodology and a computer program were developed for the
generation of finite-life, distributional Goodman diagrams. This
methodology provides the capability for optimizing a design to achieve
a target reliability for a specified component life.

A FORTRAN computer program was developed to estimate the parameters
of the three-parameter Weibull distribution representing the cycles-to-
failure data, and to perform Chi-Squared and Kolmogorov-Smirnov goodness-
of-fit tests. The program also calculates the predicted component life
for a specified reliability.

Also a study was made of the cumulative fatigue theory found in
the current literature, and a number of methods for making cumulative
fatigue reliability predictions were explored. The most promising method
of conditional probabilities is proposed for further study and verification -

through a cumulative fatigue test program.

Xiv




1. INTRODUCTION

1.1 Background

The research under NASA Grant NGR 03-002-044, initiated at The
University of Arizona in September 1965, included theoretical research
for the development of an effective methodology for designing specified,
target reliabilities into mechanical components and experimental research
to generate distributional, statistical S-N and Goodman diagrams to
provide the design data needed in support of this theoretical research.

During the first reporting period a basic methodology for design
by reliability in combined-stress fatigue with time dependent strength
distributions was developed. Mathematical methods in dealing with the
functions of random variables involved were discussed. Concurrently, a
supporting experimental fatigue research program was planned. It was
found that there were no research machines available which could apply to
round, rotating test specimens a combination of a reversed bending moment
and a constant torque. As a result three machines, similar in principle to
the Mabie and Gjesdahl [1] test machines were designed and built at The
University of Arizona. A complete discussion of the design and development
of the test machines was given in the report to NASA CR - 72836 [2].

During the second reporting period, the operational capability of
the first machine was proven and two additional machines were fabricated.
The design and development of, and the results obtained from, these three

machines were presented in the report to NASA CR - 72838 [3]. During the
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same period calibration constants were determined for each machine so that
the nominal bending stress and the shear stress in the specimen grodve can
be calculated. The calibration procedure, data, analysis, and constants
were presented in the report to NASA CR - 72839 by Kececioglu and McConnell
[4]. Calibration constants are needed because the bending and shear
stresses cannot be monitored directly. Strain gages mounted in a specimen
groove would be destroyed when the specimen failed. Hence it was necessary
to mount strain gages on the specimen holders instead of on the specimens
to monitor the bending and shear stresses. This necessitated the
determination of calibration constants and equations to relate the strain
at the strain gages to the nominal stresses in the specimen groove.
Another report by Kececioglu and Smith, NASA CR - 72835 [5], presented
all of the experimental data generated up to June 30, 1970. Included were
the reduction of the data, the application of the design by reliability
methodology, the conversion of the cycles-to-failure data to stress-to-
failure distributions, and the development of three-dimensional Goodman
fatigue strength surfaces, which is the ultimate form of the reduced data
for direct use by designers. During this period computer programs for use
in the reduction of the data were developed and refined. The most important
were program STRESS and program CYTOFR. Program STRESS calculates the
bending and shear stresses applied to each specimen, the ratio of
alternating to mean stress, and the mean and standard deviation of each
stress for each test series. It also calculates the cycles-to-failure from
the times-to-failure data recorded during the fatigue tests. Program
CYTOFR calculates the mean and standard deviation of the cycles-to-failure
for the normal and the lognormal distributions which approximate the true

distribution of the data. It then calculates the coefficients of skewness



and kurtosis and applies the Chi-Squared and the Kolmogorov-Smirnov .
goodness-of-fit tests to determine which distribution provides a better

fit to the data.

1.2 Experimental Research

Schematic diagrams of the NASA Complex-Fatigue Research are shown
in Figs. 1 and 2. A test specimen is subjected to a bending moment by
weights hung at the end of a lever arm. Torque is applied through the
Infinit-Indexer which rotates shaft A with respect to shaft B and holds
the relative position of the shafts. Two four-arm strain gage bridges are
mounted on the toolholder in the positions shown in Figs. 3 and 4. The
output of one bridge is proportional to the strain resulting from the
alternating bending stress, and the output of the other bridge is
proportional to the shear strain resulting from the steady torque. The
numerical relationship between the strains measured at the toolholder and
the nominal stress in the specimen groove is established through the
calibration program discussed by Kececioglu and McConnell ([4].

Two types of tests are conducted: One to determine the cycles-to-
failure distribution at a given alternating bending stress level and
bending to shear stress ratio. The other to determine the endurance
strength, or stress-to-failure, distribution. The steps involved in each
type of test are summarized in Fig. 5. A bending stress level and a
stress ratio are selected from the overall test program and
assigned to one of the three research machines. A PDP-8 computer-program*
is run to determine the corresponding shear stress and the number of
Visicorder divisions required to represent the bending and shear stresses.

The Visicorder records the amplified outputs of the strain gage bridges.

* See Appendix A.
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The test sequehce begins with the installation of a specimenlin the
toolholder collets, with the groove centered between the collets. With
the collet on the strain gage side tightened, the instrumentation is
zeroed and calibrated. After tightening the other collet, weights are
added to the bending-load arm, and the torque is applied to obtain the
desired stresses as indicated by the number of divisions on the Visicorder.
At this time a microswitch, which stops the machine when the specimen
fails, is set and an interconnected clock is set to zero. The machine is
then started, and run at constant speed until the specimen fails. The
time to failure is recorded and subsequently used to calculate fhe number
of cycles to failure for that specimen. After running 35 specimens at
the specified nominal bending stress level and stress ratio, a data deck
is prepared for program STRESS*to be run on a CDC-6400 Computer. The
program inputs include the time to failure, Visicorder resistances and
divisions used for its calibration, and the divisions recorded during each
specimen for the bending and shear stress levels, The program calculates
the achieved bending and shear stresses, stress ratio, and cycles to failure
for each one of 35 specimens used in each test series. Then it calculates
the statistical mean and standard deviation of the bending stress, shear
stress, and stress ratio achieved . in each test series of 35 specimens.

The cycles to failure of each specimen becomes the input into program
CYTOFﬁ*for analysis of the statistical distribution of the 35 cycles-to-
failure data. The normal and lognormal distribution parameters are
determined, as well as .the skewness, kurtosis and the Chi-Squared and
Kolmogorov-Smirnov goodness-of-fit test results. The lognormal distribution

parameters are then used to construct the distributional S-N diagrams.

* See Appendix B.
** See Appendix C.



The Weibull distribution having gained favor recently in fatigue
studies, it was decided to determine the parameters of the Weibull dis-
tribution that represents the cycles-to-failure data. PROGRAM WEIBULi
is now used to accomplish this and to see which one of the three
distributions (normal, lognormal, and Weibull) represents the cycles-
to-failure data best.

The staircase method of testing is used to determine the stress-
to-failure, or endurance strength, distribution parameters. The
endurance strength is taken to be normally distributed, and is plotted
along with the cycles-to-failure distributions to complete the distri-
butional S-N diagrams. The staircase results are also used to construct
the very valable distributional Goodman diagrams.

The experimental research for this reporting period consisted
of completing the test program planned for Phase I, consisting of cycles-
to-failure testing at a stress level of 65,000 psi at the stress ratio
of 0.44 and endurance strength testing, to complete the S-N and Goodman
diagrams for Phase I research.

In addition the Phase II research was undertaken. The
experimental research of Phase II was a continuation of the research
performed in Phase I, but with new test specimens.

The Phase I specimens, shown in Fig. 6 were shafts made of
AIST 4340 steel, MIL-S-5000 B, Condition C-4, Rockwell C 35/40, grooved
to provide a theoretical stress concentration factor of 1.42. The
specimens for Phase II, shown in Fig. 7, are identical to the Phase I

specimens except that they have a different groove geometry to provide

* See Appendix D.



a theoretical stress concentration factor of 2.34. The results of this
research are presented here and compared.

Much valuable fatigue reliability design data has thus been
generated experimentally in support of the theoretical methodology for
designing specified reliabilities into rotating components subjected
to combined reversed bending and steady torque.

On the theoretical side a methodology for generating finite
life distributional Goodman diagrams was developed. In addition a
promising method to calculate the reliability of rotating components
subjected to cumulative fatigue loads was developed and is presented

here.




2. EXPERIMENTAL RESEARCH

2.1 Phase I Research Completion.

The results of Phase I experimental research accomplished prior to
this period were reported by Kececioglu and Smith [5]. They included
endurance tests at stress ratios of o, 3.5 and 0.83. Cycles-to-failure
tests were accomplished at two alternating stress levels for the stress
ratio of 0.44: 69,000 psi and 60,000 psi. The endurance run for the
stress ratio of 0.44 was also begun during the previous reporting period
but was not completed.

Another cycles-to-failure test series for the stress ratio of 0.44
with eighteen (18) specimens was run on Machine No. 1 at a nominal bending
stress level of 65,000 psi. Program STRESS was run on the CDC-6400
Computer to determine the nominal bending and torque stresses in the groove
of the specimen and the resulting stress ratio achieved in these tests.

The results are summarized in Table 1, From Table 1 it can be seen that
the achieved standard deviations are approximately two percent of the mean
values of the stresses and the stress ratio. The run was, therefore, under
control, and the test results were considered acceptable.

The cycles-to-failure calculated by program STRESS for each specimen
were used as inputs into program CYTOFR for the analysis of the distribution

of the data. A summary of the outputs from the program is shown in Table 2.



A comparison of the goodness-of-fit results obtained for the
normal and lognormal distributions shows the following:

1. The K-S test does not reject either distribution since the

maximum D value is less than the allowable in each case.

2. The coefficient of skewness is significantly larger than
zero for the log cycles than for the straight cycles; where
the coefficient of skewness of the symmetrical normal dis-
tribution is zero.

3. The coefficient of kurtosis for the data fitted to a normal
distribution is smaller than the value of 3.0 for the normal
distribution, and the value obtained for the lognormal dis-
tribution is greater than 3.0.

Based on the overall statistics and the conformance of previous
results, the lognormal distribution was chosen. The results are plotted
in the S-N diagram of Fig. 8. Figs. 9, 10, and 11 give the S-N diagrams
-for the previous research results of purposes of completeness and
comparison. Table 3 summarizes the results used to obtain Figs. 8 thru
11, Table 4 summarizes the results of the normal distribution fit to
all Phase I cycles-to-failure data and Table 5 of the lognormal dis-
tribution fit, for purposes of completeness and comparison.

Tests to determine the endurance strength for the stress ratio
of 0.44" were run on Machine No. 2. The staircase method [S, p. 19]

. . 6
was used with specimens tested to 2.5 x 10 cycles for success.

* The stress ratios actually achieved in these tests averaged out to
T, = 0.45, consequently these endurance strength results are reported

as being for r, = 0.45.



The results for 37 valid data points are shown in Fig. 12. Using the
equations presented in Mood and Dixon [8, p. 114] the mean and
standard deviation of the endurance strength distribution were calcu-
lated, as shown in Table 6, giving an endurance strength mean of
49,600 psi and a standard deviation of 3,700 psi. The results obtained
from the cycles-to-failure tests and the endurance tests were used to
complete the S-N diagram shown in Fig. 8.

The endurance strength distribution parameters were applied to

equation [S5, p. 37].

_ _ 1 1/2
5. = 5, 0+r—5—) ¢y
T
s
and
1 1/2
T a T
S
to obtain the parameters of the distribution along r, = 0.45, with

the following results:

S
r

120,900 psi,

and

[}

%
T

9,000 psi.

The incorporation of this r = 0.45 strength distribution into
the Goodman diagram shown in Fig. 13 completed the distributional
Goodman diagram for 2.5 x 106 cycles of life and the Phase I experi-
mental research program. Figures 14, 15, and 16 give the staircase
test results for ro= =, 3.5, and 1.0 respectively; and Tables 7, 8,
and 9 give the corresponding calculations of the endurance strength

distribution parameters for purposes of completeness and comparison.
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Table 10 summarizes the endurance strength results used to prepare

Fig. 13.

2.2 Phase II Research

The Phase II experimental research objective was to obtain
distributional S-N and Goodman diagram data with specimens of the
same steel as for Phase I but having a theoretical stress concentration

factor of 2.34 instead of 1.42 for Phase I.

2.2.1 Geometry and Hardness of Research Specimens

Fig. 7 shows the geometry of the new specimens. The
manufacturing processes were carefully controlled, to assure metallur-
gical and strength similarity to Phase I specimens. Accordingly
thirty-five (35) 9" long ungrooved specimens and thirty-five (35) 9"
long grooved specimens for use in tensile tests, and one-thousand-
fifty (1,050) 6" long specimens for use in fatigue testing were obtained.

Measurements were made of the ungrooved and grooved
specimens to verify the contractor's ability to meet machining tolerance
and hardness requirements. The first set of tensile test specimens
were not acceptable when the hardness and base diameters were found
not to be within specifications, and the yield and ultimate strengths
of the ungrooved specimens were significantly lower than those for the
Phase I specimens.

To assure that Phase I and Phase II specimens, made of
two different lots of AISI 4340 steel, were similar except for the

change in groove size and its effect on strength, a second set of
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tensile test specimens was obtained. The specimen diameters and radii
were measured with an Optical Comparator, at 20 magnification, located
at the Arizona Gear Co. in Tucson. The results are given in Tables 11
and 12. The surface finish at the base of the groove of the grooved
specimens was observed through a microscope and visually compared with
Johansen's precision gage blocks made by Pratt and Whitney because of
the inaccessibility of the base of the groove to a Profilometer.
Surface hardness measurements were made in the University's Metallur-
gival Laboratory with a Wilson Rockwell C Hardness Tester using a
150-Kg load and the Braile indenter. The results are given in Tables
11 and 12. In addition, hardness tests were made on interior cross
sectional areas of three grooved and three ungrooved specimens to
determine the uniformity of hardness throughout each specimen.
Standard precautions were taken to assure that the original hardness
was not altered during sectioning. The location of test sites for the
interior hardness measurements are shown in Figs. 17 and 18. The
results of the interior hardness measurements are given on Tables 13
and 14.

Applying a 30 analysis to the surface hardness data in
Tables 11 and 12 indicates that 99.73% of the population would lie
between the limits of 36 Rc and 39 Rc for the grooved specimens, and
between 35 Rc and 39 Rc for the ungrooved specimens, hence within the
specifications of Rc 35/40. The hardness readings in the sections
given in Tables 13 and 14, show a preponderance of values between
35.5 RC and 37.5 RC with a high degree of uniformity. Since the

hardness at the surface and in the interior of the specimens met the
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specification requirements of RC 35/40, it was concluded that the

specimens were given a proper heat treatment.

2.2.2 Strength Characteristics of Research Specimens

The ungrooved and grooved specimens were subjected to
tensile loads to determine their yield, ultimate and breaking strengths.
The tensile pull tests were performed at the Hughes Aircraft Company,
Tucson, Arizona on a 60,000 1b. Tinius Olsen test machine. The machine
was calibrated a short time before the tests and was considered to be
in a fully operational condition.

The thirty-five (35) ungrooved specimens were tested
with an extensometer attached to each specimen which provided elong-
ation input to a load-elongation pen recorder. The load was con-
currently displayed on a 30-in. diameter dial segmented into to psi
intervals on the 0 - 60,000 psi scale. The elongation of a twd-inch
gage length was measured with a micrometer after the specimen failed,
and the percent elongation was calculated.

As the specimen was placed under tension at a constant
rate of elongation, observers watched the dial in an effort to identify
the yield, ultimate and breaking loads. Upon reaching the ultimate
point, the specimen was unloaded, the extensometer was removed, and
the specimen diameter was measured with a micrometer to determine any
reduction in cross-sectional area. The load was reapplied and the
specimen was stressed to the breaking point. The yield load was
identified on the recording at the 2% elongation point and the ultimate

load was identified by the maximum load recorded on the chart. The
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load at the breaking point, determined by visually observing the moving
pointer, was manually recorded. The yield, ultimate, and breaking loads
thus obtained are given in Table 15 and the percent elongation data

and results are given in Table 16.

After completion of the tensile test, the diameter of
the ungrooved specimens were remeasured on the Optical Comparator to
determine the area to be used in calculating the breaking strength.

The final diameters and the elongation measurements are given in Tables
15 and 16. The yield and ultimate strengths were calculated using

the original (pre-test) specimen diameters; whereas, the breaking
strength was calculated on the basis of the final (reduced by elongation)
diameters. The results are given on Table 15 and are summarized at the
end of Table 15.

During the testing of the grooved specimens the
extensometer could not be used and the dial readings were visually
observed and manually recorded. During the test of the first specimen
it was observed that (1) the yield load could not be positively ident-
ified, (2) there was little time lag and reduction in load between the
ultimate and the breaking loads, and (3) the actual fracture of the
specimen was accompanied by a loud shock wave throughout the testing
laboratory. A decision was made thereafter to unload the specimens
after the ultimate load was reached. Thus only the ultimate loads could
be obtained, and are given in Table 17. Any change in specimen diameter
at the ultimate load could not be measured accurately enough, hence

it was decided to use the original (pre-test) area to calculate the
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ultimate strength. The results are given in Table 18, and a

summary thereof is given at the end of Table 17.

2.2.3 Analysis of Tensile Test Results

Before making the final decision regarding the accept-
ability of the tensile test specimens as a basis for procuring fatigue
test specimens, a review was made of the strength parameters obtained
from test of the Phase I and Phase II specimens. The strength para-
meters of the Phase I tensile test specimens, extracted from our
previous report [3, Tables 7 and 8], and the results of the Phase II
tests just discussed are listed in Table 18. It is noted that the
mean yield and ultimate strengths obtained from Phase II tensile tests
of ungrooved specimens are lower than the yield and ultimate strengths
of the Phase I specimens. The standard deviations are different but
within 4 percent of the respective means. The ultimate strength for
the grooved specimens of Phase II was higher than for Phase I. This
should be expected because Phase II specimens have a smaller groove
radius which results in a higher static ultimate strength; consequently,
this does not provide a basis for believing that the Phase II and
Phase I specimens are different.

The student "t'" test was used to perform a comparison
of the sample means of the ultimate strengths of the Phase I and
Phase II tensile test specimens [73 pp. 193-194]. This method was
selected because it is widely accepted to be valid for small sample
sizes, and the Phase I data means were based on a sample size of 10.

The results of the statistical tests and the corresponding critical
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values at the 0.05 level of significance are as follows:

t - Statistic t - Statistic

Critical Value

Ungrooved Specimens 19.65 2.02
Grooved Specimens 13.10 2.02
The t-statistic is larger than the t-critical value which indicates
that the difference between the means of the ultimate strength is
statistically significant. The Phase I ungrooved specimens are
apparently the stronger.

The sample variances of the ultimate strengths were
compared using the F-test [8, pp. 167-172]. The results, at the 0.05

level of significance, are as follows:

F - Statistic F - Statistic

Critical Value

Ungrooved Specimens 3.00 2.84

Grooved Specimens 1.08 2.85

The F-test for the variance further indicated a significant difference
between the Phase I and Phase II ungrooved specimens but not between
the grooved specimens.

The results of the statistical analysis do not provide
a logical basis for accepting or rejecting the Phase II specimens.
Thus it became necessary to use different criteria to determine the
acceptability of the tensile test specimens as a basis for ordering

fatigue test specimens.
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A mefallurgical analysis of a specimen was obtained to
determine its composition as AISI 4340 steel and its compliance with
MIL-S5-5000B. The analysis performed by Magnafluk Corporation, Materials
Testing Laboratories confirmed that the sample met all requirements for
the chemical composition.

A review of the data from the physical measurements
'given in Tables 11 thru 14 confirmed that the test specimens met all
specification requirements. The hardness values, which are considered
to be most critical are well within specification requirements for
surface hardness, and the additional hardness measurements on interior
cross sectional surfaces also confirmed the uniformity of the hardness.
All factors considered, the decision was made to proceed with the pro-

curement of fatigue test sbecimens for Phase II.

2.2.4 Recalibration of NASA Complex-Fatigue Research Machines
2.2.4.1 Requirements

Machine No. 2 required recalibration since it
had been modified by the installation of spherical bearings at
the Flex Couplings. Machines 1 and 3 were also recalibrated
so that the strain gages of all machines would be verified to
be functioning properly, and to revise the calibration co-
efficients if the calibration results so indicated. The speed
of each machine was also measured to assure its constancy and
to determine if any change occurred due to wear in each machine

and its drive motor.
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2.2.4.2 Procedures and Results

The calibration method and procedures used
were the same as those described in NASA CR - 72839 [4, pp.
30-33]. The bending calibration was accomplished in two
phases. First an out-of-machine bending calibration was done
using the setup shown in Fig. 19. This phase verified that
the bending bridge strain gages, shown in Fig. 3, mounted on
the toolholder arm of each machine and the strain gage mounted
in the groove of the calibration specimen were functioning
properly and provided a relationship between the actual and
the apparent strain in the toolholder strain gages. This was
based on the facts that the actual/apparent stress ratio was
close to the one it should be, and the plot of strain from the
gage bridge versus applied weight was linear.

The test setup shown in Fig. 20 was used to
determine the calibration coefficients for the torque bridge,
shown in Fig. 4, and for any interaction between torque and
bending bridges.

Next an in-machine, quasi-dynamic calibration
was performed which provided the calibration coefficient needed
to calculate nominal bending stress in the specimen groove
from the apparent stress at the toolholder.

Each machine was carefully calibrated with
observations repeated a minimum of six times at each test
point. The relation between the calibration variables, in

each case, proved to be linear with the functional relationship
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beginning at the origin. Thus the slope of each regression.
line for the calibration data completely defined the function
and provided the calibration coefficients listed in Table 19.

The rotating speed of each machine was
determined using a tachometer strobe light which contains an
internal oscillator and 60-cycle calibration. The results
confirmed proper operation of each induction motor in providing
a constant speed drive to each research machine. It was also
found that the speed of each machine was independent of the
bending and torque loads. The speed of each machine is listed in
Table 19. The last calibration coefficients of the previous
calibration was designated as Mode 4. The coefficients
designated as Mode 5 apply to all data from June 1, 1971 until

the next calibration.

2.2.5 Ungrooved Specimens Fatigue Research

Thirty-five Phase I specimens were machined down as
shown in Fig. 21 so as not to provide any stress concentration at all.
These specimens were tested in the Ann Arbor (R. R. Moore type)
rotating beam fatigue research machine in our Reliability Research
Laboratory to determine the endurance strength of ungrooved specimens.

An optical comparator was used to determine the point
of minimum diameter of each specimen and to measure the diameter. It
was found that the specimens had a mean diameter of 0.3151 in., a
standard deviation of 0.0004 in., and a range of 0.3143 in. to 0.3159

in.



A coﬁputer program was written and executed on the .
PDP-8 Computer to calculate the bending moments and pan loads required
to test ungrooved specimens at target stress levels and desired
specimens diameters.* The program was based on the following cali-

bration equation for the Ann Arbor machine:

M = 0.267 + 4,09L (3)
where

M = bending moment at the test section

L = total effective load = pan weight (P) + 8.625 1b.

Therefore the pan weight, P, to obtain a bending moment, M, is given

by
M+ 0.267)
P 709 - 8.625 4
where
T D3 x Stress
M = 32 s (5)

and D is the test section diameter of the specimen to be tested next.
In view of the range of specimen diameters, the
computer program was run to calculate pan loads at diameter intervals
of 0.0005 in. from 0.3140 in. to 0.3160 in. for each stress level
desired. With interpolation, the required pan weights could be

determined to the nearest + 0.10 1b.

The staircase method of determining the endurance
strength was used with a stress increment of 1,900 psi and a life of
2.5 x 106 cycles. A specimen was selected at random, its diameter

obtained from the table of specimen diameters, and the appropriate pan

* This program is given in Appendix F.



20
weight as determined from the PDP program printout was used to apply
the desired stress level.

Thirty-eight valid runs were completed, as shown in
the staircase plot of Fig. 22, with 15 successes and 13 failures.
These data were then used to calculate the mean and standard deviation
of the endurance strength distribution at 2.5 x 106 cycles of life for
the AISI 4340 steel, Rc 35/40, ungrooved specimens subjected to an
alternating bending stress and a constant shear stress with a shear
ratio of r. = «, as shown in Table 20, The mean endurance strength
was found to be 80,725 psi and the standard deviation 3,040 psi. In
comparison, the published endurance strength is estimated to be approx-
imately 89,000 psi for polished specimens and 81,000 psi for machined
specimens [9, pp. 160-172]. The mean endurance strength as determined
by this test program is very close to the published endurance strength
of polished specimens. Thus the results of the tests are reasonable
and compatible with current fatigue failure theory.

When the decision was made to procure a second group
of tensile test specimens, it was decided to obtain another group of
ungrooved specimens and repeat the above tests to provide another
basis for accepting the Phase II specimens as having physical prop-
erties close to those of Phase I specimens. A number of Ann Arbor
research machine outages had been encountered because the bending
moments at higher stress levels approached the limit of the machine.
Thus, it was decided to reduce the diameters of the new specimens to
a nominal value of 0.2500 in. Thiry-five Phase II research specimens

were obtained as per Fig. 21. The diameter of the specimens were
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measured at the miniﬁum point and the mean diameter was found to be
0.2504 in. with a standard deviation of 0.0004 in. A specimen was
randomly selected and the appropriate pan weight was determined from
the PDP Computer program as before. The endurance life was again
taken to be 2.5 x 106 cycles and the staircase stress increment 1,900
psi.

Thirty -four useful data points consisting of 18
successes and 16 failures were obtained, as shown in the staircase
plot of Fig. 23. The 16 failures were used in the calculations given
in Table 21. The endurance strength distribution parameters of the
0.2500 diameter, ungrooved, Phase II research specimens subjected to
an alternating bending stress and no shear stress, with a stress ratio
r, =, were found to be: Mean = 80,230 psi, and standard deviation
= 1,425 psi. As the mean endurance strength was identical for both
Phase I and Phase II steel specimens, the decision to continue using

this steel and the manufacturer of the research specimens for the

Phase II research was upheld.

2.2.6 Grooved Specimens Fatigue Research
2.2.6.1 Cycles-to-Failure Tests
The Phase II test program using the new
specimens, grooved to provide a theoretical stress concentration
factor of 2.34, was initiated at the stress ratio of infinity.

Using the von Mises-Hencky failure theory, the stress ratio

r,, for the loading provided by the research machines used in

this research, is defined as
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Sa
rs = —/%:— (8)
Xym
where
Sa = alternating reversed bending stress due to the bending
moment.
T = mean shear stress due to torque.

Xym

Cycles-to-failure tests at the stress ratio of infinity
were conducted at mean nominal alternating stress levels of 108,900,
92,100, 73,600, 49,400, and 39,300 psi. Five stress levels are chosen
to obtain data over the finite life range for the preparation of the
corresponding S-N diagram.

Upon completion of testing at the stress ratio of
infinity, a decision was made to conduct all fatigue tests at a
specific ratio on one test machine. Therefore, tests were initiated
and completed at stress ratios of 1.06, 0.40, 0.25, and 0.15. Fewer
stress levels were run as shown in Table 19 for stress ratios lower
than « because of yield stress limitations in shear.

The sample size to obtain the cycles-to-failure
distribution for each alternating stress level and stress ratio com-
bination was increased to 35, as recommended in the previous report
[S, p. 95]. The actual alternating bending stress, the shear stress,
the normal mean stress, and the stress ratio for each specimen in the
sample were calculated by computer program STRESS. In addition, the
mean and standard deviation of the achieved stresses for each sample

were calculated, and are given in Table 22.
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Program STRESS was updated for Phase II to incorporate
current calibration constants for each machine to reduce the test data,
and add rpm values for each machine. The computer printout includes
a listing of the cycles to failure for each specimen in the sample.

The updated program in Fortran language is given in Appendix B.

Individual cycles-to-failure data were used as input
data for program CYTOFR, as discussed in the previous report to NASA
[5], to calculate the cycles-to-failure distribution parameters for
the normal and loge normal distributions and perform goodness-of-fit
tests. Program CYTOFR was further updated to incorporate Cal-Comp
graph and plot subroutines. Subroutine GRAPH constructs a histogram
of the cycles to failure based on the failures per cell determined by
the Chi-Squared test, and superimposes the distribution curve from the
parameters computed by the main CYTOFR program on each histogram. The
Chi-Squared test modification incorporated the automatic combining of
cells at the tails of the distribution when the end cells do not
contain at least five failure data points. The updated program in
extended Fortran language is given in Appendix C.

Program CYTOFR was run for each alternating bending
stress level at which specimens were tested at the stress ratios of
infinity, 1.06, 0.40, 0.25 and 0.15. Typical examples of the histograms
and curves for the normal and loge normal distributions are given in
Figs. 24 and 25. The computed distribution parameters and values of
the goodness-of-fit tests are summarized in Table 23 for the normal

distribution, and in Table 24 for the log, normal distribution.
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The goodness-of-fit test parameters listed in these

tables were reviewed to determine if the applicable distribution of

the cycles-to-failure data for Phase II specimens differed significantly

from that for Phase I specimens. The following observations were

made:

The values of the coefficients of skewness and kurtosis
for the normal and the lognormal distributions were
approximately the same and provided no preference for
either distribution.

The K-S goodness-of-fit test does not reject either
distribution at the 0.05 level of significance. The
largest D value was 0.201 for the normal distribution
and 0.160 for the lognormal distribution; both were less
then the critical D value of 0.224 at the 0.05 level

of significance for a sample size of 35. Furthermore,
there was essentially no difference between the normal
and lognormal D values at any stress level.

The Chi-Squared test proved to be more discriminating
than the K-S test. The Chi-Squared value and the
appropriate degrees of freedom (d.o.f.) for each stress
level were compared with the critical value of 3.841
for 1 d.o.f. and of 5.991 for 2 d.o.f. . The normal
distribution was rejected in three out of seventeen
samples; and the lognormal distribution was rejected

in only two out of seventeen samples. One test each

for normality and lognormality was inapplicable because



the data points were contained in only three cells
resulting in zero degrees of freedom.

4, It was concluded from these observations that there is
a preference for the lognormal distribution over the
normal distribution when working with cycles-to-failure
data.
The loge normal distribution parameters from Table 24
were used to construct the S-N diagrams for the Phase II
specimens. These S-N diagrams are given in Figs. 26 thru

30.

2.2.6.,2 Endurance Tests

Endurance runs for Phase II specimens were
completed using the ''staircase' method at alternating bending
to mean shear stress ratios of «, 1.06, 0.40, 0.25 and 0.15.
The staircase plots are given in Figs. 31 thru 35. The
endurance strength distribution parameters were calculated in
Tables 25 thru 29, and are summarized in Table 30. These
parameters were used to complete the S-N diagrams of Figs. 26
thru 30, and to construct the distributional Goodman diagram

of Fig. 36.
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3. THEORETICAL RESEARCH

3.1 Generation of Finite Life Distributional Goodman Diagrams for

Reliability Prediction

A methodology for developing finite life distributional Goodman
strength surfaces from cycles-to-failure distributions at specified
alternating stress levels has been developed by Kececioglu and
Guerrieri [10]. The Goodman strength surface shows the combinations
of alternating bending stress and mean shear stress allowable to the
design engineer. This study also investigated the applicability of the
distortion energy and the maximum shear stress failure theories to
determine which provided better correlation with the experimental
data generated during Phase I. The finite life Goodman surface,
developed wusing from two to five calculated strength distributions at
specified stress ratios, can be used to construct distributions at any
desired stress ratio and applied fo probabilistic design.

It is also found that the von Mises-Hencky ellipse effectively
models Goodman diagrams for life greater than 10,000 cycles. However,

when the equation for the von Mises-Hencky ellipse was modified from

(bus + (s5)
(55)" = (25’

and the values of a were determined from plots of finite life Goodman
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[

diagrams, the values ranged from 1.91 at 200,000 cycyles to 2.38 at
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40,000 cycles. This is an area that requires further study in search
of a general equation, or applicable values of a, valid over all

ranges of cycles to failure.

3.2 The Weibull Distribution as A Description of Fatigue Life

3.2.1. Introduction

Since the Weibull distribution was introduced in 1949,
it has gained wide acceptance as an extreme value distribution [11].
It has been used extensively in such areas as bearing fatigue data
analysis [12], and the prediction of the failure of automotive parts.

The Cal-Comp plots of normal and lognormal distributions
did not fit the cycles-to-failure data very well for some sets of
data. It was suggested that the three-parameter Weibull distribution
may provide a better fit.

The theory of the Weibull distribution and its manual
application to experimental data are described in the existing
literature [11], [12]. This study developed and validated a computer
program which computes the parameters of the three-parameter Weibull
distribution for a set of cycles-to-failure data, performs goodness-
of-fit tests, and calculates the cycles to failure for 0.90 and
0.99 reliability with 90% confidence. The program was tested using

the data generated under Phase II and the results were analyzed.



3.2.2 Development
The computer program development was patterned after the
method described by Lochner [12], which used Weibull probability paper
and manual calculations. The foundation is the generalized Weibull

frequency distribution shown in Hahn and Shapiro [11, p. 110]

-1
f(N; B, n, v) = %'(Eil;) exp [ - (—E%I-—)B ] . (11)

N>y, - <y <o, B > 0, N >0,

where
N = cycles to failure
B = shape parameter or Weibull slope
n = scale parameter
Yy = location parameter .

From the basic definition of reliability

the relationship between reliability and fatigue life N is

B
-(__E_%_I)
R = e ] (12)

where vy, n, and B are constants to be determined by the analysis of
test data. The fraction failed, or unreliability Q, for N cycles

is given by
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Q =1 -¢e n . (13)

Equation (13) gives the probability of failure in N cycles or less, and
is the cumulative distribution function, F(N). It can be transformed

into a linear form by taking natural logarithms as follows:

F(N) =1-c¢e '(’Hﬁilé ?

N - vy B
1-FN) =e -( ”Y) ,

and

In In [i‘ilﬁiﬁi‘i = Bln (N-y) - 8 1n n. (14)
Letting

y=1n 1In [1—:-%Tﬁjd , (15)
and

x=1n (N -7), (16)

Eq. 14 becomes

y = B x + constant,
or a transformed linear function.
Weibull probability paper has been prepared with log log versus

log scales so that the plot of y versus x of data would be a straight

n
line with a slope of B. When (N-y) = n, F(t) =1~ ¢ n ) =1
- e 1= 0.632, thus the value of (N-y) at which F(N) = 0.632 is an
estimate of n. The location, parameter, y, is the minimum life point

that provides the best approximation to linearity between x and y.

29
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3.2.3 Weibull Computer Program

The basic FORTRAN computer program to determine the
estimates of the Weibull parameters for cycles of life for specified
levels of reliability was provided by Mr. Thomas C. Stansberry, Delco
Radio Division, General Motors Corporation. His program was adapted
to The University of Arizona CDC 6400 Computer and was updated to
include subroutines for the Chi-Squared and Kolmogorov-Smirnov goodness-
of-fit tests. Program WEIBULL is given in Appendix D.

The first data card contains the sample size and the
minimum life increment for use in linearizing the x-y relationship.
Subsequent data cards (one for each specimen) contain the cycles-to-
failure information. The first operation performed by the computer is

to establish an ordered array of the cycles to failure and the

corresponding median ranks. The computer calculates the median ranks,
1 _ .
y; = In In (T_:_?Tffja’ and X, = 1n (Ni - yk). Where 1 = 1, 2, ---,
1
n and Yy = minimum life increment (1, 2, --- k) such that Y < Nl' As

the array of Y5 and X5 is computed for different Yy the method of
least squares is used to determine the degree of linearity. This
operation is iterated with Y being increased in increments until the
best fit straight line is obtained. At that time the computer
records the estimates of y, B, and n. It then calculates the one
percent failing life, the ten percent failing life, and the 50 percent
failing life with the associated 90 percent confidence limits.

Upon completion of the calculations, the program calls
the K-S and Chi-Squared test subroutines, in turn, to provide a

measure of goodness of the fit of the estimated Weibull distribution



with the data. The K-S subroutine, "DTEST", applies the Kolmogorov-
Smirnov goodness-of-fit test and prints differences, D, for each
failure time in ascending order. Analysis of the K-S test is done by
comparing the largest in absolute D value, with its critical value
obtained from a D value table.

The Chi-Squared test requires the subdivision of the cycles-to-
failure data into a number of cells, k, determined by Sturges' rule
[13]

k =1+ 3.3 loglo(n) s - Qan

where n is the sample size of the data. However,
analysis of the results requires at least five data points in each
cell. The use of Sturges' rule for data with a sample size of 35,
results in six cells of equal width. Consequently, when the data is
grouped into these six cells the cells at each end usually end up
with fewer than five data points. If the two end cells are combined
to provide five or more data points, the number of filled cells reduce
to as few as four. Since the distribution being tested is the three
parameter (r=3) Weibull, the degrees of freedom (k-r-1) requires that
the number of cells, k, be at least five in order to have at least one
degree of freedom. This Chi-Squared test was applied to samples of
Phase II cycles-to-failure data. It was found that six of the
twelve tests resulted in only four filled cells. Thus, there was zero
degrees of freedom and the Chi-Squared test was not useable. Thus,
it appears that the sample size will have to be increased still further

if the standard Chi-Squared goodness-of-fit test is to be used.
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To circumvent this problem variable cell widths were
used. The technique described by Hahn and Shapiro [11, pp. 302-308]
called for the calculation of cell widths to provide equal number of
observations in each cell. A modification to the subroutine was made
dividing the range of the data so that each cell contains exactly five
cycles-to-failure data. For our sample size of 35, this provides
seven cells. This subroutine was run for the same 12 sets of data.
The expected frequency for the seventh cell was always less than five,
which according to accepted practices invalidate the test. It was
observed, however, that as long as the expected frequency was equal
to or greater than two, the Chi-Squared value could be calculated.
This observation was confirmed by a Monte Carlo Simulation of 1,000
runs from which it was concluded that Chi-Squared errors resulting
from expected frequencies between two and five are insignificant.
Nevertheless, a final modification was made to the subroutine using
variable cell widths, but combining adjoining end cells to insure that
the expected number of observations per cell is equal to or greater
than five. When the same cycles-to-failure data was rerun to apply
this Chi-Squared test subroutine, all 12 tests resulted in six useable

cells thus providing two degrees of freedom.

3.2.4 Results
The operation and accuracy of the computer program were
verified by using the same input data used by Lochner [12]. Identical
estimates were obtained for each parameter to the degree of accuracy

obtainable from probability paper plots. The computer program
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provided parameter eétimates to five place accuracy and used this

accuracy in subsequent calculations. In Table 31 the Weibull distri-
bution parameters, and the K-S and Chi-Squared goodness-of-fit results
are given, A sample Cal-Comp plot of the Weibull distribution is given

in Fig. 37.

The accuracy of the D-test subroutine for the Kolmogorov-
Smirnov goodness-of-fit test was confirmed by a desk calculator. The
maximum D values found by applying the subroutines to the cycles-to-
failure data are listed in Table 31. These results show that, at the
0.05 level of significance, the K-S test does not reject the Weibull
distribution in all of the 17 tests. Thus, the Weibull distribution
can safely be used to approximate distributions of cycles-to-failure
data at specified stress levels.

The Chi-Squared test values determined by the WEIBULL
subroutines with variable cell widths are also given in Table 31.

Note that the variable cell width analysis rejects 5 out of 17 tests.

The conclusions drawn from the above analysis are listed

below:

1. Based on the K-S test results of not rejecting any of the
samples, the three-parameter Weibull distribution may
describe fatigue cycles-to-failure data.

2. Based on the Chi-Squared test results of 5 rejections out
of 17 samples, the Weibull distribution may not be
considered generally acceptable for cycles-to-failure data

consisting of 35 data points. Further in 14 out 16 cases
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the Chi-équared value for the Weibull is greater than for
the lognormal.
3. Based on the previous two conclusions and the results in
Tables 24 and 31, the lognormal distribution appears to
represent the cycles-to-failure data of the Phase II

research best.

3.3 Reliability of Components Subjected to Cumulative Fatigue
3.3.1 Introduction

In cumulative fatigue of most concern to design
engineers is the mathematical relationship between the number of load
cycles at various alternating stress levels applied to a component,
the §-N diagram results, and the survival life of the component under
these conditions. After such a relationship is determined a method
needs to be developed to predict the reliability of a component sub-
jected to a specified history of cumulative fatigue stresses. The
objective of this study was to review the published cumulative fatigue
theories, and to discover or come up with methods for making reliability

predictions.
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3.3.2 Literature Search

The literature search revealed attempts to describe the
degree of cumulative damage in expressions involving transfer of
energy or mass, with damage often described by a crack parameter and
interpreted by Osgood [14] as a change in the state of energy in the
immediately adjacent volumes of material. The primary difficulty
with these methods is their complexity and highly approximate nature.

The simplest and most widely used cumulative damage rule
is Miner's rule [15], based on the assumption that cumulative damage
under cyclic stressing is related to the net work absorbed by the
specimen. That is, the number of stress cycles applied, expressed as
a percentage of the number of cycles of 1life at the given alter-
nating stress level, is the proportion of useful life expended.
Therefore, the specimen should fail when the total damage reaches 1.00,

or

1 =1 (18)

W~ME
|

where

n n = cycles of operation at each applied

10 Moo - o s

alternating stress level.

Nl’ N2 e ey Nm = cycles of life at each stress level. Miner's



rule is accepted as providing a good, conservative first approximation
for engineers in preliminary design, but fails to account for the
effects of overstressing or understressing in the early cycles or for
loading sequence.

An expression was developed by Corten and -
Dolan [16] to model the hypothesis that fatigue damage in terms of the
nucleation of submicroscopic voids which develop into cracks, is a
function of damage nuclei and the rate of damage propagation. Damage,
which was represented as a power function of the number of cycles,
was summed for a loading sequence consisting of repeated blocks of
cycles alternating between two stress amplitudes. The functional

relationship developed is

Nl
Ng = S g g ’ (19)
a, + a,( 2 )d + (——-‘73-)d + + 0 OlLﬂd
1 2~S 38 T n'S
1 1 1
where
Ng = total number of cycles of stress to failure for an
incremental stress amplitude history,
N1 = number of cycles at the highest stress level, Sl’ before
failure,
@ps @py v o .y @S ratio of the number of cycles applied at
stress levels S., S,, ., S to the
1 2 n
total cycles applied,
S1 > S2 > ... > Sn = various alternating stress levels or

amplitudes applied ,

d = inverse slope of the linear portion of the S-N diagram.
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The Corten-Dolan method appears to give a better
correlation with ekisting data than Miner's rule; however, it still
has the deficiencies that the value of d cannot be determined with a
reasonable accuracy, and the equation is based on a deterministic
rather than a distributional S-N diagram.

The NERVA program [17] approaches the cumulative fatigue

problem by revising Miner's rule as follows:

m 1
z = v, (20)

where

a normally distributed variable with a mean, y, and a

Y
standard deviation, oY.

The experimental values of y have been found to range
between 0.18 and 23.0, depending upon the material, the test conditions
and the order of loading history. It was observed that a low to high

A

loading sequence (s1 <s, < 53..) resulted in high y values (y > 1).

2

A high to low loading sequence (s1 > 52 > 53 ...) gave low y values
(y < 1). For a loading history with representative high, low, and
medium stress levels in random order the value of y appears to be
close to unity.

Sorensen [18] developed a general expression for the
probability distribution of the damage rate in
terms of the power spectrum of the random excitation. The method

requires use of the single valued theoretical S-N diagram to determine

distributional values. The analysis is logical and the results
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obtained from a numerical example appear to be reasonable. The

method warrants further investigation using distributional S-N diagrams
developed by this research. Serensen [19, pp. 33-43] studied fatigue
damage accumulation under distributional service loading. A family

of curves for the probability density function of the stress

amplitude, the distribution of fatigue life for a given group of parts
at a given type of loading, and Miner's rule are used to assess fatigue
damage. The analysis and probabilistic calculations are logical but

are subject to the limitations of Miner's rule.

3.3.3 Proposed Methods to Calculating the Reliability of

Components Subjected to Cumulative Fatigue at Sequenced

Stress Levels.

Use was made of the cumulative fatigue theories and the
statistical nature of fatigue life to develop methodologies for the
calculation of reliability. Two methods were developed.

The first method makes use of the multiplication rule
and conditional reliabilities or probabilities of survival. With
this approach the first step is to calculate the probability, Pl of

surviving the first N, cycles at stress level Sl' The next step is

1
to compute the probability, P2, of surviving N2 cycles at stress level
S2 given survival of N1 cycles at stress level Sz. Then the
probability of survival for the sum of these cycles (N1 + N2) is the

product of the individual probabilities (P1 . Pz). This procedure

would be continued for as many steps as necessary.



The second method is called the method of equivalent -

reliabilities. Here the probability of surviving N, cycles at stress

1

level Sl'is computed. Utilizing this information an equivalent cycle

life; Ni, at stress level 52 is computed. The N2 cycles at stress

level 82 are now added to Ni and the probability of surviving the Ni

+ N2 cycles at stress level S2

to the reliability associated with the survival of the N1 cycles at

is computed. This value is equivalent

stress level S, and the N_ cycles at stress level S Again, this

1 2 2°
procedure could be continued as many times as needed to obtain the
final reliability of a component subjected to cumulative fatigue at
sequenced stress levels.

The two methods will be evaluated next using life cycle

data obtained from the experimental test program. Consider the

following stress history applied to a steel shaft:

Alternating Stress Level Cycles Run
S1 = 86,000 psi 10,000
82 = 96,000 psi 1,000
83 = 100,000 psi 500

The fatigue life of specimens tested at these mean

stress levels were found to be as follows:
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Fatigue Life

Stress Level

Mean Cxcles

Log;g

S1 = 86,000 psi 4.715

S2 = 96,000 psi 4.394

S3 =100,000 psi 4.102
Consider first the method

rule and conditional probabilities.

Standard Deviation
Log10 Cycles

0.068
0.052

0.073

that uses the multiplication

With the stress levels increasing,

the reliability for the first level is given by

f1 (Nl) le s

N

(21)

where fl(Nl) is the normal probability density function (pdf) for the

log10 cycles-to-failure at stress level

standard normal pdf variable

= (5=, gives
N
R1 = ¢ (z) dz.
2

In this example

loglo(I0,000) -4.715

0.068

which from standard normal distribution

S Transforming to the

1

(22)

= -10.5,

area tables yields a relia-

bility, R;, of essentially 1 from Eqs.(21)and(22).



The conditional reliability for the second stress level
is given by
(Cb

N fZ(NZ) dN2

= 2.2
2= = : (23)

f2(N2) dN2

JNl

where fZ(NZ) is the pdf of cycles-to-failure at stress level SZ'
Transforming to the standard normal pdf variables results in

0
r

¢ (z) dz
z
2
R, = , (24)
¢ (z) dz
Jz!
where
log10 (11,000) -4.394
z, = = -6.75,
0.052
and
log,, (10.000) -4.394
Zé = = -7.54
0.052
Insertion of these values of z, and 2z} into Eq.(24)yields a reliability,
*
R2’ of 0.910-

Continuing in a similar manner for the third stress level,

the reliability is given by

* The symbol 0.910 is used to represent the number of 0.9999999999 .
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f3(N3) dN3
3
R = , 25
$c = (25)
JN fS(NS) dN3
2
or
¢ (z) dz
Z3
= 26
Ry = L3 , (26)
¢ (z) dz
2
where
. ) loglo(ll,SOO) -4.,102
3 0.073
and
- 10g10(11,000) -4.102
3

0.073

~The value for R3 is found to be 0.9004.
The reliability of the shaft for the mission length of
11,500 cycles and the given alternating stress history is obtained by

RS = R1 R2 R3, which results in RS = 0.90003.

The reliability wascalculated with the stress

history reversed; i.e. decreasing stress level. The resulting

reliability was 0.921.



The same problem is approached next utilizing the method
of equivalent reliabilities. The increasing stress history is
considered first. Calculating the z value for the first stress level
gives

_ log10 (10,000) -4.715

Z, = = -10.5
0.068

Utilizing this value the equivalent number of cycles at

stress level, SZ’ is found as follows:

= 21 = =
z1 22 10.5,
where
1 o
L. log10 N2 4,394
2 0.052
so that

| I
log10 N2 22 (0.052) + 4,394,

Solving for Né results in 7,050 cycles. This means that
7,050 cycles run at stress level 52 is equivalent to 10,000 cycles at
stress level Sl' Thus, to find the reliability associated with both

stress histories, add the 1,000 cycles run at stress level 82 to the

equivalent number of cycles and calculate the new z value, or

log. .(8,050) -4.394
- 10
z, = = -9.38 .
0.052
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In like manner the equivalent number of cycles at stress

level S3 is calculated as follows:

z, =12z} = -9.,38,

' -
log,, Ni -4.102

0.073

1t . gt
Log,, Ny = 2} (0.073) + 4.102,

or
! =
N3 2,610.
Adding the 500 cycles run at stress level S3 and
computing the z value, the reliability is found to be
= ' =
N3 N3 + 500 3,110,
log10 (3,110) -4.102
zg = = -8.34,
0.073
and
R = f(z) dz, (27)
%3
or
R = 0.915 .

The method when applied to the stress history applied in

decreasing order yields a z, value of -8.36 and a corresponding

3

reliability of 0.915.
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Comparison of the two methods indicates the following:
1. The method utilizing conditional probabilities gives a substantially
lower reiiability with the increasing stress history than with the
decreasing stress history. The large difference in these values is
unexpected since it contradicts current theories of cumulative fatigue
which ignore the effects of the order of stress history on the life
of a component. 2. The method of equivalent reliabilities gives
results which are consistant regardless of the order of application.
There remains a need to experimentally verify the applicability of

these methods.

3.3.4 Conclusions

Cumulative fatigue and its effect on component reliability
are quite complicated and not completely understood areas. Several
theories have been developed with most research devoted to understanding
changes in material structure due to microscopic crack nucleation and
propagation. Miner's rule [15] provides a rough approximation for
determining the expected mean life of a component subjected to various
stress levels. However, this rule does not provide a method for
calculating component reliability.

The equation developed by Corten and Dolan [16] provides
an improvement of Miner's rule in that it correlates better with
existing data. This method suffers from lack of accuracy in providing
a deterministic value from distributional data.

Work done under the NERVA program [17] to gain insight

when stresses are applied in various sequences, has potential when

combined with distributional fatigue life data.
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The stﬁdies performed by Sorensen [18] and Serensen [19]
approach the problem of fatigue using randomly applied or distributed
loads resulting in distributed stress, which would constitute a
generalized approach to cumulative fatigue. Their methods should be
investigated further using our distributional fatigue data.

The first method proposed here for calculating cumulative
fatigue reliability combines the product rule and conditional prob-
ability theory for sequentially applied levels of alternating stress.

This method gives significantly different results for sequentially
decreasing than increasing stress levels, namely 0.921 and 0.9003 respect-
ively. Thus this method does not appear to provide a general enough model.

The second proposed method is that of equivalent relia-
bilities where the equivalent number of cycles at each succeeding
stress level is found for the reliability calculated at the preceding
level. It includes consideration of fatigue damage at all stress
levels and the effects of increasing versus decreasing stress history.

The calculated reliabilities are essentially the same, thereby
demonstrating consistency. This method is considered to provide a

protentially valid general reliability model for cumulative fatigue.
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4, OVERALL CONCLUSIONS

A methodology has been developed for designing specified
reliabilities at optimum size and weight into rotating mechanical
components subjected to fatigue under ;ombined alternating
bending stress and constant shear stress.

Three research machines have been designed and fabricated which

are capable of simultaneously applying desired levels of

alternating bending moment and constant torque to rotating test
specimens.

Phase I of an experimental fatigue research program to verify the

probabilistic design methodology was conducted with AISI 4340

steel specimens grooved to provide a theoretical stress concen-

tration factor of 1.42. The data obtained were reduced using
three computer programs developed for the CDC 6400 computer. The
results were used to construct a distributional Goodman strength
diagram for 2.5 x 106 cycles of life and distributional alter-
nating bending stress versus cycles-to-failure (S-N) diagrams.

The following specific conclusions were reached:

3.1 The sample sizes of 12 and 18 were not sufficiently large
for goodness-of-fit tests to determine whether the normal
or the log-normal distribution provided a better fit to
the data. The Chi-Squared test could not be used all the
time and the Kolmogorov-Smirnov test did not reject either
distribution. Phenomenological considerations, combined

with goodness-of-fit test results, and coefficients of
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skewness and kurtosis indicated that the log normal dis-
tribution provided the better fit to cycles-to-failure
data, while the normal distribution provided the better

fit to endurance strength and finite life stress-to-failure

data.

Probabilistic S-N diagrams plotted for stress ratios of =,
3.5, 0.83 and 0.44 for Phase I data showed a linear re-
lationship between the log of cycles-to-failure and the
log of alternating bending stress levels for each stress
ratio. -

There is significant reduction in mean fatigue life as

the alternating bending strength is reduced from « to
0.44. For the alternating stress level of 70,000 psi

the estimated cycles to failure, Nf, are 200,000 for an
r of », N. = 84,000 for T of 3.5, N

S f
rs of 0.83, and N

£° 80,000 for

£ 51,000 for T of 0.44,

There is a relatively high variability in the cycles-to-
failure data with a coefficient of variation ranging from
15% to 25%. However, there is sufficent consistency to
provide the essential linearity in the probabilistic

envelope of the S-N curve, as well as in the plot of the mean

log cycles.

The distributional Goodman strength diagram for Phase I
results provides data directly useable by the designer for
determinining the reliability of rotating components, for

a service life of 2.5 x 106 cycles, subjected to combined
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alternating bending stress and constant shear stress at
various stress ratios for the given material and geometry
of the specimen tested.

Phase II of the experimental fatigue research program was

initiated énd completed for specimens of identical specifications

to the Phase I specimens, except for a different groove radius to

provide a theoretical stress concentration factor of 2.34.

Fatigue tests were accomplished for plotting S-N diagrams for the

stress ratios of =, 1.06, 0.40, 0.25 and 0.15.

The computer programs were revised to incorporate the current

calibration coefficients for the fatigué research machines, the

application of a revised Chi-Squared goodness-of-fit test, and a

subroutine for the plotting of a histogram and the estimated

normal, lognormal, and Weibull distributions using a Cal-Comp
plotter.

The conclusions reached from the results of the computer programs

are the following:

6.1 Increasing the sample size to 35 allowed the use of the
Chi-Squared goodness-of-fit test which proved to be more
discriminating than the Kolmogorov-Smirnov test. The
Chi-Squared test rejected the normal distribution three
times out of sixteen samples at the 0.05 level of signifi-
cance; whereas the lognormal distribution was rejected only
two times out of sixteen. Thus, the previous tenuous
preference for using the lognormal distribution for cycles-

to-failure data was strengthened. For the Chi-Squared test
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to be valid, it must have five or more observations in each
cell; this requires that the end cells sometimes be combined.
The existing methodology describes the tails of distributions
with about 5% accuracy. A method to improve the accuracy
of describing the tails of distributions for use in calcu-

lating reliability is needed.

Comparison of the S-N and Goodman diagrams for Phase I and
Phase II research reveals that the endurance strength for
2.5 x 106 cycles of life and the finite fatigue life at a
specified alternating stress level are significantly
reduced when the stress concentration is increased by
reduciﬂg the groove radius. The S-N diagrams show that
the fatigue life for an alternating stress level of 80,000
psi decreases from 75,000 cycles for Phase 1 specimens to
9,000 cycles for Phase II specimens for a stress ratio of .
In Phase I tests, an alternating stress level of 50,000 psi
at the stress ratio of 0.44 approached the endurance level,
and a mean cycles to failure could not be determined. For
the Phase II tests at the stress ratio of 0.40, the 50,000
psi alternating stress level approached the highest stress
level that could be tested without suffering shear failures
during machine set up, and at this stress level the mean

cycles-to-failure was about 56,000 cycles.

The cycles-to-failure results emphasize the effect of stress

ratio on the fatigue life of specimens at specified levels

of alternating stress and the maximum stress levels at
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which fatigue tests can be conducted. The upper limits for
the tests ranged from about 120,000 psi for alternating
bending stress for the stress ratio of « to approximately
32,000 psi for the stress ratio of 0.15. Examination of

N
the S-N diagrams show that there is a limited useable range
for low stress ratios; consequently, the stress level and
stress ratio become very critical in a component design
using low stress ratios.

Generation and analysis of finite life distributional Goodman

diagrams reveal that the conventional deterministic Goodman diagram

is extremently conservative.

The FORTRAN Computer program to estimate the parameters of the
three-parameter Weibull distribution which would represent cycles-
to-failure data is providing good results. The program incorp-
orates the K-S and Chi-Squared goodness-of-fit tests. The K-S
test did not reject the Weibull in 17 tests, and the Chi- Squared
test rejected the Weibull 5 times in 17 tests. Based on these
test results, the Weibull can be considered a useable distribution
for cycles-to-failure distributions, although the lognormal is
favored by the Chi-Squared test.

Cumulative fatigue is a complicated and not completely understood
design area. Several theories have been developed with most
research devoted to understanding changes in material structure
due to microscopic crack nucleation and progression. Two methods
were investigated in this research for calculating the reliability

of a component sequentially subjected to a number of stress levels.
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The method of equivalent reliabilities provides consistent
component reliabilities regardless of the order of application

of the different stress levels.
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5. RECOMMENDATIONS

The Phase II type experimental research program should be
repeated for other geometries and materials, and a complete set
of S-N and Goodman diagrams should be prepared.

An analytical study should be made in search of a mathematical
relationship between infinite life and finite life Goodman
diagrams.

An analytical study should be made in search of a mathematical
model for the effect of varying stress concentrations andvstress
ratios in fatigue tests.

Further study should be made of infinite and finite life Goodman
strength diagrams to determine (1) a more accurate model than
the ellipse and (2) if another failure theory, or combination of
theories, is more valid for fatigue failure than the distortion
energy theory.

A study should be made with sample sizes larger than 35 to
determine the effect of sample size on describing the tails of
the statistical distributions. As part of the study an error
analysis should be made comparing the predicted reliabilities
using the lognormal and Weibull distributions for the cycles to
failure Qata and for different sample sizes.

A Phase III experimental research program should be conducted
using ungrooved specimens so that the true effect of stress con-

centration on fatigue life may be better quantified comparatively.



An experimental cumulative fatigue research program should be -
conducted by sequentially applying various levels of stresses for
specified numbers of cycles and to.specimens with different
groove radii. The data thus obtained should be used to determine
the validity of the equivalent reliabilities cumulative fatigue

model.
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Cycles-to-failure tests - Stress-to-failure (staircase)
— tests
9
Select bending stress level, | Select stress ratio, estimate
stress ratio and assign bending stress level assign
research machine . | research machine
1
Run PDP-8 computer program to | Run PDP-8 computer program to
calculate visicorder output calculate visicorder divisiens
divisions for a range of bending stress
levels
Select and install specimen Select and install specimen in
in test machine, zero and test machine, zero and calibrate
calibrate instrumentation instrumentation
A
Apply pan weights and torque Apply pan weights and torque
for desired stresses for desired stresses
Run machine until specimen fails; . Run machine until specimen fails
record time-to-failure or runs for 2.5 x 10® cycles
(whichever occurs first
Repeat until 35 specimens Increment stress level up after
are run success, or down after failure
and repeat until 35 specimens
are run
Reduce and analyze the data Reduce and analyze the data
Fig. 5 Flow chart of steps in cycles-to-failure and stress-to-failure

fatigue tests.
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—_ 0.7354 005
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DETAIL A

Fig 7 Phase II research specimen geometry.
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Fig. 17

Section B Section A

(a) The length AB used for hardness measurements.

909 axis

0%axis

(b) Test pattern for section A

Grooved specimen sections used for hardness measurements.
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Fig. 18 Specimen sections and locations for hardness measurements.
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4.000 + 0.010 RAD.

Pl AN

Y ] . .
4 /
‘ / N

0.3150 DIA. ) For Phase 1
+0.0025 ) specimens o.125

0.5000 DIAA
20.0156

—0.2500 DIA ,)For Phase II
*0.0028 ) specimens

Fig. 21 Ungrooved endurance strength specimen.
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FREQUENCY/CLASS INTERVAL WIDTH

QO -

o

N W

NORMAL DISTRIBUTION PARAMETERS

83

/1

, N

gL

3. g
CYCLES-TO-FAILURE X 10

MEAN VALUE: 3297.1 CYCLES

STANDARD DEVIATION: 361.7 CYCLES
KOLMOGOROV-SMIRNGV TEST: 0.094

CHI-SQUARED TEST: 0.248

SKEWNESS : -0.163

KURTOSIS: 2.317

FIG. 24 CYCLES-TO-FAILURE DISTRIBUTION OF 35

GROOVED SPECIMENS FOR AN ALTERNATIKG
STRESS LEVEL 0F108,900 PSI AT A
STRESS RATIO OF INFINITY AND NOMINAL
GROOVE DIAMETER OF 0.491 INCHES.
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LOG NORMAL DISTRIBUTION PARAMETERS

b N\

0. 7795 8715 8.35
CYCLES-TO-FAILURE

MEAN VALUE: 8.095 CYCLES

STANDARD DEVIATION: 0.112 CYCLES
KOLMOGOROV-SMIRNGOV TEST: 0.096

CHI-SQUARED TEST: 2.844

SKEWNESS : -0.374

KURTOSIS:: 2.408

FIG. 25 CYCLES-TO-FAILURE DISTRIBUTION OF 35

GROOVED SPECIMENS FOR AN ALTERNATING
STRESS LEVEL 0F108,900 PSI AT A
STRESS RATIO OF INFINITY AND NOMINAL
GROOVE DIAMETER OF 0.491 INCHES.
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WEIBULL DISTRIBUTIGN PARAMETERS
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KOLMOGOROV-SMIRNQY TEST: 0.217
CHI-SQUARED TEST: 4.236
WEIBULL SLOPE (BETA): 3.853
MINIMUM LIFE (GAMMA): 1999
SCALE PARAMETER (ETA): 1306
FIG. 37 CYCLES-TO-FAILURE DISTRIBUTION OF 35 GROOVED

SPECIMENS FOR AN ALTERNATING STRESS LEVEL OF
108,900 PSI AT A STRESS RATIO OF INFINITY
AND NOMINAL GROOVES DIAMETER OF 0.491 INCHES.
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Table 1 Summary of nominal stresses applied to eighteen
Phase I specimens for a nominal Sa'= 65,000 psi

and r = 0.44.
S

98

Mean Standard deviation
Bending Stress (psi), ¢ =S 64,700 1,300
Xa a
Shear Stress (psi), T 84,900 1,800
Sa
Stress Ratio = 0.44 0.01
vz
3 Txym
Table 2 Estimates for cycles—to-failu?e distribution
parameters for S = 65,000 psi and I‘s = 0.44.
a
Distribution Normal Lognormal
e
Mean Cycles-to-Failure 83,700 11.278
Standard Deviation 26,350 0.374
Skewness 0.315 1.091
Kurtosis 2.408 3.747
K-S Test Maximum D Value 0.066 0.114
Allowable D Value at the
0.05 significance level 0.294 0.294
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Table 6 Endurance strength calculations for the stress ratio of
0. 45 using the staircase method at 2.5 x 10° cycles
for AISI 4340 steel R_ 35/40 Phase I grooved specimens.

Nominal
alternating n ‘ 2
stress i i in, i"n,
. i i
psi Successes
51,870 3 3 9 - 27
49,460 2 7 14 - 28
47,050 1 5 5 5
44,640 0 3 . .0 0
N =18 A =28 B =60

d = stress increment = 2,410 psi
X@= lowvest stress level = 44,640 psi
X = mean (estimate)
X = X+ a[A/N + 1/2] = 44,638 + 2,411[.%2 +.§] \
X =49,597 psi = 49,600* psi
s = stendard deviation” (estimate)
s = 1.620 d[ (NB-A%) /N® + 0.029] = 1.260 (2,411) [1860) - (28)2 , g g20]

1/
!

= 3,681 psi = 3,700% psi (18)2

* Rounded off to nearest 100 psi.
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Table 7 . Endurange strength calculations for the stress ratio
of = using the staircase method at 2.5 x 106 cycles
for AISI 4340 steel R, 35/40 Phase I grooved

specimens.
Alternating n 4
stress T i i in, in,
- i i
psi Successes :
61,857 3 1 ' 3 . 9
58,543 2 2 4 g
55,229 1 : 10 10 10
51,915 0 2 , 0 0
N =15 A= 17 B = 27
d = stress increment = 3,314 psi
X = lovest stress level = 51,915 psi
X = mean (estimate)
X=X+ d[A/N + 1/2] =51,915 + 3,314 [ 17 01
X = 57,317 psi = 57,300* psi 52
s = standard deviation;(estimate)
- AWRE: - . 2
s = 1.620 d[ (NB-A“) /N + 0.029] = 1.620 (3,314) [ 15(27) - (1n? | 0.029J
s

= 2,924 psi = 2,900* psi (15)

* Rounded off to nearest 100 psi.
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Table 8 Endurance strength calculations for the stress ratio
of 3.5 using the staircase method at 2.5 x 10® cycles
for AISI 4340 steel R, 35/40 Phase I grooved

specimens.
Alternating
s n, < . .2

stress 1 1 1ni 1 ni
psi Successes :
57,103 3 4 12 36
53,759 2 9 18 36
50,415 1 _ 4 4 4
47,071 0 1 0 0

N = 18 A= 34 B = 76

stress increment = 3,344 psi
47,071 psi

4
]

lowest stress level

o

f

mean (estimate)

+ 47,071 + 3,344 [34 . 1
X, + d[a/N * 1/2] = [18 +3 I
55,059 pgi = 55,100* pgj

ft

standard deviation;(estimate)

2
1.620 d[(NB-A%) /N% + 0.029] = 1.620 (3,344) [ 18(76) - (34)° . 9.029]
3,701 psi = 3,700* psi (18)2

f

7 N R -
it

]

-* Rounded off to nearest 100 psi.
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Table 9 Endurance strength calculations for the stress ratio

of 1.0 using the staircase method at 2.5 x 106 cycles
for AISI 4340 steel R. 35/40 Phase I grooved
specimens.

Alternating
- n. . . .2
stress 1 1 in, 0N,
. i i
psi :
Failures
60,168 5 1 25 -
58,707 4 2 32
57,246 3 6 18 " 54
55,785 2 6 12 24
54,324 1 2
52,863 0 1 0-
N = 18 A= 45 B = 137

stress increment = 1,461 psi

lowest stress level = 52,863 psi

o

mean (estimate)

= X+ d[A/N - 1/2] =52,863 + 1,461 [‘il‘_g- %]

= 55,785psi = 55,800* psi

= standard deviation;(estimate)

1.620 d[(NB-A%) I 0.029] = 1.620 (1,461) [ 18(137) - (45)2 + 0.029]
=3,290 psi = 3,300* psi (18)2

1}

| ¢l | M A
"

“w v n
1]

* Rounded off to nearest 100 psi.



106

s s
X
L= A z B A
/10T YD) P, s, pue L+ 1) PS =S s
1w mm
|, e S, Pe Tl
s
‘tsd Q0T 3sexeau 03 FJO papunoy
000°6 006°02Z1 00Z°8 00Z°0TT 00L°¢ 009°6Y St 0
00L Y 006°8L 00g£°‘¢E 008 ‘9§ 00¢‘¢e 008°SS 01
006°¢ 00£°LS 00T‘T 00L°ST 00L°S 001°SS S'¢
006°C 00£°LS 0 0 006z 00€°LS ®
tsd 1sd o 1sd 1sd e 1sd e 1sd
>Mb ‘x"AOD °P3S s < yueop Sp “x'Asp ‘P3S Em ‘xuesp Spx'ASP 'P3IS S ‘wUBSN mMMMMWMk
g ¢ v xxI01D9A U xSSod3S ueay S ‘ssaxls Surpusq SurjruxalfE
SS9JX]1S pauTquod TBUTWON Tewxou TeUTWON TeuTuoN
‘wex3eIp UBWPOOH [BUOTINQTIISIP
I03 suautdads parooid Op/SS 54 1991s OvSP ISIV I0J 9317 JO
SOTY4d ooH X Gz 1® sS31InNsSaI YyiS8usIls sduBINpud ] 3SeYd JO AIleummg 01 9149el




Table 11 Diameter and surface hardness at test section of
AISI 4340 steel Phase II ungrooved specimens

pecimen Diameter Hardness
no. in. Rockwell C
1 0.4977 37.6
2 0.4980 36.3
3 0.4981 37.0
4 0.4979 36.5
5 0.4980 37.5
6 0.4967 38.3
7 0.4986 36.2
8 0.4981 37.0
9 0.4979 37.3
10 0.4985 36.5
11 0.4981 36.5
12 0.4983 36.8
13 0.4974 36.3
14 0.4982 36.3
15 0.4983 37.0
16 0.4980 36.5
17 0.4981 37.3
18 0.4982 36.3
19 0.4993 37.4
20 0.4988 37.6
21 0.4986 39.2
22 0.4993 37.5
23 0.4980 36.8
24 0.4992 36.7
25 0.4996 38.3
26 0.4979 37.4
27 0.5000 37.6
28 0.5000 37.0
29 0.4981 36.5
30 0.4978 37.0
31 0.4978 37.6
32 0.4983 37.5
33 0.4977 37.3
34 0.4984 37.0
35 0.4978 35.0
Diameter Hardness
Mean = 0.4983 in. Mean = 37.05 R,
Standard deviation = 0.0006 in. Standard déviation = 0.75 R,
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Table 12 Diameter at the base of groove, groove radius,
and surface hardness of AISI 4340 steel
Phase II grooved specimens.

Specimen Diameter Radius Surface hardness
no. in. in. Rockwell C
1 0.4928 0.35 38.1
2 0.4926 0.35 37.6
3 0.4909 0.35 37.6
4 0.4922 0.35 38.1
5 0.4953 0.35 37.3
6 0.4966 0.35 37.5
7 0.4966 0.35 36.3
8 0.4981 0.35 37.6
9 0.4936 0.35 38.0
10 0.4937 0.35 37.4
11 0.4972 0.35 37.5
12 0.4938 0.35 36.6
13 0.4947 0.35 37.6
14 0.4935 0.35 37.5
15 0.4973 0.35 36.5
16 0.4943 0.35 37.1
17 0.4907 0.35 37.2
18 0.4948 0.35 37.4
19 0.4952 0.35 37.5
20 0.4941 0.35 37.0
21 0.4969 0.35 38.3
22 0.4940 0.35 36.5
23 0.4938 0.35 37.5
24 0.4930 0.35 37.3
25 0.4934 0.35 37.4
26 0.4931 0.35 38.0
27 0.4937 0.35 36.3
28 0.4950 0.35 37.3
29 0.4934 0.35 37.2
30 0.4924 0.35 37.0
31 0.4932 0.35 36.5
32 0.4927 0.35 38.1
33 0.4939 0.35 36.9
34 0.4945 0.35 37.8
35 0.4933 0.35 37.0
Diameter Hardness
Mean = 0.4939 in. Mean = 37.29 R,

Standard deviation

0.0021 in.

Standard deviation

[}

0.53 Re

108



109

Table 13 Hardness measurements at Section A of Phase II
grooved specimens in Rc units see Fig. 17 for locations.
schimen Location No. Axis
No. E—
1 2 3 4 5 6 7 8
33 34.5 36.5 36.5 37.0 36.5 36.5 0°
36.0 36.0 37.0 37.0 37.0 36.5 00
35.5 35.5 36.0 37.0 36.5 36.0 90°
36.0 36.5 37.5 37.0 36.0 37.0 900
X‘= 35.5 36.2 36.8 37.0 36.5 36.5
X = 36.4 R,
34 36.0 37.0 36.5 37.5 37.5 37.5 37.0 36.5 | 0°
36.5 36.5 36.5 36.0 36.5 36.5 36.0 34.5| 00
37.0 36.0 36.5 37.0 37.0 37.0 36.5 36.5 | 90°
36.0 37.0 37.5 38.0 38.0 37.5 37.0 36.5 | 90°
X = 36.4 36.7 36.8 37.2 37.3 37.2 36.7 36.0
X = 36.8 R,
35 35.0 35.0 37.0 38.0 37.0 37.5 37.0 37.5| 0°
37.0 37.5 37.0 38.0 37.5 37.5 38.0 37.0 | 00
34.0 35.5 36.5 37.5 37.0 36.0 36.5 36.0 | 900
36.0 35.5 37.5 38.0 37.0 37.0 36.5 36.5 | 90°
X = 36.5 35.9 37.0 37.9 37.1 37.0 37.0 36.9
X = 36.9 R,
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Table 14 Hardness measurements for Phase II specimens at
Section A shown in Fig. 18 in Rc units
Ungrooved Specimens Grooved Specimens
Specimen R, units _ — | Specimen Rc units _ -
no. X X no. X X
31 C=236.5 36.5 37.0(36.7 33 C=23.5 37.5 37.0{ 37.0
I =36.0 36.0 35.0]35.7 I =3.0 38.0 37.0) 37.0
0 =34.5 35.0 36.5]35.3]| 35.9 0=23.0 36.0 36.0| 36.0 36;7
33 C=237.5 38.0 38.01{37.8 ' 34 C=35.0 36.5 36.0 36.0
I =37.0 38.0 37.5{37.5 I=236.0 35.0 36.0) 35.7
0 =36.5 36.0 35.036.0| 37.1 0=37.0 35.0 35.0} 35.7) 35.8
34 C = 33.5 35.5 34.5)34.5 35 C =237.0 37.5 37.0} 37.2
I=237.0 36.0 37.0]36.5 I =235.5 37.0 36.0| 36.2
0 =35.5 35.0 36.0(35.5] 35.5 0 = 35.0 35.5 35.0] 35.2{ 36.2




111

009°59Z @ £02€°0 €02e°0 .v.ﬁm 000°99T | t°zg 00Z°9ST S og ZS6T1°0 986%°0 1z
00,°09Z | 6280°0 8vze o 9°12 00¢ ‘991 §'Z¢ 009°LST 8°0¢ ¥S61°0 886V°0 oz
000°09Z | €z80°0 L£2¢°0 v 1z 000°S91 SRrAY 00 “LST 8°0¢ 8S61°0 £66v°0 61
008°LYvT | 7680°0 0Lg2°0 1°2¢ 00Z°S91 [ANAY 00V ‘PST 1°0¢ 6v61°0 z86¥°0 8T
00S°8SZ | 9180°0 1£44 ) 1°1¢ - 00g£°S9T AN A 009°LST L°0g 6v6T1°0 186%°0 LT
000°6SZ | 0280°0 rAX AN £°12 00€ ‘591 ANAY 00T ‘9ST v og 8¥61°0 086¥°0 91
00£°€9Z | 8180°0 8¢7¢°0 9°1¢ 009°591 €28 00% ‘ZST L°0¢g 0S61°0 €86%°0 ST
“ooﬂﬂmmm 86L0°0 881¢°0 9°0¢ 009°291 L 1g 00V ¢St 6°6¢ 6v61°0 8690 124
1 008°65Z | 8180°0 L72¢°0 £°1¢ 00,91 0°z¢ 00V “SST 2°0g gY61°0 L6V 0 eI
006°€9Z | S180°0 1€2¢°0 1 ¥4 00T ‘P91 0°c¢ 00€ ‘ST 1°0¢ 0S61°0 £86%°0 A
009°6Sz | 1080°0 y61£°0 8°0¢ 001 ‘191 1728 $9 00¥ “1ST S°6¢ 6V61°0 186¥°0 11
- - - 1°2¢ 000°v91 0°2z¢ 00Z°PST 1°0¢ ZS61°0 S86v°0 01
006°T9Z | Z080°0 S61£°0 0°1Z 00£°€91 8°1¢ 00T ‘¥ST 0°0¢ LY6T"0 6L6V°0 6
009°2SZ | 1980°0 11€€°0 8°1¢ 00Z°S91 A4 00S ‘ST 1°0¢ 6v61°0 186¥°0 8
006°LSZ | £S80°0 962¢°0 0°2¢ 000°991 v-ce 00Z°SST £°0¢ ZS61°0 986%°0 L
00€°LSZ | 9t¥80°0 182¢°0 8°1¢ 00L°L9T R4 00 LST S°0¢ 8¢61°0 L96v°0 9
00209z | S180°0 122¢°0 2°1¢ 00¢ “‘¥91 0°z¢ 00T ‘9ST vrog 8Y61°0 086v°0 S
00L°8SZ | S8L0°0 19T¢°0 ¢£°0¢ 00¢ ‘19T v1¢ 000°T1ST v 62 LY61°0 6L6V°0 14
00£°9SZ | €¥80°0 9.L2¢£’0 9'12Z 008 ‘S91 AN 005°SST £°0¢ 8Y61°0 186¥°0 g
00S°6SZ | 6¢80°0 8vce' o N 4 008 ‘¥91 1°2¢ 00S°€ST 6°62 8V6T°0 086%°0 4
00£°65Z | 6Z80°0 6vZS°0 S'1¢ 00S ‘991 v-ze 00€ “8ST 8°0¢ SY61°0 LLE6Y'O T
rsd www ‘ut qr 1sd Q1Y 1sd qY N.uwﬁmwwm ‘ut N Joquinu
SS9I3 S voxe B ERET: ) peoT $S9115S pPEOT $Sax3 s peot $SOdD| II18WeTp
rmrwx¢wum Suiyeaag| Buijesay Suryvaay| 93ILWIITN| OITUTIT( PIOTA PISTA | Teuid1ap) teutrdtap; uowrood
*susuwtoads panooafun Qf/S¢ um 1291s Ovst ISIV II 9seyd I0F BIEp 25§93 S[ISU9l ~ ST 914e]




¢ 8 BoX
i 00Z°‘S 006°092 utyealg
- 00S‘ T 00T°S9T 53BUTIIN
008°T 00S°SST PTSTX
T m a.,.mm )
UOT3BIASP PIepue3lsS ueol 38uax3s
SuauTdods pPoAOOIZUN I0F YIJuSIlds OTIBIS JO AXewums
= S = - 000 29T S'Zs | 00L°9ST S'0¢ 9Y6T°0 | 8L6V'0 s¢
006°€9Z | 9840°0 ¥91¢°0 8°0¢ 00S ‘¥91 1°2¢ 008°€ST 0°0¢ 1S61°0 ¥86V°0 129
00S5°8SZ | +280°0 6£2S°0 €12 005991 vzs 008 ‘9ST S°0¢ SY6T "0 LLEY 0 €s
006°18Z | £9.0°0 9TIS 0 0 4 007991 v-zs 00V “SST £°0¢ 0S61°0 £86%°0 4
006°8SZ | 01¢8°0 2sZg°0 S'1Z 005991 vze 00, °9ST S 0¢ 9v61°0 8L6V°0 1¢
00T°09Z | 9640°0 €8TS°0 L°0C 00 ‘291 9°1¢ 009°ZST L°62 9610 8L6V°0 0s
009°S9Z | €8L0°0 8STIS "0 8°02 00Z‘¥91 0°2¢ 00S ‘ST 1°0¢ 6v61°0 186V °0 62
002°29Z | 0z80°0 1€25°0 S £ 000591 vzs 006°SST 9°0S €961°0 000S°0 82
7008 5S2 | 0980°0 60£5°0 0°22 00S ‘991 L'2¢ 006°9ST 8°0¢ €961°0 000S°0 Lz
006°€9z | 8180°0 822S°0 9°12 006°S9T ¢€:2¢ | oozeLst 9°0¢% LY6T 0 6L6%°0 92
00£°09Z | ¥180°0 022¢°0 A ¥4 00€ 591 vzs 00T ‘9ST 9°0¢ 09610 966% 0 Sz
000°4SZ | L£80°0 v9z€°0 R £ 00S‘S9T v-ze 00£‘9ST 9°0¢ LS6T'0 266V °0 24
000°2SZ | S980°0 61£S°0 8°1¢ 008 “S9T1 €z¢ 009°9ST S'0¢ 8Y6T°0 086% 0 4
000°2SZ | 8S80°0 S0S€°0 122 00S ‘991 9°2¢ 00¢ ‘9ST 9°0¢ 8S6T°0 £66V°0 &4
gﬂ iR - .
tsd uf "ut QI 1sd qry 1sd QU1 [ uo1303g ut xaquinar
$S9JlS leoae S ERET: A peot $S2J131S peol $$3I3S prol $S0Id umuo-,w._m 8
Buryesag | Suryesrg| Juryeeay Juryeady| IeWrI[(f 9IBWIIIN PIOTA PITL | TRUTATIQ} TeuTdrag] ucwrdadg
ST 9Iqcl

ﬁ.ﬁ.uﬁOUv mﬁ@EﬂUOﬁmw ﬁ®>OOHM§ Oﬁ\mm O& 19931s Ovsty ISIV II aseyd JI0F BIBp 31S93 9[TISUI]



113
Table 16 Elongation test data for Phase II AISI 4340

steel R, 35/40 ungrooved specimens .

Elongation
Specimen 2-in. Elongation
no. gage length, in. %
1 2.365 18.25
2 2.362 18.10
3 2.365 18.25
4 2.380 19.00
5 2.356 17.80
6 2.357 17.85
7 2.349 17.45
8 2.368 18.40
9 2.362 18.10
10 2.357 17.85
11 2.357 17.85
12 2.360 18.00
13 2.361 18.05
14 2.361 18.05
15 2.359 17.45
16 2.353 17.65
17 2.354 17.70
18 2.347 17.35
19 2.360 18.00
20 2.361 18.05
21 2.360 18.00
22 2.347 17.35
23 2.340 17.00
24 2.360 18.00
25 2.353 17.65
26 2.361 18.05
27 2.358 17.90
28 2.365 18.25
29 2.365 18.25
30 2.361 18.05
31 2.356 17.80
32 2.356 17.80
33 2.356 17.80
34 2.361 18.05




Table 17 Tensile test data for AISI 4340 steel R 35/40
grooved specimens.
Original
Original Cross Ultimate Ultimate
Specimen diameter section 2 load stress
number in. area, in. 1b psi
1 0.4928 0.1906 52,500 275,400
2 0.4926 0.1906 51,950 272,600
3 0.4909 0.1892 51,750 273,500
4 0.4922 0.1903 51,900 272,700
5 0.4953 0.1927 52,200 270,900
6 0.4966 0.1937 51,400 265,400
7 0.4966 0.1937 51,300 264,800
8 0.4981 0.1949 52,200 267,800
9 0.4936 0.1913 52,000 271,800
10 0.4937 0.1914 51,500 269,000
11 0.4972 0.1942 52,300 269,300
12 0.4938 0.1915 51,600 269,500
13 0.4947 0.1922 52,000 270,600
14 0.4935 0.1912 51,600 269,900
15 0.4973 0.1942 51,900 267,300
16 0.4943 0.1919 51,450 268,100
17 0.4907 0.1891 51,300 271,300
18 0.4948 0.1923 51,600 268,300
19 0.4952 0.1926 52,100 270,500
20 0.4941 0.1917 51,600 269,200
21 0.4969 0.1939 52,500 270,800
22 0.4940 0.1916 51,250 267,500
23 0.4938 0.1914 51,150 267,200
24 0.4930 0.1909 51,050 267,400
25 0.4934 0.1912 51,800 270,900
26 0.4931 0.1909 51,650 270,600
27 0.4937 0.1914 50,900 265,900
28 0.4950 0.1924 51,550 267,900
29 0.4934 0.1912 51,500 269,400
30 0.4924 0.1905 51,000 267,700
31 0.4923 0.1904 49,600 260,500
32 0.4927 0.1907 51,250 268,700

Summary of static strength results

Mean

Standard deviation

grooved specimens.

Ultimate strength

269,000 psi

2,800 psi
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Table 18 Summary of tensile strength parameters for
Phase I and Phase II specimens.
Ungrooved Mean Standard deviation
Yield psi psi
Phase I 171,000 2,800
Phase II 155,500 1,800
Ultimate
Phase 1 177,900 2,600
Phase II 165,100 1,500
Breaking
Phase 1 254,800 4,400
Phase 11 261,000 8,200
Grooved:
Ultimate
Phase I 255,300 2,700
Phase II 269,100 2,800
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Table Calibration coefficients and speed for each research
machine and for Mode 5 operation*.
. Machine
Machine K K K K K speed
no. BGR GR-TH T T/B B/T Tpm
1 1.3081 0.0149 0.8753 -0.0462 0.0477 1779
2 1.3081 0.0145 0. 38950 0.0463 0.0555 1775
3 1.3081 0.0170 0.8748 0.0542 0.0645 1778

*Mode 5 operation refers to the computer program code which identifies
the proper calibration coefficients to be used with each set of machine
data obtained during a specific calendar period.
coefficients should be used for all data obtained after June 1, 1971 until

the next calibration.

Mode 5 calibration
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Table 20 Endurance strength distribution parameters calculations
for 0.3150 in: Phase I research AISI 4340 steel R¢
35/40 ungrooved specimens for stress ratio of =.
Alternating n 2
stress i i in, i"n,
. i i
psi :
Failures
85,000 4 1 4 16
83,100 3 5 15 45
/
81,200 2 3 6 12 -
79,300 1 4 4 4
77,400 0 0 0 0
N =13 A= 29 B =77
d = stress increment = 1,900 psj
X°= lowest stress level = 77,400 psi
= mean (estimate)
= X+ d[A/N - 1/2] = 77,400 + 1,900 [% 1
= 80,725pgj = 80,700* psj 2
= standard deviation;(estimate)
2
= 1.620 d[(NB-Az)/H‘ + 0.029]) = 1.620 (1,900) [ 13(77) - (29)2 + 0 029]
= 3,040 i = 3,000* i
psi psi (13)2

* Rounded off to nearest 100 psi.
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Table 21 Endurance strength distribution parameters calculations
for 0.2500 in. Phase II research AISI 4340 steel, R,
35/40 ungrooved specimens for stress ratio of =,

Alternating n 2
stress T i i in, ‘ i"n,
- i i
psi :
Failures
83,100 3 3 9 27
81,200 2 9 . 18 - 36
79,300 1. 4 4 4
77,400 0 0 . 0 0
N = 16 A= 31 B = 67
d = stress increment =1,900 psi
Xo= lowest stress level = 77,400 psi
X = mean (estimate)
X = X+ d[A/N - 1/2] = 77,400 + 1,900 31 1
X = 80,230 psi = 80,200*% psi 12
s = stzndard deviation;(estimate)
s = 1.620 d[ (NB-A%) /N% + 0.029] = 1.620 (1,900) [ 18D - (n? , 4 029]
s =1,425 psi = 1,400+ psi ('16)2

* Rounded off to nearest 100 psi.
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Table 25 °~ Endurance strength calculations for Phase II grooved
specimens at stress ratio of =,

Alternating n 2
sStress B | i in, i"n,
- i i
psi Successes :
34,921 '3 6 - 18 54
32,868 2 7 14 - 28
30,815 1. 6 6 6
28,762 0 1 0 0
N = 20 A= 38 B = 88
d = stress increment = 2,053 psi
X°= lowest stress level = 28,762 psi
X = mean (estimate)
X=X+ d[A/N + 1/2] = 28,762 + 2,053 [ %%’* %]
X = 33,689 psi = 33,700* psi.
s = standard deviation {estimate)
s = 1.620 d[(¥B-A%) /N® + 0.029] = 1.620 (2,053) [ 20(88) - (38)% _ 0.029]
s= 2,724psi = 2,700+ psi (20)2

* Rounded off to nearest 100 psi.
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Table 26 Endurance strength calculations for Phase II grcoved
specimens at stress ratio of 1.06.

Alternating n | . 2
sitress i i in, i™n,
< i i
psi )
Failures
35,202 5 1 5 25
34,109 4 3 12 48
33,016 3 8 24 72
31,923 2 3 . 6 12'
30,830 1 4 4 4
29,737 0 1 0. 0
N = 20 A= 51 B = 161
d = stress increment = 1,093 psi average
Xo= lowest stress level = 29,737 psi
X = mean (estimate)
- X = xo + d[A/N - 1/2) = 29,737 + 1,093 ['El 0.5 ]
¥ = 31,978psi 32,000 * psi 20
s = standard deviation;(estimate) L
s = 1.620 d[(NB-A%) /N + 0.029] = 1.620 (1,093) [ _20(161) - (5% 4 9297
s =2,796 psi = 2,800 * psi (20)2

* Rounded off to nearest 100 psi.
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Table 27 = Endurance strength calculations for Phase II
grooved specimens at stress ratio of 0.40.

Alternating n
stress i i ini

n,
- i
psi Successes

e

33,000
32,000
31,000
30,000
29,000
28,000

25
32

12 24

S = N W & n
N N O NN -

22 A= 41 B = 115

=z
1

stress increment = 1,000 psi
28,000 psi

lowest stress level

[+
"

mean (estimate)

Xo + d[A/N + 1/2]
34,000 psi
standard deviation;(estimate)

1.620 d[ (\B-A%) /N° + 0.029] = 1.620 (1,000) [220115) - (4n? | 0.029]
2,900* psi (22)2

. 28,000 + 1,000[41 1
: 22 7 2

7 T 7 I B P -
]

* Rounded off to nearest 100 psi.
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Table 28 Enduranice strength calculations for Phase II
grooved specimens at stress ratio of 0.25.

Alternating
” C. n, . . 2
stress 1 1 in, in,
< i i
psi
Failures
27,000 4 1 4 16
26,000 : 3 4 12 ' 36
25,000 2 6 12 24
24,000 1 8 8 8
23,000 0 3 1 o 0
d = stress increment = 1,000 psi
X = lowest stress level = 23,000 psi
X = mean (estimate)
X=X +d[A/N - 1/2] = 23,000 + 1,000 ¥ 1
X =24,136 psi = 24,100 * psi 22 2

standard deviation” (estimate)

2 .
1.620 d[ (NB-A%) /N « 0.029) = 1,620 .(1,000) [ 22(84) - (36)2
=1,732 psi = 1,700* psi (22)?

(&)
i

I}

+ 0.029]

w u
1

* Rounded off to nearest 100 psi.
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<] <

Table 29 Endurance strength calculations for Phase II grooved
specimens at stress ratio of 0.15.
Alternating n ‘ 2
stress i i in, i™n,
- i i
psi :
Failures
25,000 3 1 3 9
24,000 8 16 32
23,000 12 12 12
22,000 1 0 0
N = 22 ‘= 31 = §3
d = stress increment =1,000 psi
X = lowest stress level = 22,000 psi
= mean (estimate)
= X, + a[A/N - 1/2] = 22,000 + 1,000 [31 1]
X = 22,900%:¢3 -‘ 22 2
s = stondard deviation” (estimate)
2 .
s = 1.620 d[(N8-A%) /N2 + 0.029] = 1.620 (1,000) [22(53) - (31)2 . 0 029]
s = 700* psi (22)2

* Rounded off to nearest 100 psi.



127

mh. m.n
. ANI... ) %, =" ﬁml.ln ) Bs =5 wms
Z/1 1 T 0~ o pum z/1 I +1 ) )
mm . S; .
. dmb I.H = mb pue INM = S w»
*1sd QT 1S9Ie3U 03 FFO pPIpUNOY «
00L ¥ 00% “¥ST 00L‘Y 00L°ZST 00L 006°Z2 ST°0
00T°L 00566 0069 00596 00L°T 00T°¥p2 SZ°0
008°L 00618 002, 000°9L 006°C 00v ‘0% 0v'0
008°¢ . 000°vY 009°2 00Z°0¢ 008°Z 000°2¢ 90°1
00L°2 00L°¢cE 0 0 00L°C 00L°SE w
1sd tsd 1sd 1sd 1sd . 1sd S1 ‘otr3ea
Ag, x-nep pas | Mg ‘wueon Ys, «'aop ‘pas | S ‘wuEoN ®S «-nep 'p3g S ‘sueop ssaI1g
Ag ¢ 44101097 sSOI3S pouTquod Ug ‘ssoxys uesm TeWIOU Bg ¢ssaays Butpuaq SurjeuxolT®
TeuTwoN TBUTWON TBUTWON

‘wex3eTp uUBWPOOY
TRUOTINGTIISTP Io3y Susuroads pancoxd o /SE ¥ 199315 Opsh ISIV 103 9FTT
30 SIT24> 0T X §°Z 38 $3TNSaL YIBuaIls @dUBINPUS I] 9SEYJ JO ATeumng 0¢ °Iqel




128

*9ouBOTFTUITIS FO

‘ST8°L = WOP3dXI JO $9318ep ¢ ‘onyeAa paxenbs-1y) .,
13431 S0°0 -X0F 3Xe sonyeA 3593 *166°S = WOpealy Jo saaxdep z ‘onyea paienbs-tyj ,,
1TF-JO-SSoUpood [BOTITIAD 9SIYL "$22°0 = 3NTBA @ S-N
121°6 ¢ STIT°0 00£ ‘662 096522 Iv°1 S¢ 00092
§9¢°¢ 4 80T1°0 005°S6 827861 86°C LS 00v L2 ST1°0
60C°¢ 4 6L0°0 000°€6 9vs‘Z9 S9°1 S¢ 001 ‘ze
10v°9 4 080°0 000°6S 00S°1Y €S°1 S¢ 000°Ssg
0zv's Z 0I1°0 009°vZ 158°9¢ se°2 S¢ 009°6¢€ SZ°0
691°¢ b S¢T°0 000 VLT S0E“LLT 29°1 19 001°S¢g
06zZ°¢ r4 0L0°0 000°0¥1 1208 202 S¢ 000°0¥ ov°0
60T°¢ ¢ vZr°o 006° 0% 81S°0Z y0°C S¢ 00.L°6Y
1£2°S 4 “0IT°0 00068 £68°¢ST JA AN S¢ 002 ‘0%
00€°2 € 001°0 00v ‘61 68S°S y8°1 S¢ 006°v9
L2S°9 € £80°0 00£°8 6v8°C 20°¢C S¢ 00Z°S8 90°1
29001 4 2170 001°2 vL9°T STV s¢ 00L°SOT
ove - ¢t ¢ 660°0 001°8S 088°1¢ SL°T S¢ 00¢ ‘6¢
978°¢ [4 280°0 006°91 SZ9°s8 | £ g 00t “6v
9¢Y 't ¢ vL0°0 00T‘Y £59°01 8¢°8 S¢ 009°¢L )
L1E°92 4 ¥61°0 00v°S 091T°1 60°1 S¢ 001°26
68%°0 4 980°0 000°2 IR S8°¢ S¢ 006°80T
»xONTEA wopsaxy anteA $9T940 SaT24£d 9Z1s tsd S1 ‘otyea
Jo so9a8a( «d " XepW A u o1dureg Ueap §S913S
1199 a1qetIep 31931 S-) sxajoueied ssalas
- : UOTINTIISTP TINGIoN Butpuaq
1593 paxenbs-t1yj Sutiruxale
TEUTWON
‘UOTINQTIIISTIP [INQISM SY3 03 P33T BIBP SINTTRF-01-SOTDAD I] aseyq
JO S19S U99]1UIAS JOF SITNSAI 3533 3TF-JO-Ssaupood parenbs-1y) pue §-) 1§ 919BL




129

APPENDICES




APPENDIX A

PDP PROGRAM TO CALCULATE VISICORDER DIVISIONS FOR
DESIRED LEVELS OF BENDING AND TORQUE

C-8K MODV 11-219

01.09 T "MACHINE NO. 3", !, !, !

01.10 T "STRESS RATIO = INFINITY", !

01.20 A "STRESS LEVEL = ", SL, !

01.30 A "BENDING CAL. RESIST. =", RB, !
01.50 S K1 = 1.3081

01.60 S K2 = .0170

01.70 S K3 = .8748

01.80 S K4 = .0542

01.90 S K5 = .0645

02.06 S DS =  .491

02.07 S DO = 2.0

02.08 S DI = 1.3125

02.20 S NB = 50

02.30 SNA = 4

02.40 S GB = 3.23

02.50 S A = 30000000

02.60 S BR = 190

02.70 S NT = 45

02.80 S GT = 2.06

02.90 § TR + 120

03.10 S TO = 0

03.20 S SO = K2*K1*SL

03.30 S SP = SO+K4*TO

03.40 S VB = (NB*NA*GB*RB*SP)/(A*BR)

03.80 T %7.03, "VIS. DIV. - BENDING", VB, !
03.90 T %8.01, "BENDING CALIB.", RB," FOR 50 DIV.,", !
05.10 S EB = .03*VB

05.20 S ET + .03*VT

05.30 S SB + SL/VB

05.50 T %5.02 "DIV. OF BENDING FOR 3% ERROR", EB, !
05.70 T %8.01 "BENDING SENSITIVITY", SB," PSI/DIV.", !
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APPENDIX B

PROGRAM STRESS (Updated)

The purpose of this program is to convert each Visicorder record
into normal stress, shear stress and stress ratio. The program
calculates the mean and standard deviation of these two stresses and
of the stress ratio of each group of cycles-to-failure data. It
calculates the cycles-to-failure from time-to-failure data. The
program will also accept cycles-to-failure data.

This program remains basically as described previously. -

Added are the latest calibration coefficients and a routine to
convert shear stresses to normal mean stresses.

The program distinguishes between cycles-to-failure and time-to-

failure through the use of a code number. The code also tells the

program whether or not the group of data are endurance test data. This

discrimination is necessary because the program will not calculate the
endurance strength distribution parameters. The discrimination code
is fed in as data, and is as follows:

0 if the failure data is in time to failure.

1 if the data is endurance test data.

2 if the failure data is in cycles to failure.

131



132

The program will.accept as many sets of data as desired and the
groups may be mixed; i.e., endurance test, group with cycles-to-failure
data, and group with time to failure data. A group is all the data
for one stress level. A group of data consists of the following: The
first card contains in this order, the number of specimens in the level,
the mode of the run and the code. The mode is dependent upon the date
the run was made and identifies the calibration constants for each
machine to be used in the computations.

The fields on the data card are as follows:

spaces 1 to 5 - number of specimens

spaces 6 to 10 - mode

spaces 11 to 15 - code.

The number of specimens, mode and code are fixed point numbers and have

no decimals but the numbers must be placed to the right in each field.
The next sequence of cards reads in the cycles-to-failure or time

to failure in hours, minutes and seconds. If the data is in time. to

failure there are ten groups on a card, so the number of cards required

will depend upon how many specimens are in the stress level. The format .

across the card is as follows:

spaces 1 and 2 - blank
spaces 3 and 4 - hours
spaces 5 and 6 - minutes
spaces 7 and 8 - seconds
spaces 9 and 10 - blank.,
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and the sequence continues in this manner. If the failure data is in
cycles-to-failure the format is 8 fields of 10 spaces each and the
decimals appear in the last space of each field; i.e. spaces 10, 20,

30, etc. If the group of data is for an endurance test there is no
failure data and these cards are left out. The program will automatically
* handle the data if the proper code number is put on the first card.

Following the cycles-to-failure cards are the cards containing the
information for each specimen in the stress level. The information
must be placed on each card as follows:

spaces 1 to 5 - test number

spaces 6 to 10 - specimen number

spaces 11 to 15 - machine number

spaces 16 to 20

with a decimal in space 20 - pan weight

spaces 21 to 30 with a decimal in space 28 - bending calibration
resistance
spaces 31 to 40 with a decimal in space 38 - number of bending

calibration divisions

spaces 41 to 50 with a

decimal in space 48 - number of divisions of bending
spaces 51 to 60 with a

decimal in space 58 - torque calibration resistance
spaces 61 to 70 with a

decimal in space 68 - number of torque calibration divisions
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spaces 71 to 80 with a

decimal in space 78 - number of divisions of torque

The test number, specimen number, and machine number are fixed
point numbers and must be placed to the right in each field. There
is one card for each test specimen and the cards must be placed in
the same order as the failure data is placed on the cards preceeding
these cards. For data at stress ratio of « there will be no torque
stress data. In this case these fields can be left blank. The
computer reads blanks on data cards as zeros,

This makes up.one group of data at a given stress level and
ratio. As many groups may be run as desired by simply placing the
groups one behind the other.

A list of important variables and symbols in the program STRESS

using Fortran language follows:



NCARDS
MODE

NCODE

XHOURS (1)
XMIN (1)
SECS (I)

TOTCY (I)
NOTEST
NOSPEC
MACHNO
PANWT
RCALB

ENCLAB

ENVISB
RCALT

ENCALT

ENVIST

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

number of specimens tested at given level.
number of mode depending on date of test.

0 if failure data is in times to failure.

1 if data is from an endurance level.

2 if data is in cycles-to-failure.
times to failure in hours, minutes and seconds.

cycles-to-failure.

test number.’

specimen number.

machine number.

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.
number of divisions during actual test,

number of active arms in strain gage bridge.



RGAGEB
RGAGET

GB

GT

CBGR
CGRTH
CT

CTB

RPM
SOUTH
TAUTH
STRGR(T)
TAUGER(T)
SOUTHP -

TAUTHP

136
resistance of bending strain gage.

resistance of torque strain gages.
bending gage factor.

torque gage factor.

calibration constant KBGR’
calibration constant KGR-TH'
calibration constant KT.

calibration constant KT/B'

revolutions per minute of machine.

output normal stress corrected for interaction.
output shear stress corrected for interaction.
normal stress in specimen groove.

shear stress in specimen groove.

output stress not corrected for interaction.

output stress not corrected for interaction.

The program STRESS listing in Fortran language follows:
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PROGRAM STRESS (INPUT,OUTPUT,TAPEL =INPUT)
OIMENSION STRGR(50), TAUGR(50), R(50) sXHOURS (50) 4XMIN(50),
1SECS(50) ,TOTCY(50)

c READ IN THE NUM3SER OF CARDS IN THE STRESS LEVEL AND THE MOD:Z

c OF OPZRATION OF THE MACHINE

Com==s NCODE = 1 FOR ENDURANGE LEZVEL, NCODE = 0 IF FATLURES IN TIMES TO FAILURE.
R NCODE = 2 IF FATLURES IN CYCLES TO FAILURE.

35  READ 10C, NCARDS, MODE, NCODE

100 FORMAT (31I5)
IF (EOF,1Y 201, 171
171 PRINT 91

31 FORMAT(1HL//)
170 IF (NCODE.EQ,1) GO TO 175
Leme=- FORMAT FOR OUTPUT HEADINGS INCLUOING TIMES TO FAILURE.,

PRINT 310, MODE
310 FORMATI(62X411HTEST MODE =,12/)
PRINT b1
61 FORMAT (2X,3L4HTEST SPEC. H™MACH, PAN CYCLES y7X,4HRCAL 47X
1y #HNGAL 37Xy bLHNVIS)6X g 4HRCAL y6X st HNCALyOX gL HNVIS yEXHy7HRENDIMG X, 1
2PHSHEAR STRESS/3X,435HNO, NO. NO. WT o TO FAILURE ,3X,
37THBENODINGy 4X 7HRENDING g4 Xy 7HBENDING,, 4X s 6HTOROULE 9y 4X 9 2HTORGUE 4 L Xy
LOEHTOROUE ySX 96 HSTRESS y4X 4 6HSTRESS y 4X 4 SHRATIN/ /)
IF (NCODt.EN,2) GO TO 3280
Cor====ROYTINE TO READ IN TIMES TO FAILURE,
RIAD 401, (XHOURS(I)XMINCIY,SECS(IYs T = 1, MNCARDS)
491 FORMAT (123(2Xx,23F2,.,0))
G0 T3 3¢0
C=-=-==READ IN CYCLZES TO FAILURE,
324 READ 402,y (TOTCY(I), I=14,NCARDS)
402 FORMAT ( 8F10,0)
GO TO 3019
Cew===FORMAT FOR OQUTPUT HEACINGS WITHOUT TIMES T0O FAILURE,
175 PRINT 90, MODE
93 FORMAT (50X,1LHENDURANCE TEST410X,11HTEST MODNE =,127)
172 PRINT 6C
60 FORMAT (33X L4TEST,3IXGBHSPECIMEN,,IXy7HMACHING 95X 9 3HPAN,7X 3L HRCAL,,7X
L1y4HNCAL 97X y4HNVIS 36Xy LHRCAL yBOX g 4HNCAL yEX 94 HNVIS 95 X4 7HIZNDING 3G Xy
2SHSHEAR yUX yHEHSTRESS /4 X9 IHNO 4 95X 9 3HNO e 97X 9 3HND . ¢ S Xy HHWE IGHT 53X
37HHCNDING y 4 X g ZHRENDING g4 X9 ZHREZNDING,y 4X 3 AHTIRQUE g 4 Xy HTORQUE 9 5%,
LEHTORQUE 35Xy BHSTRESS y Xy 6HSTRISS yaX,SHRATIO/ )
C=====ROUTINS TO CALCULATE POLAR MOMENTS OF INcRTIA,
C--===SPDIA = SPECIMEN DIA, TO00 = TOOLHOLDER 0. O, TID = TOOLHOLUER I4 O,
360 SPDIA=,491(
T0D=2. 0
TI0=1.,3125
SPJUG=(3.,14159*SPDIA*+32)/16.0
THJUC = (2.16158%(TOD**4-TID*%4))/(16.*T00)
CONST=THJC/SPJYC
D) 120 I = 1, NCARDS
C READ IN THE TEST NO,« SPECIMEN NO., MACHINZ NQ.y PANWEIGHY, AND THE
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c CALIBRATION RESISTANCE, VISICORDER CALIBRATION DISTANCE AND VISICOxDzR
c QUTPUT DIVISIONS FOR RENDING AND TORQUE
80 READ 10,NOTESTNOSPEC,MACHNO, PANWT,RCALB,ENCALB,ENVISB,RCALT),
1ENCALT L ENVIST

19 FORMAT (3I5,F5,0,6F10.2)
CARDS = NCARDS )
DEFINE THE ELASTIC MODULUS, NO. OF ACTIVE ARMS OF THE BRIDGIS, THE
RESISTANCES OF THE RENDING ANO TORQUE GAUGES, ANLU THE RENUING AND
TORAUE GAUGE FACTORS
€=30000C03.
ENA=‘#. .
RGAGER=199,
RGAGET=120.
. 68=2,23
f 6T=2,06
C SELECTION OF MACHINE AND MODE
IF (MACHNO.EN.1.AND.MODE.EQ.1) GO TO 11
IF(MACHNO.EQ.2.,AND,MODELEQ. 1) GO TO 24
IF (MACHNO.EQ.3.AND.,MODE.E0.1) GO TO 31
IF (MACHNO.EQ.1.AND,MODE.£Q42) GO TO 11
IF (MACHNO.EQ.2.AND.,MODE.LQ.2) GO TO 24
IF (MACHNO,EQ.3.AND.,MODE.EQ.2) GO .TO 31
IF (MACHNO.EQ.1.,AND,MODELEQ.3) GO TO 11
IF (MACHNOLEN,2.,AND.MODE.EQ.3) GO TO 24
IF (MACHNO.£0.3.AND,MODELEQR.3) GO TO 33
IF (MAGHNOJEQ.1.AND ,MODE.EQe4) GO TO 11
IF (MACHNO,ZQ.2.AND.MODE.EQ.4) GO TO 24
IF (MACHNO.EQ.3.AND,MODE.EQ.4) GO TO 34
IF (MACHNO .£EQ., 1 JAND. MODZ .Z20. 5) GO TO 15
IF (MACHNO €9, 2 AND, MO0D% .<0. 5) GO TO 25
IF (MACHNO ,EQ., 3 .AND. MODZ .26, 5) GO TO 53
c CALITRATION PARAMETERS FOR GIVEN MODE AND MACHINE
11 CRGR = 1.0123
: CGRTH = ,0208
CT = .,8752
CT8 = -,045¢9
caT . 029
RPM=178€.,
GO TO S50
15 C8GR=1.3081
CGRTH=3J, 6149
CT=0,87¢3
CTB=-0,0u562
C8T7=0,9493
PPM = 1779
: GO TO S¢C
24 CBGR = 1,0123
CGRTH = ,0183

OO0
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31

33

CT = ,8201
CTA = 0,034y
€8T = ,0u422
GO TO 5¢C
C3GR=1,3031
CGRTH=0.,0145%
CT=0.89¢10
CTR=0,0463
CBT=0., 0544
RPM = 1775

GO TO 5¢C

C3GR = 1.,794L4
CGRTH = .,0211
CT = .923

CTR = ¢

caTt -+ (149
RPM=178C.

G TO 5¢C

CAGR = 1,0945
CGRTH = ,0211
CT = ,7721
£T8 o C

CcAaTt -.0127
RPM=173¢G,

.60 TO 5¢C

3

53

C3GR = 1.0123
CGRTH = ,3197

CT = 7721
€T = ,¢

€37 = -.0127
RPM=178C.

CRGR=1,3(31
CGRTH=0.01770
CT=3.87L8
CTR=0.0562
CBT=(. 0645
RPM = 1778
GO 70 S5¢C

IF(INVIST.5Z0.3.0)

GO 70 51

CALCULATION OF 3ENDING STRESS LEVEL FOR INFINITY XATIO
SOUTH=(ENVISR*Z*2GAGER) / (ENCALB*ENA*GB*RCALB)
STRGR(I) = SOUTH / (CGRTH * CBGR)

TAUGR(I) = 0.8

60 TO 160

IF (NCODE.EON.1) GO TO 301
IF (NCODZ.EN.2) GO TO 33¢C

CALCULATE CYCLES TO FAILURE FROM TIMES TO FAILURc.

CYHR = XHOURS(I)*60,*¥RPM
CYMIN = XMIN(I)*RPM

139
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CYSEC = (SECS(I)V*RPM)/60.U
TCY = CYHR4CYMIN+CYSEC

, GO TO 335

333 TCY = TOTCY(I)

1335 PRINT 724,NCTEST,NOSPEC,MACHNO s FANWT,TCY,RCALR,ENCALRyZNVISB,RCALT,

1ENCALT ZENVIST,STRGRI(T), TAUGR(T)

FORMAT(ZIR 4FB4142F11409F10429F11,2,F11,04F1G.2

1F1G.2,F’11. C‘,FIC.O,#X,BHINFI’\J./)

GO TO 1290

301 PRINT 71 +NOTZSTyNOSPECMACHNO, PANWTJRCALBENGALBLENVIS3,RCALT,
: 1ENCALT 4 ENVIST4STRGR(I),TAUGR(I)

~d
N

71 FORMAT (LX o I3,6XsI348X3JT19H6X9F5¢1,F12e09F10e29F1142yF1140,F10.2,
: 1F10.2’F11-E9F1000’3X,GHINFIN0/)
GO TO 120
C CALCULATION OF RENDING STRESS, SHEAR STRESS AND STRESS RATI1O FOR
c ALL FINITE RATIOS

51 SOUTHP=(SNVISR*I®RGAGER) /(ENCALB*ENA*GB*RCALR)
TAUTHP= (ENVIST*S*RGAGET)I /(ENCALT#ZNA®GT*RCALT)
SOUTH=SOUTHP-CTR*TAUTHP
TAUTH=TAUTHP-CRT*SOUTH
STRGR(I) = SOUTH / (CGPTH * CA3GR)

TAUGR(I) = CT#TAUTH¥CONST
R(I) = STRGR(I) / (TAUGR(I) * 1,7122)
IF (NCODE.E0.1) GO TO 372
IF (NCODELEG.2) GO TO 340
C-=---CALCULATE CYCLES TO FAILURE FROM TIMES TO FAILURE.
CYHR = XHOURS(I)*60,.*RPM
CYMIN = XMIN(I)*RPM
CYSEC = (SECS(I)*RPM) /600
TCY = CYHR+CYNIN+CYSEC
GO TO 345
340  TCY = TOYCY(I)

345 PRINT 73NOTEST,NOSPEC,MACHNOPANWT,TCY,yRCALByNCALRZZNVISE,=CALT,

1ENCALT yENVIST,STRGR(I),TAUGR(I) 4R (1)

73 FORMAT(3I643F8.1,2F11404F10e25F1142,F11,0,F15.2,
1F1042,F1140,F10.0,F9,3/)
G0 TO 120

302  PRINT 70,NOTEST,NOSPEC,MACHNG, PANWT,2CALB,ENCALR,ENVIS2,RCALT,
1ENCALT yENVIST 4STPGR (1), TAUGR(I) 4 R(I)

73 FORMAT (4 Xy T3,6XyT3,8XsT138XsF541,F12,0,F1Ce2,F11429F114GsF10.2,
1F10.2,F11405F10.0,F9,3/)

120 CONTINUE
IF (NCODZ.EQ+1.ANDENVIST.EN.0.0) GO TO 35
IF _(NCODS.E0.1) GO TO 233

c CALCULATION OF MEAN AND STANDAFO DEVIATIOM OF RZNDING STRZ33, SH
c STRESS, AND STRESS RATIO

' CALL MEAN (STRGR, CARDS,NCARPDS, XMEAN, DEV)

. PRINT 3

3 FORMAT (1H )

PRINT 130, XMEAN, DEV

-
-

A

&
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139 FORYMAT (13X ,31HMEAN BINDING STRESS IN GROOVE =,F10.1,54 PSI,//11X,
: 139HSTD, DZV. OF BENDING STRZISS IN GROOVe =,F10.2,5H PS5I./)
132 IF(ENVIST.EG,0.0) GO TO 35
IF (NCOCE.EQ.1) GO TO 200
CALL MEAN (TAUGR, CARDS, NCAROS, XMczAN, DEV)
PRINT 3
PRINT 140, XMEAN, DEV
140 FORMAT (20X,30HMEAN TCRPQUE STRESS IN GROOVCZ =4F10e4145H FSI./ 12X,
133H3TD, DEZVe OF TORQUE STRESS IN GROOVE =,F1y.2y5H PSI. )
SMEAN = XMEAN*1,732
SDEV = DEV*1.732
PRINT 3
PRINT 142, SMEAN, SDEV A
142 FORMAT (19X, *MEAN NORMAL STREZSSSIN GROOVE®, F10,1s * PSI.*//11X,
1#STN, DEV. OF NORMAL McAN STRESS IN GR =%, F1C,2, * P3I.%/)
209 _ CALlL MEAN ( Ry CARDS,NCARDS, XMZIAN, DEV)
PRINT 3 :
PINT 150, XMEAN, OEV
152 FORMAT (31X,19HMEAN STRESS RATIO =4F1045/ 23X 427HSTD. JEVe OQF STRE
1SS RATIO =,F10,5)
37 GO0 TO 3¢
- 201 STOP
END
SUBROUTINZ MIAN (X, DATA, NOATA, XMZAN, DL V)
Ce====SUBROUTINZ TN CALCULATE THE MZAN AND STANDARD DEVIATION OF DATA,
DIMINSION X(NOATA)

SIGMA= C.0
DO 3 I=1, NDATA
8 SIGMA=STIGMA+ X(I)
XMEAN = SIGMA/DATA
TOP2 = 0.0
DO 9 I=1,NDATA
9 TOP2 = TOPZ + (X(I) - XMEAN)**2
DEV =SORT(TOP2/(DATA = 1.Q0))
RETURN

_.END



APPENDIX C

PROGRAM CYTOFR (Updated)

This program calculates estimates of the mean and standard
deviation of the cycles-to-failure data for both the normal and the
lognormal distributions, and calculates the moment coefficients of
skewness and kurtosis. It also performs the Chi-squared and the
Kolmogorov-Smirnov goodness-of-fit tests.

The program has been updated since it was previously reported.

The main program was revised to incorporate a sort
routine to preclude the necessity for manually ordering the data
inputs. Subroutine CHISQA (Chi-squared test) was modified to provide
for automatic combining of cells at the tails of the distribution
when the end cells do not contain at least five failure data points.
Subroutine GRAPH was added to the program to plot a histogram of the
cycles-to-failure data based on the cell widths and number of
failure data points per cell computed by the CHISQA subroutine. The
theoretical distribution curve represented by the parameters
estimated by the main program is sketched and superimposed over the
histogram. The plotting of the histogram and of the distribution is
done by the Cal-Comp plotter from an output tape generated by the
computer.

The data deck for operating program CYTOFR is in three logical
sections per problem. The first section consists of two cards. Card
one consists of three titles, while card two specifies the parameters

necessary for the statistical calculations in CYTOFR.

142
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The second, logical section is a variable number of cards, each
specifying up to eight data points for analysis.

Section three provides parameters for plotting the normal and
lognormal distributions. The first card is a parameter list for the
normal distribution plot, followed by exactly six cards of footnotes.
Next is a parameter list card for the lognormal distribution.

Multiple problems may be executed by stacking complete data sets
behind each other. A list of important variables and symbols in

program CYTOFR using Fortran language follows:
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List of Definitions for Program to fit Normal
and Log-Normal Distributions to Cycles-

to-Failure Data (PROGRAM CYTOFR)

Main Program:

NDATA = DATA = number of observations.

STRLV = stress level in psi.

AKURCY = accuracy to which cycles-to-failure data are known.
RATIO = stress ratio

X(1) = c¢ycles-to-failure data

CUMFRQ(I) = cumulative frequency of each X(I); ie, number of

X's less than or equal to X(I).

PCAREA(I) CUMFRQ(I)/NDATA}

Subroutine to calculate the mean and standard deviation of the

cycles-to-failure data (SUBROUTINE MEAN)

SIGMA = sum of the X(I)'s
XMEAN = average of the X(I)'s
0 2
TOP2 = I (X(I)-XMEAN)
i=i
DEV = standard deviation of the X(I)'s

Function subroutine to find the area under the normal curve

(FUNCTION PROB(X)).

X abscissa value for which corresponding area
is desired.

PROB desired area.
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Subroutine for Chi-square goodness-of-fit test (SUB-ROUTINE CHISQA).

K = number cells,

XMAX = largest value of cycles-to-failure.

XMIN = smallest value of cycles-to-failure.
Csv = cell starting value.

CEV = cell end value.

CLB = cell lower bound.

CUB = cell upper bound.

FREQ(J) = number of observations in Jth cei1.

REQAREA(J)= expected value of JtB cell.
CHISQR = total Chi-square value.

u(1) = Chi-square value of Ith cell.

Subroutine for Kolmogorov-Smirnov test (SUBROUTINE DTEST).

Z(1) = abscissa value on standard normal curve for a
given X(I).
ARUNCN = area under standard normal curve from - to Z(I).
DSTAT(I) = absolute difference between the data cumulative
frequency and the hypothesized cumulative frequency.
XMEAN = average of the X(I)'s.
"DEV = standard deviation of the X(I)'s
PROB(T) = area under the standard normal curve from -T to

+T.
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Subroutine to calculate the moment coefficients of skewness and

kurtosis (SUBROUTINE ALPHA).

ALPHA3 = moment coefficient of skewness.
ALPHA4 = moment coefficient of skewness.
n 2
VAR = I (X(D-X)
i=i -
n
TOP3 = (x(-x3
i=i -
SKEW = third moment of the data.
STDEV ‘= biased estimator for standard deviation.
n
TOP4 = I (x(-x4
i=i -

fourth moment of the data.

TKURT
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DATA DECK STRUCTURE

Card Columns Description
1 1-20 Twenty character descriptive title

to appear at the top of each printed
.output page.

21-40 Twenty character descriptive title of
the input data will appear on printed
output,as well as the X-axis labél for

both slots.
41-50 Unit of data measurement (cycles, inches,
etc.).
2 1-10 Number of data points on following

card(s). Must have a decimal point.

11-20 Stress level. Must have a decimal point.
21-30 Stress ratio. Must have a decimal point.
31-40 Accuracy. Must have a decimal point.

3 to n** 1-10, 11-20, ..., ‘ Data points, punched eight per card
71-80 until all points are exhausted. Must

have decimal points.

n+l 1-10 The letters "NORMAL'" followed by four
blank spaces.

11-20 Length of the X-axis in inches. If
zero or blank, 6,0 is assumed. Decimal
point is necessary.

21-30 Length of the X-axis in inches. If zero
or blank, 5.0 is assumed; if greater
than 5.0, 5.0 is assumed. Decimal point
is necessary.

**The notation 3rd to n is intended to mean from the third card to the nth
card. In the case of 34 data points, the second section of data would
stretch from the 3rd to 7th card .



DATA DECK STRUCTURE (Continued)

Card Columns

31-40

41-50

51-60

61-70

71-80

+ 2 to 1-50

n+ 8 1-10
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Description

Minimum X-axis value. The plotting
program may find it necessary to alter
this value slightly. If absent or

zero, a resonable maximum will be
assumed. The decimal point is necessary.

Minimum Y-axis value. This should be
blank or O.

Maximum X-axis value. Follow same
rules as minimum X-axis value.

Maximum Y-axis value. If absent or zero,
the plotting program will search for the
smallest even number greater than (or
equal to) the height of the tallest
histogram block, an automatic adjustment
will be made. The decimal point is
necessary.

Height of lettering on graph, if 0 <
height < .15, Otherwise this parameter
will be set to equal .15.

Footnotes punched as they will appear
on the normal graph.

The letters "LOG-NORMAL." Otherwise
the same as card n + 1.

The program for CYTOFR listing in Fortran language follows:
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PROGRAM CYTOFR (INPUT,0UTPUT,TAPE1=INPUT,TAPZ2)

-PROGRAM TO FIT NORMAL AND LOG-NORMAL CURVE TO DATA AND CHECK
-GOODNESS OF FIT,

COMMON CUMFRQ(100) ,NDATA,X(100),DEV,XMEAN,CLB(9),CUR(3) ,FREN(G) 4K,
1 CHISQR,TITLE(2),SUBTITL(2),CSV(3),CEV(9),PCAREA(1G0),DSTAT (140,
2 AREA(9),REQAREA(9) 4EXFREN(I),U(3),4,Z2(100),NX{(100),2ATA,AKUXCY,
3 XMAXyXMIN,PSI,CDyDyRATIOyXLENGTHyYLENGTH, YMAX,yYMINyXHA,XMI,
6 HLEZTTER COM(3) 4y Wy ALPHA3Z,ALPHAL,FOOT(30) 4y IT,SKS,UNIT

INTEGER TITLE,SUBTITL,FOOT

EXTZRNAL ©PRNA

INITIALIZZ PLOTTER
CALL INITIAL (0492904350)

PRINT 1
-NDATA=DATA=NUMBER OF OBSERVATIONS

=STRLV = STRESS LEVEL IN PSI.

X=NUMRER QJF CYCLES TO FAILURE
READ S5JCyTITLE,SURTITL,UNIT
FORMAT (8410)

IF(Z0F(1)) 56,5

READ 501 ,0ATA,STRLEV,RATIO,AKUFCY
FORMAT(8F10.0)

NDATA=DATA

READ 501,(X(I),I=1,NDATA)

SORT X(I) TERMS IN ASCENDING OFRCER.

K=NDATA-1
IF(X.LE.0) GO TO 20
DO 20 I=1,K
N=NJATA-T

ISTO?=9

D0 10 J=1,4N
IF(X(JYLZeX(J+1)) GO TO 10
SAVE=X(J)
X(J) =X (J+1)
X{J+1)=SAVE
ISTOP=ISTOP+1

> CONTINUE

IF(ISTOF,.2Q.0) GO TO 3G
CONT INUE

SET CUMFRO(IY ARPRAY

DO 40 I=1,NCATA
CUMFRA(IN=I

RESZT SOME CUMFRQ(I) cNTRYS IF X(I)=X(I+1) OCCURS
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DO 50 I=2,NDATA
50 CONTINUE .
'Ce=====PCARZA = F(N) OF OBSERVATIONS
‘ D0 759 I=1, NDATA
759  PCARTA(I) = CUMFRQ(I)/DATA
PRINT «0B8,TITLE,SUBTITL
408 FORMAT(®1% 55X 42A10,/ 42X, *NORMAL DISTRIBUTION FITTED TO %,2810,
1777
IF (RATIO.E0.0.0) GO TO 414
PRINT 4C2, STRLEV, RATIO
L32 FORMAT(29X ,*STRESS LEVEL =%,F7.1,% PSI,*,16X
1y14HSTRESS FATIO =4F6,3//)
GO TO 415
414  PRINT 416, STRLEV

416 FORMAT (29X y*STRESS LEIVEL =*,F7.1,% PSI.*,1AX
1,23HSTRESS RATIO = INFINITY/Z/)
%15 PRINT L04,SUBTITL
44 FORMAT(SAX 42810,47)
PRINT 403, (X(I),I=1,NDATA)
L03 FORMAT(BEF21,4)
PRINT 3
3 FORMAT (1HD)
CALL HZAN
CALL CHISOA
CALL DTEST
CALL ALPHA
READ 5024 IToXLENGTH YLENGTH XMLy YMINGXMA sYMAX yHLETTER
502 FORMAT(£1,9%X,7F10,0)
READ 593,F00T
503 FIRYAT(SALD)
IF(IT.NELLHNY GO TO 57
CALL GRAPH
53 AKURCY=.,{0001
DO 5% I=1,NDATA
NX(I) =(ALOG(X(I)/20.)+AL0OG(20,))*10000G. + 5
X(I) NX(D)
5 iy X€I) X(I)/100003,
' PRINT 1, TITLE
1 FORMAT(*1%,55%,2410)
PRINT 4C1,SU3BTITL
401 FORMAT (28X ,*#L0OG=-NORMAL OISTRIABUTION FITTED TO *,2A10,//7)
IF (RATTO0.EG.040) GC TO 417
PRINT 402, STRLEV, RATIO
GO TO 418
417 PRINT 41F, STRLEV
418 PRINT 2,SuUsTITL
2 FORMAT(LOX,*L0OGS OF THE *,4A10,/)
PRINT 413, (X(IV,I=1,NDATA)
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FORMAT (6 (8XyF12,4))
PRINT 3
CALL MEAN

o s o v . 2 . L T i et el e R e T L N

3
Q
14
15
Necea
c
C----
11
12
13

CALL CHISAQA

caLL DTEST

CALL ALFHA

RZAD S02yIT o XUENGTH YLENGTHyXMI,YMINGXMA,YMAX
IF(IT.NEL,1HLY GO TO 57

CALL GRAPH

G0 TO 716

CALL PLOT (03440.,5999)

CALL EXIT

CALL PLOT (0¢4y049999)

STOP 1111

END

SUBRQUTINE MEAN
-SUIRATINE TH CALCULATS THE MEAN AND STANCARD DEVIATION OF ZJATA.
COMMON CUMFRO(100) 4NDATA,X(103) 4DV, XMEAN,CLB(I),CUB(I) ,FREN(A) 4K,
1 CHISQR,TITLE(2) ySURTITL(2),CSV(9),CEV(9),FCLRZA(100),DSTAT(13D),
2 ARSA(9) 4REQAREA(D) yEXFREQ(I)ZU(D)4Z(100) 4NX{100)4DATALAKURCY,
3 XMAX,XMIN,PSIsCDy0yRyXLENGTHyYLENGTH

SIGMA= C.0 -

DO 3 I=1, NDATA

SIGMA=SIGMA+ X(I)

XMEAN = SIGMA/DATA

TOP2 = ¢.0

DO 9 I=1,NDATA

TOP2 = T0P2 & (X(I) = XMEAN)**Z

NEV =SQRT(TOP2/(NATL - 1,0))

PRINT 14, XMZAN

PRINT 15, DEV

FORMAT (10X ,*SAMPLE MEAN =%,F14,4)
FORMAT (10X ,*STDs DEVIATION=%,F12.%)
RETURN

ND

FUNCTION PROB(X)
=THIS SUPRPNHUTINE GIVES AREA UNDER NORMAL CUXVE FRQOM =7 70 +2Z
WITH AN ACCURACY OF 0,006C05
-7 VALUS GIVEN BY CALLING PPOGRAM MUST BE A POSITIVE NUMRLK,
IF (X-1,2Y11,11,12

XSQ=X*Xx

PROR= 0,797884LS5S*X*((,99992774=-XSQ%(0.16653L33-XSQ*(0,(24623215=X3
10*C, 0023974867V ))

RE TURN

IF(X=-2,9) 13,14,14

XSQ=X*X

PR03=1.0

PTeRM=1,9

_FACTOR=1,0
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ODDINT=3,.0 T
979 PTERM==PTZRM*XSQ/(2.0*FACTOR)
TERPM=PTERM/ODDINT
PROB=PROB+TERM
IF( ABS (TERM) - C,000607 ) 80,90,90

90 FACTOR =FACTOR+1,0
ODOINT=0D0DINT+2,0
GO TD 970

80 PROB=0.73788455*X*PR0OB
RZTURN

14 RECXSQ= 1,0 7 (X*X)
PRO3= 1,0 = 0.,797884L53*CXP(=-X*X/2,0)/X* (1,0-RECXSA*(1, -RECXSE* (3,
1 - RZCXSON* (15, = RECXSQ*105. ))))

RETURN

END

SUBROUTINE CHISQA
Cewwe-- SUBRRQUTINZ TO FIT A HISTOGRAM TO THE DATA AND PERFORM TH: CHI-SQUA
el TEST FO& THE NORMAL OR LOG-NORMAL DISTRIBUTIONS.

COMMON CUMFEQ(130) 4NDATA,X(100),DEV,XMEAN,CLB(Q) ,0UB(9),FREN(S),K,
1 CHISQR,TITLEC2),SUBTITL(2),C5V(9),CEV(9),PCAREA(L1IDY,,DSTAT (1G4,
2 ARcA(9),REQAREA(G) ,EXFRIN(I),U(9),ZC150) yNX(100),DATA, AKUCY,
3 XMAX G XMINGPSTyCO9D9yRyXLENGTH, YLENGTHyYMAX s YMINy XMA9g XMIogHyCOM(3) 4
DIMENSICN XFREQ(9)
CHISQR= .90
Com=e- TO DETERMINE THE NUMRER OF CLASS INTERVALS,K
K= 1 +3.3 ©ALOG10(DATA)
RZALK=K
Ce===~IN OROER' TO DETERMINE THE RANGE,FIND X(MAX) AND X(MIN)
XqAX=X (1)
XMIN= X (1)
DD 17 I=1,NDATA
IFC X(IY.GT.XMAX ) XMAX = X(I)

17 IFIXC(I) LT, XMIN) XMIN=XA(T)
RANGZ= XMAX- XMIN
Commwe- TO DCTERMINE THE CLASS INTCRVAL WIDTH,W
Cow=e- ROUTINE T0O ROUND OFF CLASS WIDTH TO SAMc NUMBER OF PLACZS AS THL A

OIVIOS = 1.0/AKURCY
20 KW= (((RENGE+AKURCY) /REALK) +.5*AKURCY) *DIVIDE

FX1 =, KW

W = RK1/DIVIDE

00 22 I=1,K

p=1

B = 0.5%AKURCY

CSV(I)= XMIN# (A-1,0)%W

CZV(I)= CSV(I)+W=AKURCY

CLB(I)= CSV(I)-R

22 CUB( I ) = C2V(I)+8
CEV(XK) XMAX
Cus(x) CEV(K) +B
00 23 J=1,K
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XFREQ(JY=0.0
23 FREQ(J)=0.0
D0 2& I=1,NDATA
DO 24 J=1,K
IF(X(I) eGECLBIJY ANDX(I) LT CUB(J)) FREOQO(JI=FRREN(II+1.70
24 CONT INUE
N3 25 J=1,K
25 XFREQ(JI=FREQ(J)
Y=0.
PRINT 624XMAX
PRINT 63, XMIN
PRINT 65,M
! Cewe==CHI-SQUALRE TEST
X 26 PRINT 41
' PRINT 4C6
D0 33 I=1,K
Z(I)=( CUR(I)~- XMcAN) 7 DEV
T= A83(C Z(I) )
30 AREA(I)= PROBI(T) /2.0
RIQARZA(1) = 0.5 - AREA(1)
MANU=K=1
DO 32 I=2,MANU
M=T-1
IFC (Z(I) G50 0s0eANDeZ (M) ¢GEeBeG)eORe( Z{I)eLFa0sUdANDWIZI(M)LE 4DW
; 1) ) GO TO 31
{ REOAREA(I)= AREA(I)+ARPEA(M)
: G0 To 32
31 RIOAREA(I) = ABS( AREA(I)=-AREA(M) )
32 CONTINUE
REQAREA(K)Y = 0,5=-AREA(K=-1)
DO 80 M=1,K
80 EXFRIQ(M)=DATA¥RENAREA(M)
I=1
2420 IF(FREN(I) «GZ454) GO TO 2430
EXFRIAUI+1)I=IXFRIN(I+1)+EXFREQ(])
FREIN(I+1I=FREQ(I+1) +FREQ(I)
J=1
03 2425 L=1,J
EXFREA(L) =6,
2425 FREQ(L)=0.
I=1+1
GO To 2428
2430 I=X
2u40 IF(FREN(IV.GE45.,) GO TO 2450
EXFRREQ(I-1)=EXFRAEQ(I-1) +EXFREQA(T)
FREQ(I-1)Y=FREN(I~1)+FREQ(I)
D0 2445 L=I,K
EXFREQA(L)=0,
2445 FREQ(L)=0.
CI=1-1

s e

—— e
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GO TO 2443
2455 CONTINUE
00 85 M=1,K
U(M)=0,.0
IF(ZXFREQIM) JEQ.Ds) GO TO 85
UCM) =((EXFREQIM) -FREQ (M) ) **2) 7EXFREQ (M)
85 CONTINUE
DY 90 M=1,K
23 CHISAR=CHISQAR+U (M)
Cmew==T0 PRINT THE TABLE FO&K CHI-SQUARE TEZST
DY 33 I=1,K
33 PUINT 34,I,CLRCI),CUR(I), ZXFREQ(IN,FREQ(I),U(I)
PRINT 3B, CHISOR
DO 150 I=1,K
150 FREQ(IV=XFREA(I)
62 FOEMAT (10X, *MAXIMUM VALUE=*,F13,4)
A3 FORMAT (16X *MINIMUM VALUE=*,F13.4)
€5 FORMAT(1GX*CLASS WIDTH=%,F15,L)
41 FORMAT (1HD)
406k FORMAT (8Xy5H CELL<10X,1GHLOWSR CELL911X413HUPPIR CILL 13Xy 3HIXPED
1T3D413X 4 840BSZFVED 413Xy L11HCHI-SQUARE D/ BX s BHNUMBER 313Xy EBHBOUNTARY,
213Xy 8HECUNDARY,13X,9HFREAUENCY 12X 9HFREAQUENCY, 12X, 13HVALUZ CF Ct
3LL/)
2y FORMATU1GXsT24F20eb44uF21.4)
35 FORMAT(%0%,77X,*TOTAL CHI-SAUAFED VALUTL =¥%,F13,4)
RITURN
END
SUBROUTINZ DTVEST
Comm=- SURROUTINS TO CALCULATE THE KOLMGGOROV-SMIRNOV D-VALUZIS.
COMMON CUMFROC10G) ¢NDATALZXT150) 9 DEVy XMEAN,OLB(9) yCUBI(3) ,FRIN(9) 4K,
1 CHISQR,TITLE(2)Y+SUITITLI(2),CSVI9)CEV(9),FCAREALLILO),DSTAT(10C),
2 ARLA(Q),RENAPEA(G) ,EXFREQ(I) 4U(A)47(130) JNX(100) 4DATA, AKURLY,
3 XMAX XMINGPSTyCOy09RyXLENGTHy YLENGTHyYMAX Y MINy XHA 4 X1,
w 49COM(2) Wy ALFHA3,ALPHAWL,FJI0T(20) 4IT,SKS
INTZGER TITLZ.SURTITL
D0 706 I=1, NDATA
7(I) = (X(I) - XMZANY/DSV
IF (Z2(1)) 703, 704y 705
703 T =A8S(Z(I))
Commm= ARNCNSAKEA UNDSR THE NORMAL CURVE TO LEFT JF Z FOR NeGATIV: 7,
ARUNCN = (1,79-PPRORB(T))/2.0
DSTAT(I) = APUNCN = PCAREA(I)
GO T9 766
4 DSTAT(I) = .5 - PCAREA(I)
G3 TO 7066
763 T = 7(1)
Ce====ARUNCP=pRTA UNDZ® THE NORMAL CURVZI TO LcFT OF 7 FOR PISITIVI 7,
AKUNCP = PROB(T)/2,0 + .500
DSTAT(I) = (APUNCP - PCAREA(I))
__7Ls CONTINUE e e e e

~
(=]




00 93 I=1,NDATA
90 DSTAT(I)=ABS(DSTAT(I))
SKS=0STAT(1)
N0 130 I=2,NDATA
IF(DSTAT(I).GT,SKS) SKS=DSTAT(I)
160 CONTINUE !
PRINT 708,SURTITL
PRINT 7C7, (DSTAT(I),I=1,NDATA)
707 FORMATI(FRF20.5)
703 FORMAT (//40X,53H D VALUES FOR KOLMOGOROV=-SMIRNOV GOOJNESS CF FIT
L1TEST 7/ ,L4X*LISTED IN THE SAMz OR3JER AS *,2A10,47)
RETURN
END
SUBROUTINE ALPHA
COMMON CUYFRQ(100) NDATA,X(1G0),DEV,XMEAN,CLR(9) ,CUR(II) ,FRET(S) ,K,
1 CHISQR TITLE(2) ,SUBTITL(2),CSV(9),CEV(9),PCAREA(L1IDIZNSTAT (10D,
2 AEA(9) Z,REQARPEA(I) 4EXFREQ(Y) 4U(3),Z(100) y,NX(100)4JATAHAKURTY,
; 3 XMAX ¥MINyPSIoCDyO+RATIO)XLENGTHaYLENGTH YMAX ) YMINGXMA,ZXMI,
i 4 HyCOM(3) gy Wy ALPHA3,ALPHAL,FOOT(30),IT,SKS

[ S----- SUBROUTINI TN CALCULATZ THE COEFFICIENTS OF SKEWNZS3 AND KURTOSTS
[ Ce---- CALCULATZ THE THIRD MCMENT OF THE DATA (SKZWNESS)
i TORPZ = (.9

! VAR = 0.0 S
; 00 710 1 =1, NDATA
VAR = VER + (X(I) = XMEAN)**2

710 TAP3 = TORP3 +(X(T) = XMEAN)**3
SKEW = T022 / DATA
STOEV = SQRT(VAR/DATA)
Locew- ALPHA3Z = MOMENT COZFFICIENT OF SKZIHWNESS,
ALPHA3 = SKEW/(STDEV**3I)
Coem=- CALCULATE THZ FOURTH MUOMENT OF THIZ DJATA (KURTISIS),
TIP4 = (.1

DD 711 I = 1, NDATA
711 TOP4 = TOPL + (X(I) - XMEAN)¥*¢4L
TKURT = TOP4 / DATA

Commm= ALPHAL = MOMINT COZFFICIENT OF KURTOSIS.
ALPHAL = TKURT/Z(STDEV**4)
PRINT 712

PRINT 712

PINT 714, ALPHA3Z, ALPHAL
712 FORMAT (//7/713X433HMOMENT COCFFICIENT OF SKEWNESS (ALPHA3), 13X, 3I3HM

10MeNT COEFFIZCIENT OF XURTOSIS (ALPHAWL) /)

713 FOPMAT (21X ,%¥FOR NORMAL CISTRIBUTIQH ALPHAZ = 0,0%,21X,*FOR NORMAL
. 1DISTXISUTION ALPHAW = 3,0%,/)

71w FOPMAT (28X,25HFOXR AROVZ DATA-=--ALPHA3 =F€,3420X425HFOR A30VI O4TA

1===2ALPHLL =4Fb,3)

RETURN

END

SURROUTINZ GRAPH

_COMMON CUMFPQ(100) ,NDATA,X(100),0cV,XMEAN,CLB(9),0U3¢3),FRe1(3),K,
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1 CHISAR, TITLE(2),SUBTITL(2),C5V(9Y,CEV(aY,BCAREA(100),DSTAT (1C0),

2 AREA(9) ,REQAREA(I) 4EXFREQ(I),U(9),Z(100),NX(100),DATALAKUREY,
3 XMAX G XMINyPSIZCDyDyRyXLENGTH YLINGTH YMAX ) YMIN,,XMA,,XMI,
46 HyCOM(Z) g WoALPHA3,ALFPHAL,FOOT(30),IT,SKS,UNIT

NDITERMINE DEFAULTS CR SPECIFIED PARAMETERS

IF(XLENGTH,EQ.sD04) XLENGTH=6,
IF(YLENGTH.ENQe.0s) YLENGTH=5,
IF(YLENGTH.GT+54) YLENGTH=5,

DO 1 I=1,K

IF(YMAX LT LFREQ(I)) YMAX=FREQ(I)
CONT INUE

I=YMAX

IFCUI/72%2) JNEJI) YMAX=YMAX+1.
XMIN = XMIN = 0,10 * (XMAX - XMIN)
IF(XMIN LT, 0,3) XMIN = 0,9
XDIF=XMAX-¥YMIN

H = J.1¢

DETZRMINE SCALING FACTORS

XSCALE = (XMAX = XMIN) / XLENGTH
"YSCALE = YMAX / YLENGTH

£ = IFIX(ALOG10(XMAX = XMIN))
STP = 10.9 ** E

LOCATE FLOTTE=R PEN

CALL PLOTU(XLENGTH+244049=-3)
CALL PLCT(Css=11.4~3)
CALL PLOT (C4y5449=3)

CONSTRUCT Y-AXIS
CALL PLOT (0ey» YLENGTH,2)

DIV=1./YSCALS
IF(DIV.GE. (2.%H)) GO TO 22

NIV=2.*DIV
GO0 10 21
STE2=D1IV
Yy=90. '

2 CALL PLOT (.,05,YY,3)

CALL PLOT (=.05,YY,2)

YN=YY®YSCALE

CALL NU"BER ('oS,YY,H,YN,O.,‘i)

YY=YY+STEP

IF(YY.LE.(YLZNGTH+,01)) GO TO 23

YY=(YLENGTH=-%,75) 72,

IF (YY,. LT.0.) YY=0,

CALL SYMBOL (=.4,YY,H,30HFREQUENCY/CLASS INTCRVAL WIDTH,30.,30)
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25

26
28

3¢

32

33

25
0

41

37

42
432
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CONSTRUCT, DRAW, AND LABEL X-AXIS

CALL PLOT (0450493

IF{IT.EQ.1HL) GO TO 25
XMIN=IFIX{XMIN/STP)
XMAX=IFIX(XMAX/STP+1,0)

XSCALE = ( XMAX = XMIN ) / XLENGTH * STP
XDIF=XMAX=XMIN
DIV=10.*XDIFZXLENGTH
IF(XMIN,EQ.04) GO TC 26

CALL PLOT (.3403.,2)

CALL PLCT (.35,0.,3)

CALL PLCT (XLENGTH,0.42)

CALL PLOT (,35,5405,3)

CALL PLOT (4259=-405,2)

CALL PLOT (03,'00593,

CALL PLOT (445.05,2)

GO TO 28

CALL PLOT (XLENGTH,0.52)
IF(DIVLLTL12.7) GO TO 390
DIv=DIV/14.

60 TO 28

OIv=0Iv/10,

IF(NIV.LT.0,2) DIV=DIV*1Q,

CALL NUMBER (Oey=e2sH90ey0.40)
XX=0,

00 35 I=1,2°¢

XX=XX+1.,/D1IV

IF(XXeGTo XLENGTH) 40,33

CALL PLOT (XX 4405,3)

CALL PLOT (XX 4=,05,2)
XN=XMIN+I*XDIF/ (DIV*XLENGTH)
IF(IT.EC.1HLY GO TO 37

CALL NUMBEPR (XX-.i,-oZ,H,XN,E.,O)
CONT INUE

DO &1 I=1,2

IF(SURTITL(IV.EQ.1H ) GO TO 42
CONT INUE

I=2

GO T0 &2

CALL NUMBER (XX=¢29y=e29HyXNy0s42)
GO T0 3%

I=I-1

XX=(XLENGTH-I)/2,

I=I*%1¢

CaLL SYNBOL (xx0‘059015’$UBTITL(1)’00,1)
IF(TIT.EQ.1HLY GO TO 46
IF(STP.LT.1.01) GO TO &8 .

CALL WHERE (XX,YY)

CALL SYMROL (XXy=y54HsS5H X 16504 95)
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“CALL” WHERE (XX, VYT

Lo
L7
L8

5¢C
52

54
55

60

70
8¢

qC
100

136

CALL NUMAREZR (XX+HyYY+,5%Hy ¢5%HysZ9049=1)
CONSTRUCT AND DRAW HISTOGRAM

GO TO 48

DO 47 I=1,K
CLB(I)=(CLB(TIY=XMIN) /XSCALE
cCus(I)=(CUR(T) =XMIN) 7XSCALE

GO TO 52

00 50 I=1,K
CLB(I)=((CLRUI)/STP)=XMIN)/(XSCALE/STP)
CUR(I)=((CUR(I)/STP)=XMIN)/ (XSCALE/STP)
CALL PLOT (CL3(1),40.,43)

DO 55 I=1,4K

Y=FREQ(I)/YSCALE

CALL PLOY (CLB(I),Y,2)

CALL PLOT (CUB(I),Y,2)

CALL PLOT (CUB(I)y04,42)

CONT INUE

COMPUTE AND DRAW NORMAL CURVE ONE POINT AT A TIME

STEP=XDIF*STP/100.

IF(IT.EQ.1HL) STEP=STEP/STP
C=1./7(NEV*2,50665)

XX=XMIN '

CALL PLGT(Ga9G4sy3)

DO 100 I=1,100

Y=C*EXP (= 52 (XX-XMEAMY**#2/D:V*%2) /YSCALC*NDATA*H
XU=(XX=XMIN*STF) /XSCALE

IF(IT,EG 1HL) XUs(XX=XMIN) /XSCALE
IF(XU,GT,20.) GO TO 133
IF(XMIN.ZN.0.) 80,70
IF(XU,GE.D4) 80,90

CALL PLCT (XU,Y,2)

GO T0 1c¢c¢

CALL PLCOT (XU,Y,2)

XX=XX+5TEC '

OTHER ALPHA-NUMERIC COMMENTAPRY

CALL PLOT(Ssy=1.y=3)

CALL SYMBOL (0.y0e9Hy11HMZAN VALUCS,+0.y11)

CALL SYMBOL(O0e9~2+*HyHy19HSTANDARD OcVIATIONS, 0. 419)

CALL SYMBOL (049=to®HyHy24 HKOLMOGOROV=-SMIRNOV TEST$,40.,24)
CALL WHERZ (XX,YY)

XX=XX+H

CALL SYMBOL (0.9=64¥HyHy17HCHI-SNUARED TEST 400 y17)

CALL SYMBROL (0¢y=8+*H Hs9HSKEWNESS1404+9)
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. CALL SYMAOL (XINe=2.%H,H,UNIT,0.,10)
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CALL SYMBOL(0,y=10s*HyH,SHKURTOSISt,0,,9)
IF(IT.E0«1HN) CALL NUMBER (XXy0o09gHyXMEAN,Coy1)
IF(IT,E0L1HL) CALL NUMBER(XXy0egHyXMEAN, O, ,43)
CALL WHERE (XIN,YY)

XIN=XIN$2,*H

IF(ITLEQ 1HN) CALL NUMBER(XX,y=2.,¥H,HyDEV4Cassl)
IF(IT.E041HL) CALL NUMBER(XXy=2+s*HyHy0ZVyley3)
CALL NUMBER(XXy=Loe*HyHySKS,N,43)

CALL NUMBER(XXy=Hs*HyHyCHISARyCuy 3)

CALL NUMBIR(XX,=8,*HyH,ALPHA3 404 y3)

CALL NUMBER(XXy=10e¢*HoHyALPHAG 904 43)

CALL SYMBOL (XINyOegHyUNITy34y10)

CALL SYMBOL(U.’-1“0'H,H,FO0T(1)900 150)
CALL SYMBOL(3.9=16e*HyH,FOOT(5)404,53)
CALL SYMBOL(0sy=18,."HyH,FOOT(11),0.,4550)
CALL SYMBOL(04y=20.*%HyH,FOOT(16),0.,50)
CALL SYMROL(04s9=22+%HyHyFOOT(21),0.550)
CALL SYMBOL(0.y~24,%HyH,FOOT(2€) 43.,50)
CALL PLOTUXLENGTH+2,4C4y3)
IF(IT.EC.1HL) GO TO 150
XX=(XLENGTH=3,75) /2.

IF(XXeLTed4) XAX=0,

CALL SYM30L (XX36425,Hy3CHNORMAL DISTRIBUTION SARAMETZIRS,0.,430)
RZITURN

XX=(XLINGTH=4,25)72,

IFIXXeLTede) XX=0,

CALL SYMBOL (XX 96,254Hy34HL0G NOPMAL DISTRIARUTION PARAMETERS,C.,
1 24)
RZTURN
END_
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APPENDIX D_
PROGRAM WEIBULL
This program calculates the three Weibull distribution parameters
(B, n, and y) fromcycles-to-failure data. It uses those parameters to
calculate cycle life for 99% and 90% reliability with a 90% confidence
interval. It also performs the Chi-squared and Kolmogorov-Smirnov
goodness-of-fit tests.
The program input consists of:
1. A header card - to identify the data block.
2. A set of data cards (in increasing order of cycles to failure)

3. Trailer card - to separate data blocks.

The input format for the header card is:

a. Columns 2-7 date code in alphameric format

b. 8-9 blank

c. 10-40 run identification in alphameric format

d. 41-46 number of data (sample size) in fixed point
format

e. 48-52 minimum life increment in fixed point format

f. 53-80 not used

Example:
Dec 71 WEIBULL SL = 100,000 SR = Infinity 35 100
The input format for the date cards is:
a. Columns 2-7 cycles to failure in fixed point format
b. 9-15 component life in fixed point format (same as

for individual fatigue life tests).
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c. 20-23 déte code (prints out only) in alphameric format

d. 25-27 number of suspensions in fixed point format (either
failures just removed from test, or remaining good
items when testing by groups).

e. 28-31 blank.

32-35 test code in alphameric format (Note: 28-42 simply
prints as punched and can all be left blank or used
as comments space).

36-39 lot code in alphameric format.

40-43 Dblank.

44-80 not used.

The input format for the trailer card is:

a. Columns 1-8 not used.
9-12 punched: - 1.0 in floating point format.
13-80 not used.

By use of the trailer card, the program is written to process as many
sets of data as desired. An end of file card is used to signal the end of
the last data deck.

Following is a list of important variables and symbols used in .

program WEIBULL:



Main Program:

NDAT

W

IACTL

IX=2Z

MINL

INCR

ETA

CG

ONE

CONE

CONM

TEN

CTEN

CTENM

Cu

CUM

. List of Definitions for Program WEIBULL

number of data points

NDATA + NODATA = DATA = W = V = J = K = FNZ = NODAT

cycles of test at which a failure occurs
cycles of life of specimen at failure
IACTL

minimm life increment

cumulative life increment

median rank

log(log) median rank

log (X - G)

B = weibuil slope, B

inverse of slope

E = goodness of fit of regression line
minimum life parameter, ¥y

median life

scale parameter = 7

plus confidence interval

1% life = 99% reliability

upper confidence limit on 1% life
lower confidence limit on 1% life

10% life = 90% reliability

upper confidence limit on 10% 1life
lower confidence limit on 10% life
upper confidence limit on median life (U)

lower confidence limit on median life

162



Z(1)
CUMFREQ(I)
PERCF (I)

DSTAT(I)

1

163
Subroutine for Kolmogorov-Smirnov Test

(Subroutine DTEST)

Weibull cumulative frequency distribution

cumulative observations (number. of failures)

data cumulative frequency as percentage of failures
absolute difference between the data cumulative frequency

and the hypothesized cumulative frequency

Subroutine for Chi-squared test (Subroutines CHISQA and CHISQB)

K
XMAX

XMIN

csv

CEV

CLB

CUB
FREQ(J)
REQAREA (J)

EXFREQ(J)

number of cells

largest value of cycles to failure
smallest value of cycles to failure
cell starting value

cell end value

cell lower bound

cell upper bound

number of observations in Jth cell
expected value of Jth cell (percentage)

expected number of observations

The program WEIBULL listing in Fortran language follows:
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Cowcea=WEIRULL

Cow=esyWEIBULL .. ..

Cme==eWEIBULL
PROGRAM WEIBULL (INPUT.OUTPUTTAPEZ2sINPUTTAPE3IaOUTPUT,
1. TAPE1+TAPE4,TAPESPLOT=TAPE])

1 PERCF (100)
. COMMON/NG/ Xeo R___ . .. . o .
COMMON /NSy IACTL, IXo Aly A2y NORs A3, Aby AS, AS
1 J =0
I 3090 '
ICOUN
NOD @ e
XPREV 00
RPREV 00
. REWIND & .
REWIND S
READ (2+10) NODATy INCRyM
.. _IF(EUF(2)) 83,80 . . . ..
10 FORMAT (40H : 0v2164918)
80 IF (NODAT=50) 82+83983
82 WRITE (3:40) _ e e
40 FORMAT (5H10ATE'15X09HRUN IDENT )
WRITE (3,10)
7.. READ(2 ~JACYL e IXe A)s A2 NORs A3e A4s ASe A6
: 20 FORMAT (ITy 1lXo ITy 1Xy 246, I3, 4A4, F16,6)
5 IF (IX) 4y 3y 2
.2 J3Jd e 1 RO
P03 K s K « ]
i I =1 ¢1
Y{I). = IACTL. .. . _ . .
IF (NOR) 6’ 6, 5
6 NOR = ]
S . NOD = NOD ¢ NOR. . e e e
WRITE (4) IACTL’ IXe Aly A2y NORy A3, A&, AS, A6
GO0 T0 7
@ . . 1IF (NODATY = NOD) By Q¢ . B . . . ...

Comane
Ce==== ERKROR STOP = NO, OF DATA NOT CORRECT
Commm=. |
& WRITE (3,30) NODAT, NOD .
! 30 FORMAT (22HINO., OF OATA INCORRECT  /1HOs 16y 5Xs I6 / 1H1)
.. _._REWIND & __. _ _ . ._ e

GO TO 83
9 REWIND 4
. MRITE (35220) NODATs Jo_ INCReM e

0

4 o u
i
!
i

115H MIN LIFE INCR 1645X¢SH M = ,16//)
WRITE (34230) .

DIMENSION Y(100) sFREG(9) 9CLB(9) +CUB(9) oDSTAT (100) » CUMFRQ (100 s

220 FORMAT (1H094Xe11HNO. OF DATA  I16410Xs13H NO. OF FAIL I6+10Xs

l

!
i
{



230
1
-2
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FORMAT (2XyOHACTUAL +3X 9 $HCOMP » 56X o 4HCOMP/ \
3Xe4nLIFE 44X,4HLIFE 49H P DATE ,4H NOR,6X,10HTEST LOT
11Xs 1 1HMEDIAN. RANKs8X s 4HLIEE. /£/)

Z 3 060

W = NODAT

NGETa @ NODAT = T

. NODATA = NODAY . _ ..  ___

DATA = NODAT

AKURCY =1,

Y. R R

READ (4) IACTLy IXe Ale A2y NORs A3, A4, AS, AL
REWIND 4

VMINL = IACTL .

FNZ = J
IF (MINL = 1) 11, 11, 12

INCR = 1}
60 TO 13

12 MINL

13

16
19
21 .
18

ee

17

24
26

ré.

241

41

14

23

-2 MINL = ). e e e e
Rl & 1,0 @ 2,08 (al,0/W) & (1,0 = 2,%#(1,0 = 1,0/W)) /(W = 1,0)
REWIND ‘4

_... D0 1e 1 = 1 K ..

READ ;4> IACTLy IXs Als A2y, NORs A3, A4, A5, Ab
X =1 :

o 1F{X) 160 169 17 o e

IF(I - 1) 18, 18, 19
IF (XPREV) 18, 18, 21
Rl s RPREY.__ .
K1 = NOR
DO 22 Ké2= 1, Kl
M2 V.= 160
RINVEl,0¢ (Wul,0)®(Rlel, 0¢2, 0® (o 1, 0/w))/(2 00¢(1 Ol 0/W)=1,0)
Z 3 RINV ¢ (W ¢ 1,0 « RINVI/(1e0 ¢ V)
8 04
GO TU 15
IF(I = 1) 249 24+ 23
IF(XPREV) 26, 26, 24
Z 32 ¢+ (W ¢ 1,0 Z)/(1e0 o v>
RE140=2,0%% (=] ,0/W)¢((Z=140)/ (W=l 0))®(2, 0#%(]1,0=1,0/W)=1,0)

Na V= 1,0 _ . o,

XPREV = X
RPREV = R
_WRITE(3+2%41) IACTLs IXe Ale A2y NORs A3s A4, AS, ABGReX
FORMAT(1x'17.1x.17.1x.2A4.1x.13.3x.4A4.F16 6,F12,0)
ICOUN 3 ICOUN + 1
IF _(ICOUN = 68) 16 410 41 . . . o
ICOun a ¢
WRITE (39400)

(MY e e
WRITE (5) Xy R
REWIND 4




166

REWIND S e e o e e e
£l = 0,0
IF(Y(l) <LE. 1000) GO TO 117
IF (Y (1) «GTs 1000 LAND, Y(1) oLE. 10000) GO .TO 116
IF{Y(l) +GTe 10000) INCR = 10000
GO TV 127
116 INCR = 1000 .. ... e e e e el
GO TO 127
_____ 117 INCR = 100

‘ IF(M +GTe 1000) M = M = 1000

127 - E)l =.040.. .. e e e e
DO 27 KNSMyMINLsINCR
QSUM

_RSUM

QS0s = 0,0

= RSOS = 0,0

L. BPROD.=2 0,0
G = KN = 1

naowu
=
)
o
{
1

! DO 28 I = 1y K
o READ (5) XgR o e e
IF(X) 28, 28y 29 :
29 IF(x = G) 31 319 32 '
-C-S--'-~—---~ I, [ O, e ie st et =1 en . . .

Comnw= NEGATIVE ARGUMENT IN LOG. FUNCTION

c-----

31 . WRITE (3,100) . ___ R e
100 FOR?AT(1H1.26HNEG. ARG. IN LOG. FUNCTION /e1H1)

v Q
32--Ql-=_ALOGIX = G). . : D

IF(R) 31y 31y 34
:C-__--
Lrmm=m. _ NEGATIVE. ARGUMENT . IN LOG FUNCTION
:c---.-
34 Rl= aALOG(ALOG(1,0/(1,0 = R))) :
. QSUM_= QSUM .+ Q1 . e ;
RSUM s RSUM ¢ R1 }
QS0S = QSOS + Q1 # Qi
.—-RS0S. = .RSOS .« Rl & R1
PROD = PROD ¢+ Ql & Rl
28 CONTINUE
— ... REWIND S .. ___ __ R !
: B 3 (FNZ # PROD o QSUM # RSUM)/(FNZ . QSOS - QSUM # QSUM) f
A a (RSUM = B ® QSUM) / FNZ . , N
_C 3 SQRT((FNZ % QSOS = QSUM # QSUM). & (FNZ @ RSOS-= RSUM & RSUM)!
E 3 (FNZ®PROD = QSUM # RSUM)/C ;
IF(E « E1) 37, 36, 36 ‘

36 El = E . e }
6l = 6
Bl = 8
Al = A . e
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" 27 CONTINUE
37 M 3 G ¢« ] = INCR
39 _IF(INCR = 1000; 3a8,1174.116 e
38 ARG = EXP ( =A]l)

]
1
i

i

fso

L1
i

i
!
| E—
i

451

__FACT = CONST # 0,693154#BETA/(Bl # 0,69318) . __

. WRITE (3,450) Ble Ely ETAs GlyCGs ONEs CONE, CONM_. _

BETA = 1,0/81
__ETA 2 (0.99967%ARG) #*BETA . = _ ..

U s Gl ¢ (0,69315#ARG) ##BETA

ONE = Gl ¢ (0,01005#ARG) ##BETA

.IE__i_ﬁl___Ln‘LnsaABﬁl;*HEIA( e e

3 o ¢ 1,163 7/ SQRT(w

geaegi.5~(b:gl)ot4 321590 (1,0/8)=0, 07A~~¢1 0/5))/¢w~o(1 0/8))

_CONST = (1,645 o M_UL_LHJSQBTLﬂL-anthilli.“! BEYA) .

FACT = CONST # 10,010038 & (0,995E=020#BETA/B1)

CONE = ONE « FACT

CONM 2 ONE =« FACT

.FACT = CONST ® 3,1024748 o (0,104360#88ETA/8]) ..
CTEN = TEN ¢ FACT

CTENM = TEN = FACT

CU s U ¢ FACT
CUM = U = FACT

WRITE (3¢451) TENy CTENs CTENMs Us CUs CUM

FORMAT (// 12X,13HWEIBULL SLOPE,5X,15HBOODNESS OF FIT .sx.
1lﬂﬁEmLEJMRMuJERydﬂu3EaL54AL___mmnww““n_»~ .
213Xy 12HMINIMUM LIFE »11X99HPLUS CONF,/ i
35X92F20¢59// !
49X ) oHONE PERCENT LIFE 211XeSHPLUS CONF_ 310Xel0HMINUS CONF o/ |
55X¢3F20.5 //) {
FORMAT (1H0o9x,16HTEN PERCENT LIFE«11X,9HPLUS CONFo10Xs ‘
_111H MINUS CONF o/5Xe3F2045¢//. .. ,
214Xs11HMEDIAN LIFE 211X99HPLUS CONF +10Xs 10HMINUS CONF o/
35X93F20.5 //)

L CALL DTEST (YeB1sG)seUsNODATA4DSTAT+PERCF+CUMFRQLETA,SKSTAT) |

CALL CHISQA (Y,DATA,NDATA, PRoa.AKURcY.xMEAN.DEv.Z.Gl,81.ETA.FRFQ,
1 XMAX9XMINyCLByCUByNUMINTS,CELLWD)
QALL_QHISQ__L14NDAIAiﬁlsBl;EtAJCHlSQB)WHW__"__<“m___H_u

CALL GRAPH (FREQ,XMAX,XMIN,CLByCUBySKSTAT,CHISQR,B1, ETA,Gl, NDATA,
1 NUMINTS,CELLWD)

60 7101

| 83 CALL PLOT (0e¢0p 0e0s 999)

CALL EXIT
END
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SUBROUTINE DTEST (Y+BleGloUsNODATAIDSTATsPERCF¢CUMFRQAVETA9SKSTAT)
DIMENSION Z(100)sY(100)eOSTAT(100)sPERCF(100)+CUMFRQ(100)

SUBRUOUTINE TO CALCULATE THE KOLMOGOROV=SMIRNOW D=VALUES

DO Su0 I=1+NODATA
2Z(I) = 140 « EXP (=(((Y(I)=Gl)/ETA)®®B]1))
CONTINUE

SET CUMFRQ(2) ARRAY

DO S0l I=1,NODATA
CUMFRrRQ(I) = I

PERCF = F(N) OF THE NUMBER OF DATA

DO S02 .1s1+NODATA

PERCF (1) = CUMFRQ(I)/NODATA

DO 503 1=1,NODATA
DSTAT(I)- =2 Z{I) = PERCF(I)

PRINT 520

PRINT S219 (DSTAT(I)eI=19sNODATA)
FORMAT (6(1UXsF10,5))

FORMAT (//740X+53H D VALUES FOR KOLMOGOROV=SMIRNOV GOODNESS OF FIT

1TEST/41XyS2H(LISTED IN THE SAME ORDER AS CYCLES=TO«FAILURE DATA)/)

SKSTAT .=_0,0

DO 10 I=lyNODATA )
IF (ABS(DSTAT(I))oGToSKSTAT) SKSTAT = ABS(DSTAT(I))

CONT INUE..

PRINT 4009 SKSTAT _

FORMAT (//910X+#KOLMOGOROV=SMIRNOV TEST RESULT = #4F8,54/)
RETURN

END S ——

j
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SUBRUUTINE CHISQA(XsDATA9NDATAPROBAKURCY ¢ XMEANyDEV 2
12G1a81sETALFREQeXMAX s XMINsCLBsCUB oK W) .

CwwaaaSUBRDUTINE TO FIT A HISTOGRAM TO THE DATA AND PERFORM THE CHI=SQUA

Coecwe=TEST FOR THE WEIBULL ODISTRIBUTION .
DIMENSION X(50)s CSV(9)e CEV(9)s CLB(9)s CUB(9),
1REQAREA (9) yAREA(9) yEXFREQ(9) » FREQ(9) u(9)

: CHISGR= L0

Come==TO DETERMINE THE NUMBER OF CLASS INTERVALS.K -

‘ K 3 1le0 ¢ 3,3%#ALO0G10(DATA)

! REALK=K

'C-----IN ORDER.TQ DETERMINE. THE RANGEsFIND. X(MAX) AND X(MIN).

XMAX=X (1)

: XMINs X (1)

! DO 17 1Ia3]lsNDATA

j IF( (1) eGToXMAX ) XMAX & X(I)

ﬁ7 IF(X(I)hLT. XMIN)Y XMINax(I)

{ RANGE=S _XMAX= XMIN . .

m------TO DETERMINE THE CLASS INTERVAL WIDTH W

C-----ROUTINE TO ROUND OFF CLASS WIDTH TO SAME NUMBER OF PLACES AS THE A

' DIVIUE = 1.0/AKURCY . .

Kw g‘((RANGE‘AKURCY)/REALK"QS’AKURCY).DIVIDE

RK1l = KW

W s RK1/DIVIDE. . .

PRINT 141

PRINT 261

PRINT. 1772 NDATAs Gle Bls ETA . .

PRINT 41

PRINT 62, XMAX

B 3 0e¢S4AKURCY
. DO 22 1Is1sk .. . . .
Asal
CSVI(I)m XMINe (Ael,0)*w
.CEV(I)= CSV{1)eW=AKURCY
CLB(I)= CSV(]I)=B
CuB(1) = CEV(I) B
e2 CONTINUE = . .
CEV(K) s XMAX
CUB(K) s CEV(K) +B
. Do 23 ymlyK
23 FREQ(J)=S040
DO 24 I=]1yNDATA
_..DO_24 JBlK e
IF(X(I)eGECLB(J) ¢ AND, X(I)oLELCUB(J)) FREQ(J) » FREQ(J) + 140
24 CONTINUE .
 CeeeeeCHI-SQUARE YESTY . .
PRINT 406
D0 30 Is]lsK
_____AREA(]) & 1,0 «EXP(w{((CUB(J)wG))/ETA)®#8]1))
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IF (1 +EQ, 1) 6O TO 51
. IF (I oGTe 1 oANDs I oLT. K) GO TO 52
.+ . REQAREA(K) = 1,0 = AREA(K) -~ ..
; GO TO 30

% : ity
GO TO 30
.52. .REQAREA(I) =a AREA(I) = AREA(I=]l) . . .
30 CONTINUE
76 DO 80 M = 1,K
EXFREQJMIHDAIAOREQAREAiﬁl_““N"M»_-”»__m
U(M)s(( EXFREQ (M)=FREQ(M))##2) JEXFREQ (M)
80 CHISWR=CHISQR&U (M)
Cem===T0 PRINT THE TABLE FOR CHI=SQUARE _TEST .
88 D0 33 I = 1,K
33 PRINT 34, I.CLB<1>.cuB(I:. EXFREQ(I)oFREQ(I)nU(I)
... PRINT 35, CHISQR . . . . __ ... .
62 FORMAT ( 10Xy 14HMAXIMUM VALUE:,F15 )
63 FORMAT( 10Xy 14HMINIMUM VALUE=, F15,6)
5u_mfmamlLJnLFJzmuAiiJumuu+Julau__~.MWHHNWWﬂ
41 FORMAT (1HO)
406  FORMAY (8X9SH CELL10X,10HOWER CELL'IIXoloHUPPER CELLs13X,8HEXPEC
. ._1IED;l_lAQHDBSERVED;lQXLLLHCHI~SQUABEDJBX4QHNUMBER410x;8HBOUNDARY.

2135. 8HBOUNDARY 13X s 9HFREQUENCY » 12X s 9HFREQUENCY s 12X 4 1 3HVALUE OF ca

L/ ,

34 .. FORMAT (10x,J2,5F21,.6) R o

35 FORMAT (1HO0981X+25HTOTAL CHI=SQUARED vALUE = rloea/zs

141 FORMAT (1HOy70Xy#CHI=SQUARED TEST#,//)

2641 FORMAT(IHQe70XsRFEIXED CELL WIDYHS®eL/) . = .

177 FORMAT (1HO» 10Xs ®INPUTS = #41109 3F1S5.39/)

78 CONTINUE
RETURN. = . ... - ..

END.
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" SUBRUUTINE CHISGB (XsNDATA, Gl9BlsETAyCHISOR)
- DIMENSION X(S0)e . CLB(9)s CUB(9)s REQAREA(Q)s AREA(Q)s FREQ(9)s
QEXFREQ(9)s U(9) _
Cewe=wSUBROUTINE TO FIT A HISTOGRAM TO THE DATA AND PERFORM THE
Cowe=eCHI-SQUARED TEST FOR THE WEIBULL DISTRIBUTION.
PRINT 341
CHISUR = 0,0
odedm O e
DO 26 K=x59yNDATA,S
J 3 Jed
IFE. (K oL.Te NDATA) CUB(JIBAX(K)eX(Ke1l))s2,0 .. .
IF (K +EQe 5) CLB(J)=X(1) ,
IF (K «GTe 5 (ANDs K oLTs NDATA) CLB (J)BCUB(J=l)
el a (NDATA=K) . .. R
IF(LeNEsO) AREA(J)=l, O-EXP(-(((CUB(J)-GI)/ETA)'GBI))
IF(LEQe0) AREA(J) =1,0
. FREQ(LJ)=S,0 e R
IF (J.EQel) REQAREA (J)=AREA (J)
IF(JeBTeleANDoLoNE,O) REQAREA(J)-AREA(J)-AREA(J-I)
..... w«4£_4L4L145)4NlJIL21 S e
GO TO 26
27 IF(LeNESO) JmJel
o CUB(JYmX(NDATAY .
CLB (v)aCyB (J=1)
REQAREA (J) =]l ,0=AREA (J=1)
- JE e NEe—0) —FREQ ) -2 L e
26 CONTINUE
I =0
DO 28 Jmlel . .
EXFREQ(J) = NDATAOREQAREA(J)
25 CONTINUE
R K= .- ... [
62 I s 1
: 2620 IF (EXFREQ(I) oGE, S.) GO TO 2430
. .. EXFREQ(lel) = EXFREQ(I+l) ¢ EXFREQ(]I) e
FREQ(I+l) = FREQ(I+1l) ¢ FREQ(]) '
J =1
| . _.D0 2625 y=ley S R
: EXFREQ(L) = @,
2425 FREQ(L) = 0,
1 3 1el
GO Tu 2420

430 I = K
P.mu4ammupwaquowaﬁm R
EXFREQ(I=1) = EXFREQ(I=1)+EXFREQ(I)
k FREQ(I=1) = FREQ(I=l) ¢ FREQ(])
DO 2645 | El.K

EXFREQ(L) = 0,
2445 FREQ(L) = 0,
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- 1.3 el
; G0 TO 26440
! 2650 CONTINUE
o - .00 -BS_MmlaK. .. ... __
U(M) = 0.0
IF (EXFREQ(M) ,EQ, 0,) GO TO 85

U(M) = ((EXFREQ(M) = FREQ(M))®##2/EXFREQ (M) )

CHISQR '= 0,0
DO 90 MalyK
90__CHISQR = CHISQR ¢ U(M) .. _ . . .. . ..
J s K
88 DO 3311 = 19J
33 PRINT 34¢leCLB(I)sCUB(I)s EXFREQ(L)+FREQ(IVoUL]) -
PRINT 35, CHISQR
34 FORMAT (10X912,5F21,6) _
35 _FORMAT (1H0s81X+25HTOTAL CHI=SQUARED VALUE =4F10.6)
341 FORMAT (1H0+65Xs*VARIABLE CELL WIDTHS#®#,//)
78 CONTINUE
A RETURN
END




OO0

OO0
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.SUBROUTINE. QRABH~JFREQ1XMAXLXMIN!CLB!CUB:SKSOCHISORoBETAOETAO

1 GAMMAZNDATAyKyCELLWD)

DIMENSION FREQ(9)'CL8(9)9CUB(9)

JINTEGER FQOT(30)+SUBTITLL2) .

LOGICAL NITIAL
DATA NITIAL / .TRUE., 7/

READ PLOT CARD

READ{22400) IPLOT,SUBTITL»IPEN

FORMAT (4A10)
IF (EOF (2)) 999,3

IF(IPLOT.NE,THWEIBULL) GO TO 999

IF(NITIAL) 4,5

NITIAL a JFALSE,

IF(IPEN +EQ, 10HBALL PQINT) PEN = 0,0
CALL INITIAL (0s19PENsO)

~READ. (24+40]) FOOT. . _

FORMAT (SAl0)
DETERMINE DISTANCES

XLENGTH = 60

YLENGTH = 5,0

H = 0,15

YMAX = 0,0

DQ l_Iﬂl’K_

IF(YMAXJLT, FREQ(I)) YMAX=FREQ(I)

CONTINUE

FRINGE = Q,408NDATA _ .

FRINL = 0+25#NDATA ,
IF(YMAX oGEos FRINL (AND, YMAX ,LT. FRINGE) GO TO 7
IF(YMAX «GE. FRINGE) YMAX = IFIX(YMAX ¢ FRINGE)
GO TO 6

YMAX = JFIX(YMAX ¢ FRINL)

CONTINUE = __ .

IayMax

IF((I/729%2) oNEo1) YMAXmYMAXel,
XMIN =2 XMIN_= 0,10 # (XMAX = XMIN)
XDIF = XMAX « XMIN

DETERMINE SCALING FACTQRS

XSCALE = (XMAX « XMIN) 7/ XLENGTH
YSCALE = _YMAX / YLENGTH .

E 2 IFIX(ALOG10 (XMAX = XMIN))
STP 3 10,0 #e
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LOCATE PLOTTER PEN

CALL. PLOT(XLENGTH*2+20¢¢%3)
CALL PLOT (U galleyn3)

CALL PLOT (0,95,9=3)




B e XeXs

.CONSTRUCT Y=AXIS .. .. ... ..

CALL PLOT (0e9YLENGTHs2)
DIVel./YSCALE. .

‘21 IF(DIV.GEe(24%H)) GO TO 22

DIV'ZQ“DIV
GO Tu 2l. e

. 22 STEPaDIV

YyY=s0,

23. CALL_PLOT (405S,YY43)

ncwfi

n v e

CALL PLOT (=e05,YY42)
YNayy#YSCALE

CALL _NUMBER (wo3sYYsHaYNsOosel)

YY®YY+STEP

IF(YYeLE« (YLENGTHe,01)) GO TO 23

. YYa(YLENGTH=3,75)/2,

IF (YYOLT.O ) YY.O

CALL SymBOL (-040YY0H930HFREQUENCY/CLASS

" CONSTRUCT» DRAW, AND LABEL X=AXIS
_CALL—ELQI—43400043’~

XMINSIFIX(XMIN/STP)

XMAX = IFIX{XMAX / STP ¢ 1,0}
XO1F = XMAX = XMIN ...
XSCALE = XDIF / XLENGTH e STP
ODIVR10,9XDIF/XLENGTH

CIELXMINGER,0.) GO TO 26 ...

CALL PLOT (e¢390,02)
CALL PLOT (¢3540,43)

- -CALL PLOT _(XLENGTH404.92) .

CALL PLOT (¢354.,05,3)
CALL PLOT (0250'005!2’

CALL PLOT (e39=,0523) .. ...

CALL PLOT (.%4,,05,2)
GO TO 28
NGTH,0,92)

~26 CALL PLOT (XLE
28 IF(DIV,LTel2.7) GO TO 30

DIV-UIVIIOo

60 TO 28 .

30 DIV=aplIv/l0,

IF(DIV.L;.O.Z) DIvsDIvelo0,
———— . 22920 He0e90490) ... ..

XX=0 o
DO 35 I=l+25

e XXmXRa)e/DIV e

IF (XXoGT o XLENGTH) 40,33

INTERVAL WIDTH+90,,430)

H
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33 CALL PLOT (XX9.0593)
CALL. PLOT (XXeme05,2)
XNaxMIN+I#XDIF/ (DIVOXLENGTH)
CALL NUMBER (XX=, 19~.20H9XN90..0)
.35. CONTINUE
40 DO 41 I=ly2
IF(SUBTITL(I).EQ.1H ) GO TO 42

U

41 CONTINUE
I1=2
GO TU 43
42 Jale]
43 XXa(XLENGTH=»I)/2,
1alel0
CALL SYMBOL (xx.-.S..15.suarlrLt1).o.'x)
IF(SIPLLTel,01). GO TO 48
CALL WHERE (XX, YYs IFAKE)
CALL SYMBOL (XX9=,59Hs5H X 1090,95)
. CALL_WHERE . (XXs.YYy 1FAKE) .
CALL NUMBER (XX6HyYY4,50H, ,S50HoE, 0..-1)

. €.  CONSTRUCT AND. DRAW HISTOGRAM

48 DO 50 I31+K '
CLB(1)a((CLB(I)/STP)=XMIN)/(XSCALE/STP)
S0 CUB([)=((CUB(I)/STP)=XMIN)/(XSCALE/STP)
52 CALL PLOT (CLB(1)90493)
DO 55 I=slK. e
YaFREQ(I)/YSCALE
CALL PLOT (CLB(I)yYs2)
: CALL PLOT _(CUB(I)yYe2).
54 CALL PLOT (CUB(I)90e92)
55 CONTINUE

COMPUTE AND DRAW NORMAL CURVE ONE POINT AT A TIME

o0OD

.60 STYEP = XDIF # _STP / 150,0
XX 3 XMIN ® STP
CALL PLOT(0e90403)
. .- EACYT = EXP(=-BEYA) . . __.. ___ A
CHK = EXP(=],0)
IF(BETA oLTs 1.0) YSCALEmYSCALE®EACT/CHK
. BE “QEIA_L_ETA — O
IDOIT = 2HNO
DO 100 I = 1,150
IF (GAMMA +GT. XX) GO TO JOO . . _ ..
Z 3 (XX = GAMMA) / ETA

Y 3 HE ® Z *® (BETA = 140) ® EXP( = 1,0 ® Z #% BETA)
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. .Y = Y / YSCALE # NDATA ¢ CELLWD o
XUs (XX« XMIN®STP)/XSCALE
IF(IVOIT .EQ. 2HNO) GO TO 90
. 1F{XU.6T,20,) Go 10 100 e
IF(XMINCEQ,0,) 80,70
To IF(xu.GE.0.4) 80490
80 CALL PLOT (XUsYe2) _ .. ... . .
GO TO 100
90 CALL PLOT (XU,Y,3)
IDOIT = 3HYES . .
100 XXaxx+STEP
C
(o _OTHER. ALPHA=NUMERIC COMMENTARY .
<
130 CALL PL°T(0.|~1.9-3)

CALL SYMBOL (0. 000oOoHoZQHKOLMOGOROV-SMIRNOV TEST1+0.0026)

CALL WHERE (XX, YY, 1FAKE) = . . .. .
XXsXXoH

CALL SYMBOL (0,0,m2,08HyHy17HCHI=SQUARED TEST340,0, 17)

CALL SYMBOL (0,0 1-4.0'H9H921HHEI__ULL SLOPE (BETA) loO. 0s21)
CALL SYMBOL (0e0s=6e0#HoHy21HMINIMUM LIFE (GAMMA) $9040421)
CALL SYMBOL (0e0s=Be0%HoHs22HSCALE PARAMETER (ETA)$4040022)
CALL. NUMBER (XX3s040sHsSKS904043) .

CALL NUMBER (XXom2,0%HoHy CHISQR.o.o.3>

CALL NUMBER (XX9=é, O“HOHvBETA90.003)

CALL. NUMBER. (XXs2=6,00HsHsGAMMA0,04=l) .

CALL NUMBER (XX9=B,0#H HETAGDe00=])

CALL SYMBOL (049=16,8HyHyFOOT(1)404¢50)

CALL _SYMBOL (0, sml6,8HsHsFOOT (6) 00250}

CALL SYMBOL (Qe9s=18,%HyHyFOOT(11)904950)

CALL SYMBOL (0es=20,*HoHyFOOT(16)404450)

CALL. SYMBOL (049222, 0HsHeFOOT(21)404450) .

CALL SYMBOL (0e9=24o8HgHsFOOT(26) 904+50)

XX3 (XLENGTH=3,75) /2,

- JE(X R el Te0e) XXnO, —

CALL SYMBOL (XX6, 25,He31HWEIBULL DISTRIBUTION PARAMETERS-O 0 31)

999 RETURN

~END . . - C - -

|




APPENDIX E

PDP PROGRAM TO CALCULATE ENDURANCE STRENGTH 178
PARAMETERS FROM STAIRCASE TESTS

C-FOCAL, 1969

01.10 A "MINIMUM STRESS LEVEL", YP, !

01.20 A "STRESS INCREMENT', DP, !

01.30 A "NO OF SPECIMENS", NS, !

01.40 T "IF TEST IS BASED ON FAILURES THE CODE IS 0", !
01.50 T "IF BASED ON SUCCESSES THE CODE IS 1", !
01.60 A "WHAT IS THE CODE?", Co, !

01.70 A "NO OF STRESS LEVELS IN TEST", I, !, !
01.74 S CU = 0

01.75 S A = 0

01.76 S B = 0

01.77 T "NO OF SPEC IN EACH LEVL STARTING FROM THE 2ND LOWEST", !
01.80 FOR J = 1, 1, I-1; DO 4.0

02.10 S SD = 1.62*DP*( (NS*B-A+2)/NS 2+0.029)
02.20 IF (CO) 2.3,2.3,2.4

02.30 S MU = YP+DP*(A/NS-.5)

02.35 GOTO 2.7

02.40 S MU = YP+DP*(A/NS-.5)

02.70 T %10.03 "MEAN", MU, !, "STD DEV", SD, !
02.80 Q

04.10 A NI, !

04.20 S CU = CU+1

04.30 S A = A+CU*NI

04.40 S B = B+CU 2*NI




APPENDIX F

PDP PROGRAM TO CALCULATE PAN WEIGHTS FOR DESIRED BENDING 179
STRESS LEVELS FOR THE ANN ARBOR RESEARCH MACHINE

C-FOCAL, 1969

01.10 A "DIAMETER, D, !

01.11 A "LOWER STRESS", A, !

01.12 A "UPPER STRESS", B, !

01.13 A "INCREMENT", I, !

01.15 T "STRESS LEVEL"," MOMENT"," PAN LOAD", !
01.20 F ST=A, I, B,; DO 2.0

02.20 S M=3.1416*D+3*ST/32
02.30 S P=((M+0.267)/4.07)-8.625
02.40 T %8.40,"  ",ST," w MM np.t

0.350 GOTO 1.10
*
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