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FOREWORD

The research and developrient reported herein war conducted under Air Force Contract
F33615-75-C~3078 by the Lockheed-Georgiu Company, a Division of Lockheed
Corporation, The work was sponsored by the Air Force Flight Dynamics Laboratory,

Air Force Systems Command, Wright-Patterson Air Force Base, Ohio. This report
covers the work conducted during the period of February, 1977, through October, 1978,
This research was initiated under the direction of Dr, Robert L. Neulieb of the Fatigue,
Frocture, and Reliability Group, Structural Integrity Branch, (FBE), Structural
Mechanics Division as the Project Engineer. The progrom was completed under the
direction of Mr, Robert M, Engle of the AFFOL/FBE as the Project Engineer. This
report covers Phase || of the program conducted during the period of 15 Februery 1977
to 30 September 1978, The work wus performed under Project 1367, Task 03, Work

Unit 11,

This report was submitted for publication in December, 1978. Mr. James R, Carroll
was the Lockheed-Georgia Company Program Manager. Finite element analysis was
conducted by Dr. R, L, Brugh and Dr. L, S, Long. Mt. R, W. Wilkinson and Mr,
L. W. Liu were respoamsible for the hysteresis analysis development, and Mr,

J. F. Holliday conducted the computer programming. The experimental program was
conducted by Mr, G, J. Gilbert and Mr. F. L. Amend.
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SECTION |
INTRODUCTION

Structural cracking Is a major factor in nssessing tha useful life of alrcraft structures,

The potential crack initiation sites must be accurately {dentified and assessed, usvally

at or near stress concentrations such as fastensr holes, Numerous analysis methods are
available to predict crack Inftiation; however, few of these techniques consider the
complete stresi=strain history and the effects of plasticity on this history. Recent studies,
Including those tn Phase | of this program and reported in Reference |, have shown that
plasticity induced by overloads produces a life-lengthaning effect in the structures, b
this plastic zone also undergoes time~depondent changes under sustained loading condi~
tions, These time-dependent croep and stress relaxation changes can be o pradominant
factor in predicting time to initlal cracking, crack growth, and in establishing test re-

quirements and procedures,

The research reportad hare is an extension of the Phase | program that Includes an

analytical and exparimental effort to develop an empirical analysis for stress=strain
history accountability, An elastic-plastic finite element code simulation was used to
model the stress=strain history and creep at the stress concentration. A four=part expe i-
mental program was conducted to calloct material constitutive data necessary tor the
formulation of a hysteresis stress=strain analysis.  This analysis method includes: an
algorithm tor the bosic material response, u cyclic hardening o sottening module, croep
and stress relaxation, and a damage accumulation model. It is a very useful tool for the

analyst in defining the shess-strain history und tor predicting time to initlal cracking.
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SECTION I
PROGRAM OBJECTIVES AND SUMMARY

This program had as its main objective the development of an empirical analysis to
model the stress-strain history at stress risers, |t includes a study of the effects of
load and mechanically induced plastic yielding at the stress riser; variations in the
plastically induced stress-strain field resulting from sustained loading, constant amp-
litude cycles, and temperatures; and the effects of loading history on the stress=strain
curve, A two phase anclytical and experimental program was conducted to develop

data necessary to formulate a hysteresis type stress-strain analysis method.

In Phase |, it was demonstrated that complex loading histories which include sufficiently
high loads to induce plasticity and sustained loadings do, in fact, significantly affect the
stress=straln history and the time to initial crocking of the structure, Experiments were
conducted to measure creep at the stress riser, Based on those oxperimontal data, it was
hypothesized that the stress=strain history modeling s a complex function of both stross
(relaxation) and creep (strain). Phaose || included finite-element code simulation of the
observed phase | results as well as an exparimental program to develop constitutive data

nocossary to the formulation of the hysteresis analysis,
The results of the Phase | program are published in AFFDL-TR-76-150, Reference 1,

This report documents the results of Phase ||, For completeness, however, abrief sum~

mary of Phase | is included in this section,

2,1 PHASE | - SUMMARY

An extensive experimental program was conducted during this phase to evaluate the effects
of overloads, sustained load hold perlods, constant amplitude cycle block size, and
temperature on the time to Initial cracking of centrallynotched, open hole test specimens.
These data were then used in the formulation of ahysteresis type of analysis which includes

modules for both the transient and stable stress=strain state,

Typical results from the complex load, time, temperature testing which was conducted

are illustrated in Tables 1and 2. Thirty-two different sequences were included. These

PN cTnet SE0




can be grouped into similar sequences as illustrated by A,B,C, and D in Table 1, Seo-

quence A is the baseline constant amplitude test, Sequences B,C, and D include tensile
overloads, comprassion underloads, 24-hour and 1-hour hold periods, and 15 thousand
and one thousand cycle block size between overloads. The table illustrates the effect

of these variables on time to crack initiation. The baseline constant amplitude cycling
demonstrated, for axample, 48,000 cycles to crack initiation, Taonsile overloads as

applied in Sequence B graatly extend the specimen life., However, a compression load

immediately following the tensile overload (Sequence C) reduces the impact of the
overload, An even more significant effect is demonstrated in the Sequence D results,
Here timo-dependent effects become important, For example, a tensile overload in B
rasulted in a |ife greater than two-million cyclosy the underload when added reduced
this to 715,000 cycles, but, when the compression load was held the life was rad

to 141,000 cycles. Similar data for increased underloads are included i Table 2.

The tension overloads were sufficlient to induce a plastic zone around tho stress riser,

A super-scale test specimen (with a 2,0-inch diameter center hole) and a unique strain
transducer were usad to measure strain changes (creop) in this plastic zone during these
hold periods, These measured changes, although not large, are sufficient to affect the

specimen life, The offect of the measured strain changes can be ilustrated by the data

shown in Figure 1, These data are from tests which do not include hold periods (thoy are

of the Sequence C grouping in Table 1) but the cyclic limits and times to failure tend to
illustrate the time-dependent changes in the plastic zone. For example, cycling between

the limits A~A Is similar to a sequence with no underlood. Cycling between B-B is

typlcal of Sequence B and limits C~C tend to show the effact of the hold time or Sequence D.
Note that as the cyclic limits change from A to C there is both a change in stress and strain,
From this observation of measured test data, it was hypothesized that there is a complex,

time dependent relationship between stress and strain which tend to significantly affect

time to crack Initiation,

This hypothesis is illustrated In Figure 2, In this figure both a time dependent creep, Ae,

ond a time dependent strass relaxation, Aw, are shown.
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These results and the hypothesis proposed (Figure 2) led to the development of the progrom
scope for Phase |1. Additional analyses and tests were conducted in this phase to mode| the

observed Phase | results as well as to davelop constitutive data for the hysteresis analysis modael.

2.2 PHASE Il - SUMMARY

: Phase Il in itself was a two=-part program. The first part of the program involved a finite~
element code simulation of the elastic=plastic stress=strain history from the Phase | experi-
mental data, Part B was both an analytical and exparimental effort, again using finite=

P element simulations in the analysis, The experimental program included development of
constitutive data for the creep and stress relaxation modeling, super-scale speciman testing,

and spectrum fatigue tests of notched coupons.

Several available elastic-plastic finite element analysis programs were evaluated to
determine the one most applicable for the stress-stroin model, The MARC General Purpose
Program was selected primarily because of its flexibility in user subroutines and its available
creep module. This finlte-element program 'was used to model simple plates, the super-
scale specimen used for the complex sequence tests, and the three bar, simplified stress

1 concentration (SSC) specimen, The analysis, using this finite element code, demonstrated

that the Phase | elastic-plastic stress=strain history and the creep could be modeled.,

Following the analysis demonstration, a four part experimental program was initiated.
Simple unnotched coupons were tested to obtaln creep and stress relaxation data, The

simplified strass-concentration ($SC) specimen was used in complex loading sequences to

e tp————

avaluate creep and the associate plastic strass and stress relaxation. Additional super=

scale specimens were then testad to expand the data base developed in Phase I, Finally,

SR ——r—

notched coupon specimans were tested using flight-by-flight spectrum fatigue loadings.
The finite-alement code was used to model the SSC specimen and super-scale spacimens

to compare the predicted and experimental results.
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The experimental doto have been used in formulating a hysteresis type of an analysis for

predicting the stress-strain history at stress concentrations,
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SECTION 1Nl
FINITE ELEMENT ANALYSIS

A finite~alement analysis technique was used for modeling the creep/relaxation behavior
for this contract. The first task of this phase was to select an acceptable existing finite-
element computer program, A computer program developed by Lockheed Missiles and
Spoce Company entitied "Non-Linear Elastic Plastic Structural Analysis Program (NEPSAP)"
wos first examined, It was determined that this program had several deficienclies which
prohibited proper modeling of the creep/relaxation phenomena. The second program

examined was the MARC General-Purpose Program. The results obtained from MARC are
discussed In the following paragraphs,

3.1 MARC - GENERAL PURPOSE PROGRAM

The MARC general purpose finiteselement progrom is designed to cover a wide spectrum

of linear and/or nanlinear problems encountered in structural analysls, MARC has a large
Itbrary of elsments which con be used to model virtually any geometry that may be
sncountered, To provide additional flexibility, user subroutines are available in this
program so that modifications may be made by the user. The user subroutines utilized In this

study allowed user-specified input for both a particular creep law and work-hardening
behavior.

3.1.1 Creep Formulation

An evaluation of various creep laws was made to determine the best mathematical
representation for creep of the material in this study. A summary of the various creep
formulations which were considered and the |imitations of each Is shown in Table 3. The

Nutting, Hoff, Scott=~Blair formulation was considered the most applicable for the program.

A user subroutine, WKSLP, was written to represent this formulation and Incorporated into
the run stream of MARC, Constants for this subroutine were obtained from experimental
tests, Figure 3 shows a comparison between the results obtained from this subroutine and
those obtalned from coupon tests for an axially loaded square plate,
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3.1,2 MARC Prggrom Modifications

A simple unnotched flat plale (Figure 4) which Is fixed at one edge and loaded axially at
the opposite edge was used initially to gain an understanding of the nonlinear capability
, In MARC, The standard version of MARC allows only a bilinear representation of the stress-
strain curve, Figure 5 illustrates a typical stress=strain curve obtained from loading the
simple plate for 1 1/2 cycles, The open symbols are computed stress=strain data points,
A comparison batween the finite element analysis results and o typical coupon tested
during Phase | Is illustrated In Figure 4, Correlation between the two Is within acceptable
limits for the initial tension loading; however, it is rather poor on unloading. The area
where the correlation Is the poorest possibly corresponds to values of notch stress and
notch straln in elements immediately adjocent to @ hole when the specimen is loaded In
compression during a hold period, In order to better represent this phenomena, in-house
j IRAD funds were used to develop a capablility in MARC to allow the user to define multi-
linear representation of the tension and compression yield surfaces, In oddition, the
capab ity of defining a different yleld point in tension and compression was odded, This
involved modifying twealve subroutines in MARC, Figure 7 Is a typical example of the
f stross=strain curve obtained from MARC after this feature was odded.

3.2 PLATE/LAYERED MODEL ANALYSIS

A layered model was developed to evaluate through the thickness variances in stress and
strain, Figure 8 illustrates the simple model utilized for this evaluation. Edge A of this
mode! Is restrained in the Y-direction and Edge B is restrained In the X-direction, Also,
the model is restrained along the bottom so that no vertical displacemeants (Z-axls) are
possible, This model as restrained represents a four-layered plate with a rectangular

hole in the center. The plate was loaded in the X-direction as shown In Figure 8.

The evaluation of o finite=element analysis obtained for this model indicated tha through-
the-thicknoss varionces in stress and strain cannot be detected. At the reglon of highest stross
concentration bath the strass and strain variad through the thickness by less than 0.5 percent,
For this evaluation, the loading was simple tension until the first element went plastic, In
addition, the offects of creep were examined, The data obtained for Elements 1-2, 3-4 and
7-8 are shown in Table 4, In Figure B, Element 1 Is directly below Element 2, The same

holds true for element pairs 3-4 and 7-8. In Table 4, Increment O Is the maximum tension
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load (or the start of the creep time) and increment 6 corresponds to the end of the 30-hour
creep time, The stresses and strains are |isted for the Gaussian integration point in each
element, Elements 1 and 2, for example, show that there is essentially no difference in

stress or strain at alther Increment 0 or é; 1.e., before or after the hold period, The same Is

true for the other slemeunt pairs,

3.3 SUPER-SCALE SPECIMEN

Two finite element models were constructed of the super-scale specimen. Both models huve
the some geometry, The first utilized solid elements and the second used plate elements.
These are illustrated in Figures 9 and 10, Since the structure had two axes of symmetry,
only one=fourth of the structure was modeled with the proper boundary conditions. The grid
points along Edge A were fixed in the X-direction and similarly those along Edge B in the
Y=-direction, The resulis obtained from these models are discussed iIn Section 6.1,2.

3.4 SIMPLIFIED STRESS CONCENTRATION MODEL

A finite element mode| was made of the simplified stress concentration specimen shown in

Figure 11, The shaded area was modeled as shown in Figure 12, This could be accomplished

since there are two axes of symmetry and the nodes along the grip |ine move uniformly.

The boundary conditions consist of the nodes along Axlis A fixed in the X-direction, the

nodes along Axls B fixed in the Y-direction, and the nodes along the grip line are fixed
in the Y=direction, In addition, the X displacements along the grip line were uniformly
imposed, The results of this model are discussed in Section 6,1,2,
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SECTION |V
EXPERIMEMTAL PROGRAM

The experimental program conducted here was to develop a sufficient understanding of
the time dependant changes in the stress-strain field around central notches such that a
creep and stress relaxation module could be developed for the hysteresis analysis, Text-
ing wos directed primartly to collecting constitutive data and to verify analytical pre-
dictions, both the finite element code simulations and the hysteresis analysh results,

Four types of test specimens were used in the program. Thase include:

e Simple Bar Coupon Specimensy

Coupon specimens were used to obtaln constitutive data for creep and

stress relaxation durlng sustained hold periods following tensile overloads.

®  Simplified Stree Concentratlca Specimens (SSC)

Unlque 3-bar, simplified stress concentration specimens were used to simulate
the stress concentration of the center-notched super-scale specimen to

evaluate creep, stress relaxation. and load shedding.

®  Super-Scale Specimens

Center-notchad super-scale specimens were used fo verify finite-element

code predictions of time—dependent strain varlations,

@& Center-Notched Coupon Specimens

Circular-notched coupon specimens were flight-by=flight spectrum fatigue
tested using loading conditions representative of o transpert/bomber wing
lower surface, The tests were conducted to verify the predictions from the

hysteresis analysls.

Each test series invalved complex load-time test sequences representative of typical

flight loadings for transport/bomber wing structuras, The complexity of the test se«

quences varied from initlal tensile overloads followed by step hold periods for the
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simple bor specimens to the spectrum loadings, including hold periods, for the notched
coupon specimens, Continuous recordings of load and strain were made during the first
three test series, Thete data were used to determine material comtants for the creep

formulation and to verify analytical predictions,
Spacific details of the four test series are discussed In paragraphs 4,1 through 4,4, The
analytical model formulation is discussed in Section V, Data analysis and correlation

studies are in Section VI.

4.1 COUPON CREEP TESTS

During the Phase | program it became evident that constitutive data would be necessary
in the formulation of a cresp~siress relaxation module for the hysteresis analysis model,
Consequently, the inftial experimental work in Phase Il involved testing simple un-

notched coupons and continuously measuring strain and/or stress changes during sustain-
od load hold periods.

The specimen used in these teats is illustrated In Figure 13, These tpecimens and all
specimens for subsequent tests in Phase || were made from the same 7075-T451 plates
used to fabricate all the Phase | specimens, This was done In order to mininize plate-
to~plate material properties variations that might exist, Since the magnitude of the

stralns being measured is small, care was taken to assure a minimum variation In material.

Twelve coupon specimens were tested, The loading conditions are identified In Table 5.
Two replicates were tested for sach of the six tests listed In the table for the total of
twelve, A schematic of the loading conditions is illustrated in the sketch In the table.
Tests 1 through 4 were run under automatic load control and strain data were recorded
from extensometers attached to the specimen, Tests 5 and 6 were run in a straln control
mode using feedback from the extensometer to automatically control the tests, All tests

were run at loboratory ambient conditions,

Each specimen was initlally loaded to a positive strain of 0,016 in/in (sufficient to

produce plastic deformation) and then unloaded, and reloaded into compression for
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three periods of sustained loading. The first sustained load hold was 24-hours. This
was followed by two, one=hour periods; the first at a different stress/strain and the
second at the initial stress/strain loading., The variation in load in each sequence wos
to evaluate the "memory "' of prior loadings and any subsequent effacts. Results from
the finite=element analysis of the super-scale specimen were used to establish the test
looding conditions. For oxample, the =50 ksi and =66 kil are typical of the resultant
stress In the most highly loaded element ot the hole edge for the =7.9 and =15.8 kil

sustained compression loads,

Teble 6 s a summary of the strain creep and stress relaxation data measured during the
hold periods for each specimen. The data shown are the total strain or stress measured
for each test loading condition, Stress=strain curves and creep/relaxation curves are
tllustrated In Figures 14 through 37 for these twelve tests. Figure 14, for example, is
the stress=strain curve for test |A and depicts the tensile loading to approximately
0.016 In/In followed by the sustalned ioad hold perlods at =50 ksi and =66 ksl, The
stress hore Is calculated based on the spacimen net section, During the initial 24~hour E
hold perlod at =50 ksi, 1100 iin/In strain wos measured, The stress was then changed '
to =66 ksi and held for one hour, then returned to =50 ksi for one hour, Approximately
540 U In/in straln changs was measured during the second hoid perfod and zero change
was measured during the final hold period at =50 ksi. The creep curves for this test

spacimen are shown In Figure 15,

Some of the cbservations that have been made from the data in Table 6 and the accom-

ponying figures are listed below,

1, A slgnificant amount of creep and stress relaxation was measured during these

teshi.

2. In each case the "primary" creep accounts for the largest percentage of il

the total measured, Seventy to eighty percent of the total strain or stress '

change occurs during the first hour of the sustained lead hold period, :




i ! 3. There appears to be a |imiting vulue of creep which occurs, at least at
3 stress levels above =40 ksi. For example, in Sequences 1 through 3, the

maximum straln change averages 2000 L.in/in. There is some varlation

from test to test which may be attributed to basic differences in specimen

and material. The sequence of applied stress does not effect the total

strain change measured, In Sequence 2, for example, slightly over 2000
in/in was measured at the Initial =66 ksi hold period, while approximately
the same total was measured in Sequence 3 at two stress levels, A similar

trend Is shown In Sequence |, although the totals are somewhat less,

4, The creep and siress relaxation seen in these tests does not appear to be

i sequence dependent, That Is, by increasing load, strain and stress changes
continue to Increase in the classical "primary-secondary" seme, On
retumning to a lower loading there Is |ittle or no change In the measured

data,

The creep data from these coupon tests were used to determine the materlal constants G,
p, and n for the creep formulation used In the finite-element analysls. Hoff's creep

formulation was used in the MARC analysls; 1. e.,
€®=p30P "

¢

where: € = creep strain
U = 3tross

= time

B =1,120x10°

-

13

) material constants for
p =201 ©7075-T6511 plate
n =0,065 ‘

A comparison between predicted and measured creop strain is illustrated In Figures 38
through 40, The analytical curves use Hoff's formulation with the material corstants

listed above, The experimentcl data in these figures Is the average of the two spscimens
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tested at each stress level, Agresment between the predictions and the experimental

results ore considered quite good, especially in the primary creep regime,

The significance of these creep and stress relaxation data 1s of course, in the formula-
tion of a hysteretis analysis modal. The data here do substantiate the hypothesis of the
complex, time-dependent relationship betwaen stress and strain and the effect on time
to crack Initiation which was illustrated previously in Figure 2, Use of these data In

+ the formulation of o creep/stress relaxation module Is discussed in Section 5,3,
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4.2 SIMPLIFIED STRESS CONCENTRATION SPECIMEN

In all tests during the Phase | progrom and the coupon and super-scale testing conducted
here, strain data could be collacted with reasonabie ease. However, plastic stress
could not be meusured direcily. Since it has been hypothesized that the time-depen-
dent offects on life are a complex function of both stress ond strain, an experiment

was necessary to meusure stress and stress change, Burski and Hayes, Reference 2, had
previously used a unique, three-member specimen to evaluate residual stress relaxation
as o function of cyclic loading. This specimen was used here to evaluate the time-

dependent changes in plastic stress,

This simplified stress concentration (SSC) specimen is illustrated in Figure 41, The
specimen behaves like a notched coupon in that [t will have plastic and elastic regions
existing simultansously when loaded axially. |t is designed so that the cuiter bar
will yleld while the two outer bars remaln elastic. For this experiment, the specimen
geomaetry is such that the elastic stress concentration is the same as the center notched

[ super-scale specimens tested previously; i.e., approximately 2,43,

i 4,2, Theoretical Analysis

In the analysls of this specimen, it is assumed that the elongation Is the some In all
three bars when an external load is applied. This allows for the calculation of the
plastic stresses in the center bar when only the elastic stresses in the two outer bars
and the applied load are known. A schematic representation of the specimen, includ-

ing a definition of terms used here, isillustrated in Figure 42, The basic assumption

here |s
8, =8,=8, ()
where,
P4
4 = ....‘._‘. (2)
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3 P4
: _. 3 a i
‘ b= AE (4) 4
a
! P 40
:/. = —-——3
] 5, E (5)
!
- )
=3¢
1 6c: A E (6)
o ¢
3
I:. v Also,
Py =P, +P, +P, (7)
! or
P3 = P.r - (P] + P2) = PT - 2P] (8)
The elongation of the center bar can be written as,
| 63=6a +6b +6c (9)

) and by combining Equations 4, 5, and 9 and assuming A =4 ond A =A , then,

P, /24
3 u ‘b
8, | me— + — (10)
3 E <Aa Ab)
Since P, = P2, and 61 and 62 = 63, Equation 10 can be written as,
P, 2 24 4
11 a b
_ S— =P -2P | — + (1)
! A] T 1 (Aq Ab)
|
; also P, P 20 4\ /b, 4L 2 |
' 5123‘2‘=<7r°*x§ <xl+‘A—°*—b> (12 ‘
T T a b 1 a b ,
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And then, p

= (13)

Using the specimen geometry in Figure 41 and the following segment lengths for

the center bar,

l'u =1c =2,09in.

8, =1.82 .
results in,
p P, P p
P-‘i=o.3ao F]“= i,3=o.31 3.3
T T P 1

The test sequences utllized in this program were such that the outer two bars did
remain elastic and it was possible to calculate the center bar plastic stress from
the recorded data. Strain gages and extensometers were used to measure strain

in all three bars and the plastic stress calculated using the above relationships.

Stresses o, and @, were calculated directly from the measured elastic strain data.
Where multiple measurements were made on any single bar, the average values were
used. These outer bar stresses were then converted to loads (P] and P2) and the center

bar load calculated from Equation 8; i, e.,
Py=Pr= (P, +P)

This load was then converted to stress in the center bar by dividing by the center bar
drea, A3. The calculated center bar stress and changes in this stress during hold
periods are then plotted versus strain «nd strain changes measured during the load

sequences. A discussion of the loading sequences, instrumentation used, and data

collected is in the following section,




4.2.2 Experimental Program

Test sequences for these SSC specimens are illustrated in Figure 43, Four sequences
were developed to simulate in part some of the more typical super-scale tests con-
ducted in Phase |. Initially, only creep and stress relaxation data were to be collected;
however, the progrom was modified to also attempt to fatigue test two spocimens. In
general, the spacimen does not lend itself to the magnitude of fatigue loads applied,

but the creep and stress relaxation measurements were considered to be very successful,

Sequences | and 2 consisted of an initial overload followed by 24=hours of sustained
compression loading, This was repeated in each sequence for a total of 48-hours of
sustained loading os shown in the figure, Loading conditions for each sequence are in-
cluded in Figure 43, The londs defined are the total applied loads, PT discussed In
4.2,1, Sequences | and 2 are identical except for the magnltude of the compression
load, PMIN' Sequence 3, a fatigue test, consisted of the initial overload followed
by a compression underload and then constanteamplitude eycling, The period batween
tension overloads, NOL’ was 1000 cycles of constant amplitude loading. The last
sequence, Sequence 4, was Identical except that the compression underload was sus-
tained for one hour, Strain data listed in Figure 43 under Loading Conditions

are measured center bar data. The variable strafns listed for Sequances 3 and 4

illustrate the apparent cyclic strain changes measured during the fatigue cycling.

This Is discussed in subsequent sections,

Each SSC specimen was instrumented with seven straln gages and two extensometers
and tested in a computer-controlled, closed-loop test machine, Instrumentation loca-

tions are shown in Figure 44, Specific test procedures and equipment systems are
discussed In 4.5,

Two of the SSC specimens were tested under the Sequence | loading conditions, Some
difficulties were encountered during the first test and, although this was not sufficient
to negate the test, it was decided to test a second specimen, Data was recorded from

the straln gages on the outer bar as well as the two extensometers shown in Figure 44,

A sample of the stress=strain data print-out for the initial ramp to load and the 24-hour




hold period Is shown in Teble 7. This data Is typical of that collected automatically
during each SSC test and was used to calculate the center bar plastic stress and stress
ralaxation. The stress column in the table is the total net section stress across the
center of the SSC specimen., These tests were load control and the stress shown s

simply the total applied load divided by this total net area (Al ALt A

3t A

The specimen was loaded to the tension peak and unloaded to a predetermined com-
pression stress for the sustained load hold perlod, Only segments of the dota recorded
during the hold period are included in the example, However, the time intervals
selected were such that the “primary" changes in both straln and stress wers docu-
mented, Thesa data were then used along with the analysis method outline in 4,2,1
to calculate center bar stress. An average of the two gages, front and rear, was used

in the data analysis. For the other two bars, the extensometer data was used directly,

The data from the two Sequence 1 tests are shown in Fluures 45 through 48, A stress-
straln curve for the elastic-plastic loading on the center bar is illustrated In Figures

45 and 47, Both the first and second load cycls, see Figure 43, and the two sustained
load hold perlods are shown in these Figures, As noted earlier, these tests were con-
sidered to be vory successful in rogard to better defining the relationship between stealn
creep and stress relaxation. These changes, as measured and as calculated from the

measured data, are il{ustrated in Figures 46 and 48 for these two specimens,

Calculatod center bar stress relaxation is plotted versus measured centerbar strain
creep in these two figures, Data for both the first and second loading cycles are pre-
sented, The Initial stress=strain conditions at the start of each hold perlod (time = 0)
are somewhat different for the two specimens, This may be attributed to material or
specimen geomeiry variations, or uniformity in loading through the end grips. The
second hold period on the repeat test was only 40-minutes due to a system malfunction;
but overall sufficient data was collected to estabilsh trends for the creep/reloxation

analysis module development, Additional data was collected from Sequences 2 and 4,

Sequence 2 Is a repeat of the first sequence; but the compression stress was less than

that usad on those tests. Similar data and trends were seen in this loading sequence.
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‘ Figure 49 is the stress-strain curve for this specimen. Again, two loading cycles were

| applied and creep and relaxation data were obtained during the two 24~hour hold

periods, The center bar stress relaxation and creep are shown in Figure 50, Lless

creep was seen in this test than was measured from the Sequence | specimens, This

3 follows the trond seen in the simple coupon 1asts which were discussed in 4, 1.; thot i

Is, tha lower the stross levels the less creep cliange measured,

Sequences 3 and 4 were intended to be primarily fatigue tests, but, as mentioned earlier,
the specimen size, thickness, etc. did not lend itself to fatigue testing at the stress

: levels used here, This is not to say that the basic specimen should not be used for

fatigue testing In general. A consideroble amount of useful date was collected from

these test sequences, however. Both suquences are defined In Figure 43,

Two test specimens were tested for Sequence 3. It was originally planned to apply

10,000 cycles, NOL' between the tension-compression overloads; however, the first

L} ' specimen tested failed after 5990 cycles, Only the initial overload cycles were applied.

After this test, NOL was reduced to 1000 cycles, primarily to allow for more overloads
and subsequent hold periods which were to be applied in Sequence 4, Tho second ;
f specimen was then tested as shown in Figura 43 with 1000 cyclas betwaen overloads |

and failed in the center bar after 10,278 cycles,
t

The center bar stress=strain curve for the initial load cycles applied on the first ;
Sequence 3 specimen is shown in Figure 51. No hold period was included to measure f
creep or relaxation,but this figure illustrates the specimen response from the minimum ,
compression stress back to the positive mean stress prior to constant amplitude cycling. X
Typical data for the first, second, and tenth overload cycles applied on the second [
specimen are 1llustrated in Figure 52, These are plots of specimen net section stress 1

;

i

versus center bar strain directly from the computer controlled test equipment,
p These data plots are Included here to illustrate an apparent cyclic creep which was 2

observed during this test (also observed during the Sequence 4 testing). A time history P
of the center bar strafn is (ljustrated in Figure 53, Both the mean strain and the /
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minimum strain are plotted versus the N,;/NOL ratio in this figure. The mean strain |s
the mean value of the conatant amplitude loading and the minimum straln Is the strain
measured during the application of each compression underlood. NF is the total number
of applied cycles and NOL is the number of cycles between ove-loads. The data shown
are for the second specimen tested for Sequence 3. These same trends were observed
during the super-scale specimen tests in Phase | and are reported in Reference 1,

Several Investigators have previously reported on cyclic creep and its Impact on time to
crack initiation. The data here are simply presented as trends in that there s Inufficient

data to Incorporate a cyclic creep module in the hysteresis analysla progrom,

The final SSC test sequence was Sequence 4 (Figure 43), This was also a fatigue tost
and was similar to Sequence 3 except that one-hour hold periods were included, One
spocimen was tested and failed ofter 9000 cycles of constant amplitude loading during
the application of the tenth tensile ovorload, Figure 54 is an tliustration of the center
bar straln data for loading cycles 1, 5, and 9, These are typical data plots obtained

during the conduct of the test,

Stress re laxation and creep were measured during each sustained load hold period.
Figure 55 shows this data for the finst, fifth, and ninth hold periods, The trends toward
a creep and relaxation saturation limit thot was discussed In 4,1 for the coupon tests is
also evident here. These data indicate a continuing decrease in both stress and strain
change with cumulative time, The stress and strain changes shown in all these S5C
specimen tests are sufficient to significantly influence subsequent loadings and the time
to crack initiation, The development of the creep and stress relaxation model for the

hysteresis analysis 1s discussed in 5,3,

One final set of data from the Sequence 4 test s illushrated In Figure 56. This is
the history of the center bar strain changes which were recorded during the test, Agaln
the mean straln and mintmum strain changes are plotted versus the NF/NOL ratio, The
"sawtooth" effect on the minimum strain curve reflects the creep which occurred during
each sustained load hold period. This data also illustrates the decrease in the amount
of creep per hold period with cumulative time, The discontinulties in the mean strain

curve reflect measurements before and after each block of constant amplitude cycles,
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4,3 SUPER-SCALE SPECIMEN TESTS

The center circularly notched super-iccle test specimen used in Phase | for complex
sequence testing was again utilized as o part of the experimental effort in this program
phase. This spocimen and the instrumentation used for straln measurement (strain gages
and strain transducer) ave illustrated in Figure 57. Ten loading sequences were Included
in this program. Tests were conducted to collect straln data in and around the center

notch to evaluate the finlte~element code predictions and update the constitutive data,

The speciman, as lllustrated, 13 8.0 inches wide with a 2,0-inch diameter hole in the
center, |t has o geometric stress concentration factor of 2,43, This scaled=up specimen
is used in order to insert the Lockheed-developed strain transducer inside the hole for
notch strain measurements. Specific detalls of the transducer design and function are
reported in the Phase | final report, Reference |, This transducer has a gage length of
approximately 0,080-inch and provides a relioble means to continuously monitor notch
strain. Four strain gages, a3 shown, were also installed on each specimen to measure

strain immediately odjocent to the hole on the specimen surface.

The ten test sequences, loading conditions and cyclesto-fallure are shown in Figure 58,
Basleally, this group of tests ls o continuation of the Phase | super-icale test progrom
and Is intended to supplement and expand those data. All test sequences include an
Initial tenslle overload equivalent to o specimen net section stress of 47.3 ksl All
constant amplitude cycling was conducted ot a mean stress of 15 ksl and a variable
stress of 10 ksl. Both compression underloads and compression underloads with sustained
load hold periods follow the inltial tensile overloads. Most of tha test scquences In-
cluded underloads at elther =7.9 kil o «4,0 ksi net section stress. The =7.9 ksl was the
baseline in Phase | and was carrled over here for odditional tests. This stress level ls
typical for transport alraraft wing lower surfaces during orn-ground operations as is the
-4,0 ksi, which was added to the Phase || test matrix.

The first four sequences had only one tensile overload followed by 24 hours of sustaired
compression load. Then the specimens were constant amplitude-cycled to fallure.,

Sequences 9 and 10 were similar but only had a single upplication of the compression

Gy




locd and did not include the sustained compression load. Cyclic block sizes between
overloads (N ) were 15,000 cycles and 30,000 cycles. The 15,000-cycle block size
was the Phate | baseline condition. A moximum of flve 24-hour hold periods were in-
cluded in Sequences 5, 7, and 8. Two specimens were tested for Sequence 7, as shown
in Figure 58; only threo 24-hour hold periods were applied on the first specimen. Five
hold periods were applied on the second,

As noted earller, both creep ard cyclerto-failure were recorded from these tests, The
specimen life reported in Figure 58 Is the cyclerto-totol=-specimen separation. No crack
initiation times were recorded; however, experience from the Phase | program showed
that crack growth under these loading conditions was only | =~ 2 percent of the cycles—to-

rupture,

A comparison between these test results and some of the more pertinent and similar tests
from the Phase | program Is included in Table 8. In the table, Group 1 tests contain
only sequences with overloads and underloads, whereas Group 2 Includes the addition of
the hold period in the sequence. The baseline constant amplitude cycling only is also
Included for comparisan. The data illustrate the following basis points:

o Tension overloads produce o |ife lengthening effect over the basic constant

amplitude loading.
o Compression underioads reduce the effect of the tension overload.

o Cyclic block size affects the induced beneflicial residual stresses which produce
the life-longthening effect.

o  Time dependent creep does alter the residual stress~siroin state and significantly

affects time to fallure.

The overload/underload effects can be seen by comparing Sequence |-6 with I~8 and |1~6.

In all three of these sequences, the overload and underload is repeated every 15,000

cycles. The repeated overloads tend to greatly extend the specimen life. Asingle
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inttial overload/underload (Sequences |1=9 and |1=10) does extend the life of the base~
Itne but the overload contribution of extending life decays with continued constant
omplitude cyeling. This is illustrated by compating Sequences |1=9 and 1110 with 1-8
and 11-6, respectively. Another indication of this decay in the overload-induced
beneficial residual shrass/strain state can be seen in comparing the Group 2 specimens
tosted with N5 15,000 and 30,000 cycles. In each case, the 30,000-cycle black

size rasults in the shorter specimen life.

In genaral, the compression hold periods at 0, 7.9, and =15.8 ksl net section stresn
follow expected trends. The data for the =4.0 kil compression stress do not, however.
For example, Sequence |1-5 should have resulted In a shorter Iife than Sequence I1-6,
but the two specimens folled at approximately the same lifetime. Sequence I1=5, with
the comprension-hold period, actually had « longer life. |t may be that the -4,0 com-
pression siress does not wificiently overcome the beneficial residual stresses induced by
the tersion overload at least within the 15,000 cycle block size between overloads,

For example, in Sequence |(-8 with Ng = 30,000 cycles, there i3 a significant reduc=~

tion in Hmesto-failure as compared to 11-5 and |1-4.

A similar trend has been observed in evaluating the effec.ts of underloads on crack
growth, Reference 3. In that program, various levels of compression underloads were
applied immediately following tensile overloads, similar to the sequences here. Crack
growth is retarded atter the tensile overload due to the plastic zone formed at the crack
tip. Compression load application tends to negate this effect; however, the magnitude
of the compression load affects reinitiation of the crack growth. The lower the com-
pression loud, such as the -4,0 ksi here, the more constant amplitude cycles that must
be applied in order to overcome the plastic zone effects. |t appears that this sume

offect may hold true for crack initiation,

Creep strain was recorded during the compression hold periods from the transducer Tnside
the hole and from the four straln gages immediately adjacent to the hole on the speci-
men surfoce. A summory of tha measured stratns is shown in Table 9. Plots of creep

strain versus time ore illustrated in Figures 59 through 61 for Sequences I1-5, I1-7, and
[1-8. The data shown are from the strain transducer located inside the hole.
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In general, the measured data follow expected trendy however, the magnitude of the
measured strain was less than expscted. The transducer measurements for Sequence 4
appecr to be high, but the instrumentation was checked and no problems were found,
Sequence | alio appears not to follow the expected trands in that the change (nside the
hole is in the positive sense where the changes on the specimen surface were negative
(decreasing straln), This phenomena was also obierved during the Phaie | testing, how=-
ever, Varlations in the material properties and homogenelty from specimen to specimen
opparently have a significant impact on the stress=straln history variability.
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4.4 SPECTRUM FATIGUE TESTS

: A serlos of flight=-by-flight spectrum fatigue tests was run on center clrcularly notched

coupon specinuns to evaluate the data duveloped from the praviousty described tests
and to evaluate the hystarests fatigue analysis,  The test sequences developed were

representative of transport wing lower surface loadings.  Typical flight and ground lowds

data ware used to develop loglistics amd low-level mission spectra tor these test .equances.

Three test sequences were developed for this study, One sequence included perfodic

overloads tollowed by sustained lood-hold periods, The test specimen used was a simple

szeTm—m

center nokched (opon hole) coupon with o geomotric stress concentration of 2.43.

Thioe spoecimans were tested for vach loading sequence,

S
1§

Typical meon and alternating Hight and ground loods for o transpart wing lower sutfoce
which were used In the test sequence development are Included here tn Figures 62
through é6. Three typical Hights were developed from the lomds data and then mixed to

form the three tost spectra, Flight A was derived from the loglstics mislon data, For

T T AT T N T S T T

each {light sogment, four loads enual to the five times per tHight load and one load

equal to the once por Hight foad are Included, Only one taxi load was included to

obtaln a compression unduiload in the flight. Flight B was derlved in the same mannet,
oxcept that the low <lovel misdon data was vsod. Flight C 1s Identical ta Flight 8 oxcopt for

the fnclution of the tenstle overload. The mean loods wera selected to bracket the 1oad- .

ings used In the previous Phase | und Il loading sequencas and the applied Hight loads

wore odjusted tor the appropriote means, The resulting Hights are ilusteated In Figure

o

67, Tho strasses shown [n these figures are net section stiessos.

e wepmy

These tlights were combined into the following three spectra:

Spectrum | 1
50 (C+150(2A+ B)] N (2A ¢+ B) 'f
"

That is, Flight € A
!

: Repeat 150 Times
8
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Repeat 50 Times

Then,
A
A Until Fallure
B

Spectrum 2
50 [(C + Mold) + 150 (2A +B) 1+ N(2A + B)

This spectrum Included a 1=hour sustained load hold period at =9, 4 ksl after
each application of Flight C,

Spectrum 3
508 +150(2A +B) 1+ N(2A + B)

A sample of a strip chort recording for Spectrum 2 ts illustrated In Figure 68, The speci-
men life, In flightstofallure, of each specimen tested is tabulated In Table 10,

These test retults tend to confound this study in that no discrimination cun be made be-
tween the reslts of the Spectrum 1 and 2 tests. |t was onticipated, based on all the
preceding tests, that there would be distinguishable differences betwaen the spectra with
and without the hold periods included. The periodic overlowds included in Specta |

and 2 do result in a |ife extension effect, as compared to Spectrum 3 which dous not have
the overload. But, at least for the transport spectra used here, the compression load and

hold period do not show the 1ife reduction that was previously demonstrated.

This {s not a concluslve testsince It was [imited [imited 10 one typleal spactrum for a

transport alrcraft, but the results are discouraging. The data base developed In the pre-
ceding tests and in Reference 3 did show a proncunced sffect of underload and sustalned
lood hold pariods on both cycles to crack initiation and erack growth. |t s possible that

these effocts do show up on an individual cyele; but, for a transport spectrum, the offect

is not that significant and can be accourted for by o statistical smear across the spectrom,
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4.5 GENERAL TEST METHODS

Four different types of tests were performed during the Phase || experimental evaluations;
nomely, superscale, single-bar coupon, three-bar simplified stress concentration, and
spectrum fatigue tests, All testing was performed in modern electrohydraulic servo-
controllod test systems manufactured by MTS Systems Corporation, Each test system was
interfaced to a digital computer which was used to commanrd the different profiles,
monlitor loads and stralns, and perform fallsafe functions, Additionally, the computer
was used to store, reduce, tabulate, and plot data In a reportable format, The data
collection, reduction and display functions operated in near real time as the test pro-
gressed, The heart of each system was o PDP=11 computer and a modified BASIC pro-
gromming language which was interactive, |nputs and outputs were manoged through

a teletype terminal and CRT supported by a hard=copy unit. A typlcal system contain=
ing a three<bar SSC specimen Is shown In Figure 69,

A user program was written in BASIC for sach different test type, and each program
contained options to accommodate the different profiles required, The superscale tests
were performed under load control, and outputs from the load and strain transducers
were recorded at programmed time intervals throughout the tests, The time intervals
were controlled by o progrommable clock which resulted in precite load-strain=time
history data,

The single=bar and three-bar SSC tests were also performed under load control; however,
the test system computer program was written so that loading was reversed once a
desired value of strain was reached during the Initial tensile loading. For the SSC
tests, the load reversal was bosed on strain In the center bar, All subsequent events

in the profiles were applied under unconditional load control, Single bar stralns were
measured using an extensometer. Strains for the three bar tests were measured using an
extensometer on the center bar and one outer bar, and strain gages on the other outer
bar. (As was done for the superscale tests, load and strain data were recorded at pro-
grommed time intervals throughout the tests,) Load and straln history data for a typical
three-bar test are contained in Table 7. A summary plot of these data is shown 'n

Figures 52 and 54, Both the data tabulations and plots represent copies from the test
system CRT,
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The spectrum fatigue tests were performed under load control with peak~-to-peak load i ;
ransition, An analog representation of the three different flights contained in the base~- -
line spactrum is shown in Figure 68 . Tests for two different variations of the baseline

were also performed. One variation was the inclusion of 50, one-hour hold periods

ot the minimum load in Flight C. The other variation was to replace Flight C with

Flight 8 which eliminated the high tensile overload.
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SECTION V
HYSTERESIS ANALYSIS PROGRAM DEVELOPMENT

The experimental data collected during both Phases | and 11 have been used to formulate
a rather comprehensive hysteresis type of an analysis. This analysis contains the fol low-

ing elements:

(1) Notch Siress=Notch Strain Algorithm
o Locus Curves
o Branch Curves
o Neuber Analysis (Modified)

(2)  Material Hardening or Softening
(3)  Creep/Stress Relaxation

(4) Fatigue Damage Computation

A derailed discussion of ltems 1, 2, and 4 is included In the Phase | final report,
Reference 1. The creep and stress relaxation module was developed in Phase Il and
discussion of this formulation is included here, Specifics of the analysis program sub-
routines, program input, etc. are included in Appendix A, Hysteresis Analysis Computer
Prograr Description, and Appendix B, Hysteresis Analysis User's Guide.

5.1 NOTCH STRESS-NOTCH STRAIN ANALYSIS

The basic algorithm for the notch stress-notck: strain calculations is illustrated in
Figure 70. Thuse | test data were used to formulate the locus curves and branch curves
for the 7675-T651 material used here. For o material that has been cyclically hardened

or softened it can be said that:

(1) Siress and straln will always expand along the cyclic locus curve.

(2)  Excursions from the cyclic locus curve will follow branch curves,

o
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i The formulation and use of the locus curves and branch curves are discusied in detall in
§ Reference 1. In Figure 70, a specimen can be loaded along the tension locus curve to :
a point A which is located at the intersection of the locus curve and the modified

Neuber hyperbola, When the loading Is reversed, the stress ard strain will follow the

; branch curve, os illustrated, to the next loading condition.

! Figure 71 is a typical exumple of the notch stress~notch strain calculations from the
5 hysteresis analysis and its plotter option. The input loading sequence and the resultant
stress=strain plot are {llustrated here. These data are then used in the damage calcula-

tions within the program to predict structural life.

5.2 CYCLIC HARDENING AND SOFTENING

The rationale and data used in the development of the cyclic hardening and softening
module are included in Reference 1 und in Appendix A. The hypothesis s based on the
premise that an excursion along the tension locus or branch curves will harden the com-
pression locus and branch curve, The cycles necessary to harden the material must be
determined experimentally and will depend in part on the material, alloy, and straln
level. For the 7075 used here, the number of cycles to fully harden the materlal varied
from 4 cycles at a strain of 0,035 in/in to 50 cycles at 0,010 in/in. An example of the
material hardening module in the analysis program Is {llustrated in Figure 72. H
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5.3 CREEP AND STRESS RELAXATION '

k {
r" The following two phenomenon were observad in the simple bar creep tests and the :

simplifiad stress concentration tests: v

(a) When o material is loaded to a local stress A and allowed to creep and then ‘

further loaded to a local stress Oy the creep at T is less than if the material ;!

were loaded directly to oy and allowed to creep, This Is Illustrated in Figure 73,

(b) When o material is loaded to a local stress Oy and allowed to creep,and then the
cycle Is completely reversed and the material reloaded to LA and again allowed \

to creep, for equal hold periods the two creep levels will be the sama, see Figure 74,

These observations form the basis for the creep algorithm used in the hysterasis stress- o

strain analysis,

The creep formulation credited to Nutting, Hoff, and Scott=Blair 1s used in the
algorithm:

e =Kk oP" (1)
where

e Is the creep strain
o is the current stross
t Is the time in hours

K,p,&n are material constants,

Based on observations of the simplified stress concentration tests, the relationship

between the creep straii and the stress relaxation Ra is assumed to be proportional

to the current stress:

R

2= oF (2) !

Le ‘
where

o
o= U‘RO'

©g s the stress at time zero




Hence, given °c and t, equations (1) and (2) are used to find the creep strain e

and the stress relaxation Ro.

He , a creap history value, and Ht the corresponding time, are used to simulate the
preceding obsarvations (1) and (b). Initially He and H, are zero, After a sustainad
load hold period He Is set to e ond H, o the time for the hold period, The next
time a hold period is reached My effacts the amount that the materlal can creep, This
Is done by ratioing the values obtained from equations (1) and (2) by an amount that
makes ¢ at time Hf plus He equal to the creep that would have been experienced

if He were zaro, ,e.,

Ce (H') —_Hg_
e (M

Ratio =
If the ratio is <0 then no creep Iy allowed, This satisfles (a),
After a hold period any plastic straln invoived in the cycles that are reversals to the
¢ycle Immediately proceeding the hold perlod will subtract from Ha. Hence a fully

raversed cycle following a hold perlod will make He w 0 which satisfies (b).

To check the algorithm three sequences shown in Figures 75,76, and 77 were analyzed

using the following creep parameters,

E  58.4%

K 3.085x 1071 0:44
P 2.1

n .045

The first sequence, Figure 75, considers a single hold period. The second sequence,
Figure 76, considers two hold periods where thera is a fully reversed cycle following
the first hold negating any effect on the second hold, The third sequence, Figure 77,
consicers two hold periods whare the first hold decreases the amount of creep during
the second hold. These analysis results correlate well with the coupon creep test

results and the SSC specimen data discussed In 4.1 and 4,2, The analysis with the
creep and siress relaxation module included was used in the datu correlation studies

reported in Section VI.
3
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SECTION VI
DATA ANALYSIS AND CORRELATION

The experimental creep ond stress relaxation data collected from the simplecoupon, the
simplified stress concentration specimen, and the super-scale specimens have been used
to establish the necessary material constants, to formulate analysis algorithms for

both the finite-ulement studles, and develop the hysteresis analysis program.
Finlte-element simulation studies were conducted for the SSC and the super-scale speci-
men tests using the creep constants determined from the simple coupon tests, The anualy-
sis results using the constants from the coupon tests do not correlate well with the
observed experimental data; however, the SSC test data was used to update the constitu-
tive data and much better correlation was obtained. These constitutive data plus the
observed data from the SSC experiments were used in formulating the creep/stress relax-
ation module In the hysteresis analysis, The hysteresis analysis was used, in turn, to
predict Hmes to failure for the super-scale test sequences and the spactrum fatigue tests.
In addition, a linear cumulative damage (Miner's) analysis method was used to predict
the life of these two groups of specimens for comparison with the hysteresis analysis pre-
dictions. This data analysis and correlation is discussed in detall in the following

sectiont.

6.1 FINITE ELEMENT ANALYSI S CORRELATION

6.1.1 Simplified Stress Concentration Specimen

A discussion of the SSC specimen finite-element analysis and an tllustration of the

model detalls are included in 3.4 and Figures 11 and 12, This model was used in the
simulation of the four SSC specimen test sequences (Figure 43) discussed earlier. The
tension overloads and sustalned compression loadings used in the analysls were represen-
tative of the test conditions for each sequence, Element strasses for the maximum tension
overload and for the =20 ksi net section sustained compression load (obﬂ -50 kst) are

iHustrated In Figures 78 and 79,
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In this model, the stresses and strains in each element are calculated at four Goussian
integration points. The data listed were calculated at the first integration point.
Element Mo. | in the center bar plastic zone and Element No, 71 in the elostic outer
bar are identified in these two figures, The data for these two ¢lements were used in
the correlation studies with the experimontal results. The analytical stress-strain curves

for these two elements are illustrated in Figure 80,

Three finite—olement model runs were made, one each ut a sustained net section com-
pression stress of -12 kst, =20 ksi, and ~30 ksl. These are identified in the figure for
both Element Nos. 1 and 71. A tenslon overload preceded each sustained underload
hold period and creep dota were calculated at each compression load. As can be seen
{n the figure, the outer bar remains elastic during the tenslon loading whereas the center
bar does go plastic and has a maximum strain of approximately 0,016 in/in, A compari=
son between these analytical stress-strain curves and those from the SSC test sequencaes
Is shown In Figures 81 and 82, The agresment between the analytical results and the
tests Isquite good. Although these plots are labeled center bar stress and strain, the
maasured data for the elastic outer bars Is Included with this data for comparison. This
elastic response of the outer bar is practically identical to the analysls, Differances in
the center bar duata can be attributed to the dependency of the method of calculation of
the center bar stress on the measured data in all three bors (see Section 4.2, 1, for
example). Slight variations In material properties, dimensions, strain gage or extensom=~

eter data, etc. can account for the differences shown here,

Creep data,as measured on the center bar during SSC test Sequences 1 and 2,are ilus-
trated in Figures B3 and 84 with the croop strains predicted from the MARC finite-
elcment analysis. Inttally, the analytical predictions were made using the material
constants derived from the simple coupon data, as discussed in 4.1, The basic trends in
this analysis and the tests are similar; however, as shown in the figures the correlation
is rather poor. At first It was thought that the coupon creep constants would be appli-
cable to the SSC and super-scale specimen analysis, but, cs shown here, the analysis is
very conservative as far as the amount of creep that is predicted. Since the SSC and
super=scale specimens are more complex than the simple coupons, it was assumed that
load redistribution in these two configurations (which did not occur in the coupon)

could affect the magnitude of creep.
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Based on this, the experimental data collected in the 5SC specimen tests were used to

] " derlve a new set of material constunts tor the analysls, These comtants are listed below

along with those derived from the coupon tests for comparison,

t

.’_

i, Coupon Tests 5SC Tests

i

B 1120 x 1071 g 1.851 x 1071
; p= 2,11 p 2,01

g n- 0,065 n = 0,067

X The correlation betwean the tast and the uialysis Is,of course, greatly improved by using
these SSC specimen derived constants as Hllustrated in Figures B3 and 84, The varlation
between the analysis and test is due to the calculated stresses being somewhat different
from the experimental data. Thix again polints out the extreme sensitivity of shress and

strain measurements to variatons In material, specimen geometry, and loadings.

et A=

6.1.2 Super-Scale Specimen

: Two finite=slement models were used in the analysis of the siress=strain distribution and
creep around the center notch of the super-cale specimen. These two moclels were pre-
viously IHlustrated in Figures 9 and 10, One of the models used the solid, three-

! dimensional elements in the MARC program and the 1econd model was constructed using
f, tha two-dimensional plate elements. The solic elements were used to attempt to deter-
; mine if there is a through=the=thickness varlation in the stress=sirain fleld around the
stress riser. In addition, the layered plate model discussed in 3,2 was also run to eval-
vate this through-thickness variotion. No effect could be identified using elther the
3-D eloments or the |ayeared model. The solid elements are also more expemiive to run
than the 2-D plate elements; therefore, only the 2-D plate elements were used through-
out this analysls. A comparison of a ty;lcal element using the 2-D and 3~D elements is
{Hustrated in Figure B5. The solid elements are much stiffer, os illustrated, and do not

correlate as well as the plate element analyals with the experimental data.

T

Figure 86 11 an enlorged view of the plate elements immediately adjacent to the siress

riser. The figure also containg a listing of the elements that go plaitic along with the




far-fleld tension stress level ot which each element exceeds the proportional limit.
Eiements 8 and 7 are the most highly stressad slements in the model, as axpected. The
plastic zone adjacent to the hole, for the maximum tensile loading of 47.3 kst net

secton stress, Is highlighted in this figure.

Typical stress-strain curves from tha finite~element analysis are illustrated in Figure 87
for Elements 8, 7, 16, and 15, The different symbols uted locate the initial values,
prior to creep, of siress and strain for ecch element at four different compression stress
levels, These curves vividly illusirate the multi=linear stress=sirain curve representation
capabliities incorporated into the MARC analysis progrom as well os the different com-

pression yield points for the alements,

Creep analyses were run at the four compression loadings listed in Figure 87 using the
cresp subroutine in the MARC program.  Table 11 lllustrates the aualysly results for
the ~7.9 ksl loading. The analysls resu!ts for each of the four Goussian integration
points {n each element are listed in the table, This analysis utilizes the creep comtants
from the simple coupon tests. Figures 88 through 92 are comparison plots of the unalyt-

lcal creep predictions and the measured data from the supsr=icale ipecimen tests.

The material constants used in these creep analyses include those devel oped from both
the simple coupon tests and the simplified stress concentration specimen (S5C) tests, In
general, the analyses using the SSC material constants agree better with the experi-
mental data than the analyses using the coupon test constants, The experimental dafo
for the =15.8 ksl compression loading do not agree with either analysis. This loading

condition has been repeated and similar results were obtained. No explanation for this

porticular set of data is offered.,
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6.2 FATIGUE LIFE CORRELATION

Fatigue tests Involving the super-scale specimens and simple, center notched coupons
were conducted and the results from these tests have been compared with analysis pre-
dictions using both the hysteresis analysis and a linear damage analysis, The super-
scale specimen tests included combinations of overloads, hold periods, and constant
amplitude cycling, as defined in Figure 58; whereas, the notched coupons were tested
under the flight-by=flight spectra describad in 4.4, In addition, super-scale test data
from Phase | have been included in the correlation studies discussed here.

Toble 12 s a comparison of the Phase (i super=scale test results with analytical predic-
tions using both o linear damage onalysis and the hysteresls analysis. The test tife listed
for each specimen is the number of cycles to total specimen rupture. It was demonstrated
earller that cycles to crack initlation are approximately 90-95 percent of the cycles to
rupture at the stress levels uted in these tests; therefore, cycles to rupture was used

throughout the program as the fallure criterla,

The cycles to fallure from the various test sequences is variable and depends on the
applied loading sequence, For example, magnitude of underload, hold period, number

of overloads and number of cycles between overloads, each effect cycles to failure, The
linear analysis, as shown, cannot disariminate among the different loading conditions and
predicts approximately the some |ife (97,000 cycles) regardiess of the applied loading,
The hysteresis analysis on the other hand, with the capabilities for residual stress account~

ability and creep, does account for the differences in the loading sequences,

The results of the hysteresis analysis for these sequences are quite encouraging. At

first glance, the corralation may be considered as lews then anticlpated; but, aofter a
detailed study of the data, the trends are as expected but point out a need for additional
parameter studies necessary for the hysteresis analysis which were not a part of the re-

search conducted here,

The first observation from thesa resulls is the Influence of the notch-root residual itres,
following the overload=underlood combination, on the fatigue life, That is, the mag-
nitude of the underload 1s a definite factor effecting the life, Also, the effect of the
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creap and stress relakation during the hold periods Is accounted for with the analysis.
For exomple, the trends in Sequences | through 4 and 9 and 10 illustrate the effect of
underload magnitude on the residual or mean stress during constant emplitude cycling.
Sequences 5 and 6 illustrate the creep and stress reloxation accountability . Although
not axact, the hysteresis analysis-to-test correlation for Sequences 5, 6, 7, and 8 is

contidersd quite good. More on this will be discussed later,

The correlation for the sequences with only an Initlal overload=underload combination
(Sequences | through 4 and ? and 10) is not as good as that for Sequences 5 through 8
although the trends are as expected, The reason for this can be (and quite probably i)
ussoclated with micro crack growth through the induced plastic zone around the notch
as well as a cyclic change in the notch strew and notch strain. The ayclic change in
the notch stress and notch strain was observed during the simplified stress concentration
specimen tests and s Illustrated in Figures 53 and 56, The hysteresis analysis us cur=

rently formulated doss not consider either of theie phenomena,

lished Immediately adjacent to the notch. If no other overloads wers applied, such as
In Sequence 1, and the specimen is only constant amplitude cycled; micro crack co-

alescing and growth progresses slowly through this zone and can then accelerate once

1t passes through the plastic zone, The hysteresis analysls asiumes a conitant micro

crack growth,for example,or a continvous plastic zone and does not consider any possible
acceleration, This Is one reason the analysls predicts a longer life than demonstrated in
these test sequences with the initial overload-underload only. When thero are periodic
overloads in tho 1equence this would tend to retard micro crack growth by enlarging or
reinforcing the initial plastic zone and resulting In a more constant rate of micro crack
growth, The number of cycles betwaen overloads would also be an influence on specimen
lifo, Both of theze can be seen by comparing Sequences 5, 7, and 10, for example. This
Is ane reason why better correlation between analysis and teit was shown for thoie test
sequences which included multiple ovarload-underload combinations (either with or
without hold perlods),
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The cyclic creep, as discussed earlier, from an Initial favorable compression mean stress

to a more poaitive mean stress value,can also reduce the specimen life,

The expariments conducted here wera limited and were not designad to evaluate these
possible effects of the plastic zane and subsequent micro crack coalescing and growth
through this zone, or the effaect of the cyclic changes in residual stress. Therefore,
the current hysteresis analysis does not include elther of these phenomena In its present
form. (f sufficient data were collected, however, additional modules can be adced to
the current analysis program to perhaps include the accuracy for these specific loading

conditions,

Table 13 1llustrates the test=to~analysis corrslation for odditional sequences, some of
which are from the Phase | program, Agoain, the correlation is constdered quite good,
One surprise was the excellent correlation for Sequence 1, Here, only an initial
tenslon overload was applied, no underload, and the correlation is quite good, This

ls contrary to the trends just disoussed for thote sequences which have the Initial over-
load-underiocad combination, The initial notch mean stress was more compremive than
any of the sequences with an initlal overload-underload combination and this may have

offocted the micro crack growth through the plastic zone or the cyclic stress changes,

A final comparison of the test results and the analytical predictions s included in

Table 14,  Haere, the results of the spectrum fatigue tests are compared with analytical
predictions for both a linear damage analysis and the hysteresis analysis, Once agaln
the linear analysis predicts approximately the same life for each of the three test spec-
tra. The three test spectra were described in 4,4 and are typical of a transport wing
lowaer surface loading conditions, The hysterasis analysis does distinguish between the

three different spectra and follows the test trends quite well.

It was poinied out earlier that the hold periods included in these spectra did not demon=-
strate the significant reduction in life shown in the other sequence tests; howaver, the

analytical predictions show the same results, These spactra may not have been a good

combination of loading conditions to demonstrate this phenomena. Certainly, other

ey




load combinations, type of aircraft, and

conciusions can be 'rawn. 4

spectra should be evaluated before definite
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SECTION VI
OBSERVATIONS AND CONCLUSIONS

The following obsarvations ond conclusions are based on the results of both the Phase |

and Phase I program;

1. Ovetloads and underloads induce a plastic zone around a stress concentration, The
plasticity inducad by overloads results in a |ifa lengthening effect in structures,

Underloads can reduce |ife lengthening effects produced by overloads,

2, Creep and stress relaxation occur in this plastic zone at the stress concentration during
sustained load hold periods, This creep and relaxation Is a complex function of both

notch stress and notch strain,

3. Finite element methods of analysis can be used to successfully model the elastic-plastic

strays-straln state around stress concentrations,
4, The cyclic period between overloud=underload combinations has a significant impact on
specimen |ife., Multiple overload-underioad combinations result In a longer lif than a

single application of un overload=underload,

3. There iy evidence of a cyclic dependent change In mean stress which may affect

specimen |ife,

6. A hysteresls type of stress~strain analysis more closely represents complex loadings and

specimen fatigue life than doas a linear analysis method.

7. Spsctrum fatigue tests conducted here are inconclusive as to effect of sustained load

hold periods on time to crack inltiation,

8. The loading events included in the test saquences do occur in service and may effect

component and full scale tests, test spectra development, ond interpretation of data,
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TABLE 3 - SUMMARY OF CREEP FORMULATIONS

Equation investigator ~Comments
. 1. Good for low stresses
€= kop
2, Represents only secondary creep
k, p are Butley, Norton 3. Unloxial stress
materfal constants 4. Tensior:
5, Small €
A
: ¢ =kp o 1. Represents only secondary creep
" 2,  Unlaxial stress
o are
ky ¢’ Ludwitt 3. s not zero for zero stress
material constants 4. Tenslon.
: 5, Small ¢
! o
] ‘o 5 ) 1. Represants only secondary creep
: ¢=elpe 7. Unlaxial stress
: ¢, @ _are Soderborg 3. Glves » =0 for 0= 0
[r material constants ! Tenslon‘
Y . Small ¢
".
|
5 . o 1. Ropresents only secondary creep
= [OSvR,
E ¢ =D slnh ot 2,  Nearly linear for low stresses and
. + i i tr
' D, oF ace Nadai, Eyring nonlinear for higher stresses
+  Tension
3 material constants ’
. Small ¢
X . Unlaxial stress
%
' & ko 1. Primary and most of secondary croeep
Nutting, Hoff,
. . 1 t t 0,
k, p, nare Scott-Blair 2. n s almost always less than 0,5
material constants 3.  Uniaxial stress

- qQ ﬂna-

~ Crovp Strain Rate

- Cragp Strain
= Stress
= Time
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TABLE 3 - SUMMARY OF CREEP FORMULATIONS (Cont'd)

Equation investigator Comments
s 3 p=1
i i
¢, p material 1. Multi-axial case
Qdqvist

constants

Oy " equivalant stress

S' ~ deviatoric stress

i

- .3 p=1

€ = yeng S‘ t
i i

¢,p,n are materlal

constants

o, equivalent stress

S' ~ deviatoric stress

i

n=1

Lal, Findley, Onaran

2, Secondary creep only

1, Multi=axlal case

2, Primary and most of secondary

craep

44

A T




TABLE 4 - LAYERED PLATE MODEL ANALYSIS RESULTS

INCREMENT O ELEMENT NO, 1 [ ELEMENT NO. 2
Ist YIELD
Im;:;’;;f\“;}ow o(10* psl) ¢ (10°3 1n./iny | o10* psl) €107 1n./in.)
1 7.674 7,452 7.675 7.452
2 7.458 7,452 7.458 7,452
3 5,663 5,814 5,643 5,814
4 5,499 5,814 5,70} 5,814
5 7,674 7,452 7.675 7,45 {
6 7.459 7.452 7 461 7,451
7 5,663 5,814 5,662 5,813
8 5,700 5,814 5,704 5,813
Avg. 6.623 6.633 5,625 5.633

A ELEMENT NO. | ELEMENT NO. 2
Intog‘g;’;r‘\agolnt 0(]04 psi) ((10-3 in./In.) 0'(104 psh) t‘('IC)"3 tn./In,)
1 7,261 7,915 7,261 7,915 |
2 6.688 7.915 6.6 7,915
3 5,870 6,140 5.870 8,140
4 5,877 6.140 5.879 6,140
5 7,261 7.915 7,264 6.914 |
6 6,69 7,915 6.697 7,914 i
7 5,870 6.140 5,871 6,139 !
8 5,878 6.140 5,884 6,139 1
Avg. T8 T 70w e TR

r—,-,—qyw, Casdan o 3
- g - ema
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TABLE 4 - LAYERED PLATE MODEL ANALYSIS RESULTS (Cont'd)

INCREMENT O ELEMENT NO. 3 ELEMENT NO., 4
151 YIELD
| toaor o ot e10%ps) (103 /)| o010t ps) (1073010
| 1 5 4,741 4,965 4.741
: 2 R 4,741 5,102 4.741
3 3,349 3.448 3.349 3,448
4 3,409 24 3.409 3.448
5 4,95 474 495 4,74
6 ! 5,102 4,741 : 5,102 4,74)
7 3,349 3448 0 3,349 3,448
8 3,409 3,448 3.410 3. 448
. Avg. 7,206 7,09 3,20 7.0%5

| INCREMENT 6

ELEMENT NO, 3

ELEMENT NO. 4

CREEP 30 HR.
‘ mmﬁg;’;:f;oum e(10%ps) €10 in /i) | 0(10%pst) €107 nu/in)
| ] 5,233 4,977 5,233 4,976
| 2 5,400 4,977 5,40 4,978
| 3 3,454 3,573 3,454 3.573
' 4 3,521 3,573 3.522 3,573
1 5 . 5,233 4,977 5,233 4,976
| 6 i 5,401 4,977 5,402 4,97
| 7 | 3,454 3,573 3.455 3,572
| 8 3.5 1.573 3.523 3,572
Avg. | 4,402 4,275 I 4,403 4,274
46
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TABLE 5 - SIMPLE BAR CREEP TESTS

INITIAL APPROX, APPROX. APPROX.
TEST STRAIN FIRST LEVEL FIRST LEVEL | SECOND LEVEL COMMENTS
CREEP STRESS | CREEP STRAIN | STRESS/STRAIN
) 0.016 =50 - =66 From MARC Analysls,
Element No. 8 at
=7.9 ksi
2 0.016 -bé - -50 Typical for notch
stress analysis from
Phase | at =15.8 kst
3 0.016 =40 - ~66 Additional stress
levels to solve for
creep constants
4 0.016 =35 - =50
5 0.016 - 40,0025 - 0,003 Repeat Ne. 1 with
straln control
strain control
NOTES: 1, Tests | - 4 were run under load control and creep strain was

measured during hold periods,

Tests 5 and 6 were run under strain control and load relaxation was

maasured during hold period.

First and Second Level creep defined in sketch below.

Initlal Strain

1st Level ~ 24 Hours

Ist Level = 1,0 Hr,

2nd Level - 1.0 Hour
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TABLE & - SIMPLE BAR CREEP/STRESS RELAXATION DATA

- .
soaa o

SPECIMEN pr‘"—r—-‘)lfd“sﬁ?“’”'”'T'ON MEASURED CREEP STRAIN
NUMBER P Time OR STRESS RELAXATION
or Strain
1A =50 kst 24 hry 1100 pin/in
~46 1.0 540
-50 1.0 0
18 =50 kil 24 hrs 1035 win/in
=66 1.0 850
'50 1|0 O
2A =86 kil 24 hry 2300 pin/in
-50 1.0 0
«66 1.0 0
28 ~66 kii 24 hry 20t54in/in
=50 1,0 0
-66 1.0 0
3A ~40 kst 44 hry 600 i in/in
-6 1,0 1550
«40 1.0 0
38 =40 ksl 24 hrs 650 uin/in
-6é 1.0 1350
-40 1.0 80
4A 35 kst 24 by 300 uIn/in
-50 1.0 100
-35 1.0 0
48 -35 ksl 24 hrs 380 pin/in
-50 1.0 85
-35 1.0 0
5A 0.0025 in/in 24 hrs 6,10 ksi
-0,0030 1.0 7.8
0.0025 1.0 i.10
58 0.0025 in/in 24 hry 5.2 ksl
-0,0030 1.0 6.28
0.0025 1.0 0.68
6A ~0.0040 in/in 24 hrs 10,70 ksi
-0,0010 1.0 0.5
~0,0040 1.0 0.5
68 -0,0040 1n/1n 24 by 10.50 ksi
-0.0010 1.0 0.64
0, 0040 1.0 0




TABLE 7 - SAMPLE OF TABULATED STRAIN DATA FOR SIMPLIFIED
STRESS CONCENTRATION SPECIMEN TESTS
I'MREE BﬂleEST

P3G N0,
SEQUENCE NO. 1--REFEAT

RAMF THRU PERK STRESS TO START OF 24 HR. HOLD

W P S e . e Y S B S

S i o Va4 P it B e S P W G 4§ P e P

QUTER BAR  CENTER BAR FROMT BACK
STRRIN, STRAIN, STRAIN, STRAIM.,
STRESS, MICRO. MICRO, MICROQ. MICRO.
KSI IN“IN INZIN ININ IN-IN
2.38 167 393 147 161
4.7 349 a3 308 328
6.92 906 1686 469 495
9.15 688 1484 627 668
11.328 B4} 1863 7286 830
13.5@ 998 2262 847 leea
15,73 1166 2650 1111 i1re
17,95 1299 3039 1275 1337
c0.13 1471 3437 1436 1504
22,39 1619 as17 1 597 1671
24.53 1782 4234 1759 1828
26.70 1935 4641 1917 2002
28 .98 2097 =066 281 1 e
31.10 2240 9473 2351 2333
33.38 2403 Ssar 29u6 2503
33,53 2551 6332 2971 2673
37.78 2699 6766 a3 28409
39.90 2861 7237 2ves8 3013
42.13 3014 78614 3092 3198
44 3 3234 2082 332 34 3%
46 .48 3468 10828 3376 3696
48 65 3rer 12809 3840 3960
o, e RG4 1 19224 40958 422)
an . ay 33558 13342 4109 4235
21.03 2968 15451 4127 4250
a1 .e8 J865 {3550 4136 4259
91.23 gy 135668 4130 4274
al.28 3994 15785 4165 428
91.43 4013 15903 4177 4303
.00 Q e e 5
46 .58 3659 15570 3810 3928
22,16 2637 12411 2708 2808
17.7a 1648 9643 1630 1706
3.29 €11 6875 577 616
-11.13 ~468 39453 ~466 ~498
~0. 08 -1170 1701 -1126 ~1246
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TABLE 8 - PHASE | AND PHASE Il SUPER-SCALE
TEST SPECIMEN COMPARISON

Nambr. Test Conditions To Felloe

I-1 Constant Amplitude Bassline 47, 647
F =15 F, =110

Group 1
1-6 +47.3, Ng = 15,000, CA 1,977,450 (NF)
I-8 +47.3, =7.9, N = 15,000, CA 712,000
-6 +47.7, -4,0, N = 15,000, CA 1,249,770
-9 +47.3, -7.9, CA 286,838
=10 +47,3, -4,0, CA 131, 956

Group 2
1-13 +47.3, 24 Hr. @W-7.9, NoL = 15,000, CA 141,329
-7 7.3, 24 Hr. @-7.9, N = 30,000, CA 88, 000
-5 +47.3, 24 Hr, (0 -4.0, N =15,000, CA | 1,375,000
-8 +47.3, 24 Hr. (@ -4.0, Ny = 30,000, CA 581, 557

NOTE: Roman numerals refer to Phase | or |1
In the sequence identification.
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TABLE 9 - CREEP STRAINS FROM SUPER-SCALE SEQUENCE TESTS

ik o iy

‘ Sequence Maximum Meatured Strain Change (U in/in)
Number | Transducer | §.G. No. 1 | 5.G. No, 2 | 5.G. No, 3 | 5.G, No. 4
1 +131 -209 -258 -149 -177
| 2 -248 -352 -305 -229 213
| 3 -203 -200 -190 -120 ~150
, 4 -509 -122 -125 - 86 . 86
5 -187 -140 -160 -~ 80 - 80
7 -300 -200 -200 ~130 ~100
8 -350 -1%0 270 ~130 110

TP R =



'TABLE 10- SPECTRUM FATIGUE TEST RESULTS

SPECTRUM |

SPECTRUM 2

SPECTRUM 3

30,710 Flights
29,858
30,218

Average: 30,262 Flights

29,861 Flights
31,932
30,020

30,604 Flights

8,458 Flights
8,245
8,233

8,312 Flights




TABLE 11 « FINITE-ELEMENT CREEP ANALYSIS
SUPER-SCALE SPECIMEN, -7.9 KS| COMPRESSION

Gaussion Element 8
Time (Hours) Integration Point o (kst) €€ (104 in/in)
Time = 0 1 -47.48 0
2 -41,34 0
3 3 -47.85 0
L 4 g8 |0
Lo Avg. ~44.,6]
Time =0.5 | -44,47 - 9,104
2 -40.59 - 7,029
3 ~46.82 - 9,147
4 z41.01 - 7.064
Avg. -43.72 - 8,086
! Time =3,0 1 ~45.88 - 9,989
2 =40, 14 - 7,742
| 3 -4, 22 ~10,04
‘ 4 -40.56 - 7.781
'T Avg. 43,20 - 5.888
Time = 13,7 1 ~45,34 -10,80 ‘.,
2 ~39.73 - 8,398 i
3 -45. 68 -10.85
4 =40.14 - 8.442 -
Avg. 42,72 - 9,622 !
3
- Time = 24,5 1 -45,12 -11.13 .
‘ 2 -39, 57 - 8,664 %
3 -45.46 -11.18 \
A =39.97 -.8.708 '
Avg. -42,53 - 9.921 i
)
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3 TABLE 14 ~ EXPERIMENTAL AND ANALYTICAL LIFE COMPARISON
FOR SPECTRUM FATIGUE TESTS

TesT () | TEST LIFE (2 ANALYTICAL LIFE_ ANALYTICAL LIFE
i SPECTRUM (FLIGHTS) LINEAR DAMAGE gy | HYSTERESIS ANALYSIS
] 30,262 15, 460 43,282
3 2 30,604 15, 460 46,106
E 3 8,312 15,920 8,481
(1)  Spectrum 1: 50 [Flt, C+150 (2 Flt, A +Flt. B) ]+ N (2 Flt, A +Flt, B)

Spectrum 2: 50 [(Flt, C + Hold Period) + 150 (2 Flt, A+ Flt. B) ]
+ N (2 Fit. A +Flt, B)

Spectrum 3: 50 [Flt. B+ 150 (2 Fit. A+ Fit, B) ]+ N (2 Flt, A +Flt, B)

(2)  Averuge of Three Tests
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NOTCH
STRESS

NOTCH STRAIN
CYCLIC  MAXIMUM CYCLES
LIMITS ~ COMPRESSION  TO FAILURE
A-A - 7.9 Ks! 715,000
B-B -15.8 KSI 167,000
c-C -25.Q Ks! 64,000

Figure 1. Underload Effects on Cycles to Crack Initiation
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Figure 2, Hypothesis of Complexity of Time Dependent Stress-Strain Change
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Figure 4, Simple Plate Finite Element Mode|
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Figure 41, Simplified Stress Concentration Specimen
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Concentration Specimen
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Figure 44, Instrumentation Locations For Simplified Stress
Concentration Specimens
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Figure 46. Creep/Stress Ralaxation Measursments From Simplified
Stress Concentration Specimen - Sequence |
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Figure 4B, Creep/Stress Relaxation Measuraments From Simplified
Stress Concentration Spacimen = Repeat Sequence 1.
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Figure 50. Creep/Stress Relaxation Measurements From Simplified Stress
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Figure 67 . Flight Definition For Spectrum Fatigue Tests
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(2) Applied Load = 13,060 |bs,

Figure 78, Finlte Element Anolysis Stress Distribution
For Maximum Applled Tensile Load For
Simplified Stress Concentration Specimen
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Figure 79. Finite Element Analysis Stress Distribution
For Sustained Compression Louding On
Simplified Stress Concentration Specimen
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Al.]  INTRODUCTION

g Appendix A describes the computer program used to calculate fatigue domage. The

f program takes the true peak stresses for a notch and converts them into mean and

" alternating stresses through o rain flow counting technique. It then uses these stresses
{ with unnotched S/N data and Miner's rule to calculute the damage. The darivation of
. the peak stresses for the notch is based on Neuber's equation, The effacts of crack,
stress relaxation, and material hardening or softening on these siressas are included In

] the progrom,

The following sections describe the main progrom and 21 subroutines comprising the

progrom. The calling sequence for the subroutines is shown in Figure Al,

| L
{

e v o
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Al,2 LIST OF SYMBOLS

cﬂ,‘BC.'B,O‘BCB arrays of strain, ¢BC, and stress, oBC, defining the branch curve in

the branch curve system.

eMCT, eMCT arrays of strain, eMCT, ond stress, oMCT, defining the tension part

of the monotonic locus curve.
eMCC,eMCC arrays defining the compression part of the monotonic locus curve.
C eCCT,oCCT arrays defining the tension part of the cyclic locus curve,

eCCC,eCCC arrays defining the compression part of the cyclic locus curve.

elCT,olCT artays defining the tension part of the hardened locus curve.

gLCC, oL CC arrays defining the compression part of the hardened locus curve.
L ]
‘ De,NCH arrays defining the number of cycles to fully harden, De, versus

half the plastic strain, De,

j 3 st, PC arrays defining the % hardening, PC, versus ¥ 1/NCH, §I,
1 i £, 0 general stress strain coordinates in the basic systen:,
C ? B subscript defining the branch curve coordinate system,

; N, F subscript N defines & coordinate system that has its origin at

| (eH(N), ¢H(N)) with an orientation definad by F.

IFF =1+ the orientation is parallel to the basic system,

F=-1 the orientation is rotated 180° to the basic system.

eH,oH arrays defining the history of peak noich strains and stresses.

eP,oP arrays defining all the peuk notch strains and stresses.

DLOAD or loading term used in Neuber's equation: |
DSKTS

Exexe _ . poap? \

(- (&)

3 Young's modulus
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material constants,
+Kipyn

E s e R iy
STY:

Greep constants,
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A2,1  MAIN PROGRAM

i}
i
Fﬂ'. Purpose

The main program reads the input data and controls the output and calls the various

\ subroutines that execute the analysis.

5-" Procedure ﬁ

The flow for the main program shown in Figure A2 proceeds through the following
stages:

¥ (1) The arrays defining the material stress/strain curves and the material con-

E stants are read. These are in general passed to the subroutines through
: common blocks.

(2)  The subroutine SPECT is called which reads and organizes the lood spectrum
into peck furfield stressos.

(3)  The main program computes the loading increments DLOAD({J) from the
peak farfleld stresses,

(4) Subroutine DRIVER calculates the peak notch strains and stresses (eH, o H)
and (sP,oP) for a loading increment.

(5) Subroutine CPVTRP hardens or softens the locus curves due to the current

loading increment.

(6)  Subroutine ADJUST adusts the history of peak notch strains ond stresses E

. (eH, o H) to reflect the hardening of the loous curva.

(7)  Subroutine CREEPER allows the notch stresses to creep if o hold period s i
called.

T m— e .

Stages (4) through (7) are repeated for all the loading increments.
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)

(@)

®)

(4)

(5)

©®)

Read material stress/strain data
and material constants

7

Call SPECT

Generate the loading increments

Coll DRIVER et

Call CRVTRP

| Repeat for all 1oading increments.

F:au ADJUST

J

Call CREEPER -

END

Figure A2, MAIN Program Flow
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A2,2 SUBROUTINE DRIVER (DLOAD(J))

Pu-pose

L This subroutine uses the Jth loading increment, DLOAD(J), to calculate the peak
' strains and stresses eP(J), o0P(J), and updates the history arrays of stresses and stralns

eH, oH, and the history array of the loading increments DSKTS,

Procedure

If NP Is the current number of active history points, In entering subroutine DRIVER

the analysis follows the following flow, see Figure A3,

(1) If NP 2 3 the last point calculated will be on a branch curve and the trace
for the current loading increment will proceed from the point (eH(NP),oH(NP))
along the branch curve that passes through the peints (eH(NP=1), oH(NP=1))
and (EH(NP), CH(NP)),

(2) If |DLOAD(J>| < IDSKTS(NP‘])I the new point (EH(NP+1),eH(NP+1) will
be found on this branch curve between the points (EH(NP=1), oH(NP=1)) and
(aH(NP),eH(NP)), Figure Ad.a.

(3) If, however, |DLOAD(J)| = |DSKTS(NP-1)| the current loading increment is
numerically greater than the previous loading incroment and the trace will
pass beyond the point (EH(NP=1), o¢H{NP=1)), In this instance the loading
increment s adjusted so that it Is relative to the point (EH(NP=2),0H(NP-2))
and loading is considered from this point along a branch curve that passes
through the points (eH(NP-2), oH(NP-2)) and (EH(NP-§), oH(NP-3)), Figure
A4, b,

(4) If NP < 2 loading Is along the locus curve to point (EH(2), oH(2)). A pseudo
point (eH(1), oH(1)) is found on the opposite end of the locus curve, Figure
A5, This is necessary to position the branch curve for tha next loading

increment,
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DLOAD{)) = DLOAD(J) + DSKTS(NP=1)
+ DSKTS(NP-2)

[DLOAD() 2

[DSKTS(NP-1) NP = NP-2

CALL INCBC(NP,NF-1,NP,DLOAD(J), P(J), o P(J)
Set  eH(NP+1) = gP(J)

oH(NP+l) = oP(J)
@D

DSKTS(NP) = DLOAD(J)
F (4)

|DLOAD(J)| 2
2% | DSKTS(1)|

DLOAD(J) = DLOAD(J) + DSKTS (1)
NP = 1

|
CALL INCLC(DLOAD(J), 1 ,eP()), oP(J)
Set  eH(2) = eP(J)

oH(2) = oP(J)

PSKTS(1) = DLOAD() ;

{

CALL INCLC(-DLOAD(J), 1, eH(1), oH(1) - §
RETURN

Figure A3, Analysis Flow for Subroutine DRIVER

TRk Y
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R L R T

NP=5 ON ENTERIMG
DRIVER

NP-2

Figure Ad.a. Current Loading Increment if NP > 3 and | DLOAD(J) I < | DSKTS(NP-1) |

NP-3

NP-5 ON ENTERING
DRIVER

Figure Ad.b. Current Loading Increment if NP >3 and | DLOAD(J) 12| DSKTS (NP-1)I
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Figure A5. Loading Along the Locus Curve for NP=2
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If NP = 2 the trace for the current |oading increment proceeds from point
(eH(2), oH(2)) on the locus curve along the branch curve that passes through
the points (eH(2), oH(2)) and (eH(1), oH(1)).

IF |DLOAD()| <2 x [DSKTS(1)] the new point (€H(3), OH(3)) will be

found on this branch curve between the points (eH(1), oH(1)) and (eH(2),0t4(2)),
Figure Ab.a.

I, however, IDLOAD(J)' 22 x |DSKTS(1)| the trace will pais through

the point (eH(1), oH(1)) and then follow the locus curve, [n this instance

the loading Increment Is adjusted so that 1t Is relative to the origin of the !
plot and loading is considerad to follow the locus curve, Figure Aé.b,
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Figure A.b. Looding for NP=2 and | DLOAD() | 2 2 x | DSKTs(1) |
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A2,3 SUBROUTINE CREEPER(T)

Pur_'Eose

This subroutine calls the subroutine CREEP which calculates the creep straln and stress
relaxation for the hold period T, The amount of creep for a hold period is affected by
any previous creep, and this subroutine keeps up with the history of previous creeps and
modifies the current effact appropriately. It also modifies the history arrays €H and oH

of strains and stresses to reflect the creep.

Procedure

Consider a hold period, T, after the NP'h history point (EH(NP),H(NP)) has been
calculated, Also consider that the effect of previous creeping is defined by the values
CKEP and TCREP then the effect on the current hold period is

p n_
pr = LoHNPIP x TCREP” - crep| M
| rtp)P x TCREP]

If PCT <0 no creep is allowed. The material is then allowed to creep has the
polint (eH(NP),oH(NP)) to the new point (ENP,oNP) by calling CREEP

CALL CREEP (eH,oH,PCT,NP,T,eNP,oNP) (2)

This history of previous creeping is then modified

CREP = CREP + |(ENP - NP/E) - (EH(NP) - OH(NP)/E)]
TCREP = T

The history arrays (EH,0H) are then modified to reflect this new point by calling
subroutines ORIGIN, LPTLC, and ILABC.
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A2,4 SUBROUTINE ADJUST (NI)

Purpose
This subroutine adjusts the NP history points (€H, 0H) to be consistant with the

hardened locus curve,

Procedure

The adjustment always starts with the point NI in the locus curve (NI =1 or 2),
This 1s done by projecting the inltial point (EH(NI), oH(NI)) Into the new locus

curve along a line whose slope Is E, Figure A7. This is done by calling

subroutine LPTLC
CALL LPTLC (EH(NI),oH(NI),E,eHA ,0HA)

Then (EHA,0HA) Is taken as the new point (EH(NI), oH(NI)).

The point NI +2 on the branch curve is adjusted In a similar manner Figure AB,

This is done by calling the subroutine ILABC
CALL ILABC(N!, NI +1, EH(NI+2),0H(NI+2),eHA, 0HA)

Then (EHA, THA) 1s taken as the new point (EH(NI+2), oH(N1+2)).




STRESS 0

HARDENED
ADJUSTED POINT
(EH(NI) o H(NI)) / LOCUS CURVE

PREVIOUS
INITIAL POINT LOCUS CURVE
e H(NI1),0 H(NLI))
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om— So—————

STRAIN ¢

Figure A7, Adjustment of Points on the Locus Curve




T AD JUSTED POINT
(eH(N1+2),0H(NI+2))

INITLAL POINT
(eH(N142),cH(NI+2))

STRESS ¢

/ STRAIN e

NI+

Figure A.8. Adjustment of Points on the Branch Curve
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A2.5 SUBROUTINE ORIGIN (NI ,N2,GBCB,UBCB,NPBC,EOBC,UQBC)

Pumose

This subroutine finds the origin (€OBC,aOBC) in the basic system of the branch curve
defined by the NPBC points (eBCB,OBCB) such that It passes through the points (EH(N1),
aH(NT)) and (eH(N2),0H(N2)),

Procedure

The algorithm considers the various locations of the branch curve in the basic system for
which the points in the array (eBCB,Q'BCB) are coincident with the point (eH(N1),
aH(N1)), Figure A9, Each point defining the branch curve is considersd until o
location is found for which the branch curve cuts just inside the point (eH(N2),0H(N2)).
It 1s first necessary to develop the transformation from the basic system into the branch

curve system,

The orientation of the branch curve relative to the basic system is defined by the points
(eH(N1),0H(NT)) and (eH(N2), o H(N2)).

eH(N2) = ¢H(N1)

F = [eR(NZ = eH(NT)| L

The origin of the branch curve in the basic system for the various locations is

£OBC = eH(N1) ~ eBCa(I)xF

2
oOBC = gH(NI) - o'BCB(I)xF
ond the transformation from the basic system into the branch curve system 1is
ey = (€~ COBC)xF
()

Oy = (o - o OBC)xF
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(eH(NZ),0H(N2))

¢

(eBCg(J-1),0BCp(J-1)) (eBCp(J),0BC(J)

(eH(N1), gH(M1))

® (eBC(1), 0BCh (1)) ;

eOBC

-

—tg '
b

il |

Figure A?. Initial Location of the Branch Curve
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Substituting (2) Into (3)

&y = e~ H(N1))xF + eBCB(l)
(4)

'3 cnw(cr-cH(Nl))xF+oBCB(l)

For the point (aBCB(l), OBCB(l)) coincident with the point (eH(N1), oH(NT1)) it Is
necessary to find the points (eBCB(J-I), GBCB(J-I)) and (BBCB( J), O'BCB(J)) whose
strains straddle the strain for the point (eH(N2)), dH(N2)) i.e,

eBCB(J-l) <cH (N2 < eBCB(J) (5

gl

Transfotming eHB(N2) through equation (4) gives

eBCB(J-l) < (eH(N2) = eH(N1)) xF + eBCB(I)s eBCB(J) (6)

Now for the branch curve just cutting inside the point (eH(N2), cH(N2))

O‘HB(N2) > UBCB(J-I) +(O‘BCB(J)- UBCB(J-I)) X

7
(eHy(N2) - eBC(J-1)

(E:BCB(J) - eBCBTJ—I))

Again transforming eH B(N2) and O'HB(N2) through equation (4) gives
(eH(N2) = oH(N1)) x F + UBCB(I) >
7BCy(J-1) +(oBC()) - 0BC,(J-1)) x (8)

((eH(N2) - eH(NV)) x F + eBCB(I) - EBCB(J-I))
(erB(J) - BBCB(J-U)

The algorithm uses equations (6} and (8) to find the point (eBCB( I, OBCB(I)) such
that when 1t Is made coincldent with the point (EH(N1), @H(N1)) the branch curve
just passes inside the paint (EH(N2), ®H(N2)). The branch curve can now be made
to pass through the points (eH(N1), oH(N1)) and (€H(NZ), 0H(N2) by translating
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it along the line defined by the points in the basic sysiem (eBC(I-1), aBC(i=1)) ond
(eBC(l), oBC(l)) Figure A10, The amount of translation is determined by finding
g the intersection between the branch curve at its current location and a line that
. passes through the point {eH(N2), 0H(N2)) having the same slope as the line along
which the translation is to be made, The intersection eIB, (J'IB in the branch curve

system is determined by moking the call to the following subroutine
CALL LPTBC(eHB(N2), OHB(NZ), G,ela, clB)

Where eHB(NZ), and UHB(N2) are obtained by transforming the point (EH(N2),
oH(N2)) through equation (4) and 8, the slope of the line is
aBCy(l) = oBC,(1-1)

eBC,(N) - eBC(I-T) 1t

H =

Then the amount of translation (Ac,A0) is

Ae=gH (N2) - ¢l
eaB( )e:B 10)

Ao= gH_ (N2) - ol

B( B

Transforming (BHB(NZ), oH B(N2)) through equation (4)

Ae = (eH(N2) - eH(N1)) x F + E:BCB(I) - elB )
11

8o= (0H(N2) - TH(N)) x F + @BC,()) - o1,

i Then the final origin is
eOBC = 0BC +Ae x F (12)
¢OBC = ocOBC + Ao x F

and by substituting equations (2) and (11)

cOBC = eH(N2) - 4:I8 xF |
(13

g OBC = oH(N2) - crlB x F
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Figure A10, Translation of the Branch Curve
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A2,6 SUBROUTINE MAKPLT(EPLT(1),ePLT(2), aPLT(1),aPLT(2), NFLAG)

Purpose

This subroutine is used to set up arrays EPLOT and 0PLOT defining points that are to
be joined together to form a curve between the two points (EPLT(1), oPLT()) and
(EPLT(2),0PLT(2)), If MFLAG > | the curve is represented by the branch curve and if
NFLAG <} it is represented by the locus curve,

Procedure

The start and end points in the array ore always the points (EPLT(1),0PLT(1)) ond
(EPLT(2),0PLT(2)). If NFLAG < 1 the remaining points in the array are the points
defining the locus curve whose strains lie between EPLT(1) and € PLT(2). If NFLAG >
it 18 necessary to first lacate the branch curve in the basic system such that It passas
through the points (EPLT(1), oPLT(1)) and (EPLT(2), OPLT(2)). This is done by calling
the subroutine ORIGIN. Subroutine origin gives the location of the origin of the
branch curve in the basic system, The points on the branch curve are now transformed
into the basic system and the transformed points whose strains lie between ¢ PLT(1) and

ePLT(2) are used for the plot arrays.
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A2,7 SUBROUTINE INCBC(N1,N2,N,DSKT,¢l,0)

Purpose

This subroutine finds the intersection (gl,cl) between Neuber's equation, defined
relative to the point (eH(N),6H(N)) by the loading increment DSKT, with a branch
curve which passes through the points (eH(N1),0H(N1)) and (eH(N2), cH(N2)).

Procedure

Neuber's equation defined relative to the point (eH(N),oH(N)) by the loading increment
DSKT is ExeNxUN

(17

Consider the transformation from the basic system to a system which has an orlgin at
(eH(N), oH(N)) Figure Al1,

= DSKT?

(1)

eN-(e-eH(N))xF

e e

(2)
o = (g - oH(N)) x F
r where
F = DSKT/|DSKT] (3
Substituting (2) into (1)
: E x (e = eH(N)) x (0 - gH(N)) = DSKT2 (4)
!-.' A
Next it Is necessary to find the origin (6OBC, ¢OBC) In the basic system of the

branch curve which passes through the points (eH(N1), 0H(N1)) and (eH(N2), 0H(N2)).
This is done by making the following call to subroutine ORIGIN

CALL ORIGIN (N1,N2,e8C,08C, NPBC,e 0BC, 0OBC) (5)
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Figure A11, Transformation to o System with Its Origin at (eH(N),0H(N))
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Now consider the transformation from the branch curve system CB'OB to the basic

system
€ =€Bth‘.OBC

cr=o'BxF+0'OBC

Substituting (6) into (4)

E x (CB x F +¢OBC = eH(N))
X (crB x F + 00BC - oH(N))

3
<| <| £y x F HEOBC - eH(N)l>‘>
B A

This equation is used in the following algorithm to find the intersection

a DSKT?

® Consider the points defining the branch curve relative to its origin
(eBC,0BC). These points are sequentially substituted for (gs,aB)
in equation (7) until a palr (eBCa( l-l),OBCB(I-l)). (CBCB( I).O'BCB(I))
are found which give solutions that straddle the value DSKT2,

® The problem Is now reduced to finding the intersection of a line joining
the points (eBCB(I-l),UBCB(I-I)) and (eBCB(I),OBC B(I)) with Neuber's
equation deflned relative to the point (¢H{N), 0H(N)). This is done by
making the following call to subroutine BINTS

CALL BINTS (¢ BCB(I-I),eBCB(I),GBCB(I-I),OBCB(I),N,DSKT2,

eOBC,OOBC,F,aIB,GIB)

Finally clB and OIB are substituted into equations (6) to find the point of intersection
(¢1,00) relative to the basic system,
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A2,8 SUBROUTINE ILABC(NI,N2,eP,0P,cl,al)
COMMON/SLOPES/B

Purpose

This subroutine finds the intersection €l,ol of the branch curve, defined by the

array €BC,0BC, which passes through the points (EH(N1),0H(N1)) and (EH(N2),

oH(N2)) with a line that passes through the paint (eP,0P) with a slope 8,

Procedure

It Is first necessary to find the origin (eOBC,0OBC) of the branch curve such that
it posses through the points (eH(N1),0H(N1) and (eH(NZ2),0H(N2)). This is done

by making the following call to the subroutine ORIG IN
CALL ORIGIN (N1 ,N2,eBCB,OBCB,NPBC,eOBC,O‘OBC)
Next, consider the transformation from the basic system into the branch systam
&y =(e-e0OBC)x F

A =(0-00BC)x F

where
en HINZ) - H(NY)
IHlNﬂ- Hu;“)l

Find the projection 'E_P‘B of the point (EP,0P) in the branch curve strain axis by
transloting along a line with slope 8, Figure A12,

EPB = t:PB - O'PB/O

Substituting (1)

EFB = ((e~ 9/8) - (EOBC - OBC/A)F
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Similarly translating the points (eBCB, O'BCB) defining the branch curve into the

strain axis
eBC, = €BC, - oscB/e (5

These values are scanned until a pair eBCB(J-l), éEB(J) are found which straddle

the value EFE i.e,

eBCy(J-1) < eP < €BC,(J) ©)
The problem is now simply one of finding the intersection {¢!,0l) between two

lines, one which passes through the points (EBCB(J-'I), O'BCB(J-’I)) and (EBCB(J),
O’BCB(J)), the other which passes through the point (P, aP) with slope E. This is

done by calling subroutine LINBR as follows

CALL LINBR(EBCp(J=1),€BCy(J), 0BC (J=1), 0BC 4(J) ,EP 0P,
eOBC,00BC, F,el,0l)
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(eH(N1),oH(NT))

(eP,oP)

{el,ol)

€H(N2),aH(N2))

-
G:GCB(J-I)
- “B
CPg
—
eB8Cp(J)
W
Figure A12,  Projection into the Branch Curve Strain Axis
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A2,9 SUBROUTINE INCLC(DSKT,N,el, o)

Purpose

This subroutine finds the intersection (cl, @ 1) between Neuber's equation, defined
relative to the point (€H(N),oH(N)) by the loading increment DSKT, with the locus

curve.

Procedure

Neuber's equation defined relative to the point (eH(N), OH(N)) by the loading
Increment DSKT Is ,
E x &N X GN

A

Consider the transformation from the basic system to a system which has an origin
at (€H(N), oH(N)) Figure AI0Q,

ey ™ (e= eH(N)) x F

(2
0y = (0= OH(N)) x F
where
F = DSKT/|DSKT| (3
Substituting (2) into (1)
E x (€= eH(N)) x (@ = GH(N)) .. peer? “@ i

(1 ; <|e- aHgN)|>‘)2 j
A

Now If F > 0 the intersection will be with the tension half of the locus curve

and if F < 0 it will be with the compression half of the locus curve, Define the
array LC, oLC as the specific half of the locus curve belng considered, This aray
together with equation (4) Is used In the following algorithm to find the intersection,
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"i:
i
®  Sequentially substitute the points (eLC,0LC) into equation (4)
until a palr, (eLC(I-1), oLC(I=1)) and (eLC(1), oLC(1)), are
" found which give solutions that straddle the value DSKT2.
1
¢  The problem is now reduced to finding the intersection of a line B
joining the polints (eLC(I=1), oLC(I=1)) and (eLC(1), oLC(1)) with
Neuber's equation defined relative to the point {(eH(N), aH(N)).
This is done by making the following call to subroutine DETERM
CALL DETERM (eLC(!-1),eLC()), oLC(I=1), oLC(Y),
N, DSKT, el, ol)
g
g :
| 3
| r.
i b
f :
(.' ‘.
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A2.10 SUBROUTINE LPTLC(eP,oP,6,¢l,00)

Purpose

This subroutine finds the intersection (el, o |) between the locus curve and a line that

passes through the point (EP,aP), with aslope 6,

Procedure

Considar the projection tP of the point (£P,0P) on the strain axis by translating along
the line with slope 8, Figure A13,

ef =¢P - oP/8 (n

If €P >0 the intersection will be with the tension half of the locus curve and if
€P < 0 the intersection will be with the compression half. Define the array
eLC, oLC os the specific half of the locus curve being considered, Now consider

the projections €LC of the points of this array on the sirain axis by translating along
the line with slope 6,

elC =¢elC - oLC/B (2)
These are scanned untll a pair ELC(J=1), £ LC(J) are found which straddle the

Valueﬁ Iooo

TLC(J=1) < TP < ELC(Y) (3)

The problem is now simply one of finding the intersection of two lines, one which
passes through the points (eLC(J=1),0LC(J-1) and (¢ LC(J), oLC(J)), the other which
intersects the strain axis at EP with a slope 8. This is done by making the following
call to subroutine LINSEC.

CALL LINSEC(ELC(J-1), elC(J), o1.C(J1), 0LC(), 6, )0 1)
COMMON LINE [2F|
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(eP,oP) .
€LC(J-1),0LC(J-1) €LC(J),0LC())) ;
i
£
eLC(J-1)

- cLe(d) -

Figure A13, Projection into the Strain Axis
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A2,11 SUBROUTINE LPTBC(t:PB,UPB,O, c:lB,clB)

_I_’ urpose

This subroutine finds the Intersection (vIB, OIB) betweon the branch curve defined
by the array (vBCB, GBCB) and a line which passes through the point (l‘PB, GPB)

with a slope of 8,

Procedure

Consider the projection t‘-BCB of the array (!‘.BCB, UBCB) on the strain ax' i by
translating along a line with slope 8, Figure Al4,

CECB = (:BCB - GBCB/B (1)

Similarly consider the profection T8 of the point (EPB,GPB)

cPp =Py~ OPB/O (2

The algorithm simply scans the array I‘.-EEB to find a pair of values v.BCB(J-l)

and ¢B8C B(J) whose projections stradd le &;.-PB .o,
'{-.'B'C'B (J-1) EF'B < E’ECB (J) (3

The problem is now simply one of finding the intersection of two lines, one which
passes through the points (t:BCB(J-I), UBCB(J—I)) and (l‘.BCB(J), OBCB(J)), the

the following call to subroutine LINSEC

CALL LINSEC (v.BCB(J-l), t‘.BCB(J),oBCB(J--l), OBCB(J),B, NB,OIB)

COMMON L|NE|EP'B|
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(ePB,chB)

(e&CB(J- 1) ,oBCB(J— 1))

7/
// /

’

(e8C,(4),08C,(J)

s
eBCy(J-1) ']
——p—— )
EPB
P i -
eBCp(J)

Figure Al4, Projection into the Strain Axis




A2,12 SUBROUTINE RAIN (S, JMIN, JMAX)

This subroutine employs the rain flow counting method to generate the analysis spactrum
from the peak spectrum S, JMIN and JMAX contain indexes for minimum peak strain or

stress and maximum peak strain or stress respectively.

A2,13 SUBROUTINE SPECT (S,NS,NLOADS, 51,82,N)

This subroutine reads block spectrum values §1, 52 and N and converts it into peak

spectrum for hysteresis loop analysis,




A2,14 SUBROUTINE CRVTRP(De/2)

f_g_ e IT:)

This subroutine takes half the plastic strain increment, De/2, for the current loading

increment and computes the hardened locus curve.,

g ——— =

Procedure

If D&/2 is <0 the analysls hardens the tension locus curve and IF It is > O it hardens

the compre.sion locus curve, Consider De/2 >0, the analysis uses this value to Interpret
the number of cycles to hardening, NTC, from the arrays, D&, NCH, Figure A15,

The sum, SNC, of the inverse if the number of cycles to hardening for all the tension
cycles Is then computed, This value, SNC, is then used to interpret the % hardenling,
PCC, of the compression locus curve from the arrays S1, PC Figure Alé. The
compression part of the hardened locus curve is then computed by interpreting between

l the monotonic compression locus curve and the cyclic locus curve using PCC i, e,

oLCC = oMCC +(0CCC ~ oMCC) +PCC

eMCC, eCCC, and ¢LCC are assumed to be equivalent

The identical procedure Is used to harden the tension side of the locus curve when
De/2< 0,
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De/2 |

L2

Holf the Plostic Strain, D&

pCcc

Number of Cycles to H.cc\rd\énim‘(NCH)
NTC S

Figure 15, Interpretation of NTC
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Z1/NTC
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Figure 16. Interpretation of PCC




A2,15 SUBROUTINE CREEP (eH,oH,PCT,NP,T,ENP,aNP)

f_umgu

This subroutine calculates the point (ENP,0NP) considering the material to have
crept from the point (EH{NP),0H(NP)) over a time T, The term PCT reflects the
affect of previous hold periods,

Procquf_e

The amount of stress relaxotion OR is obtained by finding the root to the following

function

F(oR) = aR + KE (cH(NP) - ag)P !y )
F(oR) = 1+ KE (p+1) (oH (NP) - oR)P" (2

Hence using the Newton's mothod

foR) )

Rin 7R R

Equation {3) Is Iterated until URH-I

Knowing @R the creep strain €C Is found from the equation

and OR‘ are sufficiantly close to each other,

eC = oR/(E (dH(NP) - oR)) (4)

Honce

eNP - eH(NP) ~eC

ONP = gH{NP) - aR

nicioiais o
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A2.16 SUBROUTINE LINBR(EDy(1),£D,(2), 0D, (1),0Dy(2),EP, 0Pk €1, 0l)

Purpose

This subroutine finds the intersection (£1,01) between a line defined by the points
(CDB(l),ODBU)) and (CDB(E),ODB(2)) in the branch curve system which has its origin
at (eOBC,008BC) in the baslc system with another line which passes through the point
€P,oP having a siepe E,

Procedure

The transformation from the bosic system into the branch curve system (s

€y =(e=-¢OBC) x F

m

A < (0 - 0OBC) x F
The projection of the point (EP,aP) In the strain axls of the branch curve system
along a line whose slope is E Is, Figure Al7,

€Py = €Py = 0P /E ()
Transforming through (1)

€F = (e~ 0/E) - (€OBC ~ T OBC/ENF (3)
The algorithm starts by finding the mid point (el,01) of the line defined by the two
points (¢D(1),aD(1)) and (eD(2), o D(2))

€l ™ (con(l) + eDs(z))/2 W

olg = (0Dy(1) + 0Dy(2))/2
This point is then projected into the strain axis along a line which has a slope E

Elg = €ly =0l /E (5)
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Figure Al7, Projection into the Branch Curve Strain Axis




If EFB > ETB the point (eDB(2),oDB(2)) Is st equal to the point (ala,clB) but if

EFB< ela the point (cDB(l),ODB(I)) is set equal to the point (& IB,D‘IB).

(A

This is repeated untii IB is sufficlently close to EPB.

Finally the point (F'-B'OIB) is transformed Into the basic system through equution (4)

el =gl
Ieely

ol “cla x F + ¢OBC

x F + EOBC
(&)
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A2,17 SUBROUTINE BCRPLY( PLT,oPLT, NP)

Purpose
This subroutine simply takes the NP points defined by the arrays PLT,0PLT and draws
straight lines between them on the CALCOMP plotter,

A2.18  SUBROUTINE FDSKT(N)
This subroutine computes DSKTS(N) for the creep analysis, CREPER calls FDSKT after

the amount of creep has been calculated and the history arrays (EX,SY) have been

ad justed for the computed creep,

A2.19 SUBROUTINE DAMAGE

This subroutine calculates fatigue damoage using the conventional Palmgren=Miner's

rule of cumulative fatigue damage. This routine Is called by the RAIN subroutine.
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A2.20 SUBROUTINE DETERM (t‘-D(l),GD(Z),UD(l),OD(2),N,DSKTZ,GI,(JI)

Purgose

This subroutine finds the intersection (£1,01) between a line defined by the two peints

{£D()), oDV and (£D(2),0D(2)) and Neuber's equation defined 1elative to the point
(EH(N), U H(N)) by the term DSKTZ,

Procadure H
From subroutine INCLC, Neuber's equation relotive to the point (EH(N),oH(N)) Is
Ex (£-2H(N)) x (u_-ur[H(zN))  DSKTs2 M)
| (] ~(| e -eH(N)l) )
i K
! The algorithm starts by finding the midpoint (el,ul) of the tine dafined by the two
{' points (£D(1),0D(1)) and (€D(2),0D(2))
¢
el = (eD(1) +eD(2))/2
{ @)
i ol = @D(1) +oD(2))/2

This point 1s then substituted inte Equotion (1), Then, If the solution to this equation
{1 greater than DSKTSZ, the polint (€D(2),0D(2)) is set equal to the point (tl,01); and,
if the solution is less than DSKTS2, the point (€D(1),00(1)) {s set equal to the point

(el,o1), This procedure is repeated until the solution s sufficlently close to DSKTSz.
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A2,21 SUBROUTINE LINSECeD(1), €D(2), @D(1), 0D (2),8, €l, o1)
COMMON LINE |€F]

Purpose

This subroutine finds the Intersection (el, 0 1) between a line defined by the two points
(eD(1), oD(1)) and (£D(2), D(2)) and another line which intersects the strain axls
at €P with a slope 6,

Proccd\ﬂ-__o

The algorithm starts by finding the mid point (&l, 1) of the line defined by the two
points (eD(1), eD(1)) and (¢D(2), ©D(2))

el =(eD()) + D(2))/2

Mm
ot=(oD(1) +oD(2))/2
This point {s then projected into the strain axis along a line which has o slope of
8 Flgure A18B.
€= gl-ole (2)

Then 1f | €Nl >eP| the point (eD{2), oD(2)) Is set equal to the point (¢1, @) and
1 ETI<)eP| the point (£D(1), ¢D(1)) Is set equal to the point (¢! ,01).

This procedure is repeated until €l 1s sufficiently close to tP,




o ﬁ (€D(2),0D(2))

(€D (1),6D(1))

Figure A18. Projection into the Strain Axis
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A2.22 SUBROUTINE BINTS(EDB(l),sDB(Z),oDB(I),chB(2),N,DSKTZ,EOBC,
UOBC,F,EIB,GIB)

l_’grgose

This subroutine puts the intersection (E:IB,CTIB) in the branch curve system between

Neuber's equation defined by the loading increment DSKT relative to the point

(eH(N) ,0H(N)) with a line defined by the points (&:DB(I),ODB(])) and (eDB(Z),cDB(2)).

Procedure

From equation (3) in the writeup for subroutine,INCBC Neuber's equation defined by
DSKT relative to the point (eH(N),0H(N)) in terms of the branch curve coodinates
that have an origin at (eOBC,cOBC) is

E x (EB x F + eOBC - gH(N))

x (@ x F +90BC - oH(N)) p
5 = DSKT ()

< (egxF+cOBC - eH(N))‘>
1 -
A

The points (€D (1), oD (l)) and (eD (2) aD (2)) are subsfifuted in turn into the
left side of equation (l) to obtaln the soluhons DSKT] and DSK'I'Z2 Then

DSKT12 < DSKT? < DSKT2?

Next, the point (eIB,OIB) midway between (eDB( I),O'DB(I)) and (eDB(2),oDB(2))
is computed

ey =eDy(1) +(eDy(2) = eDy(1))/2
UIB= D

(2)

(1) +(0D,(2) - oD, (1)/2
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This s similarly substituted into the left side If (1) to cbtain the solution DSKTIZ
Then If DSKTI” >DSKT? the point (cly, o1,) Is subsltuted for the polnt (eDy(2),
008(2)) but if DSKTI2 <DS|<T2 2“ is substituted for the point (gDB(l),chB(I)). This
process is repeated until DSKTI™ is sufficiently close to DSKT™,
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APPENDIX B
HYSTERESIS ANALYSIS USER'S GUIDE
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1. INPUT DATA REQUIREMENTS

Inpral 1o the Hysteresis Loop Analysis program consists primarily of stresses with the
cortnsponding number of applied cycles, The stress can be Input as unnotched peak
shreases, muun and alternote stresses, or as maximum and minimum stresses, The input

shiussus ure converted to program units and stored in DLOAD,

Ol tiput ulso comes from material properties and includes branch curves, locus
curves, tully roversed cycles to harden curve and normalized hardening curve, Exam-
ples e llushited in Figures Bl and B2, There are also two sets of material constants,

onw sl lu civep calculations and one set for the hysteresis loop analysis,

I addition 1 the above there are various plot option flags, print flag spectrum Input
option Hays and a flag to compute or not compute hardening. These are all explained

in tha tuput Instiuctions.

Saiple input for an example problem Is included in Appendix C.
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CYCLIC TENSION LOCUS CURVE (TLOCCE, TLOCCS)

PARTIALLY HARDENED LOCUS CURVE (COMPUTED)

MONOTONIC TENSICN LOCUS CURVE (TLOCME, TLOCMS)
MONOTONIC COMPRESSION LOCUS CURVE (CLOCME, CLOCMS)
PARTIALLY HARDENED COMPRESSION LOCUS CURVE (COMPUTED)
CYCLIC COMPRESSION LOCUS CURVE (CLOCCE,CLOCCS)

Figure Bl. Input Example of Locus Curves
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FULLY REVERSED CYCLES
TO HARDEN

DE2

XNH

1.0

DSDSH

INORMALIZED HARDENING CURVE

i et cmom e

4

Figure B2, Example of Hardening Curves
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2. INPUT INSTRUCTIONS

1. Monotonic tenslon and compression locus curves

READ(5,1) NLCMT,NLCMC
1 FORMAT(415)

T —

NLCMT = the number of points defining the tension monotonic
locus curve - 25
NLCMC = the numbar of points defining the compression monotonic

locus curve t 25

READ(S,6) (TLOCME(I), =1,NLCMY)
6 FORMAT(8F10,0)

TLOCME = the strain values for the tension monotonic locus curve

Capro—

READ(S,6) (TLOCMS(D), =1, NLCMT)

TLOCMS = the stress values for the tension monotonic locus curve

READ(5,6) (CLOCME(), I=1, NLCMC)

CLOCME?= the strain values for the compression menotonic locus curve

READ(5,6) (CLOCMS(]), I=1, NLCMC)

CLOCMS*= the stress vaiues for the compression monatonic locus curve

2. Cyclic tension and compression curves

=

READ(5,1) NLCCT,NLCCC h

NLCCT = the number of points defining the cyclic tension A
locus curve <25

NLCCC = the number of points defining the cyclic compression |

locus curve 25




READ(5,6) (TLOCCE(1), =1 ,NLCCT)

TLOCCE = tha strain values for the cyclic tension locus curve

READ(5, &) (TLOCCS(I), =1, NLCCT)

TLOCCS = the stress values for the cyclic tension locus curve

READ(5,6) (CLOCCE(I), =1, NLCCC)

CLOCCE = the straln values for the cyclic compression locus curve

READ(S5, 6) (CLOCCS(I), I=1,NLCCC)

CLOCCS = the stress values for the cyclic compression locus curve

3. Uppur and lower branch curves

READ(5, 1) NURC, NLBC

NUBC = the number of values defining the upper branch curve 5 30
NLBC  ~ the number of values defining tha lower branch curve 5 30

READ(S,6) (EUBC(I), I"NUBC)

EUBC = the strain values for the upper branch curve

READ(S,8) (SUBC(!), I=NUBC)

SUBC = the stress values for the upper branch curve

READ(S,6) (ELBC(I), 121, NLBC)

ELBC = the strain values for the lower branch curve

READ(5,6) {SLBC(1), I=1, NLBC)

SLBC = the stress values for thae lower branch curve
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4, Fully reversed cycies to harden curve

READ(5,1) NRP

NRP «+ the number of values input to define the fully reversed

cycles to harden curve, < 20

READ(S5,6) (XNH(I), I=1, NRP)

XNH = the number of fully reversed cycles to hardening

READ(5,4) (DE2(!), =1 ,NRP)
DE2 w A\¢/2 (holf the A strain)

5. Normallzed hardening curve

READ(S, 1) NHC
= the number of values input to define the normalizad

NHC
hardening aurve, 5 20

READ(5,6) (XNHR(1}, =1, NHC)
XNHR = Normalized cycles to horden

READ(5,6) (DSDSH(1), =1, NHC)
DSDSH = Normalized Ag

6, Plot, map, print ond hardening flogs
READ(5,1) MPLOT, IMAP, IPRINT, IHARD
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MPLOT = Plot flag = O no plots; Plot Flag =1 plot '
IMAP = Select plot variables -
s = 0 plot applied loads vs. notch straln
" = | plots notch stress vs, notch straln
1 IFRINT = Print flag = O,no dlagnostic print

= | diagnostic print
IHARD = Hardening flag

= 0 no hardening s calculated

= | hardening Is calculated

7. Plot varlables (input only if MPLOT=1)

READ(5,8) XXS,YXS,XL,XSTRYT,XSCAL

XXS = X coordinate for X=-axis in Inches from origin
(wil| be negative)

YXS = Y coordinate for X=axis in Inches from orlgin
(will be negative)

XL = Length of X-axis in inches

XSTRT = Starting label value on X=axis; units =in/in

XSCAL = Axis label values per inch (also used to scale X values);
units = In/in

READ(5,6) XYS, YYS,YL, YSTRT,YSCAL

XYS = X coordinate for Y=-axis in inches from origin
(will be negative)
YYS = Y coordinate for Y-axls in inches from origin
) (will be negative)
' YL = Length of Y-axis In Inches
YSTRT = Starting label value on the Y-axis i
IMAP = 1, units =ksi; IMAP =0, units = kips
YSCAL = Y-axis label values per inch (also used to scale Y values)
IMAP = 1, unlts =ksi; IMAP =0, units = kips
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! 8. Read program options

READ(S, 1) IOP1, 10P2, IOP3, IOP4

10P1

10P2

10pP4

10P3.

= Spectrum Input options

= | Block spactrum, Input mean and alternate strasses
(Skip Input items 11)

= 2 Block spectrum, input maximum and minimum stresses
(Skip tnput items 11)

= 3 Peak spectrum 1s input
(Sklp input items 10)

= 9999 no more coses - signals end of computer run

= Qutput option

= | writes out calculated peak spectrum

= 2 does not write out calculated peak spectrum

= Output option

= 1 write notch strains and notch stresyes

= 2 dous 1ol write notch strains and notch stresses

= Ouiput debug option

= | write stross Interpolation Information

» 2 do not write stress Interpolation Information

9, Materlal constants

CL
A
E
Kl

READ(5,8) CL,A,E,K1,SLOCU, SLOCL
8 FORMAT(6F10,0)

= Material constant for modified Neuber's equation
= Area material constant for modified Neuber's equation
= Slope of the elastic portion of the loqus curve (elastic modulus)

= Stress concentration factor

SLOCU = last stress value on elastic portion of tenslon locus curve

(eyclic or monotonic, Elastic portion Is the some for both

curves)
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SLOCL = Last siress value on the elastle portion of compresion locus

curve (cyclic or monotonic, Elastic portion is the same for
both curves)

10, Block spectrum input (IOP1=3 do not Input)

READ(5,100) NPASS,NLAYER, NC
100 FORMAT(315)

' NPASS = the number of pastes to be analyzed
NLAYER = the number of layers in each pass, < 8000

NC = the number of cyclos in a block of cycles selected
for hysteresis analysls

READ(5,10) S1(1), 52(1), N())
10 FORMAT(2F10,0,110)

S = Mean stress IF IOP1=1; Max, stress If [OP1=2, stress in psl
S2 u Alternate stress If IOP1=1; Min, stress If IOP1=2, stress in psi
N = Applied cycles

(Repeat NLAYER times) 1=1, NLAYER

11, Peak stress input IOP1=(1 or 2 not input)

READ(5,1) NLOADS

NLOADS = the number of peak stresses

(unnotched peak stress)

READ(5,101) (S(),NS()), T(1). =1, NLOADS)
101 FORMAT(3F10,0)




o R

)
NS
T

= Unnotched peak stress, in psl

= Applied cycles
= Time In the hold condition for this peak stress, in hours
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3. QUTFUT DESCRIPTION

The program output consists of three basic sections plus various options for plotting and

debugging operations. The first section of the output is a printing of the material con-

stants used in the Neuber analysis and are listed as a check of the input. Next, the

strains and stresses (STRAIN and SI) are printed in eight columns across the page. Strgin

and stress for load cases 1 through 4 are on the first Jine, stroin and stress for load cases

5 through 8 are on the second line, etc. through N loadings.

The third basic output consists of eleven columns of data pertaining to the damage cal-

culations, These columns are identified by the following:

DAMG
XXl
™

slJ

Sl

NH

NF

NS(J)

the accumulative damage.

the damage ot each load level,

the number of accumulative applied cycles.

the maximum notched stress at the corresponding load level in ksi.
the minimum notched stress at the corresponding load level inksi,

the index of the selected maximum load from the order of input,
Exomple: If J=4 then this maximum stress was selected from the
calculations for the fourth load that was input. This Is determined
from the RAIN andlysis.

the index of the selected minimum load; the same as 1 for the

maximum load.

the number of accumulative half cycles as determined by the RAIN

analysls,

the number of accumulative whole cycles as determined by the
RAIN analysis.

the applied cycles for the maximum stress from the input selected
by the index J.
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NS(1) = the applied cycles for the minimum stress from the input selected
by the index |.
DAMAGE = the total damage for this input spectrum.

There are also four output options that can be colled by input flag notes. These are:

o MPLOT
o IPRINT
o |OP2
o 10P4

MPLQOT simply generates a tape for stress or load versus strain plots. The IPRINT option
(IPRINT #0) is for program diagnostic purposes only. When this option is specified,
the subroutine name is printed along with pertinent program variables (neme and value
are printed). When one hundred iterations (maximum allowed) are needed to solve for
the intersections of curves, the program prints the number of iteratic.as along with the

variable names and values involved in the particular algorithm.

Two other options, [0P2 and [0P4, may also be selected for print~out, [0P2 will print
the calculated pedk stress spectrum (from input data) and will print peak and valley
stresses and number of cycles. The 10P4 option is a debug option and writes the stress

interpolation information from the interpolation of the S-N data used in the damoge

calculaticns.

Sample owput for an example problem is included in Appendix C.
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4, LIST OF COMPUTER PROGRAM SYMBOLS AND DEFINITIONS
PROGRAM SYMBOLS (MAIN)

MPLOT Plot option - plot or no plot condition !
IMAP Selects plot variables ~ applied loads or notch stress vs. notch strain
XXS X-coordinate for X-axis In inches from origin (will be negatlve)
YX$ Y=-coordinate for X~axis In inches from origin (will be negative)
XL Length of X~axis In inches %

1 XSTRT Starting label value on X-oxis ]

; XSCAL X-axis lobel values per inch (also value used to scale X values)

F XYS X-coordinate for Y=axis in inches from origin (will be negative) ‘

: YYS Y=-coordinate for Y-axis in Inches from origin (will be negative) )

\ YL Length of Y-axis in inches

t YSTRT Starting label value on Y-axis
YSCAL Y-oxis lobel values per inch (olso value used to scale Y values)

[ lol Spectrum Input options
10P2 Spectum output options
10P3 Spectrum output options
IOP4 De-bug option - gives additfonal print
CL Maoterial constant for modified Neuber's equation
A Material constant for modified Neuber's equation
E Elastic modulus
Kl Stress concentration factor
MPASS Number of passes to be analyzed

k NLAYER Number of layers In each pass
NC Number of cycles in a block of cycles selected for hysterosis analysis v‘
S1 Mean strass if IOP1=1; Mox stress if |OP1=2 :
S2 Alternating stress if JOP1=1; Min stress If 1OP1=2 '
N Number of applied cycles \
NLOADS Number of peak stresses to be Input '
S Unnotched peak strass !
NS Applied cycles
22)
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NUBC
EUBC
SUBC
NtsC
ELBC
SLBC
NTLC
EHTLC
SHTLC
NCLC
EHCLC
SHCLC
XS

YS

NP
SEQ
SAVE
IFLG

INIT
EX

sY
DSKTS
DLOAD
SLOCL
SLOCU
NLCCT

LIST OF COMPUTER PROGRAM SYMBOLS AND DEFINITIONS

PROGRAM SYMBQOLS (MAIN) (Continued)

Number of points in upper branch curve

X-axis values (stress) of upper branch curve

Y-axis values (straln)of upper branch curve

Number of points to define lower branch curve

X-axls values (stress) of lower branch curve

Y=-axis values (strain) of lower branch curve

Number of points to define tenslon portion of locus curve
X~axls values (stress) of locus curve (tanslon half)

Y=-axls values (straln) of locus curve (tension half)

Number of points to define compression portion of locus curve
X-axls values (stress) of locus curve (compression half)

Y~-axls values (strain) of locus curve (compression half)

Array containing computed X values (strass) used in domage
calculations

Array containing computed Y values (strain) used in damage
caleulations

Painter to current values in EX, SY arrays used in computations
Tast sequence |.D. used to Identify plotted output

Previously computed Y value (plot value)

Flags plot routine to put new axis on for plot (Multi case
computer run)

Initlalizes the KS index for storing stress strain history arrays XS, Y$
Array containing (X) computed end poinis of plotted curve
Array containing (Y) computed end points of plotted curve
ASKT values (Neuber's term os defined in loop analysis)

Array containing the A loads (input or camputed from input)
Last Y value on straight portion of lower locus curve

Last Y value on straight portion of uppe: locus curve

Number of points defining tension cyeliz locus curve
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LIST OF COMPUTER PROGRAM SYMBOLS AND DEFINITIONS
PROGRAM SYMBOLS (MAIN) (Continued)

(; NLCCC Number of points defining compression cyclic locus curve
) TLOCCE Tension strain values for cyclic locus curve
{ TLOCCS Tonsion stress values for cyclic locus curve !
‘1 CLOCCE Compression strain values for cyclic locus curve
: CLOCCS Compression stress values for cyclic locus curve
{{ NLCMT Number of points defining compression monotonic locus curve
‘l NLCMC Number of points defining compression monotonic locus curve
‘ TLOCME Tension strain values for monotonic locus curve
TLOCMS Tension stress values for monotenic locus curve
‘ CLOCME Compression strain values for monotonic locus curve
;\‘ CLOCMS Compression stress values for monotonic locus curve
{ ! Do loop index
\ DAMG Final computed damage
X T Time a given load Is In hold mode ‘
f SNHT Sumatlon cycles for tension hardening
sj SNHC Sumatlon cycles for compression hardening .
;: HARDT Tension hardening flag ;
HARDC Compression hardening flag \
[ TCREP Time from previous hold condition \
?\t CREP Computed creep volue '
' X1 Intermediate storage for X-value of end point {
Y1 Intermediate storage for Y-value of end polint %
: NHFLG Hardening flag
PROGRAM SYMBOLS (ADJUST) .' ’
’ Ni Polnter used in selecting first or second vulues in end point arrays ‘
EX and SY A
A EA Selected EX value using NI ,
: SA Selected SY value using NI ]
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! LIST OF COMPUTER PROGRAM SYMBOLS AND DEFINITIONS
PROGRAM SYMBOLS (ADJUST) (Continued)

NP1 One less than NI
NP2 Two lass than NI

PROGRAM SYMBOLS (CRVTRP)

DS2 Half the delta strain
NCYC The number of reversals to harden
NCYCSM The sum of the number of reversals to harden
XNH X value on number of fully reversed cycles to harden curve
DE2 Absolute value of D52
XNHR X=value on normalized hardening curve
DSDSH Y-value on normalized hardening curve
NRP Number of points deflning number of reversals to harden curve
NHC Number of points defining normalized hardening curve
XLOG Log of the interpolated X value from fully reversed cycles to
£ harden curve
‘ XN Anti log of XLOG
SNHC Sumation cycles for compression hardening

| Index for loop to bracket D$2 on number of cycles to harden curve

N1 Pointer for bracketing value on cycles to harden curve
g SNH intermediate value of SNHC and SNHT
s HARDC Compression hardening flag
' PCT Percent hardened
SNHT Sum of cycles to harden (tension)

HARDT Tenston hardening flag




PLOTX
PLOTY

NFLG
DX
DY
EXY

SAVE

DSKT
EPLT, SPLY
IEQ

K3
INIT
NP
DSKTS
SLOCU
SLOCL
IPLT
NP1

N1
N2
EA,SA

LIST OF COMPUTER PROGRAM SYMBOLS AND DEFINITIONS
PROGRAM SYMBOLS (MAPP)

X values to be plotted

Y values to be plotted

No. of points (X,Y volues)

Greater than 1 doubles the A constant in Neuber's term,

Delta X difference between X values

Delta Y difference between Y values

Intarmed iate value in converting from notch stress to applied load
Sets sign + or minus of Delta SKT

Save previous point on plot

PROGRAM SYMBOLS (DRIVER)

Input or computed delta loads

Intermediate points to plot

Flag set when consecutive loads are »qual

Index on history array used in damage calculation
Inttialization flag for first loading

Index for end point arrays (EX, SY)

Loads array « one for mach EX, SY

Last Y value on elastic portion of tenslon locus curve
Last Y value on elastic portion of compression locus curve
Plot flag = 1 tension; = 2 compression

NP plus 1

PROGRAM SYMBOLS (ILABC)

Pointer to a value in end points arravs EX and SY
Polnter to a value in end points arrays EX and SY

Point defining line

Slope of elastic portion of locus curve

-
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F
PARTI
PART2
X0,YO
|

X8, YB
LA, SA
X0,YO
F

X, Y
XAB,YAB
XBE, YBE
KOUNT
PARTI
PART2

X

Y
IPRINT
XX
YY
NT
NS
XXS

Y X5
XL
XSTRT

PROGRAM SYMBOLS (ILABC) (Continued)

Plus or minus value of 1,0 slgnals tension or compression
Distance from line to origin

Distance from translated line to origin

Translation values for branch curve

Index for loop on branch curve points

PROGRAM SYMBOLS (LINER)

Points on the branch curve that bracket the intersection
Point on the line that defines the line along with slope E
Translation parameters for the branch curve

Plus or minus 1,0 that signals tension or compression
Point on branch curve where Intersection occurs

Point on branch curve above Intersection

Point on branch curve below intersection

Count of lterations needed to find (X,Y)

Distance of tine from branch curve orlgin

Distance of line from translated branch curve origin

PROGRAM SYMBOLS (BCRPLT)

X valuas to be plotted

Y valves to be plotted

=) Mo intermediate print, ™| glves intemediate print

Scaled X values

Scaled Y values

Polinter to proper v title

No. of words in Y title

X coordinate for X=axlx In Inches from origin (will be negotive)
Y coordinate for X~axis in inches from origin (will be negative)

Length of X-axis in inches

Starting label value on X-axis

T




XSCAL
XYS
YYS
Yl
YSTRT
YSCAL

NE
PLOTY
F

NTLC
EHTLC
SHTLC
NCLC
EHCLC
SHCLC

KOUNT
VALUE
TEST

i s rmainw

PROGRAM SYMBOLS (BCRPLT) (Continuad)

X-axis lobe! values per inch (also value used to scale X values),
X coordinate for Y-axis in inches from origin (will be negative)
Y coordinate for Y=axis in inches from origin (will be negotive)
Length of Y-axlis in inches

Starting label value on Y-axis

Y-axis label values per inch (also value used to scale Y values)

PROGRAM SYMBOLS (MAKPLT)

=] plot locus curve, >1 plot hranch curve

Count of points to plot

X=value of intersection on the oppropriate curve (locus or branch)
Y~value of intersection on the appropriate curve (locus or branch)
X=values plotted (contalns end points and points between),

Index used In searching input curves for intervening points, s=start
Index used In searching input curves for Intervening points, E-end
Y values plotted (from input locus and branch curve)

Used in effecting a sign change

PROGRAM SYMBOLS (LINSEC)

X-value of point half way between (XAB,YAB) and (XBE,YBE)
Y-value of point half way between (XAB,Y AB) and (XBE,YBE)
Counts the number of iterations needed to find the intersection
Wied in determining accuracy of the solution

The tolerance used in uccepting a solution (epsilon)
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XAB,YAB
XBE, YBE

DSQSKT
IP

EVALI
EVAlL2
EVALN
EVALD
EH

5H

Jp

X2

Y2
KOUNT
FN

FO
Fsusl
ABSFI

A2

NI
N2

PROGRAM SYMBOLS (LINSEC) (Continued)

Polint on locus curve above intersection

Point on locus curve below intersection

PROGRAM SYMBOLS (INCLC)

Neuber term squared

Counter of points along locus curve

Value of Neuber's term last time in this routine (previous valus)
Value of Neuber's term

Numerator of Neuber's term

Denominator of Neuber's term

X-values on locus curve (around polnt of intenection of Neubers)
Y-values on locus curve (curve and locus curve)

Indox of point below Intemection on Neuber's curve

PROGRAM SYMBOLS (DETERM)

X=-value half way between (XAB, YAB) and (XBE, YBE)

Y-value half way between (XAB, YAB) and (XBE, YBE)

Count of number of times through loop fo get convergence
Numaerator of Neuber's term

Denominator of Neuber's term

Value of Neuber's term

Absolute value of difference of Neuber's term (FSUBI) and previous

Squared value of Neuber's term passed in calling sequence

PROGRAM SYMBOLS (INCBC)

2 times the material constant A

Sets the sign In numerator of Neuber's term by taking difference
Of end points

Pointers in EX,SY array for first point for BRCH.C. translation
Pointers in EX, SY array for second point for BRCH,.C, translation
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TOP
8OT
3. FUNCT
| | FUNCT!

KQUNT
A2
FN
FD

| o

J EUBC
SUBC
ET
EA
SA
X0

NPASS
NLAYER
NC

Si

S2

PROGRAM SYMBOLS (INCBC) (Continued)

Numerator of Neuber's tarm
Denominator of Neuber's term
Value of Nauber's term

Previous value of Neuber's term

PROGRAM SYMBOLS (BINTS)

X~value haif way between (XAB and X BE)
Y-value haif way between (YAB and YBE)
Number of iterations to find Intersection
Two times material constant A

Numerator In Neuvber's term

Denominator In Neuber's term

Valus of Neuber's term

PROGRAM SYMBOLS (ORIGIN)

Y=value for origin of branch curve

Sets 3ign to flip branch curve + for upper=~for lower
X valves defining branch curve

Y valuss defining branch curve

Slope of branch curve ot current points

DX translation value of branch curve

DY translation value of branch curve

X=vaiue for origin of branch curve

PROGRAM SYMBOLS (SPECT)

Numbar of pawes to be analyzed

Numbar of layers in each pass

Number of cycles In a block of cycles selected for hysterasis analysis
Mean stress if OP1=1, max, stres If 1OP V=2

Alt, stress it IOP1=1, min, stress If |OPI=2
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PROGRAM SYMBOLS (SPECT) (Continued)

N Applied cycles
SMAX Maximum strass
SMIN Minimum stress /

PROGRAM SYMBOLS (DAMAGE)

DAMG Total demage .
XX1 Current incremental domage
STR Notch root strain
TN Total number of cycles in external spectrum
sh Notch stress (minimum)
sV Notch stress (maximum)
NH Number of half cycles
NF Number of full cycles
SM Mean stress in S~N data
' Variuble stress in S~N data
L_ ALN Number of allowab le cycl;s In $=N data
AN I nterpolated number of cycles for fallure for glven mean and

altémating stresses

PROGRAM SYMBOLS (RAIN)

Array for maximum peok strain or stress
Array for minimum peak strain or stress

Total number of cycles for rain flow counting

PROGRAM SYMBOLS (LPTLC)

Point defining a line with slope SLP

Slope of line intersecting locus curve

Point of Intersection of a line with a locus curve

Value that determines tension or compression locus curve

Pointer In locus curve to a point below Intersection




)

1
b
&

TEST
DIFF

EA, SA
SLp

JP

FNUM
FONOM
DSKTS

PCT
TCREP
CREP
PCTN
PCTD

PN

El, sl
NP

EBAR

PROGRAM SYMBOL (LPTBC)

Tolerance value passed to LINSEC

Same as TEST but used as local varlable

Both are distance to origin from line

Point defining line that Intersects branch curve

The slope of line that intersscts branch curve

Index on branch curve points, used In search for points that bracket
Intersection

Index on loop to find polnts that bracket Intersection

Pointer to pcints that bracket Intersection

PROGRAM SYMBOLS (FDSKT)

The numerator of the ASKT computation
The denominator of ASKT computation
The ASKT value

PROGRAM SYMBOLS (CREPER)

The time for this loading condition In hold, mode

The percent of creep that has ocourred

The time In the hold condition

Computed creep, Cresp Is only allowed where SY(NP)< SY(NP=1)
The stress relaxation functional minus CREP

The stress relaxation function

Materlal constant

Materlal constant

Intersection of locus curve and a line

The polnter to current values In history arrays EX,SY (end points)

PROGRAM SYMBOLS (CREEP)

Materlal constant used for creep calculation

Materlal constant used for creep calculation
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PN
KOUNT

SIGR
FSIGR
FPSIGR
SIGRI
CE

PROGRAM SYMBOLS (CREEP) (Continued)

Materlal constant used for creep calculation

Materlal constant used for creep calculation

Counter for iterations needed to solve for the stress relaxation
Sigma R

The sivess relaxation; current value of Sigma R (inftial value = 0),
Function of Sigma R

Derlvative of FSIGR

Previous value of SIGR In lterative solution

Creep stmain




APPENDIX C

EXAMPLE PROBLEM Wi'H INPUT AND OUTPUT
DATA LISTING

233




INPUT AND OUTPUT FOR A SELECTED EXAMPLE PROBLEM

To illustrate the capabilities of the hystaresis analysis program an example problem is
presunted here along with the input data and progrom output, The oxaniple prob lem
presonted hore is one of the flight-by~flight spectra used in the Phase Il experimental
progrom, Spectrum 2 as disct sed in Section 4,4 was used. This spectrum Includes
three flights, one flight with a large tension overload, plus sustained load hold periods,
Typically, the spectrum can be described by,

50[(c + Hold) + 150 (2A + a)] + N(2A +B)

where; A, B, ond C are iiights as definod in Figure 67,
Hold is a 1=hour sustained load hold peried at 9,4 ksl
after each Flight C,
N is the number of times 2A + B is repeated to produce
domage at }_){:T =1,0
This exampl- {llustrales the analysis capabilities of the program for complex loading
sequences as well as the creep and stress relaxation module for evaluating the time

dependent effects or damage,
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