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FOREWORD

The research and development reported herein was conducted under Air Force Contract

F33615-75-C-3078 by the Lockheed-Georga iCompany, 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. Neulleb of the Fatigue,

Fracture, and Reliability Group, Structural Integrity Branch, (FBE), Structural

Mechanics Division as the Project Engineer. The program was completed under the

direction of Mr. Robert M. Engle of the AFFOL/FBE as the Project Engineer. This

report covers Phase II of the program conducted during the period of 15 February 1977

to 30 September 1978. The work was 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. Mr. R. W. Wilkinson and Mr.

L. W. Liu were responsible for the hysteresis analysis development, and Mr.
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conducted by Mr. G. J. Gilbert and Mr. F. L. Amend.
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SECTIONI

INTRODUCTION

Structural cr~arking is a major factor in nssessing thle u~seful life of aircraft structures.

The potential crack Initiation sites miust be accurately itdentified and assessed, usually

at or near stress concentrations such as fastener holes. Numerous analysis methods are

available to predict crack initiation; however, few of these techniques consider the

complete stress-strain history and the effects of plasticity on this history. Recent studies,

Including those In Phase I of this programl and reported In Reference 1 , have shown that

plasticity Induced by overloads produces a life-lengthening affect in the structures, bilt

this piastic zone also undergoes tinie-dependent changes under sustained loading ccndi-

tions. Those tinie-dependent creep and stress relaxation changes cat) be a prodomlinantl
factor In predicting times to initial crackiig, crack growth, and in estabilishing test re-
quirements and procedkuros.

Tile research reported here is an extens ion of the Phaseo I prograni that Inc iudtis an

analytical and experimiental effort to detvelop un otlipiical konklysis, tar stress-straln

history accountability. An elastic-plastic finite~ 01011101t code shimlaltion was use6d to

model the stress-strain history and creep ot the stress concentrution. A tour-part expoi I-

mental program was conductod to col ltct manterial1 constitutiveb data nect'sscwy tor tho

formulation of a hysteresis stress-sham cianalysis. This uinolysis meothod includeos: an

algorithmi fo0 the basic material response, (I cyclic. hardening cvr softening module, creep

and stress relaxation, aind ti danitiq0 occumulation nlocitl . It is ki Very ustsetul tool f04. thle

analyst In datfining tho s~tiess-strain history und for predlictinq timle to Initial clatcking.



SECTION II

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. It 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 an the stress-strain

curve. A two phase analytical and experimental program was conducted to develop

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

In Phase I, it was demonstrated that complex loading histories which include sufficiently
h ighi loads to induce plasticity and sustained loadings do, in fact, significantly affec't the,

stress-strain history and the time to initial cracking of the structure, Experiments were

conducted to measure creep at the stress riser. Based on thtse exprlmental data, It was

hypothesized that the stress-strain history modeling is a complex function of both stress

(relaxation) and creep (strain). Phase !1 included finite-element code simulation of the

observed phase I results as well as an oxperimentcal program to develop constitutive data

necessnry to the formuilation of the hysteresis analysis.

The results of the Phase I program are published in AFFDL-TR-76-150, Reference 1

This report documents the results of Phase II. For completeness, however, a brief sum-

mary of Phase I is included in this section.

2.1 PHASE I - SUMMARY

An extensive experimental program was conducted during this phase to evaluate the effects

of overloads, sustained load hold periods, constant amplitude cycle block size, and

temperature on the time to initial cracking of centrail lynotched, open hole test specimens.

These data were then used in the formulation of a hysteresis 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 l and 2. Thirty-two different sequences were included. These

2
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can be grouped Into similar sequences as Illustrated by A,B,C, and D in Table 1, Se-

quence A is the baseline constant amplitude test. Sequences B,C, and D Include tensile

overloads, compression 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 example,48,000 cycles to crack initiation. Tensile overloads as

applied in Sequence B greatly 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 ti me-dependent effects become important. For example, a tensile overload In B

resulted In a life greater than two-million cycles; the underload when added reduced

this to 715,000 cycles, but, when the compression load was held the life was red

to 141,000 cycles. Similar data for increased under!oads are included In Table 2.

The tension overloads were sufficient to induce a plastic zone around the stress riser.

A super-scale test specimen (with a 2.0-inch diameter center hole) and a unique strain

transducer were used to measure strain changes (creep) In this plastic zone during these

hold periods. These measured changes, although not large, are sufficient to offt't,. tiht,

specimen life. The effect of the measured strain changes can be Illustrated by the data

shown In Figure 1 . These data are from tests which do not include hold periods (they 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 underload. Cycling between B-B is

typical of Sequence B and limits C-C tend to show the effect 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 thore is a complex,

time dependent relationship between stress and strain which tend to significantly a ffect.

time to crack initiation.

This hypothesis is illustrated In Figure 2. In this figure both a time dependent creep, A(,

and a time dependent stress relaxation, AoT, are shown.

3



These results and the hypothesis proposed (Figure 2) led to the development of the program

scope for Phase II. Additional analyses and tests were conducted in this phase to model the

observed Phaso I results as wo ll as to develop constitutive data for the hysteresis analysis model.

2.2 PHASE I1 - SUMMARY

Phase II 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 I experi-

mental data. Part B was both an analytical and experimental effort, again using finite-

element simulations in the analysis. The experimental program Included development of

constitutive data for the creep and stress relaxation modeling, super-scale specimen 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-strain model. The MARC General Purpose

Program was selected primarily because of its flexibility In user subroutines and its available

creep module. This finite-element program was used to model simple plates, the super-

scale specimen used For the complex sequence tests, and the three bar, simplified streu

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

that the Phase I 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 obtain creep and stress relaxation data. The

simplified stress-concentration (SSC) specimen was used In complex loading sequences to

evaluate creep and the associate plastic stress and stress relaxation. Additional super-

scale specimens were then tested to expand the data base developed In Phase I. Finally,

notched coupon specimens were tested using flight-by-flight spectrum fatigue loadings.

The finite-element code was used to model the SSC specimen and super-scale specimens

to compare the predicted and experimental results.

The experimental data have been used in formulating a hysteresis type of an analysis for

predicting the stress-strain history at stress concentrations.

4
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SECTION III

FINITE ELEMENT ANALYSIS

A finite-element 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

Space Company entitled "Non-Linear Elastic Plastic Structural Analysis Program (NEPSAP)"

was first examined. It was determined that this program had several deficiencies 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 finite-element program Is designed to cover a wide spectrum

of linear and/or nonlinear problems encountered in structural analysis. MARC hat a large

library of elements which can be used to model virtually any geometry that may be

encountered. 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.I 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 limitations 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 obtained from coupon tests for an axially loaded square plate.

5



3. 1.2 MARC Program 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 between the finite element analysis results and a typical coupon tested

during Phase I Is illustrated In Figure 6. 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 strain in elemcnts immediately adjacent to t hole when the specimen Is loaded In

compression during a hold period. In order to better represent this phenomena, in-house

IRAD funds were used to develop a capability in MARC to allow the user to define multi-

linear representation of the tension and compressilon yield surfaces. In addition, the

capability of defining a different yield point in tension and compression was added. This

Involved modifying twelve subroutines In MARC. Figure 7 Is a typical example of the

strass-strain curve obtained from MARC after this feature was added.

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

model 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 ve'rtical displhcements (7-axis) 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 a finite-element analysis obtained for this model indicated thai through-

the-thickness variances in stress and strains ca••not bo delected. At the region of highest stress

concontrotiorn both the stress and strnin variod 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 effects of creep were examined, The data obtained for Elements 1-2, 3-4 and

7-8 are shown in Table 4. In Figure 8, Element 1 is directly below Element 2. The same

holds true for element pairs 3-4 and 7-8. In Table 4, Increment 0 is the maximum tension

6



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 listed 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 either Increment 0 or 6; i.e., before or after the hold period, The same Is

true for the other element pairs.

3.3 SUPER-SCALE SPECIMEN

Two finite element models were constructed of the super-scale specimen. Both models have

the same 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 results obtained from these models are discussed In Section 6.1.2.

3.4 SIMPLIFIED STRESS CONCENTRATION MODEL

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

Figure 11. The shaded area was modeled as shown In Figure 12. This cou Id be accomplished

since there are two axes of symmetr/ and the nodes along the grip line move uniformly.

The boundary conditions consist of the nodes along Axis A fixed In the X-directlon, the

nodes along Axis 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.

7
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SECTION IV
EXPERIMENTAL PROGRAM

The experimental program conducted here was to develop a sufficient understanding of

the time dependent changes in the stress-strain field around central notches such that a

creep and stress relaxation module could be developed for the hysteresis analysis. Te't-

Ing was directed primarily to collecting constitutive data and to verify analytical pre-

dictions, both the finite element code simulations and the hysteresis analysis results.

Four types of test specimens were used in the program. These Include:

0 Simple Bar Coupon Specimens

Coupon specimens were used to obtain constitutive data for creep and

stress relaxation during sustained hold periods following tensile overloads.

a Simplified ,tra, ConcentratIci Specimens (SSC)

Unique 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.

0 Super-Scale Specimens

Center-notchod super-scale specimens were used to verify finite-element

code predictions of time-dependent strain variations.

Center-Notched Coupon Specimens

Circular-notched coupon specimens were flight-by-f light spectrum fatigue

tested using loading conditions representative of a transport/bomber wing

lower surface. The tests were conducted to verify the predictions from the

hysteresis analysis.

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

flight loadings for transport/bomber wing structures. The complexity of the test se-

quences varied from initial tensile overloads followed by step hold periods for the
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simple bar 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. These data were used to determine material constants for the creep

formulation and to verify analytical predictions.

is
Specific 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 I program it became evident that constitutive data would be necessary

In the formulation of a creep-stress relaxation module for the hysteresis analysis model,

Consequently, the Initial experimental work in Phase II Involved testing simple un-

notched coupons and continuously measuring strain and/or stress changes during sustain-

ed load hold periods.

The specimen used In these tests is Illustrated In Figure 13, These specimens and all

specimens for subsequent tests In Phase II were made from the some 7075-T651 plates

used to fabricate all the Phase I specimens. This was done In order to minimilze plate-

to-plate material properties variations that might exist, Since the magnitude of the

strains 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 each 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 strain control

mode using feedback from the extensometer to automatically control the tests. All tests

were run at laboratory ambient conditions.

Each specimen was Initially 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 was

to evaluate the "memory" of prior loadings and any subsequent effects. Results from

the finite-element analysis of the super-scale specimen were used to establish the test

loading conditions. For example, the -50 ksl and -66 kal are typical of the resultant

stress In the most highly loaded element at the hole edge for the -7.9 and -15.8 ksi
sustained compression loads.

Table 6 is a summary of the strain creep and stress relaxation data measured during the

hold periods for each specimen. The data shown are the to~al strain or stress measured

for each test loading condition. Stress-strain curves and creep/relaxation curves are

Illustrated in Figures 14 through 37 for these twelve tests. Figure 14, for example, Is
the streu-strain curve for test IA and depicts the tensile loading to approximately

0.016 in/in followed by the sustained load hold periods at -50 ksi and -66 ksl. The

stress here Is calculated based on the specimen net section. During the Initial 24-hour

hold period at -50 ksi, 1100 jiIn/in strain was measured. The stress was then changed

to -66 ksi and held for one hour, then returned to -50 ksi for one hour. Approximately

540 tI In/in strain change was measured during the second hold period and zero change

was measured during the final hold period at -50 ksl. The creep curves for this test

specimen are shown In Figure 15.

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

panying figures are listed below.

1 . A significant amount of creep and stress relaxation was measured during these

tests.

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

the total measured. Seventy to eighty percent of the total strain or stress

change occurs during the first hour of the sustained load hold period.

10



3. There appears to be a limiting value of creep which occurs, at least at

stress levels above -40 ksl. For example, In Sequences 1 through 3, the

maximum strain change averages 2000M In/in. There is some variation

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

g 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 i,although the totals are somewhat less.

4. The creep and stress relaxation seen In theme tests does not appear to be

sequence dependent. That Is, by Increasing load, strain and stress changes

continue to Increase in the classical "primary-secondary" sense. On

returning to a lower loading there Is little or no change In the measured

data.

The creep data from these coupon tests were used to determine the material constants j3,

p, and n for the creep formulation used in the finite-element analysis. Hoff's creep

formulation was used in the MARC analysis; i.e.,

•c =/[30a.p tn

where: c = creep strain

u stress

t time

xmaterial constants for
p a 2.11( 7075-T6511 aplato

n " 0.065 )

A comparison between predicted and measured creep strain is illustrated in Figures 38

through 40. The analytical curves use Hoff's formulation with the material constants

listed above. The experimental data In these figures is the average of the two specimens

11



tested at each stress level. Agreement between the predictions and the experimental

results are considered quite good, especially In the primary creep regime.

The significance of these creep and stress relaxation data is of course, in the formula-

tion of a hysteresis analysis model. The data here do substantiate the hypothesis of the

complex, time-dependent relationship between 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 a creep/stress relaxation module Is discussed In Section 5.3.

12
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4.2 SIMPLIFIED STRESS CONCENTRATION SPECIMEN

In all tests during the Phase I program and the coupon and super-scale testing conducted

here, strain data could be collected with reasonable ease. However, plastic stress

could not be measured directly. Since it has been hypothesized that the time-depen-

dent effects on life are a complex function of both stress and strain, an experiment

was necessary to measure stress and stress change. Burski and Hayes, Reference 2, had

previously used a unique, three-member specimen to evaluate residual stress relaxation

as a 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 it will have plastic and elastic regions

existing simultaneously when loaded axially. It is designed so that the c, )ter bar

will yield while the two outer bars remain elastic. For this experiment, the specimen

geometry is such that the elastic stress concentration Is the some as the center notched

super-scale specimens tested previously; I.e., approximately 2.43.

4.2.1 Theoretical Analysis

In the analysis of this specimen, It is assumed that the elongation Is the same In all

three bars when on 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 ore known. A schematic representation of the specimen, includ-

Ing a definition of terms used here, is illustrated in Figure 42. The basic nssumption

here is

61 =8 (1)2 3
where,

8 A1i l (2)

P242 (3)
• 2=
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6 ()
8a aE (4)

PA Ea

6 - -- (5)

P3A
p3cA

6 -L -C (6)c AE

Also,

P P1 + P2 +P3  (7)

or

P3 = PT "-(P1 + P 2) =PT 2P 1  (8)

The elongation of the center bar can be written as,

83=+6 +b +8 (9)

and by combining Equations 4, 5, and 9 and assuming 4. A and Aa Ac, then,

63= P3- (2" ,+ 
(10)

Since P. p P2 and 81 and 62 =a31 Equation 10 can be written as,

S P (21 + (11)
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And then,

P3 /A 1  

.~ £ 4A + (43)

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

the center bar,

A =1 2.09 in.
a c

1 =1.82 In. b]
results in,

P3 _ P1  P2=P30I- 0. 380 =0.31 _ 1 . 23V_ PT PT P1
TT T

The test sequences utilized 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 a1 and Ca2 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 (P1 and P2) and the center

bar load calculated from Equation 8; i.e.,

P3 PT (P. + P2

This load was then converted to stress in the center bar by dividing by the center bar

area, A3. The calculated center bar stress and changes In this stress during hold

periods are then plotted versus strain c-nd strain changes measured during the load

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

collected is in the following section.
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4.2.2 Experimental Program

Test sequences for these SSC specimens are illustrated in Figure 43. Four sequences

were developed to simulate in parn some of the more typical super-scale tests con-

ducted in Phase I. Initially, only creep and stress relaxation data were to be collected;

however, the program was modified to also attempt to fatigue test two specimens. In

general, the specimen 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 I 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 as shown in the figure. Loading conditions for each sequence are in-

cluded in Figure 43. The loads defined are the total applied loads, PT discussed in

4.2.1. Sequences 1 and 2 are Identical except for the magnitude of the compression

load, PMIN' Sequence 3, a fatigue test, consisted of the initial overload followed

by a compression underload and then constant-amplitude cycling. The period between

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 strains listed for Sequences 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 strain 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 1 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. Datn was recorded from

the strain gages on the outer bar as well as the two axtensometers shown in Figure 44.

A sample of the stress-strain data print-out for the initial ramp to load and the 24-hour
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hold period is shown In Table 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

relaxation. 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 is

simply the total applied load divided by this total net area (Ai + A3 + A2 ).

The specimen was loaded to the tension peak and unloaded to a predetermined corn-

pression stress for the sustained load hold period. Only segments of the data recorded

during the hold period ore Included in the example. However, the time intervals

selected were such that the "primary" changes in both strain and stress were docu-

mented. These 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 Fl!ures 45 through 48. A stress-

strain curve for the elastic-plastic loading on the center bar is illustrated in Figures

45 and 47. Both the first and second load cycle, see Figure 43, and the two sustained

load hold periods are shown in these figures. As noted earlier, these tests were con-

sidered to be vory successful in regard to better defining the relationship between strain

creep and stress relaxation. These changes, as measured and as calculated from the

measured data, are illustrated in Figures 46 and 48 for these two specimens.

Calkulated center bar stress relaxation is plotted versus measured center-bar 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 period (time = 0)

are somewhat different for the two specimens. This may be attributed to material or

specimen geometry 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 establish trends for the creep/relaxation

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 used on those tests. Similar data and trends were seen in this loading sequence.

17

........................... I ,Iw I.



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. Less

creep was seen in this test than was measured from the Sequence 1 specimens. This

follows the trend soon in the simple coupon i,)sts which were discussed in 4.1 .; hllao

Is, thm lower the stress levels the less treep rhiange 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 considerable amount of useful data was collected from

these test sequences, however. Both sequences 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

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

specimen was then tested as shown in Figure 43 with 1000 cycles between overloads

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

The center bar stress-straln 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

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.

Typical data for the first, second, and tenth overload cycles applied on the second

specimen are Illustrated In Figure 52. These are plots of specimen net section stress

venus center bar strain directly from the computer controlled test equipment.

These data plots are Included here to Illustrate an apparent cyclic creep which was

observed during this test (also observed during the Sequence 4 testing). A time history

of the center bar strain is Illustrated in Figure 53. Both the mean strain and the
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minimum strain are plotted versus the NF/N ratio in this figure. The mean strain is

the mean value of the constant amplitude loading and the minimum strain Is the strain

measured during the application of each compression undarlood. NF is the total number

of applied cycles and NOL is the number of cyclei between ovr-loods. 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 I and are reported in Reference I,

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 is Insufficient

data to Incorporate a cyclic creep module in the hysteresils analysis program.

The final SSC test sequence was Sequence 4 (Figure 43). This was also a fatigue test

and was similar to Sequence 3 except that one-hour hold periods were included. One

specimen was tested and failed after 9000 cycles of constant amplitude loading during

the application of the tenth tensile overload. Figure 54 Is an illustration of the center

bar strain data for loading cycles 1, 5, and 9. These are typical data plots obtained

during the conduct of the test.

Stress relaxution and creep were measured during each sustained load hold period.

Figure 55 shows this data for the first, fifth, and ninth hold periods. The trends toward

a creep and relaxation saturation limit that 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 SSC

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 is discussed in 5,3,

One final set of data from the Sequence 4 test Is illustrated in Figure 56. This Is

the history of the center bar strain changes which were recorded during the test, Again

the mean strain and minimum strain changes are plotted versus the NF./N OL 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 discontinuities 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-scale test specimen used in Phase I for complex

sequence testing was again utilized as a part of the experimental effort in this program

phase. This specimen and the instrumentation used for strain measurement (strain gages

and strain transducer) ate illustrated in Figure 57. Ten loading sequences were Included

In this program. Tests were conducted to collect strain data in and around the center

notch to evaluate the finite-element code predictions and update the constitutive data.

The specimen, as Illustrated, is 8.0 Inches wide with a 2.0-Inch diameter hole In the

[ center. It has a geometric stress concentration factor of 2,43. This scaled-up specimen

is used In order to Inseit the Lockheed-developed strain transducer Inside the hole for

notch strain measurements. Specific details of the transducer design and function are

reported In the Phase I final report, Reference I. This transducer has a gage length of

approximately 0,080-inch and provides a reliable means to continuously monitor notch

stWain. Four strain gages, as shown, were also Installed on each specimen to measure

strain Immediately adjacent to the hole on the speclmen surface.

The ten test sequences, loading conditions and cycles-to-failure are shown in Figure 58.

Basically, this group of tests Is a continuation of the Phase I super-scale test program

arid Is Intended to supplement and expand those data. All test sequences Include an

Initial tensile overload equivalent to a specimen net section stress of 47.3 ksi. All

constant amplitude cycling was conducted at a mean stress of 15 ksl and a variable

stress of 10 ksi. Both compression underloads and compression underloads with sustained

load hold periods follow the Initial tensile overloads. Most of the test scquences In-

cluded underloads at either -7.9 kil or -4.0 kal net section stress. The -7.9 ksi was the

baseline In Phase I and was carried over here for additional tests. This stress level Is

typical for transport aircraft wing lower surfaces during on-ground operations as Is the

-4.0 ksil, which was added to the Phase I1 test matrix.

The first four sequences had only one tensile overload followed by 24 hours of sustair.ed

compression load. Then the specimens were constant amplitude-cycled to failure.

Sequences 9 and 10 were similar but only had a single application of the comnpesion
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load and did not include the sustained compression load. Cyclic block sizes between

overloads (NOL) were 15,000 cycles and 30,000 cycles. The 15,000-cycle block size

was the Phase I baseline condition. A maximum of five 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 three 24-hour hold periods were applied on the first specimen. Five

hold periods were applied on the second,

As noted earlier, both creep and cyclet-to-fallure were recorded from these tests. The

specimen life reported In Figure 58 Is the cycles-toatotal-specimen separation. No crack

initiation times were recorded; however, experience from the Phase I program showed

that crack growth under these loading conditions was only I - 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 I program is included In Table 8. In the table, Group I tests contain

only sequences with overloads and underloads, whereas Group 2 Includes the addition of

the hold period in the sequence. he baeline constant amplitude cycling only Is also

included for comparison. The data Illustrate the following basic points:

o Tension overloods produce a life lengthening effect over the basic constant

amplitude loading.

o Compression underloads reduce the effect of the tension overload.

o Cyclic block size affects the induced beneficial residual stresses which produce

the life-lengthening effect.

o Time dependent creep does alter the residual stress-stain state and significantly

affects time to failure.

The overload/underload effects can be seen by comparing Sequence 1-6 with I-8 and 11-6.

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. A single
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initial oaverlood/underlood (Sequences 11-9 and 11-10) does extend the life of the base-

line but the overload contribution of extending life decays with continued constant

amplitude cycling. This is illustrated by comparing Sequences 11-9 and 11-10 with 1-8

and 11-6, respectively. Anothet indication of this decay In the overload-induced

beneficial residual stress/strain state can be seen in comparing the Group 2 specimens

tasted with NOL 15,000 and 30,000 cycles. In each case, the 30,00O-cycle black

size results In the shorter specimen life.

In general, the compression hold periods at 0, -7.9, and -15.8 ksi net section stress

follow expected trends. The data for the -4.0 ksl compression stress do not, however.

For example, Sequence 11-5 should have resulted In a shorter life than Sequence 11-6,

but the two specimens failed at approxlmately the same lifetime. Sequence 11-5, with

the compression-hold period, actually hod n longer life. It may be that the -4.0 com-

pression stress does not sufficiently overcome the beneficial residual stresses Induced by

the tension overload at least within the 15,000 cycle block size between overloads.

For example, In Sequence 11-8 with NOL - 30,000 cycles, there is a significant reduc-

tion in time-to-failure as compared to 11-5 and 11-6.

A similar trend has been observed in evaluating the effects of underloads on crack

growth, Reference 3. In that program, various levels of compression underloods were

applied immediately following tensile overloads, similar to the sequences here. Crack

growth Is retorde*J after 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 reinitlation of the crack growth. The lower the com-

pression load, such as the -4.0 ksi here, the more constant amplitude cycles that must

be applied In order to overcome the plastic zone effects. It appears that this some

effect may hold true for crack initiation.

Creep strain was recorded during the compression hold periods from the transducer Inside

the hole and from the four strain gages Immediately adjacent to the hole on the speci-

men surface. A summary of the measured strains Is shown in Table 9 . Plots of creep

strain versus time are Illustrated in Figures 59 through 61 for Sequences 11-5, 11-7, and

11-8. The data shown are from the strain transducer located Inside the hole.
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In general, the measured data follow expected trendw however, the magnitude of the

measured strain was les than expected, The transducer macruremenh for Sequence 4

appear to be high, but the Instrumentation was checked and no problems were found.

Sequence I also appears not to follow the expected trends In that the change Inside the

hole is in the positive sense where the changes on the specimen surface were negative

(decreasing strain). This phenomena was also observed during the Phase I testing, how-

ever. Varlatlons in the material properties and homogeneity from specimen to specimen

apparently have a significant Impact on the streu-strain history vorlability.
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4.4 SPECTRUM FATIGUE TESTS

A seriles of flight-by-flight spectrum fatigue tests was run on center circularly notched

c•apon specimuns to evaluate the data developed from the previously described tests

amd to evaluate tho hystoresis fatigue analysis, The test sequences developed were

representative of transpoit wing lowOr surface loadings. Typical flight and ground lCXos

data were used to develop logistics and low-level mission spectra feo these test '.Oquonces.

Three test sequences were developed foi this study. One sequence Included periodic

overloads followed by sustained load-hold periods. The test specimen used was a simple

centei notched (opon hole) coupon with a geometric stress concentration of 2.43.

T1•,e spoIcinns were tested for each loading sequence.

Typicul mean an.d alternating flighr and grtxind loods for a ti anspoit wing lowet suif lce

which were used In the test sequeti•e developm1, nt r1V Included here In Figures 62

through 66. Three typical flights were developed hom the loads data and then mixed to

foi m the three test spectra, Flight A was derived from the I oglstics mission data. Foi

each flight segment, four loads oti•il to th. five times per flight lowd and one load

equal to the once per tlight lotd are Included, Only one taxi Ioad wus included to

obtain a compression undu0load in the flight. Flight B was derived In the same manner,

41weptl that the low - twvei m ission doto %waA ued . FII ight C. is Identival to r I ioit B Re'%t'pt for.

the inclusion ot the tensile overload. The memn loads were selected to brackot the loud-

Ings used in the previous Phase I and II loading sequenceosond the applied tlight IoAds

wore aidjusted for the appropriate means. The resulting flights are illustrated In Figure

67. Phe stresses shown In these figures are net section stsiess.

These flights were combined Into the following three spectra:

Spectrum I

50 C 4 150(2A.+ B)) N(2A i B)

That Is, Hlight C

A
B
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Repeat 50 Times

A
A Until Failure
B)

Setrum 2

50 t(C +Hold)+ 150(2A +B)I ÷N(2A f B)

This spectrum included a 1-hour sustained load hold period at -9.4 ksl after

each application of Flight C.

Spectrum 3

50B4 150(2A+B)i B N(2A+B)

A sample of a strip chart recording for Spectrum 2 Is Illustrated in Figure 68. The speci-

men life, In flights-to-fallure, of each specimen tested Is tabulated in Table I0.

These test results tend to confound this study in that no discrimination can be made be-

tween the results of the Spectrum 1 and 2 tests. It was anticipated, based on all the

preceding tests, that there would be distinguishable differences between the spectra with

and without the hold periods included. Thle periodic overloads Included In Spechta I

and 2 do result In a life extension effect, as compared to Spectrum 3 which does not have

the overload. But, at least for the transpor't spectra uDed hare, the compressio load anld

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

This Is not a conclusive test since It was limited I nfitod to one typical spoetruni for a

transport aircraft, but the results are discouraging. The data base developed in the pre-

coding tests and In Reference 3 did show'a pronounced effect of underlood and sustained

load hold periods on both cycles to crack initiation and crack growth. It is possible that

these effects do show OLup Onl an 1dividucil cyc le; but, for o trannport spoctrkm/, til, effoct

is not that signifi cant and call K•b•C• o•l.1td for Lk Li statisticol inmear ocross Ole. spec'trm.
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4.5 GENERAL TEST METHODS

Four different types of tests were performed during the Phase II experimental evaluations;

namely, superscale, single-bar coupon, three-bar simplified stress concentration, and

spectrum fatigue tests. All testing was performed in modem electrohydroulic servo-

controllod test systems manufactured by MTS Systems Corporation. Each test system was

interfaced to a digital computer which was used to command the different profiles,

monitor loads and strains, 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-

grossed. The heart of each system was a PDP- 1 computer and a modified BASIC pro-

gramming language which was Interactive. Inputs and outputs were managed through

a teletype terminal and CRT supported by a hard-copy unit. A typical system contain-

ing a three-bar SSC specimen is shown in Figure 69.

A user program was written in BASIC for each different test type, and each program

contained options to accommodate the different profiles required. The superscoale 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 a programmable clock which resulted in precise load-straln-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 revtersed once a

desired value of strain was reached during the initial tensile loading. For the SSC

tests, the load reversal was based on strain In the center bar. All subsequent events

In the profiles were applied under unconditional load control. Single bar strains 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-

grammed time intervals throughout the tests.) Load and strain history data for a typical

three-bar test are contained in Tablu 7. A summary plot of these data is shown tn

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 wore performed under load control with peak-to-peak load

*ransition. An analog representation of the three different flights contained in the base-

line spectrum is shown in Figure 68. Tests for two different variations of the baseline

were also performed. One variafion was the Inclusion of 50, one-hour hold periods

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

Flight B which eliminated the high tensile overload.
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SECTION V

HYSTERESIS ANALYSIS PROGRAM DEVELOPMENT

The experimental data collected during both Phases I and II have been used to formulate

a rather comprehensive hysteresis type of an analysis. This analysis contains the follow-

ing elements:

(1) Notch Stress-Notch Struin 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 detailed discussion of Items 1, 2, and 4 is included In the Phase I final report,

Reference 1. The creep and stress relaxation module was developed in Phase II and a

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

Program Description, and Appendix B, Hysteresis Analysis User's Guide.

5.1 NOTCH STRESS-NOTCH STRAIN ANALYSIS

The basic algorithm for the notch stress-notch strain calculations is illustrated in

"Figure 70, !hase I test data were used to formulate the locus curves and branch curves

for the 7075-.T651 material used here. For a material that has been cyclically hardened

or softened it can be sald that:

(1) Sress and strain will always expand along the cyclic locus curve.

(2) Excursions from the cyclic locus curve will follow branch curves.
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The formulation and use of the locus curves and branch curves are discussed in detail In

Reference 1. In Figure 70, a specimen can be loaded along the tension locus curve to

a paint A which Is located at the intersection of the locus curve and the modified

Neuber hyperbola. When the loading is ravarsed, the shtess ar.d strain will follow the

branch curve, as illustrated, to the next loading condition.

Figure 71 is a typical example of the notch stress-notch strain calculations from the

hysteresis analysis and Its plotter option. The input loading sequence and the resultant

stress-strain plot are Illustrated here. These data are thent 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 and In Appondlx A. The hypothesis is 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 materlal, alloy, and strain

level. Far the 7075 used here, the number of cycles to fully harden the material 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 Illustrated in Figure 72.

I
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5.3 CREEP AND STRESS RELAXATION

The following two phenomenon were observed in the simple bar creep tests and the V.
simplified stress concentration tests:

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

further loaded to a local stress oB the creep at aB is less than If the material

were loaded directly to a'B and allowed to creep. This is illustrated In Figure 73.

(b) When a material Is loaded to a local Istress o'A and allowed to creepand then the

cycle Is completely reversed and the material reloaded to o"A and again allowed

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

These observations form the basis for the creep algorithm used In the hysteresis stress-

strain analysis.

The creep formulation credited to Nutting, Hoff, and Scott-Blair Is used In the

algorithm:

ce K KpC n (1)

where

Ce Is the creep strain

ci is the current stress

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 strahi and the stress relaxation R a is assumed to be proportional

to the current stress:

ICY (2)
c

where
o Ra.= ci- c

0Oa Is the stress at time zero
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0 Ci

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

and the stress relaxation R a.

He, a creep history value, and Ht the corresponding time, are used to simulate the

preceding observations ('u) and (b). Initially He and Ht are zero. After a sustained

load hold period He is set to c and Ht to the time for the hold period. The next

time a hold period is reached He effects the amount that the material con creep. This

is done by ratioing the values obtained from• equations (1) and (2) by an amount that

makes cC at time Ht plus H equal to the creep that would have been experienced

if e were zero. i.e.,

Ratio e(H )- H
e (Ht)

If the ratio is <0 then no nreep is allowed. This satisfies (a).

After a hold period any plastic strain Involved in the cycles that are reversals to the

HH
cycle Immediately proceeding the hold period will subtract from v;. Hence a fully

reversed cycle following a hold period will make He - 0 which satisfies (b).

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

using the following creep parameters.

'F 58.436

K 3.085 x 10"13.44

P 2.11

n .065

The first sequence, Figure 75, considers a single hold period. The second sequence,

Figure 76, considers two hold periods where there is a fully reversed cycle following

the first hold negating any effect on the second hold. The third sequence, Figure 77,

considers two hold periods where 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 stress relakation module included was used In the datu correlation studies
reported In Section VI.
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SECTION VI

DATA ANALYSIS AND CORRELATION

The experimental creep and stress relaxation data collected from the simplecoupon, the

simplified stress concentration specimen, and the super-scale specimens have been used

to establish the necessary materkil constants, to formulate analysis aligodthms for

both the finite-,ilement studios, and develop the hysteresis analysis program.

Finite-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 analy-

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. Th•e hysteresis analysis was used, In turn, to

predict times to failure for the super-scale test sequences and the spectrum 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 detail In the following

sections.

6.1 FINITE ELEMENT ANALYSIS CORRELATION

6. 1 1 _ Simplified Stress Concentration Specimen

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

model details are included in 3.4 and Figures 11 and 12. Thls model was used in the

simulation of the four SSC specimen test sequences (Figure 43) discussed earlier, The

tension overloads and sustained compression loadings used In the analysis were represen-

tative of the test conditions for each sequence. Element stresses for the maximum tension

overload and for the -20 ksi net section sustained compression load (ob ow -50 ksl) are

Illustrated In Figures 78 and 79.
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In this model, the stresses and strains in each element are calculated at four Gaussian

integration points. The data listed were calculated at the first Integration point.

Element No. I in the center bar plastic zone and Element No. 71 in the elastic outer

bar are ;dentifled In these two figures. The data for these two elements were used in

the correlation studies with the experimental results. The analytical stress-strain curves

for these two elements are illustrated in Figure 80.

Three finite-element model runs were made, one each at a sustained net section com.-

pression stress of -12 ksu, -20 ksi, and -30 ksi. These are Identified In the figuro for

both Element Nos. I and 71. A tension overload preceded each sustained underload

hold period and creep data were calculated at each compression load. As can be seen

In the figure, the outer bar remains elastic during the tension 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 sequences

is shown in Figures 81 and 82. The agreement between the analytical results and the

tests isquite good. Although these plots are labeled center bar stress and strain, the

measured 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 analysis. Differences In

the center bar data can be attributed to the dependency of the method of calculation of

the center bar stress on the measured data in all three bars (see Section 4.2.1, for

example). Slight variations in material properties, dimensions, strain gage or extensorn-

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 Illus-

trated in Figures 83 and 84 with the craop strains prrodi ctted from tht, MARC fil tv-

element analysis. Initially, 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 sinillar; however, cis 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 Hte coupon)

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

derive a new %et of material constunts for the analysis, These constants are listed below

along with those derived from the coupon tests for comparison.

Coupon Tests SSC Tests

Q -13
• 1. 120x 0 $1,851 x 10

p 2.11 p -2.01

n 0.065 n 0.067

The correlation between the test and the miolysis Is,of course,greatly improved by using

these SSC specimen derived constants as Illustrated in Figures 83 and B4. 7he variation

between the analysis and test is due to the calculated stresses being somewhat different

from the experimental data. This again points out the extreme sensitivity of stress and

strain measurements to variations in material, specimen geometry, and loadings.I.I

6.1.2 Super-Scale Specimen

Two finite-element models were used In the analysis of the stress-strain distribution and

creep around the center notch of the super-scale specimen. These two models were pre-

viously illustrated in Figures 9 and 10. One of the models used the solid, three-

dimensional elements In the MARC program and the second model was constructed using

the two-dimensional plate elements. The solid elements were used to attempt to deter-

mine If there is a through-the-thickness variation in the stress-strain field around the

stress riser. In addition, the layered plate model discussed in 3,2 was also run to eval-

uate this through-thickness variation. No effect could be identified using either the

3-D elements or the layered model. The solid elements are also more expensive to run

than the 2-D plate elements; therefore, only the 2-D plate elements were used through-

out this analysis. A compurison of a typ-Ical element using the 2-D and 3-D elements is

Illustrated In Figure 85. The solid elements ore much stiffer, as Illustrated, and do not

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

Figure 86 is an enlarged view of the plate elements immediately adjacent to the shess

riser. The figure also contains a listing of the elements that go plastic along with the
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for-field tension stress level at which each element exceeds the proportional limit.

Eiements 8 and 7 are the moat highly stressed elements in the model, as expected. The

plastic zone adjacent to the hole, for the maximum tensile loading of 47.3 kil net

section stress, is highlighted in this figure.

Typical stress-strain curves from the finite-element analysis are Illustrated in Figure 87

for Elements 8, 7, 16, and 15. The different symbols used locate the initial values,

prior to creep, of stress and strain for each element at four different compression stress

levels. These curves vividly Illustrate the multi-linear stress-strain curve representation

capabilities Incorporated Into the MARC analysis program as well as the different com-

pression yield points for the elements.

Creep analyses were run at the four compression loadings listed In Figure 87 using the

creep subroutine in the MARC program. Table II illustrates the aiialysis results for

the -7.9 ksi loading. The analysis results for each of the four Gaussian Integration

points In each element are listed in the table. This analysis utilizes the creep constants

from the simple coupon tests. Figures 88 through 92 are comparison plots of the unalyt-

Ical creep predictiovis and the measured data from the super-scale specimen tests.

The material constants used In these creep analyses include those developed from both

the simple coupon tests and the simplified stress concentration specimen (SSC) 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 dato

for the -15.8 ksl compreulon loading do not agree with either analysis. This loading

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

particular 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 lests 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 described In 4.4. In addition, super-scale test data

from Phase I have been Included In the correlation studies discussed here.

Table 12 is a comparison of the Phase II super-scale test resuIts with analytical predic-

tions using both a linear damoae analysis and the hysteresis analysis. The test life listed

for each specimen is tho number of cycles to total specimen rupturo. It was demonstrated

earlier that cycles to crack initiation are approximately 90-95 percent of the cycles to

rupture at the stress levels used in these tests; therefore, cycles to rupture was used

throughout the program as the failure criteria.

The cycles to failure 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 discriminate among the different loading conditions and

predicts approximately the same life (97,000 cycles) regardless 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 correlation may be considered as leos than anticipated; but, after 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 these results Is the Influence of the notch-root residual stress,

following the overload-underload combination, on the fatigue life. That is, the mag-

nitude of the underload is a definite factor effecting the life. Also, the effect of the
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creep and stress relaxation during the hold periods is accounted for with the analysis.

For example, the trends in Sequences I through 4 and 9 and 10 Illustrate the effect of

underload magnitude on the residual or mean stress during constant amplitude cycling.

Sequences 5 and 6 illustrate the creep and stress relaxation accountability. Although

not exact, the hysteresis analysis-to-test correlation for Sequences 5, 6, 7, and 8 is

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

The correlation for the sequences with only an initial overload-underload combination

(Sequences I through 4 and 9 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 Is)

associated with micro crack growth through the induced plastic zone around the notch

as well as a cyclic change in the notch stress and notch strain. The cyclic change In

the notch stress and notch strain was observed during the simplified stress concentration

specimen tests and is Illustrated in Figures 53 and 56. The hysteresis analysis as our-

rently formulated does not consider either of these phenomena.

When tki iH1tal rc, erload-underload combination is applied, a plastic zone is estab-

lished Immediately adjacent to the notch. If no other overloads were applied, such as

in Sequence I, and the specimen is only constant amplitude cycled; micro crock co-
alevcing and growth progresses slowly through this zone and can then accelerate once

It passes through the plastic zone. The hysteresis analysis assumes a constant micro

crack growth,for exampleor a continuous plastic zone and does not consider any possible

acceleration. This Is one reason the analysis predicts a longer life than demonstrated in

these test sequences with the initial overload-underload only. When there are periodic

overloads In the sequence 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 between overloads would also be an Influence on specimen

life. Both of these can be seen by comparing Sequences 5, 7, and 10, for example. This

Is one reason why better correlation between analysis and teot was shown for those test

sequences which Included multiple overload-under load combinations (either with or

without hold periods).
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The cyclic creep, as discussed earlier, from an initial favorable compression mean stress

to a more positive mean stress voluepcan also reduce the specimen life,

The experiments conducted here were limited and were not designed to evaluate thete

possible effects of the plastic zone and subsequent micro crack coalescing and growth

through this zone, or the effect of die cyclic changes In residual stress. Thorefore,

the current hysteresis analysis does not include either of these phenomena in its present

form. If sufficient data were collected, however, additional modules can be added to

the current analysis program to perhaps include the accuracy far these specific loading

conditions.r

Table 13 Illustrates the test-to-analysis correlation for additional sequences, some of

which are from the Phase I program. Again, the correlation is considered quite good.

One surprise was the excellent correlation for Sequence I. Here, only an initial

tension overload was applied, no underload, and the correlation Is quite good. Thil

is contrary to the trends just discussed for those sequences which have the Initial over-

lood-underload combination. The Initial notch mean stress was more compressive than

any of the sequences with an Initial overload-underload combination and this may have

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

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

Table 14. Here, the results of the spectrum fatigue tests are compared with analytical

predictions for both a linear damage analysis and the hysteresis analysis. Once again

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

lower surface loading conditions. The hysteresis analysis does distinguish between the

three different spectra and follows the test trends quite well.

It was pointed out earlier that the hold periods included In these spectra did not demon-

strate the significant reduction In life shown in the other sequence testui however, the

analytical predictions show the same results. These spectra may not have been a good

combination of loading conditions to demonstrate this phenomena. Certainly, other
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100d COMbinations, tYpO of aircraft, and spectra should be evaluated before definite
conclusions can be eeawn,
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SECTION VII 'i

OBSERVATIONS AND CONCLUSIONS

The following obsorvutlons and conclusions are based on the results of both the Phase I

and Phase II program:

1. Overloads and underloads Induce a plastic zone around a stress concentration. The

plasticity Induced by overloads results in a life lengthening effect in structures,

Underloads can reduce life 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

stress-strain state around stress concentratlons.

4. The cyclic period between over load-underload combinations has a significant Impact on

speclmen life. Multiple overload-underload combinations result In a longer Ilfn than a

single application of an overload-under load.

5. There is evidence of a cyclic dependent change In mean stress which may aftect

specimen life.

6. A hysteresis type of stress-strain analysis more closely represents complex loadings and

specimen fatigue life than does a linear analysis method.

7. Spectrum fatigue tests conducted here are Inconclusive as to effect of sustained load

hold periods on time to crack Initiation.

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

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

- ua-tio, 1ijv s-tor Comments

1. Good for low stresses
2. Represents only secondary creep

k, p are Ruiley, Norton 3. Unlaxlal stress

material constants 4. Tension

5. Small

Fkp c 1. Represents only secondary creep

2. Unlaxial stress
k, aY urec Ludwltt 3. Is not zero for zero stress

material constants 4. Tension

5. Small k

a 1. Represents only secondary creep
c(P - 1) . Unlaxial stress

c, a are Soderberg 3. Gives r " 0 for a:- 0
C

material constants 4. Tension

5. Small

S21. Represents only secondary creep
cD + 2. Nearly linear for low stresses and

D, a+ e Nadai, Eyring nonlinear for higher stresses

3. Tens loll
material coiistants 4. Small I

5. Uniaxlal stress

c '. k ptn Nuttnc, Hoff, 1 . Primary and most of secondary creep

k, p, n are Scnt-Blair 2. n Is almost always less than 0.5

material constants 3. Uniaxial stress

Creep Strain Rate
(" Creep Strain

ac Stress
t Time
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TABLE 3 - SUMMARY OF CREEP FORMULATIONS (Cont'd)

Equation ivifjIator Cioments __ _

* 3 c Yp-1Iji ~ e Si

c, p material 1. Multi-axial case
aonstantsOdqv i~t

constants 2. Secondary creep only

a a equivalent stress

S- deviatoric stiess

•i
_ " cn a p P I Si tnM- 1

c,pn are material 1. Multi-axial case

constants Lai, Findley, Onaran 2, Primary and most of secondary

01 - equivalent stress* creep

Si, - devlatoric stress
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TABLE 4 - LAYERED PLATE MODEL ANALYSIS RESULTS

INCREMENT 0 ELEMENT NO. 1 ELEMENT NO. 2
lst YIELD

Gaussian 0(1O4 ps') ((10-3 In./in.) c(104 psi) c (10-3 In /in.)
Integration Point

1 7.674 7.452 7.675 7.452

2 7.458 7.452 7.458 7.452

3 5.663 5.814 5.663 5.814

4 5.699 5.814 5.701 5.814

5 7.674 7.452 7.675 7.451

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 6.625 6.633

INCREMENT 6 ELEMENT NO. 1 ELEMENT NO. 2

CREEP 30 HR.EM

Gausslan n a(10 4 psi) '(10"3 In./in.) U(104 psi) (IO"3 in,/in.)Integration Point

1 7.261 7.915 7.261 7.915

2 6.688 7.915 6.690 7.915

3 5.870 6.140 5.870 6.140

4 5.877 6.140 5.879 6.140

5 7.261 7.915 7.264 6.914

6 6.690 7.915 6.697 7.914

7 5.870 6.140 5.871 6,139

8 5.878 6.140 5.884 6.139
Ag -6.r 7.2 36.427 - -,•
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TABLE 4 - LAYERED PLATE MODEL ANALYSIS RESULTS (Cont'd)

INCREMENT 0 ELEMENT NO. 3 ELEMENT NO. 4
Ist YIELD

Gaussian 4(104 3 in./in.) a(10'4 psi) C(10-3 in./in.)
Integration Point

1 4.741 4.965 4.741

2 5. l02 4.741 5.102 4.741

3 3.349 3.448 3.349 3.448

4 3.409 3.448 3.409 3.448

5 4.965 4.741 4.965 4.741

6 5,102 4.741 5.102 4.741

7 3.349 3.448 3.349 3.448

a 3.409 3.448 3.410 3.448
Avg. --. 2T' 4.071•-' 4.6 4.095

SINCREMENT 6
INCREMEP 6 ELEMENT NO. 3 ELEMENT NO. 4
CREEP 30HR.,

Guusslan 4 4
Integration Point '(104 psi) (l0- in./in.) o(10 psi) (10 3  in./in.)

1 5.233 4.977 5.233 4.976

2 5.400 4.977 5.401 4.976

3 3.454 3.573 3.454 3.573

4 3.521 3.573 3.522 3.573

5 5.233 4.977 5.233 4.976

6 5.401 4,977 5.402 4.976

7 3.454 3.573 3.455 3.572

8 3.522 3.573 3.523 3.572

W-9. 4.402 4.275 "4.403 4,274
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TABLE 5 -SIMPLE BAR CREEP TESTS

APPROX. APPROX. APPROX.
TEST STRAIN FIRST LEVEL FIRST LEVEL SECOND LEVEL COMMENTS

__TRAN CREEP STRESS CREEP STRAIN STRESS/STRAIN

1 0.016 -50 - -66 From MARC Analysis,
Element No. 8 at
-7.9 ksl

2 0.016 -66 - -50 Typical for notch
stress analysis from
Phase I at -15.8 ksi

3 0.016 -40 - -66 Additional res

levels to solve for
creep constants

4 0.016 -35 - -50

5 0.016 +0.0025 - 0.003 Repeat No, 1 with
straln control

6 0.016 -0.0040 - 0.001 Repeat No. 2 with
strain control

NOTES: 1. Tests 1 - 4 were run under load control and creep strain was

measured during hold periods.

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

measured during hold period.

3. First and Second Level creep defined In sketch below.

Initial Strain

1st Level - 24 Hours lIst Level - 1.0 Hr.A'
2nd Level - 1.0 Hour
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TABLE 6 - SIMPLE BAR CREEP/STRESS RELAXATION DATA

________- tHOLD PERIOD DEFINITION
SPECIMEN -Op P OD DEs T MEASURED CREEP STRAIN

NUMBER Time OR STRESS RELAXATION
or Strain

I A -50 ksl 24 Ibrs 1100,ulm/In
-66 1.0 540
-50 1.0 0

1B -50 kl 24 hrs 1035p In/In
-66 1.0 850
-50 1.0 0

2A -66 kil 24 hrs 2300 p in/In
-50 1.0 0
-66 1.0 0

28 -66 kW 24 hrs 2015 A I m/I n
..50 1,0 0
-66 1,0 0

3A -40 I 24, hrs 600 g In/in
-66 1.0 1550
-40 1.0 0

3B -40 ksl 24 hrs 650 I In/I i
-66 1.0 1350
-40 1.0 80

4A -35 kal 24 hrs 300 I/In/n
-50 1,0 100
-35 1.0 0

4B -35 kil 24 hrs 380 P In/in
-50 1.0 85
-35 1.0 0

SA 0.0025 In/In 24 hrs 6.10 ksl
-0,0030 1.0 7.60
0.0025 1.0 1. 10

5B 0.0025 In/In 24 hrs 5.20 kii
-0.0030 1.0 6.28
0.0025 1.0 0.68

6A -0.0040 in/in 24 hrs 10.70 kil
-0,0010 1.0 0.50
-0.0040 1.0 0.50

6B -0.0040 In/In 24 hrs 10.50 kil
-0.0010 1.0 0.64
-.0.0040 1.0 0
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TABLE 7 - SAMPLE OF TABULATED STRAIN DATA FOR SIMPLIFIED
STRESS CONCENTRATION SPECIMEN TESTSIHREE BAR TEST

S FQ IJENCE NO. 1--REPEAT

Romp, rwRU PEAK STRESS TO START OF 24 HR. HOLD

MTS EXTENSOMETERS STRAIN GAGES OUTER BAR

OUTER BAR CENTER BAR FRONT BACKSTRAIN, STRAINo STRAIN, STRAIN,,STRESS, MICRO. MICRO. MICRO, MICRO.KsI rNo-IN Ir.' IN IN/IN IN,/IN
----- --------- -------- ------- a=2,58 167 353 14? 1614.75 349 733 308 3286.93 506 1086 469 495915 688 1484 627 66811.38 841 1863 786 83013.50 998 2262 947 108015, 3 1166 2650 1111 117017.95 1299 3039 1275' 133720, 13 1471 3437 1436 1504

22,30 1619 3817 1597 167124.53 1782 4234 1759 183826,70 1935 4641 1917 200228,98 2097 5066 2081 217231.10 2240 5473 2251 233333.38 2403 5987 2486 250335.55 2551 6332 25?1 267337,78 2699 6766 2738 284839.90 2861 7237 2908 381342.13 3014 7861 3892 319844 30 3234 9082 3321 343546. 48 3468 10828 3576 36965 3707 12809 3840 396010.2 3941 15224 4898 422150.87 3955 15342 4189 423551.03 3960 15451 4127 42583965 15558 4136 425951.23 3974 15668 4150 427451.28 3994 15785 4165 428851 43 4013 15903 4177 4303.0 0 0 a46.58 3659 15170 3810 J92832.16 2637 12411 27'08 2808317.70 1648 9643 1630 17063.29 611 6875 577 616-11,13 -468 3953 -466 -498"-2•0.08 -11?6 1701 -1126 -1246
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TABLE 8 - PHASE I AND PHASE II SUPER-SCALE
TEST SPECIMEN COMPARISON

Sequence Test Conditions Cycles
Number To Failure

I-1 Constant Amplitude Baseline 47,647
Fm =15, Fv=±10

1-6 +47.3, NOL 15,000, CA 1,977,450 (NF)

I-8 +47.3, -7.9, NOL = 15,000, CA 712,000

11-6 +47.',. -4.0, NOL - 15,000, CA 1,269,770

11-9 +47.3, -7.9, CA 286,838
11-10 +47.3, -4.0, CA 131,956

Group 2

1-13 +47.3, 24 Hr. @-7.9, NOL" 15p000i CA 141,329

11-7 +47.3, 24 Hr. Ur -7.9, NOL" 30,000, CA 88,000

11-5 +47.3, 24 Hr. QP -4.0, NOL 15,000, CA 1,375,000

11-8 +47.3, 24 Hr. kaý -4.0, NOL = 30,000, CA 581,557

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

Sequence Maximum Measured Strain Change ( In/In) ..
Number Transducer S.G. No. I S.G. No. 2 S.G. No. 3 S.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 -190 -270 -130 -110
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TABLE 10- SPECTRUM FATIGUE TEST RESULTS

SPECTRUM I SPECTRUM 2 SPECTRUM 3

30,710 Flights 29,861 Flights 8,458 Flights

29,858 31,932 8,245

30,218 30,020 8,233

Average: 30,262 Flights 30,604 Flights 8,312 Flights

5I
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TABLE 11 FINITE-ELEMENT CREEP ANALYSIS
SUPER-SCALE SPECIMEN, -7.9 KSI COMPRESSION

Gaussian Element 8
Time (Hours) Integration Point ,c(ks;) •C (104 in/in)

Time 0 1 -47.40 0

2 -41.34 0

3 -47.85 0

4 -41,78 0
Avg. -44.61

Time =0.5 1 -46.47 - 9.104
2 -40.59 - 7.029

3 -46.82 - 9.147

4 -41.01 - 7.064

Avg. -43.72 - 8.086

Time n3. 0 1 -45.88 - 9,989

2 -40.14 - 7.742

3 -46.22 -10.04

4 -40.56 - 7.781

Avg. -43.20 - 8.888

Time 13.7 1 -45.34 -10,80

2 -39.73 - 8.398

3 -45.68 -10.85

4 -40.14 - 8.442

Avg. -42.72 - 9.622

Time. 24.5 1 -45.12 -11.13

2 -39.57 - 8.664

3 -45.46 -11.18

4 -39.97 - 8.708

Avg. -42,53 - 9.921
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TABLE 14 - EXPERIMENTAL AND ANALYTICAL LIFE COMPARISON
FOR SPECTRUM FATIGUE TESTS

TEST (1) TFST LIFE (2) ANALYTICAL LIFE ANALYTICAL LIFE
SPECTRUM (FLIGHTS) LINEAR DAMAGE Zl4 HYSTERESIS ANALYSIS

1 30,262 15,460 43,282

2 30,604 15,460 46,106

3 81,312 15,920 8,681

(1) Spectrum 1: 50 [Fit. C + 150(2 FIt, A + Fit. B) + N (2 FIt. A + Fit. B)

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

+ N (2 Fit. A + Fit. B)

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

(2) Average of Three Tests
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NOTCH
STRESS

C

B

A

C NOTCH STRAIN

Bt

CYCLIC MAXIMUM CYCLES
LIMITS COMPRESSION TO FAILURE

A-A - 7.9 KSI 715,000
B-B -15.8 KSI 167,000
C-C -25.0 KSI 64,000

Figure 1. Underload Effects on Cycles to Crack Initiation
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Figure 2 Hypothesis of Complexity of Time Dependent Stres- Strain Change
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REPRESENTATION

--- COUPON TEST DATA
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40
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Figure 6. Comparison of Coupon Test and MARC
Representation of Stress- Strain Data
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Figure 8, Layered Finite Element Model
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Figure 13. Coupon Specimen for Creep and Stress Relaxation Test%
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Figure 41. Simplified Stress Concentration Specimen
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Figure 42. Schematic Representation of Simplified Stress
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Figure 44. Instrumentation Locations For Simplified Stress
Concentration Specimens
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- FIRST LC )ADING C eCLE

-- SECONE LOADING CYCLE

360 /2.5 -to 2. 5
•_ /I i ''° - .-..- . ......,/ ... /

S. ... IN TIAL CONDITIONS, TIME - 0

wFIRST CY( LE ai, -57.4 KSI

,50 "--•i /-"•. •' b " 112 2M1 IN/I

SECOND VYCLE b -.58,9 K I
S' ,b.1484!aI bIN

0 --

0 2oo 400 600

CENTER BAR CREEP STRAIN - Ab- iL IN/IN

Figure 46. Creep/Stress Relaxation Measurement, From Simp~lifid
Stress Concentration Specimen - Sequence 1
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INITIAL CONDITIONS: TIME 0

FIRST C0CLE: a b -50. KSI

(b - 1701 AIN/IN

SECONC CYCLE: ub .-52A KSI

Sb 2099 ON/IN

0 FIRST LOADING CY :LE

SSECOND .OADING CYCLE

S2.5

U,

S2.0

S1 .5 ..... .

0.0 - . -.-.

0 200 400 600
CENTER BAR CREEP STRAIN -ACb -PIN/IN

Figure 48. Creep/Stress Relaxation Measurernents From Simplified
Stress Concentration Specimen - Repeat Sequenre 1.
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Figure 50. Creep/Stress Relaxation Measurements From Simplified Stress
Concentration Specimen - Sequence 2

109



____ *0

VIL

N 78

FZ u

0 C)

110 0



LX

tik-

VLID

axa
m C

W=))

Is)4

CL +

A. 1. L

CD CD

W 1, Ci -&Qi C 11l111 ' -



II

112

-'-.4

-- ". "i,• ,l ,•],. z
- " -•'"• •" " • '• '-•- • "... . .• - -i ... .. '- ... ... ... .. "- ',i •. .. .... •- • " •.... _ . .. ..... ,i • _ • .,•.• • - -



II

LjU

V) W U

113St,..- 4aJ ,-

III

113



C1z

zo

zi

0 0

Ot N z/ VI V 3N:

1140



LLL

Z. 4) ) 04 ýM w

I 15



I I

z

low

z

4-1

w/

SI+ '-1-

, ,

II

116

i I I I I



9Uw

T q'.4

0 wf-ý- "oM W V

1174



2.0
- FIRST LOA DING CYCLE

--.-- FIFTH 10,DING CY LE
--- " NINTH L ADINGC CCLE

I
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0 200 400 600
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Figure 55. Creep/Shess Relaxation Measurements From Simplified
Stress Concentration Specimen - Sequence No. 4
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Figure 57. Super-Scale Test Specimen
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FLIGHT A

23.9

21.6 22.0

20.6 19.9
18.8

11.7 11.9

10.1 9.5

8. A

0

-9.4 KSI -9.4 KSI

FLIGHT B 27.8

25.2

22.2

20.6
19.1

17.5

12.4
11.2

10.8

9.6
0 9. .6

-9.4 K SI -9.4 KSI

Figure 67 . Flight Definition For Spectrum Fatigue Tests
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FLIGHT C

47.3
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22.2

20.6
19.1

17.5,M

11.2 12.410.8

9.6
5.6

-9.4 KSI -9.4 KSI

Figure 67. (Continued) Flight Definition For Spectrum Fatigue Tests
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NEUBER CURVE

TENSION LOCUS
CURVE

UPPER BRANCH
CURVE

LOWER BRANCH
CURVE

LOCUS CURVE

NEUSER CURVE

Figure 70. Material Response Algorithm for Hysteresis Analyss FormulatiOn
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ELEMENT NO. 71

fELEMENT
Z NO.4 49.61 49.61 49.61

t 
49.61 49.61 49.61

71.01

49.61 49.61 49.61

49.91 49.61 49.61 49.61

36,.95 29.82 7._ 8 0.51 49.61 49.61 49.61

28.94 23.92 13.55 4.70 49.62 49.61 49.61

23.55 20.74 14.74 8.40 49.63 49.60 49.61

20.16 18.55 14.96 10-80 49.63 49.61 49.62

17.98 17.08 14.99 12.45 49.49 49.72 49.69

16.47 16.01 15.01 13.64 48.73 50.18 49.91

15.27 15.05 14.73 14.75 47.69 50.66 49.93

14.22 14.12 14.03 14.84 50.52 46.63 46.94

(1) All Stresses in ksl

(2) Applied Load = 13,060 lbs.

Figure 78. Finite Element Analysis Stress Distribution
For Maximum Applied Tensile Load For
Simplified Stress Concentration Specimen
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ELEMENT NO, 71

ELEMENT
NO. 1 -12.27 -12.27-12.27

0-
N - -12.27 12.2 12.27

-12.27 -12.27 -12.27

-12.27-12.2 -12.27

-24.17 -19.47 -4.72 -3.33 -12.27-12.27-12.27

-18.90 -15.63 -8.87 -3.08 -12.27-12.27-12.27

"-15.39 -13.55 -9.64 -5.50 -12.27 12.27 12.27

"13.17 "12.12 -9.78 -7.06 -12.27 "12.27 12.27

"11.75 11.16 -9.80 -8.14 -12.24 "12.30 -12.29

"-10.76 -10.46 -9.81 -8.92 -12.05 12.41 12.34

9,98 9.84 -9.63 -9.64 -11.79"12.53-12.35

9.29 9.23 -9.17 -9.71 -12.4t 11.5t 11.61

(1) All Stresses In ksi

(2) Net Section Compression Stress -20 ksl

Figure 79. Finite Element Analysis Stress Distribution
Far Sustained Compression Loading On
Simplified Stress Concentration Specimen
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APPENDIX A

HYSTERESIS ANALYSIS COMPUTER PROGRAM DESCRIPTION
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A2. 1 Main Program

A2.2 Subroutine DRIVER

A2.3 Subroutine CREEPER

A2.4 Subrout~ne ADJUST

A.2.5 Subroutine ORIGIN

A2.6 Subroutine MAKPLT

A2.7 Subroutine INCBC

A2.8 Subroutine ILABC

A2.9 Subroutine I NCLC

A2.10 Subroutine LPTLC

A2.11 Subroutine LPTBC

A2.12 Subroutine RAIN

A2.13 Subroutine SPECT

A2.14 Subroutine CRVTRP

A2.15 Subroutine CREEP

A2.16 Subroutine LINBR

A2.17 Subroutine BCRPLT

A2.18 Subroutine FDSKT

A2.19 Subroutine DAMAGE

A2.20 Subroutine DETERM

A2.21 Subroutine LINSEC

A2.22 Subroutine BINTS

160

------------------------------------



A1.1 INTRODUCTION

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

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

alternating stresses through a rain flow counting technique. It then uses these stresses

with unnotched S/N data and Miner's rule to calculate the damage. The derivation of

the peak stresses for the notch is based on Neuber's equation. The effects of crack,

stress relaxation, and material hardening or softening on these stresses are included In

the program.

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

program. The calling sequence for the subroutines Is shown in Figure Al.
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A1.2 LIST OF SYMBOLS

eBCB, aBCB arrays of strain, OBC, and stress, aBC, defining the branch curve in

the branch curve system.

r.MCT, opMCT arrays of strain, eMCT, and stress, aMCT, defining the tension part

of the monotonic locus curve.

eMCCoMCC arrays defining the compression part of the monotonic locus curve.

cCCT, vCCT arrays defining the tension part of the cyclic locus curve.

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

eLCT,cvLCT arrays defining the tension part of the hardened locus curve.

eLCC,aLCC arrays defining the compression part of the hardened locus curve.

Dc, NCH arrays defining the number of cycles to fully harden, De, versus

half the plastic strain, Dc.

Si, PC arrays defining the % 0hardening, PC, versus 2 I/NCH, SI.

general stress strain coordinates in the basic system.

B subscript defining the branch curve coordinate system.

N, F subscript N defines a coordinate system that has its origin atAl (cH(N),crH(N)) with an orientation defined by F.

If F = +1 the orientation is parallel to the basic system.

F = -1 the orientation is rotated 1800 to the basic system.

SH,oH arrays defining the history of peak notch strains and stresses.

8 P, UP arrays defining all the peak notch strains and stresses.

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

Ex Xa DLOAD2

E Young's modulus
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A, A material constants.
E K~ppn creep constants.
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A2.1 MAIN PROGRAM

Purpose

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

subroutines that execute the analysis.

Procedure

The flow for the main program shown in Figure A2 proceeds through the Following

stages:

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

stants are read. These are in general passed to the subroutine.% through

common blocks.

(2) The subroutine SPECT is called which roads and organizes the load spectrum

Into peak farfield stresmos.

(3) The main program computes the loading increments DLOAD(J) from the

peak farfield stresses.

(4) Subroutine DRIVER calculates the peak notch strains and stresses (eH~oqH)

and (&P,oP) for a loading Increment.

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

loading increment.

(6) Subroutine ADJUST ad lusts the history of peak notch strains and stresses

(eH,a-H) to reflect the hardening of the locus curve.

(7) Subroutine CREEPER allows the notch stressies to creep if a hold period 1s

called.

Stages (4) through (7) are repeated for all the loading increments.
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,Rad material stress/strain data
( and material constants

(2) Call SPECT

(3) IGenerate the loading increments

(4) Call DRIVER

(5) 1Call CRVTRPj

Repeat for all loading increments.

(6) Call ADJUST

(7) Call CREEPER

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

Pu~pose
th

This subroutine uses the J loading increment, DLOAD(J), to calculate the peak

strains and stresses cP(J), aP(J), and updates the history arrays of stresses and strains

eH, c-H, 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 ; 3 the last point calculated will be on a branch curve and the trace

for the current loading increment will proceed from the point (CH(NP),7HI(NP))

along the branch curve that posses through the pcints (MH(NP-1), alH(NP-1))

and (cH(NP), aH(NP)).

(2) If IDLOAD(J)I < IDSKTS(NP-1)I the new point (E:H(NP+I),a'H(NP+I) will

be found on this branch curve between the points (CH(NP-1), oH(NP-1)) and

(eH(NP),oH(NP)), Figure A4.a.

(3) If, however, IDLOAD(J)I L- IDSKTS(NP-1)I the current loading Increment is

numerically greater than the previous loading incroment and the trace will

pass beyond the point (CH(NP-1), oH(NP-1)). In this instance the loading

increment Is adjusted so that it is relative to the point (CH(NP-2),o-l(NP-2))

and loading is considered from this point along a branch curve that passes

through the points (c.H(NP-2), crH(NP-2)) and (eH(NP-3), aH(NP-3)), Figure

A4. b.

(4) If NP < 2 loading is along the locus curve to point (eH(2), aOH(2)). A pseudo

point (MH(1), alH(l)) is found on the opposite end of the locus curve, Figure

A5. This is necessaty to position the branch curve for thl next loading

Increment.
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N+ PS2SNPP223

CAL (2)CNN- NPDLOAD(J) DPJ)OAD(J)+ ST(P1
Set cH(NPJ + P(J)N-2T ( N P1 ) 

o ' J
DSKTS(NP-) NPL=AD(J)

CALL INC L(DOA(J),N1,P(J),*(J) A(JP()aP

Seet(2 cP(J) I e)J

caI-I(2) = alP(J)

DSKKTS(1) = DLOAD(J)

CALL INCLC(-JDLOAD(J),I H(),()

> x I DRETURN~
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NP-3

NP=5 ON ENTERINI.G
DRIVER

NP-2

Figure A4.a. Current Loading Increment if NP> 3 and I DLOAD(i) I < I DSKTS(NP-1) I

k. NP-5 ON ENTERING
DRIVER

NP-2

Figure A4. b. Current Loading Increment if NPZ3 and I DLOAD(J) IŽ I DSKTS (NP- 1)I1
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NP=2

/

NP=1 e

Figure AS. Loading Along the Locus Curve for NP--2
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(5) If NP = 2 the trace for the current loading increment proceeds from point

(&H(2), oH(2)) on the locus curve along the branch curve that posses through

the points (eH(2), OH(2)) and (eH(1), 01-(1)).

(6) If IDLOAD(J)J < 2 x IDSKTS(1)J the new point (eH(3), HM(3)) will be

found on this branch curve between the points (eH(1), "t-I(1)) and (cH(2),oH(2)),

Figure A6.a.

(7) if, however, IDLOAD(J)J t 2 x IDSKTS(I) I the trace will pass through
the point (eIH(1), oH(1)) and then follow the locus curve. In this instance

the loading Increment Is adjusted so that It Is relative to the origin of the

plot and loading is considersd to follow the locus curve, Figure A6.b.
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NP=2

NP-1-

Figure A6.a. Loading for NP-2 and I DLOAD(J) I < 2y, DSKTS(i)

0'.,

Figuro A6.b. Loadingi for NP-2 and I DLOAD(J) 1 2 x DSKTS(1)
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A2.3 SUBROUTINE CREEPER(T)

Purpose

This subroutine calls the subroutine CREEP which calculates the creep strain 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 effect appropriately. It also modifies the history arrays eH and o1H

of strains and stresses to reflect the creep.

Procedure

Consider a hold period, T, after the NPth history point (eH(NP),oH(NP)) has been

calculated. Also consider that the effect of previous creeping Is defined by the values

CREP and TCREP then the effect on the current hold period is

PCT = tcTH(NP)P x TCREPn- CPEP (1)

I T(NP)p x TCREpnI

If PCT<0 no creep Is allowed. The material is then allowed to creep has the

point (cH(NP),oH(NP)) to the new point (eNP,QrNP) by calling CREEP

CALL CREEP (cH,crH,PCT,NP,T,eNP,trNP) (2)

This history of previous creeping is then modified

CREP = CREP + I(ENP - CNP/E) - (CH(NP) - aH(NP)/'E)I
TCREP = T

The history arrays (CH,FH) are then modified to reflect this new point by calling

subroutines ORIGIN,LPTLC, and ILABC.
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A2.4 SUBROUTINE ADJUST (NI)

This subroutine adjusts the NP history points (C.H,AH) to be consistant with the

hardened locus curve.

Procedure

The adjustment always starts with the point NI In the locus curve (N I 1 or 2).

This is done by projecting the initial point (eH(NI), clH(NI)) Into the new locus

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

subroutine LPTLC

CALL IPTLC (eH(NI),aH(NI),E,eHA,QHA)

Then (CHA,c'HA) Is taken as the new point (eH(NI),aH(Nl)).

The point NI +2 on the branch curve is adjusted In a similar manner Figure A8.

This Is done by calling the subroutine ILABC

"CALL ILABC(NW,NI +1, £H(NI+2),fH(NI+2),cHA,aHA)

Then (EHA,f7HA) Is taken as the new point (EH(NI+2),oH(NI+2)).
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ADJUSTED POINT_ HARDENED
ALOCUS CURVE

(eH(NI),aH(NI)) /

b PREVIOUS
INITIAL POINT LOCUS CURVE•I•. ,/•._.(eH(NI),aH(NI))

STRAIN i

Figure A7. Adjustment of Points on the Locus Curve
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ADJUSTED POINT

(I, (N 2,'H(NI2)-J_. .
((VH(NI+2),o (NI +2))

STRAIN e

NI+l

Figure A.8. Adjustment of Points on the Branch Curve
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A2.5 SUBROUTINE ORIGIN (NI,N2,EBCB,aBCB,NPBC,eOBC,aOBC)

Purpose

This subroutine finds the origin (eOBC,CtOBC) in the basic system of the branch curve

defined by the NPBC points (eBCB,'aBCB) such that it passes through the points (eH(NI),

aH(NI)) and (eH(N2),CrH(N2)).

Procedure

The algorithm considers the various locations of the branch curve in the basic system for

which the points in the array (eBC8,1 cBC8) are coincident with the point (eH(N1),

CaH(NI)), Figure A9. Each point defining the branch curve is considered until a

location is found for which the branch curve cuts just Inside the point (eH(N2),aH(N2)).

It Is 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(NI),crH(NI)) and (eH(N2),arH(N2)).

eH(N2) - cH(N1)F IeH(N2) - eH(NI)I )

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

S= eH(N1) - eBC (I)xF(

aB- crH(Nl) - aBCB(I)xF

and the transformation from the basic system Into the branch curve system Is

C8  (e- eOBC)xF

or (ca- a OBC)xF
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(eH(N2),aH(N2))

0(EBC B(l), aBCB(O))

e5BC_

Figure A9. Ini~tial Location of the Branch Curve
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Substituting (2) Into (3)

aB M (C" H(N]))xF + EBCB(I) (4)

aB - (C" - crH(N1))xF + aBCB(l)

For the po!nt (eBCB(I), a BCB(I)) coincident with the point (EH(NI), oH(N1)) it is

necessary to find the points (eBCB(J-1), UBCB(J-I)) and (eBCB(J), vBCB(J)) whose

strains straddle the strain for the point (MH(N2)), ll(N2)) i.e.

EBCB(J-1) < cH8 (N2) < eBCD(J) (5)

Transforming e HB(N 2) through equation (4) gives

eBCB(J-1) < (eH(N2) - eH(N1))xF + eBCB(0)< eBCB(J) (6)

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

aHHB(N 2) > yBCd(J-1) +(aBCB(J)- OBCB(J-1)) x
(7)

(aHB(N2) - cBCB(J-l)

(e BCB(J) - BCB(J-i))

Again transforming eHB(N2) and a HB(N 2) through equation (4) gives

(oH(N2) - acH(N1)) x F + crBC(8I) >

aBCB(J-i) + (cBCB(J) - crBCB(J- 1)) x (8)

((eH(N2) - eH(NI)) x F + CBCB(I) - •BCB(J-1))

(eBCB(J) -, eBCB(J-1))

The algorithm uses equations (6) and (8) to find the point (eBCB(1), UBCB(I)) such

that when It Is made coincident with the point (eH(NI), lH(N1)) the branch curve

just passes Inside the point (eH(N2), olH(N2)). The branch curve can now be made

to pass through the points (eH(NI), uH(N1)) and (eH(N2), QlH(N2) by translating
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it along the line defined by the points in the basic syscam (eBC(I-1), aBC(I-I)) and

(eBC(I), o(BC(i)) Figure A1O. The amount of translation is determined by findingthe intersection between the branch curve at Its current location and a line that

passes through the point (eH(N2), al(N2)) having the same slope as the line along

which the translation is to be made. The Intersection 8e1, CrlI in the branch curve

system is determined by making the call to the following subroutine

CALL LPTBC(eHa(N2), a7Ha(N2), 6,081, clB)

Where eHB(N2), and UH8(N2) are obtained by transforming the point (eH(N2),

all(N2)) through equation (4) and 6, the slope of the line is

SBCB(1) - aBC (i8-)

C - eBCB80.1)

Then the amount of translation (AC,Aa) is

t ez CHB(N2) - (10B

Aa= UHB(N2) - CaIB

Transforming (eHB(N2), aH (N2)) through equation (4)

A - (eH(N2) - eH(N1)) x F + eBCB(I) - El (

Aa= (alH(N2) - a H(N1)) x F + OBCB(I) - criB

Then the final origin Is

cOBC - + Ae x F (12)

aOBC = B + Aa x F

and by substituting equations (2) and (11)

eOC u8H(N2) - el x F, (13)

-OBC ='H(N2) - aI1B x F
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(cH(N2),aYH(N2))

(cBCBQl), BC8 O))

(eBC 8 (b-1)~ B (I-1) BCe(I) -CcI)

COBC

- ~ BB

_ OBCB

Figure AlO. Translation of the Branich Curve
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A2.6 SUBROUTINE MAKPLT(ePLT(1),CPLT(2), UPLT(1),oLT(2), NFLAG)

This subroutine is used to set up arrays PEPLOT and crPLOT defining points that are to

be joined together to form a curve between the two points (e PLT(1), aPLT(1) and

(ePLT(2),OPLT(2)). If ItFLAG > 1 the curve is represented by the branch curve and if

NFLAG < I it Is represented by the locus curve.

Procedure

The start and end points In the array are always the points (rPLT(1),oPLT(1)) and

(ePLT(2),aPLT(2)). If NFLAG < 1 the remaining points in the array are the points

defining the locus curve whose strains lie between cPLT(1) and c PLT(2). If NFLAG > 1

it is necessary to first locate the branch curve in the basic system such that It passes

through the points (VPLT(1), aPLT(I)) 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 EPLT(1) and

EPLT(2) are used for the plot arrays.
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A2.7 SUBROUTINE INCBC(N1,N2,N,DSKT,eI,Ol)

Purpose

This subroutine finds the intersection (ei,o") between Neuber's equation, defined

relative to the point (eH(N),oH(N)) by the loading increment DSKT, with a branch

curve which passes through the points (eH(N1),aH(NI)) and (eH(N2),crH(N2)).

Procedure

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

DSKT Is E xN N xDSKT 2  (I)

Consider the transformation from the basic system to a system which has an origin at

(eH(N),-H(N)) Figure Al I.

e N a (C- elH(N)) x F

(2)
a N w(a- OW(N)) x F

where

F- DSKT/jIDSKTI (3)

Substituting (2) Into (1)

Ex (e - eH(N)) x (C- OH(N)) = DSKT2  (4)

( (ecH(N)) )A

Next it Is necessary to find the origin (eOBC, aOBC) in the basic system of the

branch curve which passes through the points (,H(N1),aH(N1)) and (eH(N2),0H(N2)).

This is done by making the following call to subroutine ORIGIN

CALL ORIGIN (Ni ,N2,zBC,aBC, NPBC,,OBC,aOBC) (5)
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Now consider the transformation from the branch curve system rB.,a to the basic

system

E z C x F + &OBC
(6)

O0 x F + oOBC

Substituting (6) into (4)

E x (c8 x F + c OBC - cH(N))
x (% x F + 0OOC al"())• F()•)r• DSKT 2  (7)

0 (•x F +OB -c'H(N)"A

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

Consider the points defining the branch curve relative to its origin

(eBCUBC). These points are sequentially substituted for (cB,'7B)

in equation (7) until a pair (eBCB(I-I),OBCB(1-1)), (CBC 8(I), "BC(8))

are found which give solutions that straddle the value DSKT 2.

* The problem Is now reduced to finding the intersection of a line joining

the points (WCBCB(l-1), 0BC(l-1)) and (eBCB() 1 aBC ( B(I)) with Neuber's

equation defined relative to the point (cH(N),OH(N)). This is done by

making the following call to subroutine BINTS

- ~ 2
CALL BINTS (BCB (1-1),CBCB(1),1TBCB(I- 1), aBCB(),N,DSKT

cOBC, aOBC,F,d IBP, CrIB)

Finally clB and aYlB are substituted into equations (6) to find the point of intersection

(rl,Ol) relative to the basic system.
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A2.8 SUBROUTINE ILABC(NI,N2,cP,oP,lI,oI)

COMMON/S LOPE S/B

Purpose

This subroutine finds the intersection el,al of the branch curve, defined by the

array .ibC,'aBC, which passes through the points (CH(N1),•H(N1)) and (CH(N2),

ol(N2)) with a line that passes through the point (LP,OP) with a slope P.

Procedure

It is first necessary to find the origin (COBCoaOBC) of the brcnch curve such that

it passes through the points (CH(N1), OH(N1) and (eH(N2),OH(N2)). This it done

by making the following call to the subroutine ORIG IN

CALL ORIGIN (Ni ,N2,LBCB,oaCB,NPBC, eOBC,1 OBC)

Next, consider the transformation from the basic system Into the branch system

EB M(E'COBC) x F

C1B = (o'- aOBC) x F

where

F H(N2) - H(NI) (2)
IH(N2)- H(NI)I

Find the projection ' of the point (eP,a'P) in the branch curve strain axis by

translating along a line with slope 0, Figure A12.

•B =cPB -P /8 (3)

Substituting (1)

PB = E(( - 0/0) - (rOBC - a OBC,/9))F (4)
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Similarly translating the points (cCOC BP BC B) defining the branch curve into the1. ~ ~~~~strain axis eB BB-QC/ 5

These values ure scanned until a pair ý'iCB(J-I), C' BO are found which straddle

the valIus~ iPBe.6

CB-CB( jl< FE < F-C ( (6)

The prob lemn is now simply one oF finding the Intersection (e 1,o1) between two

lines, one which passes through the paints (CBC 8(0-1), aBC B(J-1)) and (eC Be(J),

oBC B(J)), the other which passes through the point (eP,a'P) with slope E. This is

done by callIIIng subrout ine L IN BR as folIlows

CALL LINBR(eBCB(J1'),eBC B(0)1aBC B (Jl),cBC B(J),Cp'P'P

eQ BC, aOBC, F, el1, al)
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(EPorP) { (eH(N2),aH(N2•)

(t.H(N !),atH(N I))

eB

CBCB(J)

Figure A12. Projection into the Branch Curve Strain Axis
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A2.9 SUBROUTINE INCLC(DSKT, N,el,aI)

Purpose

This subroutine finds the intersection (el, a 1) between Neuber's equation, defined

relative to the point (cH(N),UH(N)) by the loading increment DSKT, with the locus

curve&

Procedure

Neuber's equation defined relative to the point (aH(N), 0oH(N)) by the loading
increment DSKT Is E x eN X CrN = DSKT2  (1)

Consider the transformation from the basic system to a system which has an origin

at (&H(N), oH(N)) Figure A10.

e N = (E- EH(N)) x F

a'N = (a' - o'H(N)) x F

where

F - DSKT/IDSKTj (3)

Substituting (2) into (1)

E x ( C- cH(N)) x ( a- alH(N)) DSKT2  (4)

Now if F) A )2

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 eLC, aLC as the specific half of the locus curve being considered. This array

together with equation (4) is used In the following algorithm to find the Intersection.
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eSequentitally substitute the points (ecLC,ULC) Into equation (4)
until a pair, (cLC(l-1), VLC(l-1)) and (EcLC(l), otLC(l)), are

2
found which give solutions that straddle the value DSKT

* The problem is now reduced to finding the intersection of a line

joining the points (tELC(l-1), Ot.C(l-1)) and (eLC(l), ULC(l)) with

Neuber's equation defined relative to the point (M~(N), OH(N)).

This is done by making the following call to subroutine DETERM

CALL DETERM (eLC0-l-),rLC0l), aLC(l-1), aLCOl),

N, DSKT 2 el, al1)
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A2.10 SUBROUTINE LPTLC(cP,0P,,eI,clrl)

Purpose

ThIs subroutine finds the Intersection (el,oa ) between the locus curve and a line that

passes through the point (elP,crP), with a slope 6,

Procedure

Consider the projection 7 of rhe point (eP,aP) on the strain axis by translating along

the line with slope 6, Figure AI3.

7 = eP - orP/0 (1)

If VP > 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, c'LC as the specific half of the locus curve being considered. Now consider

the projections ZL" of the points of this array on the sirain axis by translating along

the line with slope 6.

S= eLC - aLC/0 (2)

These are scanned until a pair -L"C(J-I), "LC'(J) ore found which straddle the

value e"P i.e.

e- L'Z(J - I) < -e < -eL"( J) (3)

The problem is now simply one of finding the Intersection of two lines, one which

passes through the points (eLC(J-1), aLC(J-1) and (e LC(J), aLC(J)), the other which

intersects the strain axis at Z7 with a slope e. This is done by making the fol lowing

call to subroutine LINSEC.

CALL LINSEC(eLC(J-1), eLC(J), .LC(J-1), a LC(J),9, el, a I)

COMMON L.1NE
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(C P, Op)

(eLC(J-1),orLC (J-) (eLC(J),crLC(J))

C7C

sLC(J)

Figure A13. Projection into the Strain Axis
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A2.11 SUBROUTINE LPTBC('PB'aWB,8, telBia IB)

This subroutine finds the intersection ( 013, (T IB) betwion the brantch curve defined

by the array (e8C 0 , aBCB) and a line which passes through the point (t'PB, (73B)

with a slope of 6.

Procedure

Consider the projection V'BC-B of the array (rBCB, o'BC8 ) on the strain a,.' i by

translating along a line with slope 0, Figure A14.

BC c tBCB - (,BCB/0 (1)

Similarly consider the projection -tit of the paint (ePB,aPB)

VP"B PB " PB//0 (2)

The algorithm simply scans the array fB-C•B to find a pair of value. r'BCB(J-l)

ind 'D3C B(J) whose proljtlons st'addl Vt4 hl I . o.

79, "B (J- 1).-: ý-,B < '-rhZB 0J) (3)

The problem is now simply one of finding the intersection of two lines, one which

pusses through the points (VBCB(J-1), aY8CB(J-I)) and (cBCB(J), oaBCB(J)), the

other which intersects the strain axis at j`0PB with u slope 6. This Is done by making

the following call to subroutine LINSEC

CALL LINSEC (rBBCB(J-1), rBC 8(J),a BCB(Ji 1), (T BC 8(J),6, ,10B• IB)

COMMON LINEIFCP 8
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CIO (PBla'PB)

/*/

61C80- 1),BBJ ))(P~iB

(eC (JcBC(J))

eBCB(J)

Figure A14. Projection Into the Strain Axis
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A2.12 SUBROUTINE RAIN (SJMIN,JMAX)

This subroutine employs the rain flow counting method to generate the analysis spectrum

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(SNS,NLOADSS1,S2,N)

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

spectrum for hysteresis loop analysis.
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A2.14 SUBROUTINE CRVTRP(De/2)

Pu rp_. .

This subroutine takes half the plastic strain Increment, DC/2, for the current loading

increment and computes the hardened locus curve.

Procedure

If DV/2 Is <0 the analysis hardens the tension locus curve and IF It Is > 0 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, DE, 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 % hardening,

PCC, of the compression locus curve from the arrays SI, PC Figure A16. The

compression part of the hardened locus curve Is then computed by Interpreting between

the monotonic compression locus curve and the cyclic locus curve using PCC i.e.

crLCC - vMCC + (GCCC - aMCC) + PCC

CMCC, CCCC, and eLCC are assumed to be equivalent

The Identical procedure Is used to harden the tension side of the locus curve when

Dr/2< 0.

196



Dz/2 Ln

tj4-

Number-of Cycles to Hardening (NCH)

NTC

Figure 15. Interpretation of NTC

X I/NTC

SNC

Ii: FiCCr -6. Inepetto -- o-f P
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A2.15 SUBROUTINE CREEP (CH,OH,PCTNP,T,ENP,aNP)

This subroutine calculates the point (ENP,aNP) considering the material to have

crept from the point (cH(NP),aH(NP)) over a time T. The term PCT reflects the

effect of previous hold periods.

Procedure

The amount of stress relaxation oR Is obtained by finding the root to the following

futnction

f(OR) UR + Kr (CPH(NP) - aR)p+ltn (I)

f'(arR) I' 4 KE (p+l) (CH (NP) - oR)Ptn (2)

Hence using the Newton's mothod

cyR + qR1  f(a R) (3)fr(cR)R+I . TRI - 7(R

Equation (3) Is iterated until ali+I and aRI are sufficlently close to each other.

Knowing aR the creep strainr-C is found from tho equation

CC , crR/(A (cH(NP) - oR)) (4)

Hence
£NP -CH(NP) - V. C

(5)
aNP aH(NP) - oR
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A2.16 SUBROUTINE LINBR(CDB(I),CDB(2), cDB(1),CYDB(2),EP,0P,F, e1,a'l)

Purpose

This subroutine finds the intersection (r.J,a' 1) between a line defined by the points

(CDB(1), CDB(1)) and (CDB(2),CYD5 (2)) in the branch curve system which has its origin

at (cOBC,oOBC) in the basic system with another line which passes through the point

cP,aP having a slope E.

Procedure

The transformation from the basic system into the branch curve system is

c B = (c- cOBC) x F
(I)

a'B - (a' - aOBC) x F

The projection of the point (cPa'P) In the strain axis of t•he bra•nch curve system

along a line whose slope is E is, Figure A17.

EPB zP B " B/E (2).

Transforming through (1)

P ((- or/E) - (COBC - a OBC/E))F (3)

The algorithm starts by finding the mid point (cl,a'l) of the line defined by the two

points (eD(1),rD(I)) and (CD(2), a'D(2))

B = (eDB(1) + eDB(2))/2
(4)

alIB a (aDB(1) + aODB(2))/2

This point is then projected into the strain axis along a line which has a slope E

CI B ClB alB /E (5)
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Figure A17, Projection Into the Branch Curve Strain Axis
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If Ui . 7T. the point (ED (2), D (2)) Is set equal to the point (I,''I but if
CPB< e1 the point (CD (1),CTD (1)) Is set equal to the point (elBItIB).

This is repeated until B is sufficiently close to 'P

Finally the po:t (eVlB711B) is transformed into th• baski system through equot ion (4)

I " CllB x F + cOBC
(6)

Cr1 -"•lB x F + CrOBC
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A2.17 SUBROUTINE BCRPLT( PLT,OPLTNP)

This subroutine simply takes the NP points defined by the arroays PLTo'PLT 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 (EXSY) have been

adjusted for the computed creep.

A2.19 SUBROUTINE DAMAGE

This subroutine calculates fatigue damage using the conventional Palmgren-Mtier's

rule of cumulative fatigue damage. This routine Is called by the RAIN subroutine.
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2r
A2. 20 SUBROUTINE DETERM (:D(1 ),eD(2),3D(I),iD(2),N,DSKT2,el Il) IF

Purpose

This subroutine finds the intersection (cl,7l) between a line defined by the two points

(t'D(I),(YD(1)) and (cD(2),u.D(2)) and Neubet's equation defined ielative to the point
2(vH(N),tYH(N)) by the term DSKT

Procedute

From subroutine INCLCNeuber's equation relative to the point (CH(N),trH(N)) Is

E.x (•-rH(N))xC DSKTS( 2•

The algorithm starts by finding the midpoint (el,orl) of the line defined by the two

points (CD(i),oYD(1)) and (CD(2),(YD(2))

SD ( I DO(1 ) ( 2)
S(2)

crl - (lO(i) 4 crD(2))/2

This point is then substituted into Equation (1). Then, if the solution to this equation

it greater than DSKTS , the point (elD(2),o'D(2)) Is set equal to the point (1,0"i); and,
2

If the solution is less than DSKTS , the point (cI(I),tD(i)) is set equal to the point

(el,c'l). This procedure Is repeuted until the solution is sufficiently close to DSKTS2
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A2.21 SUBROUTINE LINSEC(cl)(1), eD(2),crD(l),crD(2),e, ci, Ci)

C OMMO N LINE 1

This "uroutine finds the intersection (cil,al1) between a line defined by the two points

(e'D(I), cylD(1)) arnd (rD(2), alD(2)) and another line which intersects the strain axis

at eP with a slope S.

Procedure

The algorithm starts by finding the mid point (e&%al) or the live defined by the two
points (CD(I), 71)(1)) and (CD(2), CrD(2))

c I -(c DO) + D(2))/2
(1)

This point Is then projected into the strain axis along a line which has a slope of

9 Figure A18.

TI - l - a ve (2)

Then If I~1 7 IeP I the paint (el)(2), al)(2)) Is set equal to the point (cl, CYl) and

IlfI7TI'<Icp the point (e.'D(1), alD(1)) Is set equal to the point (ci crl)

* This procedure is repeated until -eT Is sufficiently close to t~P.
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(•D(I), o'D (I)) (•FI ,(71) (¢D(2),cD (2))

E:

Ftgure A18. Projection into the Strain Axis
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2A2.22 SUBROUTINE BINTS(e)B (1),-D B (2), UD B0i),oD8(2), N,DSKT ,sOBC,
a OBC, F, e IB0a I B)

Purpose

This subroutine puts the intersection (eIB,oIBd in the branch curve system between

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

(eH(N),OH(N)) with a line defined by the points (eD B(1), CD B(1)) and (l 2 r 2)

Procedure

From equation (3) in the writeup far subroutine, INCBC Neuber's equation defined by

DSKT relative to the point (elH(N),01H(N)) in terms of the branch curve coodinates

that have an origin at (eOBC,GOBC) is

E x (e 8 x F + eOBC - eH(N))

x (a B xF + aOBC - al")) 2(1
2 =-DSKT

( e ,x F + OBC --H(N)))

The points (el)B (1), uD)B (1)) and (eD B(2) , CDaD(2)) are substituted in turn into the
2 2left side of equation (1) to obtain the solutions DSKTI and DSKT2 . Then

DK 2< DSKT 2< DSKT22

Next, the point (elB,.IB ) midway between (eD B(l1), UD B M) and (eD B(2), aD B(2))

is computed

e 1 eDB(1) + (e D (2) - &D8(1))/2a aB (2)
CHB aDl)1 + (008,(2) - ODB(1))/2

206



This is similarly substituted into the left side If (1) to obtain the solution DSKTI2.

Then If DSKTI2 >DSKT 2 the point (ClB,,IBi) Is substituted for the point (eDB(2),

OrDB( 2)) but if DSKTI2 <DSKT2 it is substituted for the point (cDB(1),0ODB(l)). This
2 2process 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

hpl i~t,, 1h• Hysteresis Loop Analysis program consists primarily of stresses with the

S,, liMi ber of applied cycles. The stress con be input as unnotched peak

S1 ,."i' , 111u,0t1 und alternate stresses, or as maximum and minimum stresses. The input

Nfit)5%u4 t ;unverted to program units and stored in DLOAD.

Oh1im iiipuf ulbu comes from material properties and includes branch curves, locus
Vill vON, folly raversed cycles to harden curve and normalized hardening curve, Exam-

plF, neu ill•ihouled in Figures B1 and B2. There are also two sets of material constants,

0110i Wul lut wiuep calculations and one set for the hysteresis loop analysis.

hii i• In I tw1 above there are various plot option flags, print flag spectrum Input

Oitiin I •l•js and a flag to compute or not compute hardening. These are all explained

iii thl• 1,iput Insthuctions.

ýci(aplo input foi an example problem is Included in Appendix C.

2.
I
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A

C

D

F

A. CYCLIC TENSION LOCUS CURVE (TLOCCE,TLOCCS)

B. PARTIALLY HARDENED LOCUS CURVE (COMPUTED)

C. MONOTONIC TENSICN LOCUS CURVE (TLOCME, TLOCMS)

D. MONOTONIC COMPRESSION LOCUS CURVE (CLOCME, CLOCMS)

E. PARTIALLY HARDENED COMPRESSION LOCUS CURVE (COMPUTED)
F. CYCLIC COMPRESSION LOCUS CURVE (CLOCCE,CLOCCS)

Figure BI. Input Example of Locus Curves
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FULLY REVERSED CYCLES
TO HARDEN NORMALIZED HARDENING CURVE

1.0

C/ I

II _

1.0 XNH 1.0o I XNHR

Figure B2. Example of Hardening Curves
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2. INVUI' INSTRUCTIONS

1 Monotonic tenslon and cotmpression locus curves

READ(5,1) NLCMTNLCMC

I FORMAT(415)

NLCMT the number of points defining the tension monotonic

locus r-urve -- 25

NLCMC - the number of points defining the compression monotonic

locus curve ". 25

READ(5,6) (TLOCME(I), I-1,NLCMT)

6 FORMAT(8FO.O)

TLOCMEK the strain values for the tension monotonic locus curve

READ(5,6) (T LOCMS(1), I-•1 NLCMT)

TLOCMS - the stress values for the tension monotonic locus curve

READ(5,6) (C LOCME(I), I-1, N LCMC)

CLOCME= the strain values for the compression monotonic locus curve

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

CLOCMS* the stress values for the compression monotonic locus curve

2. Cyclic tension and compresson curves

READ(5,11) NLCCT,NLCCC

NLCCT = the number of points defining the cyclic tension

locus curve '- 25

NLCCC - the number of points defining the cyclic compression

locus curve • 25
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READ(5,6) (TLOCCE(l), l-i, NLCCT)

TILOCCE - the strain values for the cyclic tension locus curve

REAL)(5,6) (TLOCCS(I), I=1, NLCCT)

TLOCCS m the streu values for the cyclic tension locus curve

READ(5,6) (CLOCCE(l), 1-1, NLCCC)

CLOCCEm the strain values for the cyclic compression locus curve

READ(5,6) (CLOCCS(i), I1-I, NLCCC)

CLOCCS- the stress values for the cyclic compression locus curve

3. U•pur and lower branch curves

REAL)(5, I) NUBCNLBC

NUBC - the number of values defining the upper branch curve % 30

NLBC m the number of values defining th. lower branch curve , 30

READ(5,6) (EUBC(l), INUBC)

E UBC - the strain values For the upper branch curve

RLAD(5,6) (SUBC(l), I-NUBC)

SLJBC - the stress values for the upper branch curve

Rl:A0)(.,6) (ELBC(l), =1-1, NLBC)

ELBC - the strain values for the lower branch curve

R1 AD(5,6) (SLBC(l), '1-, 4NLBC)

SLBC *" the stress values for the lower branch curve
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4. Fully reversed cycles to harden curve

READ(5, I) NRP

NRP the number of values Input to define the fully reversed

~i cycles to harden curve, ,:. 20

READ(5,6) (XNH(l), I- I, NRP)

XNH the number of fully reversed cycles to hardening

i READ(5,6) (DE2(1), 1-1I , NRP)

DE2 AC/2 (half the A strain)

5. Normalized hardenlnj curve

READ(5, I) NHC

NHC the number of values Input to defint, the normalized

hardening curve, • 20

READ(5,6) (XNHR(l), I-I, NHC)

XNHR a Normalized cycles to harden

READ(5,6) (DSDSH(1), I-1, NHC)

DSDSH w Normalized Aar

6. Plot, m.. print and hardening flags

READ(5, 1) MPLOT, IMAP, IPRINT, IHARD
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MPLOT = Plot flog 0 no plots; Plot Flog 1 plot

IMAP Select plot variables

- 0 plot applied loads vs. notch strain

- 1 plots notch stress vs. notch strain

IPRINT Print flag = Ono diagnostic print

I diagnostic print

IHARD * Hardening flag

- (, no hardening Is calculated

- I hardening Is calculated

7. Plot variables (input only if MPLOT'I)

READ(5,6) XXS,YXSXL, XSTRT, XSCAL

XXS X ) coordinate for X-axis in Inches from origin

(will be negative)

YXS Y coordinate for X-axis in Inches From origin

(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,YYSYL,YSTRT,YSCAL

XYS a X coordinate for Y-axis in inches from origin

(will be negative)

YYS Y Y coordinate for Y-axis In Inches from origin

(will be negative)

YL a Length of Y-axis in Inches

YSTRT = Starting label value on the Y-axis

IMAP -1, units - ksi; IMAP = 0, units = kips

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

IMAP 1, units uksi; IMAP 0, units = kips
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8. Read program options

READ(5, 1) IOPi lOP2, IOP3, 101P4

1OP1 a Spectrum input options

- I Block spectrum, Input mean and alternate stresses

(Skip Input items Il)
"a 2 Block spectrum, Input maximum and minimum stresses

(Skip Input Items 11)

" 3 Peak spectrum Is Input

(Skip Input Items 10)

- 9999 no more cases - signals end of computer run

1OP2 = Output option

- I writes out calculated peak spectrum

= 2 does not write out calculated peak spectrum

IOP3 a Output option

-1 write notch strains and notch stresses

- 2 doub nil write notch strains and notch stresses

1OP4 w OuIput debug option
I 1 write stress interpolation Information

" 2 do not write stress Interpolation Information

9. Material constants

READ(5,8) CL,A,E,K1,SLOCU,SLOCL

8 FORMAT(6FI0.0)

CL Material constant for modified Neuber's equation

A Area material constant for modified Neuber's equation

E * Slope of the elastic portion of the locus curve (elastic modulus)

Ki " Stress concentration factor

SLOCU * last stress value on elastic portion of tension locus curve

(cyclic or monotonli. Elastic portion Is the same for both

curves)
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SLOCL = Lost stress value on the elastic portion of compreslon locus

curve (cyclic or monotonic. Elastic portion is the same for

both curves)

10. Block spectrum input 10.P1'3 do not input)

READ(5,100) NPASS,NLAYER,NC

100 FORMAT(315)

NPASS the number of passes to be analyzed

N LAYER - the number of layers in each pass, i 8000

NC the number of cycles in a block of cycles selected

for hysteresis analysis

READ(5, 10) SlO)IS2(i), N(l)

10 FORMAT(2F10.0,110)

SI w Mean stress if IQPI-1; Max. stress if IOP1',2, stress In psi

S2 " Alternate stress if IOPI"1 Min. stress If IOP1-2, stress In psi

N - Applied cycles

(Repeat NLAYER times) i1-, NLAYER

11. Peak stress Input IOP1I(1 or 2 not input)

READ(5, 1) NLOADS

NLOADS w the number of peak stresses

(unnotched peak stress)

READ(5, 101) (S(l), NS(), T(1) 1-1, NLOADS)

101 FORMAT(3F10.0)
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A

S - Unnotched peak stress, In psi

NS -Applied cycles

T ' Time In the hold condition for this peak stress, in hours
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3. OUTFUT 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. Strain

and stress for load cases I through 4 are on the first line, strain 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 the accumulative damage.

XXI the damage at each load level.

TN the number of accumulative applied cycles.

SIJ the maximum notched stress at the corresponding load level in ksl.

Si the minimum notched stress at the corresponding load level in ksi.

J = the index of the selected maximum load from the order of input.

Example: 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 analysis.

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

maximum load.

NH the number of accumulative half cycles as determined by the RAI N

analysis.

NF the number of accumulative whole cycles as determined by the

RAIN analysis.

NS(J) the applied cycles for the maximum stress from the input selected

by the index J.
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NS(l) the applied cycles for the minimum stress from the input selected

by the index 1.

DAMAGE the total damage for this input spectrum.

There are also four output options that can be called by input flag notes. These are-

o MPLOT

o IPRINT

o I OP2

o IOP4

MPLOT simply generates a tape for stress or load versus strain plots. The IPRINT option

(IPRINT 10) is for program diagnostic purposes only. When this option is specified,

the subroutine name is printed along with pertinent program variables (name 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;.Is along with the

variable names and values involved in the particular algorithm.

Two other options, 10P2 and 10P4, may also be selected for print-out. 10P2 will print

the calculated peak 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 damage

calculatiens.

Sample oooput 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 negative)

YXS Y-coordinate for X-axis In inches from origin (will be negative)

XL Length of X-axis In Inches

XSTRT Starting label value on X-oxis

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

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

YSTRT Starting label value on Y-axis

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

IOPI Spectrum Input options

10P2 Spectrum output options

1OP3 Spectrum output options

1OP4 De-bug option - gives additional print

CL Material constant for modified Neuber's equation

A Material constant for modified Neuber's equation

E Elastic modulus

K I Stress concentration factor

NPASS Number of passes to be analyzed

NLAYER Number of layers in each pass

NC Number of cycles In a block of cycles selected for hysteresis analysis

$1 Mean stress if IOPiII; Max stress if IOP1=2

S2 Alternating stress if IOP1=1; Min otress if IOP1',2

N Number of applied cycles

NLOADS Number of peak stresses to be input

S Unnotched peak stress

NS Applied cycles
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LIST OF COMPUTER PROGRAM SYMBOLS AND DEFINITIONS

PROGRAM SYMBOLS (MAIN) (Continued)

NUBC Number of points In upper branch curve

EUBC X-axis values (stress) of upper branch curve

SUBC Y-oxis values (strain)of upper branch curve

NL8C Number of points to define lower branch curve

ELBC X-axis values (stress) of lower branch curve

SLBC Y-oxis values (strain) of lower branch curve

NTLC Number of points to define tension portion of locus curve

EHTLC X-axis values (stress) of locus curve (tension half)

SHTLC Y-axis values (strain) of locus curve (tension half)

NCLC Number of points to define compression portion of locus curve

EHCLC X-axis values (stress) of locus curve (compression half)

SHCLC Y-axis values (strain) of locus curve (compression half)

XS Array containing computed X values (stress) used in damage

calculations

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

ca Icu lotions

NP Pointer to current values In EX, SY arrays used In computations

SEQ Test sequence I .D. used to identify plotted output

SAVE Previously computed y value (plot value)

IFLG Flags plot routine to put new axis on for plot (Multi case

computer run)

INIT Initializes the KS Index for storing stress strain history arrays XS, YS

EX Array containing (X) computed end points of plotted curve

SY Array containing (Y) computed end points of plotted curve

DSKTS ASKT values (Neuber's tein as defined in loop analysis)

DLOAD Array containing the A loads (input or ccni'puted from input)

SLOCL Last Y value on straight portion of lower locus curve

SLOCU Last Y value on straight portion of upper locus curve

NLCCT Number of points defining tension cyclic 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 Tension stress values for cyclic locus curve

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

N LCMC Number of points defining compression monotonic locus curve

TLOCME Tension strain values for monotonic locus curve

TLOCMS Tension stress values for monotonic locus curve

CLOCME Compression strain values for monotonic locus curve

CLOCMS Compression stress values for monotonic locus curve

I Do loop Index

DAMG Final computed damage

T Time a given load Is in hold mode

SNHT Sumatlon cycles for tension hardening

SNHC Sumation cycles for compression hardening

HARDT Tension hardening flag

HARDC Compression hardening flag

TCREP Time from previous hold condition

CREP Computed creep value

X1 Intermediate storage for X-value of end point

Y1 Intermediate storage for Y-value of end point

NHFLG Hardening flag

PROGRAM SYMBOLS (ADJUST)

NI Pointer used In selecting first or second values in end point arrays

EX and SY

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)

NPI One less than NI

NP2 Two less than NI

PROGRAM SYMBOLS (CRVTRP)

DS2 Half the delta strain

NCYC The number of reversals to harden

NCYCSM The sum of the numbor of reversals to harden

XNH X value on number of fully reversed cycles to harden curve

DE2 Absolute value of DS2

XNHR X-value on normalized hardening curve

DSDSH Y-value on normalized hardening curve

NRP Number of points defining 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 Sumatlon cycles for compression hardening

I Index for loop to bracket DS2 on number of cycles to harden curve

N1 Pointer for bracketing value on cycles to harden curve

SNH Intermediate value of SNHC and SNHT

HARDC Compression hardening Flog

PCT Percent hardened

SNHT Sum of cycles to harden (tension)

HARDT Tension hardening flog

224

.!a"



LIST OF COMPUTER PROGRAM SYMBOLS AND DEFINITIONS

PROGRAM SYMBOLS (MAPP)

PLOTX X values to be plotted

PLOTY Y values to be plotted

IP No. of points (XY values)

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

DX Delta X difference between X values

DY Delta Y difference between Y values

EXY Intermediate value in converting from notch stress to applied load
F Sets sign + or minus of Delta SKT

SAVE Save previous point on plot

PROGRAM SYMBOLS (DRIVER)

DSKT Input or computed delta loads

EPLT, SPLT Intermediate points to plot

IEQ Flag sat when consecutive loads are equal

KS Index on history array used In damage calculation

INIT Initialization flag for first loading

NP Index for end point arrays (EX, SY)

DSKTS Loads array - one for each EX, SY

SLOCU Last Y value on elastic portion of tension locus curve

SLOCL Last Y value on elastic portion of compression locus curve

IPLT Plot flag - 1 tension; - 2 compression

NP1 NP plus I

PROGRAM SYMBOLS (ILABC)

N1 Pointer to a value in end points arrao,s EX and SY

N2 Pointer to a value in end points arrays EX and SY

EA, SA Point defining line

E Slope of elastic portion of locus curve
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PROGRAM SYMBOLS (ILABC) (Continued)

F Plus or minus value of 1.0 signals tension or compression

PARTI Distancet from line to origin

PART2 Distancte from translatod Ihna to origin

XO,YO Translation values for branch curve

I Index for loop on branch curve points

PROGRAM SYMBOLS (LINBR)

XB, YB Points on the branch curve that bracket the intersection

EA,SA Point on the line that defines the line along with slope E

XOYO Translation parameters for the branch curve

F Plus or minus 1 .0 that signals tension or compression

XY Point on branch curve where Intersection occ.urs

XAB,YAB Point on branch curve above Intersection

XBE,YBE Point on branch curve below intersection

KOUNT Count of Iterations needed to find (X,Y)

PARTI Distance of line from branch curve origin

PART2 Distance of line from translated branch curve ori(,In

PROGRAM SYMBOLS (BCRPLT)

X X values to be plotted

Y Y values to be plotted

IPRINT -0 No intermediate print, >1 gives intermediate print

XX Scaled X values

YY Scaled Y values

NT Pointer to proper Y title

NS No. of words in Y title

XXS X coordinate for X-axis In Inches from origin (will be negative)

YXS Y coordinate for X-axis in Inches from origin (will be negative)

XL Length of X-axis In Inches

XSTRT Starting label value on X-axis
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PROGRAM SYMBOLS (BCRPLT) (Continued) II

XSCAL X-axis label values per inch (also value used to scale X values).

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-oxis in inches

YSTRT Starting label value on Y-axls

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

PROGRAM SYMBOLS (MAKPLT)

NFLG -1 plot locus curve, >1 plot branch curve

IP Count of points to plot

X X-value of intersection on the appropriate curve (locus or branch)

Y Y-value of Intersection on the appropriate corve (locus or branch)

PLOTX X-values plotted (contains end points and points between).

NS Index used In searching input curves for intervening points, s-start

NE Index used in searching Input curves for intervening points, E-end

PLOTY Y values plotted (from Input locus and branch curve)

F Used in effecting a sign change

NTLC

EHTLC

SHTLC

NCLC

EHCLC

SHCLC

PROGRAM SYMBOLS (LINSEC)

X X-value of point half way between (XABYAB) and (XBE,YBE)

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

KOUNT Counts the number of iterations needed to find the Intersection

VALUE Lked in determining accuracy of the solution

TEST Tho tolerance used in uccepting a solution (epsilon)
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PROGRAM SYMBOLS (LINSEC) (Continued)

XABYAB Point on locus curve above Interaectlon

XBEYBE Point on locus curve below intersection

PROGRAM SYMBOLS (INCIC)

*DSQSKT Neuber term squared

IP Counter of points along locus curve '

EVALI Value of Neuber's term last time In this routine (previous value)

EVAL2 Value of Neuber's term

EVALN Nimerator of Neuber's term

EVALD Denominator of Neuber's term

EH X-voluos on locus curve (around point of Intersection of Neubers)

SH V-values on locus curve (curve and locus curve)

jP indox of point below Intersection on Neuber's curve

PROGRAM SYMBOLS (DETERM)

X2 X-value halIf way be tween (X AB, YAB) and (X BEYBE)

Y2 Y-valuo half way between (XAB, YAB) and (XBE, YBE)

KOLINT Count of n'umber of times through loop to get convergence

FN Niumarator of Neuber's term
I'D Denominator of Neuber's term

PSUBI Value of Neuber's term

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

Squared value of Neuber's term passed in calling sequence

PROGRAM SYMBOLS (INCBC)

A2 2 times the material constant A

F Sets the sign In numerator of Neuber's term by taking difference

Of end points

NI Pointers In EX, SY array for f irst point for BRCH.C. translation

N2 Pointers In EXSY array for second point for BRCH.C. translation
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PROGRAM SYMBOLS (INCBC) (Continued)

TOP Numerator of Namber's torm
SOT Denominator of Neuber's term
FUNCT Value of Neuber's term
FUNCTI Previou, value of Neuber's term

PROGRAM SYMBOLS (BINTS)
X X-value half way between (XAB and XSE)
y Y-value half way between (YAB and YBE)
KOUNT t~,mber of Iterations to find Intersection
A2 Two times material constant A
FN Numerator In Neuber's term
FD Denominator in Neuber's term
FV Value of Neuber's term

PROGRAM SYMBOLS (ORIGIN)
YO Y-value for origin of branch curve
F Sets sign to flip branch curve + for upper-for lower
EUBC X values defining branch curve
SUBC Y values defining branch curve
ET Slope of branch curve at current points
EA OX translatlon value of branch curve
SA DY translation value of branch curve
XO X-value for origin of branch curve

PROGRAM SYMBOLS (SPECT)

NPASS Number of posses to be analyzed
NLAYER Number of layers In each pass
NC Number of cycles In a block of cycles selected for hysteresis analysis
SI Mean stress If IOP11, max. stress If IOP1=2
S2 Alt. stress if IOPIal, min. stress If IOPI-2
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PROGRAM SYMBOLS (SPECT) (Continued)

N Applied cycles

SMAX Maximum stress

SMIN Minimum stress

PROGRAM SYMBOLS (DAMAGE)

DAMG Total damage

XXi Current Incremental damage

STR Notch root strain

TN Total number of cycles in external spectrum

SII Notch stress (mininium)

SIJ Notch stresl (maximum)

NH Number of half cycles

NF Number of full cycles

SM Mean stress In S-N data

VS Varlible stress In S-N data

ALN Number of allowable cycles in S-N data

AN Interpolated number of cycles for failure for given mean and

altetnating stresses

PROGRAM SYMBOLS (RAIN)

JMAX Array for maximum peak strain or stress

JMIN Array for minimum peak strain or stress

NTOT Total number of cycles For raIn flow counting

PROGRAM SYMBOLS (LPTLC)

EA,SA Point defining a line with slope SLIP

SIP Slope of line Intersecting locus curve

X,Y Point of Intorsectlon of a line with a locus curve

DIFF Value that determines tension or compression locus curve

JP Pointer in locus curve to a point below Intersection
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PROGRAM SYMBOL (LPTBC)

TEST Tolerance value passed to LINSEC

DIFF Same as TEST but used as local variable

Both are distance to origin from line

EA, SA Point defining line that intersects branch curve

SLP Thu slope of line that intersects branch curve

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

Intersection

i Index on loop to find points that bracket Intersection

JP Pointer to pcnts that bracket Intersection

PROGRAM SYMBOLS (FDSKT)

FNUM The numerator of the ASKT computation

FDNOM The denominator of LSKT computation

DSKTS The ASKT value

PROGRAM SYMBOLS (CREPER)

T The time for this loading condition In hold, mode

PCT The percent of creep that has occurred

TCREP The time In the hold condition

CREP Computed creep. Creep is only allowed where SY(NP)< SY(NP-1)

PCTN The stress relaxation functional minus CREP

PCTD The stress relaxation function

P Material constant

PN Material constant

EI,Sl Intersection of locus curve and a line

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

PROGRAM SYMBOLS (CREEP)

K Material constant used for creep calculation

EBAR Material constant used for creep calculation
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PROGRAM SYMBOLS (CREEP) (Continued)

P Material constant used for creep calculation

PN Material constant used for creep calculation

KOUNT Counter for Iterations needed to solve for the stress relaxation

Sigma R

SIOR The stress relaxation; current value of Sigma R (Initial value - 0).

FSIGR Function of Sigma R

FPSIGR Derivative of FSIGR

SIGRI Previous value of SIGR In Iterative solution

CE Creep strain
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APPENDIX C

EXAMPLE PROBLEM W:,H INPUT AND OUTPUT
DATA LISTING
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INPUT AND OUTPUT FOR A SELECTED EXAMP:.E PROBLEM

To illustrate the capabilities of the hysteresis analysis program aii example problem Is

presented here along with the input data and program output. The example problem

presented here is one of the flight-by-f light spectra used in the Phase II experimental

program. Spectrum 2 as disci ýsed 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 + B)] + N(2A +B)

where; A, B, and C are ilights as defined in Figure 67.

Hold is a I-hour sustained load hold period at -9.4 ksl

after each Flight C.

N is the number of times 2A + B is repeated to produce

damage at * . = 1.0
-'N

This examplI lllustrat.-s the analysis capabilities of thu program for complex loading

sequences as well as the creep and stress relaxation module for evaluathig the time

dependent effects or damage.
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