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ABSTRACT

Structural reliability analysis procedures were evalvated for estimating
the variability in fighter aircraft fatigue performance. The expected magni-
tude of this variability was determined based on an investigation of scatter
in fatigue test results for aluminum structures. This study revealed that
(a) the scatter for spectrum fatigue tests is considerably less than for con-
stant amplitude fatigue tests, (b) the Weibull probability distribution
provides a better fit of the spectrum fatigue data than the log-normal, and
(c) the Weibull shape parameter a is 5.27. The a value was determined from
1060 spectrum test results of which 243 were full-scale airplane and airplane
component tests. These included the F-3H Demon wing and horizontal tail, the
F-4 Phantom II wing box beam, the Lockheed wing test panel, the F-9F Panther
wing, the Navy Lab box beam, the P-51 Mustang wing, the C-46 transport wing,
and the British Piston Provost wing. In addition to these studies of experi-
mental data, theoretical analyses were performed yielding the mathematical
probability distribution for a Weibull based scatter factor which is

S (R/I-R)1
/ a

where S is the scatter factor and R is reliability or the probability of no
failure. VGH and load factor counting accelerometer data from the F-4
fighter airplane were utilized to correlate that airplane's laboratory and
setvice fatigue experience. Probable minimum service livp' considering the
F-4 fleet size and individual airplane usage were computed based on the
Weibull based scatter factor and order statistics. The combined effect of
fatigue test scatter and usage severity scatter was derived utilizing a
joint scatter factor concept. Three fatigue critical locations on the F-4
airplane were considered to be amenable to analysis using the methods of
this report. The correlation was excellent for one of these, but not for the
other two. Fabrication variations in a redundant: load path joint and outer
wing buffeting were coisidered the probable cause for the less than favorable
correlation.

(is s". (The reverse of this page is blank).



TABLE OF CONTENTS

Section Title Page

1. INTRODUCTION . . . . . . . . . . . . . . . . . . .. .. .. 1 i

1.1 General ... . ..........................
1.2 Traditional Approach to Structural Reliability ........ 1
1.3 Additional Considerations .................. . . 1
1.4 Tailored Scatter Factor .. ........ ........... 3
1.5 Utilization of Phantom II Data ................ 3
1.6 Overall Structural Reliability Program Outline . . . . . . . . 4

2. PHASE I - SURVEY OF FATIGUE TEST SCATTER...... . . . . . . . . 9

2.1 General . . . . . . .. . . . .. . . . . .. 9
2.2 Literature Su vey of Fatigue Test De . 0 ..... ...... 10

2.2.1 Scatter Trends for Constant Amplitude and Spectrum
Loading . . .. ..... ............. . 11

2.2.2 No-Load Transfer Element Fatigue Test Data ....... 13
2.2.3 Effects of Special Specimen Preparation . . . . . 15
2.2.4 Load Transfer Element Fatigue Test Data . . . . . . . . 15
2.2.5 Full Scale Structure Fatigue Test Data ......... 15
2.1.6 Pooled Spectrum Fatigue Test Data ........... 16

2.3 Scatter in Scatter .. .. . .. ... . . .. ...... 18
2.4 Theoretical Scatter Factor, Ratio of Two Fatigue Lives . . . . 19

2.4.1 Ratio of Two Log-Normal Variates . . . . ........ 19
2.4.2 Ratio of Two We-bull Variates . . . . . . 23

2.5 Comparisons of Data to Weibull and Log-Nors" .. a.. . . • 23

3. PHASE I - EVALUATION OF USAGE SEVERITY SCATTER . . . . . . . . . . 30

-.1 General . . . .... . . . 30
3.2 F-4 Training and Combat VGH Data .... . . . . 30
3.3 F-4 Counting Accelerometer Dita ... a. ......... 38

3.3.1 Method for Evaluating Usage Scatter .......... 38
3.3.2 Effective Flight H0ours 40
3.3.3 Usage Scatter Trends Versus Hours ....... . a 41

3.3.3.1 Graphical Presentation of Usage Severity
Scatter . . . . . . . . . . . . . . . . . . . 5O

3.3.4 Evaluation of Probability Distribution .. . a.. 55

3.3.5 Effects of Changes in Operational Usage .... a .a 56

3.4 Scatter in Total Hour Accumulation on Individual Aircraft . . . 61

3.4.1 Method for Evaluating Hour Accumulation Scatter . . . . 61
3.4.2 Hour Acetimulation Scatter Versus Years . . . . . . . . . 62

v



TABLE OF CONTENTS (Cont'd.)

Section Title Page

3.4.3 Histograms of Hour Accumulation Scatter at Selected
Intervals . . ................. .... . 62

3.4.4 Effects of Operations Changes on Hour Accumulation
Scatter . . . . . . . . . . . . . .................... 67

4, PHASE III - DOCUMENTATION OF LABORATORY TEST RESULTS . . . . . . . . 69

4.1 General . . . ........................... 69
4.2 F-4 Fatigue Test Program History . . . . . ..... ......... 69
4.3 Compilation of Test Results . . . ................. 74
4.4 Electron Microscopic Examinations of Fatigue Fracture

Surfaces . .. . ................... 74

5. PHASE IV - LAB AND SERVICE FAILURE CORRELATION .......... . . . 93

5.1 General . ........................... 93

5.2 Compilati,:of Service Failures ............ ... 93
5.3 Correlation of Laboratory and Service Loadings .......... ... 95
5.4 Comparison of Laboratory and Service Failures ..... ....... 96

5.4.1 Equivalent Laboratory Hours . ....... ............. 96
5.4.2 Joint Probability of Scatter in Fatigue ind Usage

Severity . . . . . . . . . . . . . . . .................. . 100
5.4.3 Comparison of Service Experience and Minimum Service

Life Prediction s 101...... ..... .... I01
5.4.4 Discussion of Lab and Service Experience CorrelaLion . 110

6. SUMMARY, CONCLUSIONS, AND RECO£ESNDATIONS . . . . . . . ..... 120

I,,PPENDIX I - LIST OF FATIGU TEST DATA REFENCES . . . . ....... 125

APPENDIX II - LIST OF CYCLES TC FAILURE AND UNBIASED Pn INT EST ,ATE:7
OF POPULATION PARAMTERS OF COLLECTED FATIGUE DATA . . ......... . 131

APPENDIX III - DERIVATION OF PROBABILITY DISTRIBUTION Pr0 T1r rATlO 0"
TWO WEIULL VARIATES.. ........... . . ......................... . 11

APPENDIX IV - LISTS OF SERVICE INSPECTION RESULTS .... .

REFLRENCES ................................

vi



LIST OF ILLUSTRATIONS

Figure No. Title Page

1 Typical Computer Print Out Showing Load Factor ilstory

of an Individual Airplane .. ..... .. . 5

2 Summary of the F-4 Full scale Laboratory Fatigue Tests . 6

3 Summary of Available F-4 VGH and Counting Accelerometer
Data . . . . . . . ... . . .......

4 Observed Variation of Fatigue Scatter with Cyclic Life

for 970 Aluminum 7075 Constant Amplitude Loaded Speci-
mens - Log-Normal Distribution . . . ..... ............. 12

5 Full Scale Structure Spectrum Fatigue Test Data . . . . 17

6 Comparison of the Theoretical and Observed Distributions
of Estimates of the Log-Normal Standard Deviation for
Sample Size n = 3 ..................... 20

7 Comparison of the Theoretical and Observed Distributions
of Estimates of the Weibull Shape Parameter Alpha for
Sample Size ni -~ 3 . . . . . .. ......... . 21

8 Normal Probability Table ................. . 22

9 Scattcr Factors for Five Different Random Sorts of a
Group of n - 6 . . . . . . . . . . . . . ........ 25

10 Comparison of Theoretical Probability Distributions to
Aluminum Fatigue Test Data . . .. . .... .............. 26

11 Cowparison of Theoretical Probability Distributions to
Aluminum Fatigue Test Data . . . . ............... . 27

12 Comparison of Theoretical Probability Distributions to
Aluminum Fatigue Test Data ......... .... . . 28

13 Comparison of Theoretical Probability Distributions to
Aluminum Fatigue Test Data .. ... ........ 29

14 Histogram of Weight Usage During Maneuvers for Cotbat
Operations . . . . . . . . . . . . . . . . . . . . . . 31

15 Histogram of Altitude Usage During Maneuvers for Combat
Operations . . . . . . . . . . ..................... . . 32

16 Histogram of Speed Usage During Maneuvers for ,ombat
Operations . . . . . . . . . . . .. . . . ................... 33

17 Histogram of Weight Usage During Maneuvers for rraining
Operations . . . . . . . 6. . ....... .. .. ........... 34

18 Histogram of Altitude Usage During Maneuvers for
Training Operations ................... 35

19 Histogram of Speed Usage During Maneuoers for Training
Operations . . . . . .......................... . 36

20 Summary of F-4 Weight/Altitude/Airspeed Usage for Com at
and Training Operations .......... .. .. . 37

vii



LIST OF ILLUSTRATIONS (Cont'd.)

Figure No. Title Page

21 Typical F-4 Wing Station Comparison of Flight Condition
and Laboratory Test Bending Moments Per g ..... . 39

22 4g Usage Severity Scatter Distribution for 1209 Air

Force Airplanes . .................. . . . 42

23 4g Usage Severity Scatter Distribution for 1106 Navy/
Marine Airplanes . . . . . . . . . . . 43

24 6g Usage Severity Scatter Distribution for 1209 Air
Force Airplanes ... . . . ........... 44

25 6g Usage Severity Scatter Distribution for 1106 Navy/
Marine Airplanes . . . . ........... . . . .. 45

26 4g Usage Severity Scatter Mean and Variance vs Effective
Hours for Air Vorce Aircraft ..... . ........ . 46

27 4g Usage Severity Scatter Mean and Variance vs Effective
Hours for Navy/Marine Aircraft . . . . . 47

28 6g Usage Severity Scatter Mean and Variance vs Effective
Hours for Air Force Aircraft . . . . . . . . 48

99 6g Usage Severity Scatter Mean and Variance vs Effective
Hours for Navy/Marine Aircraft ............. 49

30 4g Usage Severity Scatter vs Flight Hours for Air Force
F-4 Aircraft Reporing Counting Accelerometer Data • . 51

31 4g Usage Severity Scatter vs Flight Hours for Navy/Marine
F-4 Aircraft Reporting Counting Accelerometer Data . .

32 6g Usage Severity Scattr vs Flight Hours for Air vorce
F-4 Aircraft Reporting Counting Accelerometer Data .... 53

33 6g Usage Severity Scatter vs Flight Hours for Navy/Marine
F-4 Aircraft Reporting Counting Accelerometer Data . 54

34 Comparison of Air Force 4g Usage Severity Scatter to the
Negative binomial Distribution (100 Effective lours) . .

35 Comparison of Air Force 4g Usage Severity Scatter to the
Negative Binomial Distribution (500 Effective Hours) . 5P

36 Comparison of Air Force 4g Usage Severity Scatter to the
Negative Binomial Distribution (1500 Effective Hours) . . 59

37 Load Factor Usage Variation with Time for Air Force and
Navy/Marine Aircraft . . .......... . . . .. 60

38 Flight Hour Scatter Distribution for 1222 Air Force
Airplanes . . . . . .................... 63

39 Flight Hour Scatter Distribution for 1114 Navy/Marine
Airplanes . ....... . . . ............ 4

40 Percentige of Ai" Force Aircraft jith Giveu Flight Hour
Scatter . . . . . . . . . . . . . . . . . . . . . ...

ii" viii



LIST OF ILLUSTRATIONS (Cont'd.)

Figure No. Title Page

41 Percentage of Navy/Marine Aircraft with Given Flight Hour

Scatter ......... . . . ................. 66

42 Flight Hour Usage Variation with Time for Air Force and

Navy/Marine Aircraft ... .................. .. 68

43 List of Cycles Applied in the F-4 Test Spectrum ....... 71

44 Failure Location - R/H Remnant Wing and Block 8 Test

Article...... . . . . . . . . . . . . . 72

45 32-15062 and 32-15531 Outer Wing Lower Skins . . . ... 75

46 Typical Outer Wing Lower Skin Failure . . . . 4 0 . 76

47 Fuselage Station 303 Bulkhead . ....... .... 77

48 Fuselage Station 303 Bulkhead FaLlure F-4J Test
Article ....................... 78

49 Wing Main Torque Box Upper Skin at Wing Root .. ...... 79

50 Upper Torque Box Wing Skin Failure Block 8 Fatigue Test
Article. ............ . ............... 80

51 Dog Bone Fitting (Lower Longeron Splice Fitting) . ... 81

52 Details of Dog Bone Fitting Area. . . . . . 82

53 Dog Bone Fitting Failures Block 8 Fatigtuse Test Article 83

54 List of Failures Detected in the Wing Main Torque Box

Lower Skin at DL 100 in Laboratory Testing . ........ ... 84

55 Liqt of Failures Detected ii the 32-15062 and the

32-15531 Outer Wing Lower Skins iii Laboratury Testing . 85

56 Sumary - Outer Wing Lower Skin Fatigue Cracks . . 86

-- i Liqt of Failu es Detected in the FS 303 Bulkhead in

Lauoratory Testing ......... ..........

58 iit of Failures Detected 4n Wing Hain Torque Box Upper
Surface at Wing Root in Labor-tory Testing .. ....... 88

59 Litt of Failures Detected in tae 32-32086 Lower Longeron
Do4 Bone Fitting in .,aboratory Testing ......... 89

60 Crick Growth Curves ior Key Area in Wing Hain Torque
Bov, Lower Skin. ....... .................... .... 90

61 Cr ick Grawth Curve for ,ey Area in the FS 3t3
Butkhead ............. ......... . ... 91

62 Crick Growth Curve for Key Area in Outer Wing Lower
SkLn ..... .......................... 92

63 CoVponcnt Fatigue Lives in Terms of Laboratory Teat
. ................................ .. 98

64 Suary of Actual Flight Hours to Crack Detection in
Se-vice Operations ....... ............ 99

ix



LIST OF ILLUSTRATIONS (Cont'd.)

Figure No. Title Page

65 Joint irobability for Combined Scatter in Fatigue and
Usage ...... ... ........................ 102

66 Comparison of Joint Probability Scatter Factor to Product
of Fatigue ar Usage Scatter .............. 103

67 Wing Main Torque Box Lower Skin Inspection Summary -

Demonstration Team Airplanes ............. .104

68 Wing Main Torque Box Lower Skin Inspection Summary -
Fleet Aircraft . . . .................. 105

69 Service Exrerience FS 303 Bulkhead Inspection
Surmmary .... ................... ... . 106

70 Service Experience Outer Wing Aft Lower Skin
(32-15062 flock 26 and Up Configuration) Inspection
Summary ......... ...................... ... 107

71 Service Experience Outer Wing Forward Lower Skin
2'32-15531 klock 26 and Up Configuration) Inspection

Summary. .. ... . .... . .... . ....... 108

.72 Expected Time to First Cracked -rraft And Second
Cracked Aircraft for the, Key Area in the Wing Main
Terque Box Lower Skin . .......... . .

73 Expocted Time to ir~t Crkcked Aircraft, Second Cracked
AIrcraft, etc., for the Key Area in chcu FS 303 Bulkhead . 112

74 Expected Tio to FPrit C,>acked Aircraft, Second Cracked
Airur, aft, Etc., ior the Key Area ii tbhe Outer Wing Aft
Loter Skin (32-15062 biocW 26 and Up Configuration) . 113

75 Cor.parison of Expecte-d and Actual Vimeg to First Cracked
Aircraft and -ond Crackcd Aircraft for the Key Area In
the Wing M2in Torque Box tawer Skin..........114

76 Coo,,erison of xjpo.cted and Actual Times to First Craced
Aircraft, Second CrAcked Aircraft, Etc., for the Key
Area I nthe FS 3On 5ulkhead ...... ..... .... 115

77 Ceparteson vf ved 4nd Actual Ti s to First Cracked

Aircraft. S'con, fr.,icked Aircraft, ttc., for the Rey

Area in the flit. ,ng Aft Lover Sk (32-15062 Block
26 and Up Cnfiguration) ...... ................ ... 116

78 Comparison if F.xprctd and Actvwl Times to First Cracked
Aircraft for thte Key Area In the Otiter Wing Forward Lwer
Skin (32-1531 41r,k 26 and Up Configuration) ....... . 117

79 Detal's of 4ing to Vselage Attachment Are.. ....... 119

IV-1 Fleet Aircraft -with ne Cracks Indiented io the Key Are*
In the Wing Xnin Torque Box Lower Skin at Tice of
Inspection ....................... 175

" , K



LIST OF ILLUSTRATIONS (Cont'd.)

igure No. Title Page

IV-2 Demonstration Team Aircraft with No Cracks Ind'cated
in th2 Key Area in the Wing Main Torque Box L er Skin
at Time of Inspection ...... .................. ... 188

IV-3 Demonstration Team Aircraft In Ihich Cracks were Detected
in the Key Area in the Wing Main Torque Box Lower Skin
During Inspection ...... .................... ... 189

IV-4 Fleet Aircraft with No Cracks Indicated in the Keoy' Area
in the Outer Wing Lower Surface at Time of Ininvection . 190

IV-5 Fleet Aircraft in Which Cracks were Detected in the Key
Area in the Outer Wing Lower Surface at Tir-'
Inspection .... .... ....................... ... 200

IV-6 Demonstration Team Aircraft in Which Cracks were Detected
in the Key Area in the Outer Wing Lower Surfac4, ;.t Time
of Inspection .......... ..................... 203

IV-7 Fleet Aircraft with No Cracks Indicated in the Key Area
in rhe F.S. 303 Bulkhead at Time of Inqpction.204

TV-d Fleet Aircraft in Which Cracks werv De,cted in le Key
Area n the F.S. 303 Bulkhead .............. 206

IV-9 Demonstration Temp #Atraft with No C a cks Indicated In
thie K.ey Arx il the F.S. 303 Bulkhead at Tint of
Inspee'tion .......... ........... 20

Q~nstraton Tc Airft in Whbikh (.ra:kA ', :' Detected
in the Kev Area iln the FS. 303 Bulkhead During

"V-1l Cracks Detected in the Wing Main Torque box Uppor Sk1n
in Service Operations ............ .. .. 209

IC•rockn Detected in tho Luwor Long ..... . ......itc

in Service 0erations .. .. .. .. .. .. .. .. .. 213



-" .~LIST OF ABBREVIATIONS AND SYMBOLS

1. ABBREVIATIONS

exp exponential function

log = common logarithm

BLUE- best linear unbiased estimator or estimate

2. SYMBOLS

a~ Weibull distribution shape or scatter-controlling parameter

$ Weibull distri'ution scale parameter or characteristic life

f( probability densit,- function of the parameter wfthin the
parenthes .s

F( ) cumulative probability distribution function of the parameter
within the parenthesis

log-normal distribution scale parameter or mean life

n Humber of failure observations in the test sample

R =reliability of a randomly chosen fleet member or :;he probability

of no failure (probability that the ratio of life in the labora-
tory to life in service is less than the scatter factor)

S scatter factor

a = log-normal standard deviaLion

-qW G

x - life of individual laboratory specimen

y life of a randomly selected specimen or aircraft

L - usage severity acatter - actual counts/estimate4 counts

"( ) - Gamma function of argument within the parenthesis

3. ACCE T MARMS DENOTING ESTIMATION

(a) 7ar, as in 3 or c, denotes the sample point estimate for one group
of specmens

(b) Doubjle bar, as in a or a denotes the sample estimate for more than
one group of specimens.

Xii.... '..!.- ,!-



1. INTRODUCTION

1.1 General

The Metals and Ceramics Division of the Air Force Materials Laboratory,

Air Force Sys-ems Command, has sponsored research efforts on application of

reliability methods to the estimaticn of probable aircraft structural fatigue

performance. Results of these efforts are reported in References (1) and (2).

The reliability analysis approach has been evaluated for cargo (C-130) and

tanker (KC-135) type aircraft. The purpose of the present program has been

to extend reliability analysis methods to fighter aircraft. This objective

was achieved through utilization of fatigue test experience and service

repeated load data which has been generated in conjunction with the rlcDonnell

Phantom II (F-4) airplane.

1.2 Traditional Approach to Structural Reliability

Structural fatigue integrity is currently designed into present day air-

craft utilizing a rather well organized plan. Spectrum fatigue tests are

performed in the laboratory on the full scale structure with the target goal

being some multiple of the expected service life. This is the traditional

scatter factor approach which has been used for quite a few years. There

have been aircraft accidents during this period, but there have been many

causes othe- than airframe structural deficiencies; e.g., pilot error, power

plant failare, electrical system malfunction. The percentage of accidents

resulting from airframe fatigue failure has been small. However, fatigue

failures have led to rather large structural maintenance expenditureu over

the years. In general, these have been caused by unexpectedly severe usage,

an unusual design detail, or a materlal deficiency; but the simple scatter

factor approach may have been partly responsible.

1.3 Additional Considerations

There are a number of questions that the traditional approach to struc-

tural reliability does not take into account. For example: Should the same

scatter faztor be used for fighters, bombers, transports, commercial airliners,

for different materials, for different structural details and arrangements,

etc.? Should not the number of laboratory test articles affect the required

scatter factor? Should the expected fleet size affect the required scatter

factor? General aircraft attrition due to factors other than fatigue is

a1



another important consider&tion. The fleet size is reduced by attrition. The

consideration of damage tolerance could very well lead to different allowable

scatter factors for different components on the same airplane. The underlying

problem is the need for development of a method to compute the required scatter

factor for any preselected reliability level and the associated time to first

failure.

In terms of structural reliability, there are so many unknowns that the

traditional approach certainly offers some advantages. For example, it is

not possible to accurately predict the usage that an airplane will experience

in some future time period. However, if certain variables of reliability

can be quantified without adding undue complexity to an airplane design, it

should be done. A list of pertinent considerations would include:

(a) basic fatigue scatter for material in question - defined by a
distribution function and certain scaling parameters, e.g., mean
and standard deviation.

(b) number of full scale laboratory test articles - these would define
the probability distribution sample mean.

(c) expected size of total fleet.

(d) expected service usage severity scatter from airplane to airplane
within the fleet.

(e) attrition considerations - loss of aircraft due to reasons not
associated with structural failures, or retirement of aircraft
due to obsolescence.

(f) damage tolerance of primary structural components.

(g) degree of simulation of the service loading including environmental
effects by laboratory testing.

(h) level of confidence in the predicted repeated load usage severity.

(i) type of airplane, e.g., fighter, bomber, commercial transport, etc.

The first five considerations are strictly concerned with the statistical

aspects of the overall structural reliability problem. In other words (a)

through (e) provide an estimate of the failure probability associated with any

given scatter factor and any number of airplanes out of the total fleet.

I Considerations (f) through (k) have to do with design, maintenance, dollar,

and safety trade-offs. What magnitude of failure probability is acceptable?

What are the potential consequence of a failure in particular structural

.

, I!2



components? How much structural weight can be tolerated to minimize the

failure probability? Some compromise must be reached between a high per-

formance design on the one hand and one hundred percent safety of flight

and zero maintenance expenditures on the other. In reaching this compromise,

it is important to consider damage tolerance and the effectiveness of perio-

dic inspection in detecting fatigue cracks before they can reach catastrophic

proportions. The compromise is also affected by the type of aircraft. Some

difference in philosophy would normally be expected between military and

commercial aircraft. Further differences might be expected between fighters,

bombers, and cargo type aircraft. On each new airplane, decisions regarding

these areas must be made within the context of available funding, schedule,

contingency planning, and national priorities.

'1 1.4 Tailored Scatter Factor

Reliability requirements could be more effectively established if some

quantitative measure of failure probability was calculable for various design

trade-offs. If the design scatter factor is increased or decreased for a

given component, how will this affect failure rates in a fleet of aircraft?

How will maintenance expenditures be affected? A change in the design scatter

factor will obviously affect structural weight. The influence of structural

weight on cost and performance must then be considered. The basic payoff to

be derived from using mathematical probability methods in structural fatigue

design is to provide for the calculation of a "tailored scatter factor" that

would fit the particular set of circumstances existing during an airplane's

design stage. Aircraft program managers would be able to select a magnitude

of scatter factor assorcated with whatever reliability level is deemed

appropriate.

1.5 Utilization of Phantom II Data

The MCAIR Phantom II (F-4) aircraft was considered ideally suited for an

investigation of structural reliability design methods for fighter aircraft,

More than 4,000 F-4's have been delivered and are being used by the U.S. Air

Force, Navy, and Marines. The airplane is currently being toanufatured in

various models for the U. S. military servIces and also foreign govetnments.

, A comprehensive and detailed flight loads monitorimg program has been in effect

continuously on vhe F-4 since its initial delivery to the Navy. This program

has provided data from counting accelerometers and VGH recorders kor traiuing

3
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as well as combat operations in Southeast Asia. The VGH instruments provide

an analog recording of load factor, speed, and altitude. Gross weights corres-

pond *ng to the VGH data are provided from individual flight records. The

counting accelerometers record load factor occurrences which equal or exceed

four predetermined acceleration levels. More than 2,000,000 flight hours of

load factor exceedance data have been accumulated in the counting accelerometer

program. The reduction of these data has been completely automated. A typi-

cal computer print-out showing the load factor usage history on an individual

airplane is shown on Figure 1. The laboratory fatigue test program on the

F-4 has also been extensive; it has included five complete wing-center fuse-

lage test articles, two half-wings, numerous smaller component tests, and

hundreds of element tests. A brief summary of the F-h full-scale testing is

shown in Figure 2.

1.6 Overall Structural Reliability Program Outline

The subject program for evaluating structural reliability analysis methods

for fighters vas based largely on F-h experience and was conducted in four phases:

Phase I: Survey of Fatigue Test Scatter

Phase II: Evaluation of Usage Severity Scatter

Phase III Documentation of Laboratory Test Results

Phase IV: Correlation of Laboratory and Service Failure Experience

The general approach included a literature survey to determine basic

fatigue scatter trends for fighter type repeated load spectra. This was per-

formed in Phase 1, A significant part of this effort was the study of in-houso

test results, MCAIR has performed about 1000 aluminum fatigue tests on simple

elements and components. About two-thirds of these were conducted using

fighter type repeated load spectra.

Study of scatter in severity of repeated load history from airplane to

airplane in a given fleet was an important part of the program. This repre-

sented Phase I of the total effort. In recent years, numerous military

aircraft have been equipped with load factor exceedance counters, Millions of

flight hours have been logged with these instruments. The analysis of these

data provides an excellent insight into loads scatter trends. The F-h air-

plane loads monitoring program is the most extensive of its kind ever under-

taken. The, F-h has logged more than 5,350,000 flight hours in numerous theaters

;j of operation. As mentioned earlier, load factor exceedance data were available

*1
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Test Structural Failure or Test

Article Configuration Termination

Block I Original Structural Configuration 500 Hours*

R/H Remnant Original Structural Configuration 900 Hours*

WinD

L/ -Remnant Steel Strap - Inner Wing 9300 Hours*NF

Wing

i.8 (4Ae 6 Steel Strap-InnerWing 4200 Hours*N'

I Bock 4-" Lower Wing Skin Bgef-Up 2700 Hours*

F-48 . Block 8 .,)nfiguration + Taper-Lok 11,800 Hours*

F-4J 4, - Block 8 Configuration + Taper-Lok 6000 Hours*NF
2000 Drops N F

*Th* tatigue test Ioading in terms of load cycles p4r hour was approximattiv 10 times

ftwe weveP than the original design swteum.

Figure 2
- Summary of the F-4 Full Scale Laboratory Fatigue Tests

p* 6



from counting accelerometers for more than 2,000,000 flight hours. These

were supplemented with about 9,000 hours of VGH data which were also studied

in the second phase of the subject program. The extent of the available data

is summarized in Figure 3. Vote that about 650,000 flight hours of counting

accelerometer data were frm combat operations.

Comparison of laboratory and service failures was the obvious next step.

This was accomplished in Phases III and IV. The study included a detailed

investigation of test results on the five full-scale F-4 test articles and

the two half-wings in a number of key areas. The time to failure for each key

area on each test article was determined. A careful examination was made of

any possible differences in laboratory loading and in-flight loading. The

study of VGH data was used to assist in this examination. The final stage

included a comparison of the service life predictions and actual service

failures. The predictions were based on the laboratory testing, counter and

VGH data, and tatter considerations evaluated in Phases I and II.
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VGH Data
1965 - 3000 hr Training Data
1966 - 600 hr Training Date
I P39 - 1800 hr SEA Combat Daia
1970 - 3500 hr SEA Combat Data

Counting Accelerometer Data

F-4 Fighter Aircraft: RF-4 R~econnaissance Aircraft:
2,394,000 Total hr 402,000 Total hr

517,000 Combat hrt 124,000 Combat hr
1,877,000 Training hr 278,000 Training hr

Total Flight Time, all F-4 Aircraft - 5,350.000 hr

Figure 3
Summary of Available F-4 VGH and Counting Accelerometer Data

OP73.4639-



2. PHASE I - SURVEY OF FATIGUE TEST SCATTER

2.3. General

The nature of fatigue is such that there is very little that an be

determined in a purely analytic sense. Whatever is done on a theoretical

basis usually allows simple interpolation or modest extrapolation of experi-

mental information. Fatigue scatter falls in this same category. The theory

of probability is applicable but there are many mathematical functions that

might be used and each one has certain constants that need to be defined.

An extensive detailed study of fatigue test results is required to detsrmine

which mathematical function is most appropriate and what coustants are neces-

sary to provide the best fit.

There are two mathematical functions in particular that have been widely

used to describe fatigue scatter: the log-normal and Lhe Weibull, and pre-

dominately the two parameter version of each. In recent years, the Weibull

has gained favor partly due to a physical argument concerning its risk func-

tion compared to that of the log-normal. The risk function for fatigue is

defined as the probability of failure on the (N + 1X)th cycle given that the

structure has sustained N cycles. The Weibull has a continuously increasing

risk function while the log-normal risk function first increases and then de-

creases with increasing cycles. Since fatigue is considered to be a wenwout

process, an ever increasing risk function seems more reasonable. A plausible

physical argument cai also be made in favor of the log-nor ml. It is

generally agreed that fatigue originates at some kind of discontinuity in the

metal microstructure. It is highly improbable that any given specimen would

be totally homogeneous and without discontinuities in its microstructure.

The log-normal risk function does not start to decrease until the probability

level reaches 0.999999 which is associated with a very long life. It is highly

improbable for a specitan to last that long, but if it does, it could be an

indication that the specimen is without discontinuities and thareiore the risk

function should start to decrease.

The discussion in the preceding paragraph is not presented as an argu-

ment to prove that the log-normal distribution is correct. It is included

simply to indicate that experimental evidence and not theoretical. analysis

must be the primary determining factor.

Once a distribution function is established, the next step is to

9



determine the constants of the distribution. Generally, two constants are
sufficient. One of these defines the magnitude of scatter and the other

some kind of average life. Average life is obviously peculiar to each type

of airplane; but fatigue scatter is generally considered similar on different

airplanes, at least if they are made of the same material and with the same

type of construction and loaded in generally the same manner. This leads to

the conclusion that the constant defining the magnitude of scatter can be

determined by reviewing past test results. This was a basic underlying

assumptiop in the literature survey and subsequent study of fatigue scatter

trends reported in this Phase I portion of the program.

2.2 Literature Survey of Fatigue Test Data

As a result of an extensive literature survey, more than 2,400 groups

of fatigue test data made up of over 12,000 specimens were collected. This

search was limited to the 2000 and 7000 series aluminum alloys, which in-

clude 2020, 2024, 2124, 7075, 7079, 7175, and 7178. It included test data

from HCAIR as well as from numerous other aerospace companies and government

agencies. In particular, the HCAIR fatigue test results are from F-15, F-4,

DC-!0, and earlier in-house test programs. Specimens from sheet, plate, bar

extrusion, and forging are included in configurations ranging from simple

notched elements with and without holes to small components, as well as full-

scale structures. Test loading conditions include axial loading, both ten-

aile and compressive, and flexural loading. The greater portion of the teat

loading data, however, was axial. The fatigue tests consisted of both

constant amplitude and spectrum loading. References of both the literature

search and the MCAIR data are listed in Appendix I. Only those references

tn which the data were analyzed and summartzed are listed. The folloving

variables of the collected fatigue data were indexed uo that comparisons

could be made among differenL groups of specimens± type of structure, type

of specimen, material, type of test wAchine, and type of loading. The actual

test results analyzed in detail in this survey are presented along with the

appropriate ldex numbers in Appendix Ii. In &ddition, the appropriate

statistical parameers for the log-normal and Weibull distributions for each

group of apecimens are also presented in Appendix I.

10



2.2.1 Scatter Treuids for Constant Amplitude and Spectrum Loading-

Reference (1) presented an extensive literature survey and analysis of fatigue

test data. A aummary of these data is listed below:

Numier of Specimens 6000*
Number of Groups 1250
Average Standard Deviation 0.168

The numbers above are for aluminum alloy specimens of varying configuration

subjected to either spectrum or constant amplitude loading. These teat re-

suits from Reference (1) were subdivided into groups according to loading as

follows:

Constant Amplitude Spectrum
Loading Loading.

Number of Specimens 5000* 1000*
Number of GroupS 1096 154
Average Standard frviatiou 0.180 0.083

The difference between the constant amplitude and spectrum loading staudard

deviations te quite significaut. It 1s possible of course twt part of the

difference could be a result of other variations beesdes loading in the tw

groups such as a copariscon of perhaps wre open hole pec~ieou iu one vroup

to Wre complex lUp Joiat apecimens in the other. So in order to move care-

fully evaluate this difference between apectcum .nd constana eplitude data,

7015-T6 4auznu operx hiole, txis loaded specimfena from Refereuce (1) Uv're
stwlided Vith the following resulto.-

"Oadt"n 'Load Inf

Numb-or of specizeus 51614
Number of Groups 138 26
Aerage Standard Deviation 0.211 0.125

The same tread as in the larger data set is evident f~ro* thte abova'cocmperison..

A possible explanatiot for the lower scatter of the apectt data is that only

the higher load levels in the spectrs produce the daJor part of the total

damage; tbAt is to #&y. the spectrum te at resuls are effectively low cycle

fatigue even though the total number of cycles iu the opectrun might be quite

large. Low cycle fatigue Uenerally shows lower scatter (smaller staudard

deviation) than h4h cyLe fatigue. This ttend is illu ttated by the histo-

gram of figure 4. The data in this graph. which include 970 apecimens in 269

-- stimated
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0i groups, are for 7075-T6 aluminum axially loaded, edge notched or unloaded

hole specimens.

To validate and further understand the trends found from Reference (1),

MCAIR fatigue test data were assembled as a group for scatter trena studies.

The MCAIR data were obtained from 44 test reports consisting of 288 groups

of 947 specimens. The MCAIR fatigue teat results included 7000 and 2000

series aluminum alloys, various specimen configurations, with constant ampli-

tude or spectrum loadings. Separating the data based on the type of loading

similar to the Reference (1) grouping gives the following comparison:

Constant Amplitude Spectrum
Loading

Number of Specimens 287 656
Number of Groups 93 196
Average Life in Cycles 140,000 200,000
Average Standard Deviation .199 .109

The spectrum data again have the lower scatter. It is further hypothesized

that, in addition to the low cycle fatigue consideration dlscussed in the

preceding parsgrapb, the type of fatigue test machlne also could influence

the wanitude of scatter. Spectrum teats are in a gr at wjocicy of cases

run vith e.ther a servo or solenoid load covtrolinj device, while the
m"chanical Shaker tyr of test machine is ¢re often used for conotant

m. plttd t"sting. The mechanical shaker typo achine haa less load control

accurcy. In order to verify the hypothee,6e of diffe-rencea in scatter due

to the type of fatigue test WAcble, the W^'CIR coustant alitud-e tet data

wore ftalyzed. Th results are as fol1ovam

liechaoical Serve
,,, Sha ker Conrol

, Number of Specia us 73 128
Number of Groups 27 39
Average Life in Cycles 178,0M 206,000
Average Standard Deviation 0.230 0.158

Although the awnnt of fatig-e teat data is amll, the hypothesixed trend

of inherently wre scatter with the mechanical abaker zachine than the servo

- coatrol Uachine is evident.

2.2.2 No-Load Transfer Elemint Fatigue Teat Data - Ba*d on the re-

sulte discussed in Section 2.2.1, spectrum fatigue test scatter is lea than

coustant amplitude teat scatter for two distinct reasons:

* (a) low cycle fatigue effect, and

* (b) fatigue machine effect.

13
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Since fighter aircraft are subject to e. spectrum of loads in service, the

primary emphasis in this study of fatigue test scatter was directed toward

spectrum data.

A literature survey was undertaken to obtain additional spectrum fatigue

test results. These additional data were combined with MCAIR's spectrum test

data and the spectrum test data from Reference (1). Only axially loaded,

edge notched or unloaded hole specimens were included. Fatigue test data

obtained from mechanical shaker machines were not included for the reasons

discussed in Section 2.2.1. A compilation of the results of this study are

given below:

No-Load Transfer Spectrum Fatigue Test Data

Aluminum

Number of Specimens 1176
Number of Groups 239
Effective Average Life in Cycles 17,400
Average qtandard Deviation .0855
Average weibull Shape Parameter 6.36

The effective avetage life denoted above is defined as the number of higher

load level cycles to failure. The higher load levels are defined as the top

-two-thirds of the load levels of the spectrum. If there are nine load levels

in a particular spectrum, only the cycles due to the six higher load levels

would be considered effective. This technique was used to minimize the mis-

leading effect of the large number of lcwer level load cycles in a spectrum

that produces only a sw'll percentage of the total fatigue damage. It

should be noted that 'he average standard deviation is not simply a numerical

average but the unbiased estimate of the true population standard deviation.

Similarly, the WeiLull number is the weighted average of the best linear

unbiased estimator (BLUE) of the Weibull distribution shape paramete- given

in Reference (3). The Weibull shape parameter is a measure of fatigue test

scatter similar to the standard deviation except in reverse; a large value

iadicetes less scatter while a smaller value indicates more scatter.

Additional studies were conducted by grouping the data in different

ways. The 7075 aluminunv spectrum fatigue test-results, for example, were

subdivided according to stress concentration and material form. Neither

stress concentration nor material form wer shown to have a significant

effect on fatigue statter. Another study on these 7075-data included a

14



histogram of standard deviations similar to Figure 4 except it was for

spectrum data plotted versus effective average life. This histogram indi-

cated that spectrum fatigue scatter is reasonably independent of average

life.

2.2.3 Effects of Special Specimen Preparation - Specimen finish in the

fatigue critical area was one of the parameters investigated for effect on

fatigue scatter. A relatively large group of the no-load transfer element

specimen data, generated at the NASA Research Center in Langley, West

Virginia, is interesting in this respect. This group from References (47),

(48), (49), (57), (58), and (59) of Appendix I includes a total of 682 edge
notch specimens; the edge notch itself was machined with extreme care. A

comparison of these data to all others is as follows:

Smooth Finish All Other No-Load
Edge Notch Data Transfer Datz,

Number of Specimens 682 494
Number of Groups 120 119
Average Standard Deviation .0747 .0995
Average Weibull Shape Parameter 7.19 5.41

The effect of the finish appears to be significant, For the purposes of the

NASA work (determination of the effect of various fatigue spectrum parameters),

the smooth finish edge notch provided a very useful specimen configuration.

However, an extremely smaoth finish would be too costly for typical aircraft

fabrication procedures. Therefore, these data are not included in the analy-

sis in the remaining sections of this report.

2.2.4 Load Transfer Element Fatigue Test Data - Lap joint and double

shear joint specimen test results have been compiled through the literature

survey. Pertinent details are as follows:

Load Transfer Spectrum Fatigue Test Data

Aluminum

Number of Specimens 323
Number of Groups 59
Average Standard Deviation .0998
Average Weibull Shape Parameter 5.00

It is of interest to note that the scatter parameters for these load transfer

element test data are similar to those given in the preceding section for no-
load iransfer testixq, excluding the smooth finish edge notch data.

2.2.5 Full Scale Structure Fatigue Test Data - The scatter trends

summarizeA in the previous three sections are based on tests of element

15



specimens with unloaded holes and edge notches and simple joint specimens.
For this kind of element specimen and also for full scale structure fatigue

test, scatter is a result of life variations at a stress concentration. It

could be expected therefore that the scatter trends in element tests and full

scale structure tests would be similar. However, there are a number of con-

siderations that could lead to differences. There is generally more than one

single location on a full scale structure where the failure could originate.

For example, it is usually the case that there are a number of holes in a row

that are equally susceptible to fatigue. This kind of situation where there

are multiple origin possibilities tends to reduce scatter. From another

viewpoint, however, full scale structure might be expected to exhibit more

scatter than element specimens. An airplane is a complex built-up structure

with redundant load paths. The possibility of load differences at the criti-

cal location from one test article to another is therefore greater than with

a simple element specimen. These internal load differences would tend to

increase scatter.

As indicated in the previous paragraph, it is not a certainty that

scatter in full scale testing is the same as in element fatigue testing. A

literature survey of full scale airplane and component fatigue test data was

therefore undertaken. A total of 243 spectrum test results and 491 constant

amplitude test results were found. These test data are summarized below:

Full Scale Spectrum Fatigue Test Data

Spectrum Constant Amplitude
Number of Specimens 243 491
Number of Groups 82 143
Average Standard Deviation .0985 .1486
Average Weibull Shape Parameter 5.44 3.70

Note that these full scale structure data show the same trend as the element

3.7

test results; viz., the average standard deviation for the spectrum test re-

sults is significantl, smaller than that for the constant amplitude test

results. The full scale structure data include both 7075 and 2024 material.

A detailed listing of the full scale structure spectrum fatigue test results

is presented in Figure 5.

2.2.6 Pooled Spectrum Fatigue Test Data - It is expected that the scatter

differences between 7075 and 2024 aluminum are probably small. This can be

determined for the various kinds of element specimens and full scale structure
discussed in the three preceding sections. The data comparisons for spectrum
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fatigue test results are as follows:

No-Load Transfer Element Fatigue Test Data

7075 2024 Total-
Number of Specimens 407 87 494
Number of Groups 104 15 119
Average Standard Deviation .1019 .0886 .0995
Average Weibull Shape Parameter 5.29 5.97 5.41

Load Transfer Element Fatigue Test Data

7075 2024 Total
Number of Specimens 141 182 323
Number of Groups 38 21 59
Average Standard Deviation .1100 .0927 .0998
Average Weibull Shape Parameter 4.90 5.06 5.00

Full Scale Structure Fatigue Test Data

7075 2024 Total
Number of Specimens 170 73 243
Number of Groups 75 7 82
Average Standard Deviation .0932 .1056 .0985
Average Weibull Shape Paramete 5.97 4.87 5.44

Note that the 7075 and 2024 values are generally about the same. There is a

slightly larger scatter indication for 7075 element fatigue specimens, but

this is offset by the smaller ;:otter indication for 7075 full scaie struc-

ture. The total values do not show sizeable scatter difference among no-load

transfer element fatigue specimens, load transfer element fatigue specimens,

and Lull scale structure. Pooling all of these gives the following averages:

Aluminum Spectrum Fatigue Test Data

Total

Number of Specimens 1060
Number of Groups 260
Average Standard Deviation .0994
Average Weibull Shape Parameter 5.27

2.3 Scatter in Scatter

'Figure 5 lists standard deviations and Weibull shape parameters computed

from spectrum fatigue test data for full scale structure. It is hypothesized

that all of these data are from the same statistical population in ter,.s of

scatter. The range in stendard deviations is from .0415 to .1326; the range

in Weibull shape parameters is from 10.96 to 3.38. It is further hypothesized

that these data are in the same statistical population with the element spec-

trum fatigue test data discussed in previous sections. These element test data

exhibit even a wider spread in computed standard deviations and Weibull shape

. . ' ..", 18



parameters. The question might be asked at this point, "If all of these data

are from the sake parent population, why don't they all show a similar scatter

number?" The answer is that the standard deviations and Weibull shape para-

meters computed from the data are sample values and as such are actually random

variables. These random variables have their own theoretical probability dis-

tributions and should exhibit scatter according to those distributions.

Figure 6 presents a comparison of the theoretical probability distribution to

the spectrum fatigue data standard deviations for sample size n - 3. Figure 7

presents a comparison of the theoretical probability distribution to the

apectrum fatigue data Weibull shape parameters also for sample size na 3.

Note that both graphs indicate reasonably good correlation between the data

and the theoretical curves.

2.4 Theoretical Scatter Factor, Ratio of Two Fatigue Lives

Every discussion on scatter must include some definition of "scatter" and

relate it to a parameters such as the mean, the median, or some characteristic

value, In terms of airplane fatigue life, there is usually a full-scale lab-

oratory test article. The life of this test article is the obvious choice for

a number about which to center the scatter. However, the full-scale test

article life is in fact a random variable. If one considers a fleet of air-

craft, the laboratory test article can be thought of as one airplane selected

at random ,om the total fleet. Then the scatter factor between the labora-

tory life and the service life of another airplane picked at random from the

fleet is the "ratio of two" randomly selected variates from the same popula-

tion. A scatter factor so defined being the ratio of two atatiatically

independent random variables is itself a random variable. Its probability

distribution can generally be derived giveo the dietributiou of the pareut

population.

2.4.1 Ratio of Two Lo -Norma Varilateo - The probability distributiou

for the ratio of two statistically independent log-norn'al variates is utilized

to evaluate fatigue scatter in Reference (4). The relationship between ve-

liability R (probability of no failure) and scatter factor S is shown to be

where n is the number of laboratory test articles and t is the normal variate

obtainable from a normal probability table such as shown. in Figure 8. The

Area noted in Figure 8 corresponds to the reliability R. The scatter factor

for the above formla is dfined as the ratio of the log mean life of n

19



20 Pooled Aluminum Data

18 Spectrum Loading

j 16
Theoretical Curve
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Figure 6
Comparison of the Theoretical and Observed Distributions of Estimates

of the Log - Normal Standard Deviation for Sample Size ni 3
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t Area t Area t Area t Area t Area t Area t Area

0.00 0.6000 0.50 0.6915 1.00 0,8413 1.50 0,9332 2.00 0.9773 2.50 0.9938 3.00 0.9987
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0.18 0.5714 0. 8 0751P 1.18 0.810 1.68 09535 218 0 B64 2CA 09903 319 0.9993
0,10 0,754 0t69 0.759 1.19 0.8830 1.6 095% 21 08b7 169 0.9964 3.19 0.9993
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laboratory test articles to the life of an individual airplane in service.

Because of the economics of full scale airplaue laboratory fatigue testing,

there is usually only one test article which means n a I. This is the ratio

of two situation for which the scatter factor is
S - 10 tar

Using this formula with a - .0994 and t - 2.327 from Figure 8 givez a scatter

factor equal to 2.12 for 99% reliability.

2.4.2 Ratio of Two Weibull Variates - The detailed mathematical derit.;-

tion for the ratio of two Weibull variates is included in Appendix III. The

result of the derivation giving the relationships between reliability R and

sacatter factor S is as follows;

SSan
(l~S )A

.Mere u again is the number of laboratory test articles. The scatter factor

for the above formula is defined as the ratio of the sample characteristic

life of u laboratory test articles to the life of an airplane in service.

-hea there is only one laboratory test article, u * I and the formula reduces

to the ratio of two Case for Uhich the scatter factor is

* Using this formula with a 5.27 gives a scattoer factor eqmu to 2.39 for 95%

reliability.

2.5 Comprisons. of Dat* to WeibolI And Log-Normal

As mentioned in Section 2.1, experimental evidence must be the primary

- factor in evaluating what distribution function should be used. The diffi-

culty has always been in obtaining enough data to allow a determination

among the various probability distributions. The da:a studied herein include

no-load transfer ele*mt specimens, load transfer element specimens, and full

scale aircraft structure test results. A total or 1060 data points yere com-

pared and appeared to be from the saw statistical population in terms of

* scatter. These teat results can be plotted in different ways and compared

to the Weibull and log-notual probability distribution functions.
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The 1060 data points are from 260 groups where the group sizes vary

from just two specimens to as many as twenty. Figure 9 presents an example

group of six. For the purpose of comparing theoretical probability distri-

butions for the ratio of two to experimental ratios of two, three statisti-

cally independent data points can be obtained from the example group of six.

However, depending on the way the results are paired, a number of different

ejets of three can be obtained as shown in Figure 9. A total of fitteen diffe-

rent random sorts were used to pair the individual test results for the three

types of specimens, i.e., no-load transfer, load transfer, aud full scale

structure. An additional five random sorts were made for all the data

combined. The theoretical curves for the Weibull and log-nor~ml ratio of two

are compared to typical random sorts of the data in Figures 10 through 13.

It aupears that the Weibull provides the better fit.
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3. PHASE II - EVALUATION OF USAGE SEVERITY SCATTER

3.1 General

The study of fighter airplane usage data is presented in this section.

It includes identifying scatter trends in usage severity, examining effects
of changes in operational usage, identifying scatter trends in total hour

accumulation, and evaluating probability distributions for "goodness of fit"

wi .h compiled data. Counting accelerometer and total flight hour data were

studied to quantitatively identify variations in usage from airplane to air-

plane in a given fleet. In addition, VGH data were analyzed to determine

trends in speed, altitude, and gross weight usage. These data, the speed/

altitude/gross weight information, are utilized in conjunction with counting

accelerometer data to compute service fatigue damage at various fatigue criti-

cal locations on the airplane.

3.2 F-4 Training and Combat VGH Data

A total of 8200 hours of F-4 Phantom II VGH data were analyzed to deter-

'mine trends for airspeed, altitude, and gross weight usage both in combat and

training operations. Histograms for these parameters were prepared for

maneuvers exceeding 3.0g's, 4.6g's, and 6 .6g's (levels consistent with VGH

recording intervals). Average values for each parameter for maneuvers

exceeding each of the three load factors levels were computed for both combat

and training operations. In addition, the flight regimes in which the major-

ity of maneuvers occur in both training and combat were determined.

The histograms for maneuvers exceeding 4.6g's for combat and for tra'ning

operations are presented in Figures 14 through 19. These histograms

iLustrate usage trends typical of those noted at each of the three load

factor levels examined. The summary of average speedo, altitudes, and gross

4eights for combat and training opetatioris for maneuvers exceeding each of

the three load factor levels is presented in Figure 20. The F-4 usage trends

apparent from all of these data are as follows:

(a) The majority of maneuvers in both combat and training operations

are pulled in a limited Mach number/altitude regime. In bnth types

of operation, the majority of maneuvers are pulled at between

350 and 550 knots and below 10,000 feet (the combat average

altitudes being slightly higher than thiose r ing)

.3o
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Un" Tpe ofAverae Value for Usage
PUMae Tpeatof Paratneter for Mamuirs Exceeding

_________________3.___g 4.6g 6.69

Weight Combat 42.730 42,640 41,680
Ob)Training 38,890 39,200 39,160

Altitude Combat 6.960 5,#750 6.010
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(b) The gross weights in combat for maneuvers exceeding each of the

three load factor levels are higher than those for maneuvers

executed in training operations.

(c) In both training and combat, the average speed at which u-aneuvers

are pulled increases as the load factor increases.

The above trends were not unexpected. The F-4 has been used primarily

for air-to-ground weapon drops for which low speed and low altitude provide

more accurate deliveries. Thus, the majority of maneuvers should be expected

to be executed in a lim~ited speed/altitude range. The slightly higher

average altitude in combat reflects ground fire avoidance. 'he higher gross

weights for combat reflect the higher weapon payload required in actual com-

bat service, Finally, load factor capabilit~y is dependent upon airspeed.

Hligher airspeeds are required to pull high load factor maneuvers. Thus,

higher level mueuvere shoulA be expected to be executed at correap~ndiugly

higher average airspe~ds than lower level maneuvers-F

lu P'ha-se IV of this smidy -evice filures &re teomared to life pre-

dictions based on all Lhebaw~ailablo data.~ Average like predictions for each

k e y area were derived4 fton cgnuatiug acceleozeter Wnormation describius Q-ach

airlau'aload iactor U2404" and fro iJ data Which helped define stress

versus load fCStOr' W44~. oa faCtor 6Ceed~iCe iWOuAtiO0 W48

aoeuvia &Cr wakio' a esebl Stimte Of OU 4UIWO' -OX~ e1144 f 4tigUd

lite, but.41 acckratw 6e004sswuut rtquirad eOuWven in,~forati,004 Speado

ieraal. krcural 14"96 Uth 'VW. ufrtin~ fiotd Above th~us Providea

thle _Pi 4r data tl~ ry to daffiue the la-1tioniwbps bstt-eep -Srs and

Witrueraglolad. 1tor. Vor eu-4ile, 'I-iure 2"A shows 66v atresa in thie V-4
wing~intorue' o~ o4~r -in variles wi4th spveuda ad alitude. Frwom the VJG1

ttrend it ww y 'be uoted thzot tile majority of zaaumat' art~p llo4 io a flight

reigiie" in 1i1hici U4ing bevAd14, ~mwt pe r S is about 850S of that at the critical

3.3 F-4CGunting iccelertmeter Pata

3.1. 3d bO~ for !WAluating, Usa&Pe SaattL~-t Th e exaaination of Statttr

treads in load fActor counting actelerwter data vas a coaplettly autozated

opwzton A computer prograz~ developed for this purpose calculated scatter

in lo0ad flactor couat accuamlation verigus offective ilight hours for all air-

Plauzet reporting counting accelereveter data. The scatter comspute4 ruprefients
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the ratio between the load factor counts accumulated by a given airplane and

the load factor counts which would have been accumulated by that airplane if

it had been operating at the fleet average accumulation rate.

Counting accelerometer data for F-4 airplanes are stored on magnetic

tape. The computer program used was designed to read the data directly off

the storage tapes. For each airplane reporting counting accelerometer data,

the reporting dates, couats accumulated, and aircraft flight hours were read

directly from the storage tapes. Fleet average daily count per hour rates

were then computed using the data from all aircraft in the fleet. Following

this, scatter for a given load factor exceedance level was computed at each

of the reporting dates listed for each airplane. These scatter values were

determined by taking the ratio of the actual counts accumulated through the

reporting date divided by the estimated accumulated counts (estimated counts

were represented by the sumzation of the products of the flight hours accumu-

lated on given days by the airplane multiplied by the applicable fleet average

daily count per hour rates). Finally, the usage scatter dat4 were scanned

and evaluated, and informtion necessary to construct histograms showin% the

distribution of Scatter at vatious iumbers of effective flight hours was

produced. iftcctive hours (eotizated cownts divided by the fle ovWe rll

average counts cr hour) Uvro used in thts study so tha4t usage scatter from

airtaft Operating in diff-rest tiw periods could be coared directly. the

sigaificauce of effective hqurs is discussed in the following c#4on.

3.3.2 Ef6vetive Ylighat flurs F4operational tisagia-has varied signi-

kicantly since the aitplau* was intwduccd into service. As discussed 'I

Section 3.3.5, toathly Lead faetor count accumulation rates have shon sub-

scandal fluctuations Ovor the years. Au circraftt entering servic. k-rly

in thu F-4 program wuld be axpcted to0 h va accuoulated considerably fe.'er

cotats in the saw number of hours than vould an airpla e entering service

in the last few years. Therefore, if aircraft with the sarae actual number of

hours vere directly coupered, the tcateJ. awztber of counts Uould in general

vary from one airplane to another. The estimated ncber of coets is repre-

-entative of the expected number of counts or the average. Hece, a ompsri-

son based on actual number of hour.s ould cowsist of airplants with different

averagtes in the same group, and scatter trends basLd on such a Cocparisun

6ould not really be meaningful. On thw other han, observed scatter trends

would have mwke significance if based on cawarismas of airplanes with the

saw avrage or "teia ed uumber of couts.
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Effective hours is equal to estimated number of counts divided by the

fleet overall average counts per hour. Then comparing airplanes based on the

number of effective hours they have accumulated would place airplanes in the

* same group that have the same estimated number of counts or, in other words,

the same average, The main difference between actual hours and effective

*hours is that aircraft which flew predominantly early in the history of the

F-4 program have fewer effective hours than actual hours since they flew at

a time when count accumulation rates were relatively low; whereas, aircraft

entering service in the more recent history have more effective hours than

i actual hours because they were flying in a period in which usage was more

severe than the overall average.

3.3,3 Us ZejcatteTrends Versus Hours- Computer runs were made to

evaluate 4g and 6 m usage scatter exhibited by Air Force and by Navy/Marine

airplanes. The dr'a shcwing the distribution of scatter at selected flight

hour intervals vas generated during those computer runs. This information

is 9vesented in Figuras 22 through 25. The outputs show the number of air-

ploAes with scatter values in given ranges versus effective hours. It should

-*ii be noted that in each 200 hour interval, only ow scatter value is counted

foe each airplane. The scatter value included is the one at the nuober of .
huurs closest to the tidpoint of the interval, Thus, the colu labeled "401

to 600 hours" yiel d he o trtibutiou of tb- uumber of 4irpluas with various.

carttr values at 50 hours,

Figurefs 2-2 thwough 25 indicate that the 4isporniot of udage ststter

poitsw dec 'as snicatyWith incnings hour. This tr*.nd Guy b e
explaiUed i tuitiNvly on the basi that the lugtr An airplane -i lytng, the

zrd itkely that it will have bevun Oub3ected. to a varivty of uages and its

rep .. Lad loaving will -have " avraged out,- The trend is also i qualit'tive

agreement with probability theory which ztat~sthat the ratio of th stwidard

dk on to the nan ior nutber of occurrece' i a given ti.e intervrl i

Inversely proportcsal to the uquare root af the tiwe intervC Ieugth. Al-

though the trend -q-d dceal a -catter agrees quC1tatively wi& this

theory, a examination of the 4aa has izicazed that the data aud the theory

-ate itotL in exadt quatitative t6 ttflnt.'

Usat e saewrity icatter tases d variancas versus effective hours for

Air Force and Navyj ariu 4g aud * mtaeuvea accwU=latiou. are preuttd iW

Figures 26 through 29. These data show how usnAr severity Icattet variaces,'

* ' -. 3 *.** '\- t .

.. . • • " - .--- " • . .%.: r> . .. .:" .' . '. - '- . . " x'. i . . . , -.. , .:§4V f• .<l. ..'.A .x' ...t. .
• - '" " , " .: .. ." ' -', ,' .. '-':. ", '" """ ":; .'t',,.',



W,.171 T"ta nlight 1HMN of Data 1Zam~nd

Effective Hours

30TOW.Y ' to to to to to to to to to to to to to

8catter 200 W0 600 Soo i0 12o0 iAOo 1600 1800) 200 2200 240 2

0.0-0.2 90 37 18 5 2 2 1 1 1 1 1
0.2- 0.4 96 56 33 ? 7 1 2 1 0
0.4-0.6 151 141 92 64 43 23 8 4 3 0 1
0.6 - 0.8 177 171 173 146 93 55 27 11 7 7 2 1
0.8-1.0 175 181 173 127 85 52 29 16 9 4 1
1.0-1.2 158 153 135 11o 80 44 19 10 7 2 1
1.2-1.4 107 109 99 64 45 24 14 7 2 3 1
1.4-1.6 78 91 60 53 28 16 3 .6 4 2 0
1.6-1.8 64 47 48 33 17 8 a 2 2 0 0
1.8-2.0 38 34 27 16 11 1 6 4 3 2 1
2*0 - 2.2 16 22 13 6 3 5 3 2
2.2-2.4 16 12 6 3 5 1 1
2.4-2.6 18 7 5 4 3 1
2.6-2.8 3 2 5 2
2.8-3.0 3 3 1
3.0-3.2 6 n
3.2 -3.4 5 1

.4 - 3.6 2
3.6 - 3.8 0
3.8 -4.0 3
4.0 - &.2 2
4.2 -4.4 0
4.4 -4.6 1

otalorebt r 1209 I*7 886 651 2 245 120 63 39 21 8 2 -:

* U fatemw-ity Scatter - Actual 4.& Ca a./1tmtd kg Gmts

Figure 22
4g Usage Severity Scatter Distribution for 1209 Air Force Airplanes
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Figure 23
4g Usage Severity Scatter Distribution for 1106 Navy/Marine Airplanes
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2.0 - 2.2 21 21 10 u It, 7 6 9 2 1 0 C 1 1
2.2-2. 20 12 12 6 1 5 4 '. 1 a 1 0 0 O
2.4 - 2.6 9 9 7 8 6 1) 8 3 . 3 1 1 0 c
2.6-2.8 14 12 7 3 3 3 2 1 1 1 0
.8-3.0 2a 7 6 a 3 7 1 2 1 1 2 0 1

3.0-3-2 7 5 5 5 S 2 4 1 0 L 0
3:2 - 3.1 15 5 1 6 3 0 1 0 1 ) 0
3. - 3.6 6 3 2 1 1 1 1 1 0 2 0
3.6-3.8 3 4 6 1 3 2 0 1 3 1
3.8- 4.0 3 3 2 2 1 0 0 1 1 0

2., 6 0 2 0 1 1 2 1 IV
4,2 - 4.4 1 0 1 a 1 0 0 1 1
4A -4.6 5 0 3 3 1 2 3 2
4.6- 4.a 5 a 3 3 0 0
4.6 - 5.0 1 0 1 1 2 6 )
5.0- 5.2 4 2 1 1 1 0
5. - 5 3 2 3 3 0 0
5.4 5.6 0 0 2 0 a 1
5.6 -5. 0 1 0 0 0 1
s.8- 6.0 1 1 0 0 C
6.0- 6.2 0 5 0 0 C
6.2- 6.4 1 2 1 0 0
6.k - 6 0 * 0 0
6.6- 6.8 .0 0 3. 1
6.8- 7.0 1 0
7,0- 7.2 0 0
7.2-:1.4 0 0
74 -6 0 0
7.6-7.4 0 0
7.0 06.0 0 0
0.0- 8.2 0 0
6.-6O,4 1 0
6.-u,6 0 1
0:6 .- 0.6 0 0
Cot-,.0 0 0
9.0-9.2 1 0
9.2- 9.4 0 0
, . - 9.6 . 0
9.6- 9. .

-. - - -I- -- - - -A-.
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nqnw U" LIr SATMTOTAL MJMM OF AIRGRAPT WITH

HOURS________C INDICATID WBCTIV HUVB

300 "1 40 1209

300 1.0059 .2615 1067

5w 1.0153 .2169 886

700 1.0131 .16 651

900 1.0166 .1726 422

1100 1.0257 .1778 245

1300 1.055 .1830 1o

1500 1.0492 .1930 63

170D 1.0333 .189% 39

1900 1.0238 .1a47 21

21oo .9000 .260 8

2300 .60 .01 2

NOW

(1) Usago $"ceity Scatter Aotxma3 4a Oountfis/Eated 4s Gott

(2) 826,171 Total Hours of Dts iEmined

(3) Ra *o. ligum 22 for' Usage Somity Scattar Data

Figure 26
49 Usae Saverity Scatter Mean and Variance vs Effective Hours for Air Force Aircraft
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!OTAL HM OF AItRA WMl~

001.0732 .7W2 1105

301.0599 .3793 933

501.05C(L .2935 786

9700 1.0339 .2659 672

900 1.0330 .2%16 567

1100 1.0270 .2549 452

1300 .9 65 .2278 346

1500 .9889 .209927
1700 .9497 .1845 193

1900 .946 .1137 130

2100 .8531 .0"31 81

2300 .8875 099 48

2500 .8556 .06(2 27
270.9615 .0762 13

(2) IsM%5955 TOta Uouw of Date RWN

(3) Rsremor . 23 for Umpg Ssty Scatter' Data

Figure 27
4g Usage Severity Scatter Mean and Variance vs Effective Hours for Navy/Marnn. Aircraft
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100 .952 .7066 1209

300 .973 .092 162

500 L5O .9 $59

700 1.04 093634

900 1.oi .51428

1100 I.€o .28 252

1300 1L.23 .2751. 133

1500 1.056 .3214 72

1700 .9957 .3(C24

1900 .8508 .2337 26

2100 .71M .2579 U

'300 .5500 .(X75 4

11) Uuages Oe.ity Seatter -Actu~al 6S Cmintwluated 6g Cuts

(2) 026,= lTotal Houi, ofData Unmlued
(3) RAtermoe Vlguz' 24 for Usage 8vgx'ity Suatter' Data

Figure 28
69Usage Severity Scatter Mean end VrIance vs Effective Hours for Air Force Aircraft
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NVIOTIU TOTAL IWUU OF AMRAYT V15

IODc 1w .ao66 INIAIDWlOIZ O

S00 10'029 1.1270 90

500 .01.5 *8341 759

700 1.0196 .8349 652

900 1.0262 .8562 537

2100 1.0377 .84.27 4"3

30D 1-01771 .7o65 .368

1is0 .9855 .61.20 297

1700 .97M. .6326 217

1900 .9867 .6146 W.5

210D Q663 .~195

2300 .8692 .42251

2500 A379 ."6 29

2700 .8333 -127 21

(1) UaW Sowerty Satt*r Aftio1 6X WcntItw lmtsd 66c&

(2) 3.0,935 TOWa HOwe ot W )st amd

(3) Idao 1too 25 zor UMV:S5em-tr 5oatt. DMa

Figuro 29
6g U"V Svwlty Scama Momi #ad Vaoianc vt.Efttivo Rom, for NAvyJMauia Aint~
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change with increasing time. As may be noted, the variances decrease with

increasing time but not in proportion to the inverse of time as is suggested

by probability theory. In Reference (5), it is indicatad that for such a

relation to hold, the accumulation of flight maneuvers by airplanes in a

fleet would have to be a stationary random process. One of the requirements

for such a process is that the mean frequency of occurrence of maneuvers must

be constant with respect to time. As has been shown, this has not been the
case with F-4 service usage; operational usage has changed and fleet average

maneuver frequencies of occurrence have fluctuated greatly. Usage severity

scatter variances could not, therefore, be expected to decrease exactly in

proportion to the inverse of time. However, the fact that scatter variances

are shown to decrease and not increase with time can be used. The variance

at 1500 hours is calculable from the available data. The question is that

will be the variance at a design life of say 4000 hours. Since variances are

shown not to 'ucrease but decrease, although not inversely proportional to

the square toot of time, it would certainly be reasoable to aasume that the

variance at 4000 hours is not larger than the value at 1500 hours.

3.3.3.,1 Gra2hlcal Presentation of Usage Severity Scatter - Plots of 4g

and 6g usage severity scatter versus flight hours were generated for both Ar

Force airplanes ad Navy/Marine airplanes. The plots, preseuted in frgures

30 thro4 33, illustrate Sraphically the decrease in scatter with increasing

hours. As my be noted, it all cases, the d1opersion of usage severity

scatter is shown to dect-ase igaif catly with increasius flight hourS.

Us has been indicated previously, this trend may be expl ined intuitively

cc~ the basis that the longer -i airplaue is flying, the wore likely that -it
will have been subjtcted to a variety .of usages ad its repeaed loadiug will

have averaged out.

In accordance Vith thkt theory of repeated load averagiig over long

periods, large scatter factors can be expected only early in an ixplaae' S

life whan the uubers of actual and eatiuated counts are relatively low,

. here are a ptoaa L this rule however. The plot of 6 usage scatter for

* NavryfaMriue airplae- shown in Figur. 33 contains 85 data poiuts for F-45

Bureau No. 150492 plotted at beteen 62 and 2482 flight hours. The last of

* these, a scatter factor of 9.31 at 2482 flight hours (see Figure 33), is

unusually high for that wny flight hours and is obviously inconsistent with

the data from the other aircraft in the fleet. Prior to Eoveaber 1966, this
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: airplane had accumulated approximately 1200 flight hours and had beer, engaged

in operations typical of an average airplane in the fleet. Since that time,

however, the airplane has been engaged in development of weapon delivery tech-

.,, niques. Since transferring into such operations, the aircraft's 6 g exceedance

accumulation rate has continually increased. Recently, the airplane's average

usage has been 12 times more severe than that of a typical airplane in che

fleet. This represents an activity which is not at all comparable to typical

operations in the overall fleet of NavyiMarine aircraft. The flight hours

accumulated by Bureau No. 150492 are thus considered to be from uniusual opera-

ticas, and as such, the data from this usage are not included ib any scatter

evaluations herein.

It is frequently found that unusual usage such as that experienced by

Bureau No. 150492 leads to fatigue problems. Failure of au airplasc such as

this ir unknown or unrecogaized special operations would cast a shadow of
doubt on the struQcural lutegrity of the total fleet at aircraft. By having

couting accelerometers Installed in each aircraft, however, these operatioos

can be reaopaized aud special periodic irspecttos of the aircraft involved

c o be condauted. This should preclude - y major problems. In addition,

scottd- ent be controlled, if deemed advisables, by trUs ferrin& airplaaes In

'4' sad oul of unusual activities,

.x~..4 vcauaron f Vob~bilty iatribution -Tito statisticol ropre-

sentatu of aircrat r-light maeuver accuoulatio it disc.uwsd in dtall r

ugterence (5). It is Ohlon that the- distribution of the n=_bors of zmanuvors
accunce-d by ind vldual aircraft in a 9 leut may be described using the

negative binomial distribution. Usage Severity scatter, as used herein, is

deftied as the ratio of the actual nuaber of load factor cotAts accutl.ated

by on irp le 41vided by the number of counts ich would have been accu=w-

latod by that airplao had It been operating at the f leet average maneuver

acctkultiop rate. Since this ratio is a meusure of a individual airplane's

accaulacion, of maneuvers, the distribution of usage s.verity scatter should

also follow the negative binomial distribution.

The negative binomial distribution, defuined by the probability de sity

fuactioa,

fZ) - buI- 4  rbtbwo)
I "bW) 6,+1 r(z+l)
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wthere:

z usage severity scatter - actual counts/estimated counts

m = mean value z
2b - m/a -m), and.

a - standard devIation of z

has been evaluated for "goodness of fit" with the usage severity scatter data

vf generated for both Air Force and Navy/Marine airplanes. The evaluation has

shown definite correlation between the theoretical distribution and the data.

As an example, Figure& 34 through 36 show comparisons between the negative

binomial distribution and the 4g scatter exhibited by Air Force airplanes

having accumulated 100, 500, and 1500 effective hours. These comparisons

show that the scatter in usage severity at any given number of effective

hours can be represented using the negative binomial distribution.

3.3.5 Effects of Changes in Operational Usa~& - The definition of a

particular airplane's usage may change completely from the design mission due

to the character of the actual theatre of operations. This has been clearly

illustrated by the usage of the F-4 airplane in service. As is well known,

the F-4 has been developed into a highly diversified weapons system. It has

been utilized as an interceptor, a fighter-bomber, and in numerous ground

support operations. The differences between the usages in these roles has

been drastic. The SEA conflict has likewise had a significant effect on

operational usage considerations. In addition to increased maneuver frequency

resulting ftom deployment in conventional bombing operations, the utilization

rates and the actual flight gross weights went beyond initial expectations.

Instead of being flown 20 to 30 hours per month, the rate for combat squadron

activities ircreased to 60 to 70 hours per month. Also, as illustrated by

the VGH data presented in Section 3.2, the average gross weight ii combat

operations increased to a level significantly above the design gross weight
j t of 37,500 pounds. None of these changes could have been predicted statisti-

cally during the design phase of the airplane.

Air Force and Navy/Marine 4g and 6g fleet average exceedance accumula-

iV. tion rates versus time are shown in Figure 37. These plots show how F-4

usage has varied. As noted previously, the usage scatter factors computed

herein represent tne, scatter between the exceedances accumulated by a given

airplane and the exceedances which would have been accumulated by that air-

plane if it had been operating at the fleet average exceedance accumulation
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rate. Scatter factors were computed at each reporting date. This factor is

the ratio of the actual counts accumulated through that date divided by the

estimated accumulated counts. Both the actual counts accumulated and the

estimated counts reflect changes in operational usage. The actual counts,

having been recorded in service operations, necessarily include changes in

operational usage. The estimated counts, being computed from fleet average

daily count per hour rates, reflect changes in operational usage occurring

during the period in which the aircraft was in service. Thus, if an aircraft

had been operating in a period in which load factor frequencies continually

increased, both the actual counts and the estimated counts would exhibit

corresponding increases. By taking the ratio of these counts, the effects of

changes in operational usage have been removed, and the scatter is simply that

between a given airplane and an average airplane in the fleet.

Although it can have a significant effect on service fatigue life, a

change in operational usage is not a statistical variable and cannot, there-

fore, be approached on a statistical basis. In arriving at a total scatter

factor, the scatter in fatigue test results and in usage can be handled

statistically, but it is necessary to make a "best guess" as to how the
airplane will be used in service. Changes in operational usage, although

quite important, cannot be anticipated or accurately estimated during the

aircraft's design phase.

3.4 Scatter in Total Hour Accumulation on Individual Aircraft

In addition to developing data and procedures for computing a design

scatter factor for a preselected reliability level, it is also important to

determine what should bL the deE gn life of an airplane in terms of hours or

years of service operations. Data reflecting scatter in the total hour acc-

umulation on individual F-4 aircraft have thus been investigated to obtain

information which can be used to aid in establishing an aircraft's design

life. The study performed and the information obtained are described in the

following paragraphs.

3.4.1 Method for Evaluating Hour Accumulation Scatter - In this study,

the scatter numbers computed represented the scatter between the flight hours

accumulated by a given airplane and the flight hours which would have been

accumulated by that airplane if it had been operating at the fleet average

hour accumulation rate. Total flight hour data for F-4 airplanes are stored

on the magnetic tapes which contain the F-4 counting accelerometer data.
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Aircraft reporting dates and hours accumulated were read directly from the

storage tapes. A daily fleet average hour accumulation rate was first esta-

blished by determining the total flight hours accumulated on any given day

and dividing by the total number of aircraft in the service inventory on that

day. Aircraft known to not have flown were included in the inventory count

in order to account for expected aircraft down-time. Scatter was then com-

puted at each reporting date listed for every airplane. Estimated hours for

individual aircraft were computed by accumulating the fleet daily average hour

accumulation rates applicable for periods between reporting dates. The

scatter at each reporting date was then computed by taking the ratio of the

actual hours accumulated through that date divided by the estimated accumu-

lated hours. Finally, the scatter data were scanned and evaluated and infor-

mation necessary to construct histograms showing the distribution of scatter

at selected intervals of years was produced.

3.4.2 Hour Accumulation Scatter Versus Years - Computer runs were made

to evaluate the hour accumulation scatter exhibited by Air Force airplanes

and by Navy/Marine airplanes. In the Air Force run, 1,701,964 flight hours

of data accumulated by 1232 Air Force airplanes were examined. In the Navy/

Marine run, 1,372,702 flight hours of data accumulted by 1114 Navy/Marine

airplanes were examined. As was the case in the usage severity scatter study,

the scatter in flight hours accumulated was also noted to decrease signifi-

cantly with increasing time. The trend, exhibited in both the Air Force and

Navy/Marine runs, indicates that flight hour usage also averages out and that

aircraft placed in the fleet at the srme time will tend to accumulate similar

numbers of hours over a period of years.

3.4.3 Histograms of Hour Accumulation Scatter at Selected Intervals -
The information necessary to construct histograms showing the distribution of

hour accumulation scatter at selected year intervals was -enerated during the

computer runs. This information for Air Force airplanes and for Navy/Marine

airplanes is presented in Figures 38 and 39. It should be noted that in eaci
2 year interval, only one scatter value is counted for each airplane. The

scatter value included is the one at the number of years closest to the mid-

point of the interval. The columns thus yield the distribution of the number

of airplanes with various scatter values at the number of years at the inter-
val midpoints. The histograms plotted from the data are shown in Figures

40 and 41. Histograms for the data from the Air Force run show the
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1,701,964 Total Hours of Data

Flight * Total Years in Service
Hour 0 2.01 4.01 6.01 8.01Scatter to to to to to

2.00 4.00 6.00 8.00 10.00

0.0 - 0.2 3 1 1
0.2 - 0.4 12 6 6 1
0.4 - 0.6 48 26 9 5
0M6 - 0.8 244 181 129 38
0.8 1.0 284 297 292 143
1.0 - 1.2 243 203 136 54
1.2 - 1.4 172 117 69 16
1.4 - 1.6 119 59 34 2
1.6 - 1.8 54 31 15
1.8 - 2,0 35 9 6
2.0 - 2.2 10
2.2 - 2.4 2
2.4 - 2.6 3

Total Number
of Aircraft 1229' 929 697 260 0

• Flight Hour Scatter - Actual Flight Hours/Estimated Flight lours

Figure 38

Flght Hor Scattv Distribution for 1232 Air Force Airplanes
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1,372,702 Total Hours of Data

Flight * Total Years in Service
Hour 0 2.01 4.01 6.01 8.01 10.01 12.01
Scatter to to to to to to to

2.00 4.00 6.00 8.00 10.00 12.00 14.00

0.0- 0.2 7 2
0.2 - 0.4 39 8 3 2 1
0.4 - 0.6 68 40 31 19 9
0.6 - 0.8 80 100 76 54 41 2
0.8 - 1.0 131 208 166 94 57 7
1.0 - 1.2 211 204 202 99 38 3
1.2 - 1.4 224 129 86 37 7
1.4 -1.6 157 59 25 10
1.6- 1.8 95 Z6 5
1.8 - 2.0 50 4 2
2.0 - 2,2 24 1
2.2 -2.4 12

.2.4 - 2.6 6

2.6 - 2.8 4
2.8 - 3.0 5
3.0 - 3.2 0
3.2 - 3.4 1

TotalN uzu er
of Aircraft 1134 $81 596 315 153 10

* fliit Hur Scatter Aetual iours/Estimated Flight hmo -a

Figur 39
Nur DUWI S for 1114 VI A
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distribution of scatter at 1, 3, 5, and 7 years. Histograms for the data

from the Navy/Marine run show the distribution of scatter at 1, 3, 5, and 9

years.

3.4.4 Eff.cts of Operations Changes on Hour Accumulation Scatter - Air

Force and Navy/Marine fleet average hour accumulation rates versus time are

shown in Figure 42. These curves show how F-4 hour accumulation rates have

varied. As previously indicated, the hour accumulation scatter values computed

herein represent the scatter between the hours accumulated by a given airplane

and the hours which would have been accumulated by that airplane if it had

been operating at the fleet average hour accumulation rate. Both the actual

hours and the estimated hours used in computing the scatter values include

operational usage change effects. The actual hours necessarily reflect

changes in operational usage. Estimated hours, being computed from daily

hour accumulation rates, reflect changes in operational usage occurring dur-

ing the period in which the aircraft was in service. By taking the ratio, the

effects of operational usage changes have been removed, and the scatter is

simply thac between a given airplane and an average airplane operating in the
fleet during the saw period. 4U haa been noted previou ty, this 3catter

decreases with increasing tize. Since u-4ge changes have been romovv, this

trend of decreasing scatter indicates that ait'craft placed in the fleet at

the unmu time will accumulate similar uubes of hours during their serviee

toura. In addition to this, howaver, vince F-4 flight hour anuulttun

rates indicate that wathly hour usage iv relatively invariamt, the data would

also indicate that all aircraft in a fleet tmy be expected to accumulate 1

similar Ruber of hours after a like uumber of years in aervice.
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4. PHASE III - DOCUENTATION OF LABORATORY TEST RESULTS

4.1 General

F-4 full scale laboratory fatigue testing has been conducted in a series

of test programs involving five complete wing-center fuselage fatigue test

articles and two half-wings. The fatigue characteristics of five fatigue

critical key areas base,: on this laboratory testing were documented in Phase

III of this program. Efforts in this area included the compilation of spec-

trum hours to failure and the determination of the crack growth characteris-

tics for each key area. The key areas studied were:

(.) the wing main torque box lower skin,

(2) the outer wing lower skin,

(3) the VXS. 303 bulkhes,

(4) the wing main torque box upper skin, and

(5) the lower longer-o dog bone fitting.

4.2 F-4 Fat.gue _Test, Program History

F-4 full scale fEcigue testing has been conducted in a series of test

programs that have included seven full scale test articles, The teat article*

that hav.e been utili-ed are depicted in Figure 2. The test progra, which

were perforzed to subs-ntau te the airfrae fatigue life and to define fatique

cr-ical aree, ro devecribed briefly in subsequent paragraphs. This tet

history provides the Inforeciou "ecesuary to ienatify the laboratory' failures

roferred to in cbii scudy ,
HBlok I "Lest Program - The teat article covn ted of a ceuter futelage

and coe.4te wiug usebly repreentative of the Ship I through 95 c".figur4-

tion. Test loads represenated the critical loadigti condition for a flight

ros eight of 34,500 pounwdi ad wore applied In a'ccordance with spectrumi A

of HIL-A-8666. This resulted in the aipplicatioa of a teat loaditwv epeccrun
wtich wa, c raiderably tn'e severe thaa the original detign spectrum. Eailure

occurred at the end of the fifch load progr= when both RH and L/IH wtngs

failed sitaltaaeously at .the wjn root.. The fallure. were precipitated by

repeated buckling of the win& carry through auxillary be" shear webs at high

load lavels. Hodificatioue to the auxiliary b a were developed and reftned

in subsequeut g testing. A retrofit Uix vwa incorporated in Ships I through

40 and redesigned auxiliary beams were istalled effective Ship 41 and up.

Revieioin ~fTest Lods n_. t Repeated Load Spcnrwi - A flight load

mno ureent progrmA indicated that the analytically determiued loads used in

the Block I test were conservative. The test loading distribution was revised
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to reflect the results of flight test measurements, but concurrently, the mag-

nitude of test loads was increased to reflect an increase in gross weight from

34,500 pounds to 40,000 pounds. The combination of these changes increased

3I test loads by a factor of 1.039 above the Block 1 fatigue test ltading and

rest ited in loads representative of flight loads at critical design speed and

altitude (Mach 1.1 at 25,000 ft.). In addition to the test loads revision,

the load spectrum was change .a Spectrum A of MIL-A-8866 to what has come

2o be known as the F-4 test spiaktrum (the list of cycles applied in the F-4

test spectrum, which was utilized in all subsequent fatigue testing, is pre-

sented in Figure 43). This combi ation of changes resulted in a test spectrum

which was also considerably more sever= than the original design spectrum.

Block 1 R/H Remnant Win& Test - The R/H remnant wing from the Block 1

fatigue test article was jig supported (critical loads simulated outboard of

B.Lo 80) and spectrum testing was continued using the F-4 test spectrum and

loads (40,000 pounds gross weight, Mach 1.1 at 25,000 ft.). Failure occurred

in the wing main torque box lower skin at B.L. 100 (fatigue critical area

shown In 'igure 44) after 400 additional spectrum hours.

Block 1 L/H Remnant Wing Test - A lower wing skin reinforcing strap

(retrof-it (ix for Ships 1 through 95) was installed on the L/H rernant wing

from the Block 1 fatigue test article and testing was continued as in the

R/H remnant wing test. Testing was discontinued after 9300 spectrum hours

without a catastrophic fatigue failure.

Block 6 Test Program - The test article consisted of the Block 1 test

fuselage and a new 1 through 95 wing with redesigned auxiliary beams. Test

loads were applied in accordance with the F-4 test spectrum and loads

(40,000 pounds gross weight, Mach 1.1 at 25,000 ft.). Four hundred spectrum

hours were applied prior to installation of the lower wing skin reinforcing

strap to simulate possible service history experienced by airplanes prior to

the reinforcement. Testing was discontinued after the completion of 4200

apectrum hours without a catastrophic fatigue failure.

Block 8 Test Program,- The tesL article consisted of 4 new center fuse-

lage and a wing representative of Ship No. 96 and up (primary modifications

consisting of iacreased strength in lower skin). Test loads were applied in

accordance with the F-4 test spectrum and loads (40,000 pounde gross weight,

Mach 1.1 at 25,000 ft.). Failure of both wings occurred simultaneously in

the fatigue critical area at B.L. 100 (same location as R/H remnant wing

failure as shown in Figure 44) after 2700 spectrum hours.
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MAX1191M LOAD * YCLE PER
N~ TEST LIMT WAD) 100 SPEMEIM HMUR

35 1200

45 910

55 550

65 315

75 137

85 67

95 16

1C3 4

us .2

*Minimum 1084 equals 15.4% test limit load except
mirlznm load equals O.C% test limit load on every
15th cycle

Figure 43
List of Cycles Applied in the F-4 Test Spectrum

iI
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ECP-613 Test Program This test program was initiated to demonstrate

that the F-4 test life could be extended from 2700 to 6000 spectrum hours by

insf.alling Taper-Lok fasteners in the lower wing skin fatigue critical area.

The test articles consisted of two full scale aircraft:

(1) F-4B Test Article - Representative of early aircraft with 7079-T6

spars, ribs, and 7075-T651 bulkheads, and with conventional

fasteners installed :.n the fatigue critical area in production.

(2) F-4J Test Article - Representative of higher effectivity aircraft

with 7075-T73 spars, ribs and bulkheads. R/H wing representative

of aircraft with conventional fasteners installed in the fatigue

critical area in production and the L/H wing representative of

aircraft with Taper-Lok fasteners inst&lled in the critical area

in production.

Test loads were applied in accordance with the F-4 test spectrum and loads

(40,000 pounds gross weight, Mach 1.1 at 25,000 ft,). After approximately

1700 spectrum hours, Taper-Lok fasteners were installed in the fatigue criti-

cal area of the F-4B test article wings and in the criti-'Z area of the R/H

wing of the F-4J test article (1700 spectrum hours applied to simulate

possible service history experienced by airplanes prior to incorporation of

Taper-Lok retrofit fix). Testing of both test articles was discontinued

following the completion of 6000 spectrum hours without catastrophic failure.

FSCP 46 Extension - This testing was conducted to determine whether the

Taper-Lok installation could extend the test life of the F-4B test article

used in the ECP-613 test program to 8000 spectrum hours. Cycling of the test

article was continued in the same manner as in the ECP-613 test program ex-

cept cycles in tue 35%, 45%, and 55% load levels of the F-4 test spectrum

were not applied. Cycling of the test article was discontinued following the

completion of 8000 spectrum hours without catastrophic failure.

FSCP 60RI Extension - This testing was conducted to determine whether

the test life of the F-4B test article utilized in ECP-613 and FSCP-46 test-

ing could be extended to 12000 spectrum hours. Cycling was continued in the

same manner as in the FSCP 46 extension. Testing of the article was discon-

tinued after 11800 spectrum hours when the L/H wing faiied catastrophically.

This failure was found to have originated at the pylon fitting hole in the

wing main torque box lower skin at B.L. 132.50.
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4.3 Compilation of Test Results

Locations of the five fatigue critical key areas and photographs of

typical damage detected in the laboratory are shown in Figures 45 thrcugh 53.

Detailed lists of fatigue damage detected in each of the five areas are pre-

sented in Figures 54 through 59.

4.4 Electron Microscopic Examinations of Fatigue Fracture Surfaces

The markings on a fatigue fracture surface represent successive positions

of the crack front. Electron microscopy provides the means for correlating

this crack growth to the loading history. Crack growith curves generated

during microscopic examinations thus define the fatigue characteristics of

components in terms of times to crack initiation, crack detection, and com-

plete rupture.

Fracture surfaces from each of the five key areas were examined using the

electron microscope, Crack growth curves generated for the critical areas in

the wing rain torque box lower skin, in the F.S. 303 bulkhead, and in the

outer wing lower skin, are presented in Figures 60 through 62. Attempts to

obtain crack groth data from fracture surfaces from the wing main torque box

upper skin and from two lower longeron dog bone fittinga did not prove to

be successful. These areas are loaded in compression, and although cracks

developed due to residual tensile stresses, subsequent compressive cycles

damaged the fracture surfaces to such an extent that crack growth could not

be determined.

/'!
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Honeycomb Structure ____ -

Trailing Edge

Typical Crack 32-15531 Ski

View Looking Up

Typical Crack

I Figure 45
32-15062 and 32-15531 Outer W1,1g Lower Skids
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View Looking Aft

Figure 47
Fuselage Station 303 Bulkhead
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Critical Area W1,19

Box Upper Sk~in

Figure 49
Wing Idain Trorquq Box Upper Skin at WiN R~OOt
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Figur 61
Dog Bor. Fining (Low Longuon Splice Fit"g
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Outboard Forard
VImi UDOXG LU AT IT WI w

('1 33 3Oo 00oooo0o00O\°\ 0- 0 0

oo0 0oo o 0 0 0on0o o o o OO

32-11422 Skin

CRACK DITECTED CRACK DCI'E
TEST ARTICLE APT!I BOCK NO. IN HOLE NO. ARKS

R/H Ruamnt 9 32 R/H Wing failed catastropically
Origin of failure was
fatigue crack in Hole
No. 32.

Block 8 Test 27 31 L/H L/H and R/H wings fadled
Article 27 31 R/H simultaneously. Cracks

prcipitating failures
originated in holes 31 L/H

F-0B Test 16 33 R/H W4+ U~
Article 1 17 31 L/H Q ( ® Cracks dtected by Eddy

- Curr~nt Inspection,
F-4J Test 15 31 R/H@ I
Article 1() Reamed oversise after

17 33 R/H ( Block No. 17 and taper-Ilok fasteners installed.

1 100 Spectrum Hours Per Block
All Cracks Detected in 32-11422 Skin
Hole Numbers Correspond to Taper-Lok Retrofit Hole Identification Numbers

Figure 54
List of Failures Detected in the Wing Main Torque Box Lower Skin at BL 100 in Laboratory Testing
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HFT -"QCEDATAJRE NB FAILURE DEEr D BLOCKS TO

TET ARTrLO RL:eaD(CK FA&L-uR NWmI AT . TES BLCK FU31 AITA

L/I Raenant Wing 9 8 32-15531-5 46.6 46.6 Cracked Doubler
• Installed

9 1C 32-15062-3 52 52 Cracked Doubler
Installed

9 1 32-15531-5 69.8 69.8 Crackod Doubler
Installed

9 14 32-15531-5 80.3 80.3 Numerous No
Cracks Action
Detected

Block 6 10 60 32-15531-7 42 42 Cracks Found No Action -

Test Article Ykinating Testing
From Two Terminated
Fastener
Holes

Block 8 11 89 32-15531-12 20 20 Cracked Doubler

Test Article Installed

F-4.1 Test 12 12 32-15o62-6 16 16 Cracked Crack Stop

Article (Block 
Drilled and

26 & UP 
Doubler

ion) Installed

12 25 32-15062-5 23 23 Cracked Crack Stop
Drilled ad
Doubler
Installed

F-41 Test 13 16 32-15062-5 20 20 Cracked Doubler

Article (B1lock 
Installed

2 6 & (1,
Co f i urt ion) 13 20 32-15062-6 23 23 Cracked No Action

Doubler

Unreported 32-15531-13 60 60 Cracked Installed

F-4B Test 44 4 32-15062-6 73 . Crnck Crack Stop

Article (Block 
Detected In Drilled and

26 & V, 
Test Article Doubler

Con fivtrntion) 
Following Instaled

Conf c, u: t on) loc . 23

Q Odd dash numbers installed on L/H side of airplane,

Even dash nuwers installed on R/H side of airplane.

loo i Spectrum hours per block

See Figure 56 for descriptions of failures

Figure 55

List of Failures Detected in the 32-15062 and the 32-15531 Outer Wing
Lower Skins in Laboratory Testing

'8
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Cracked on F-4B Test Article (A 60 Blocks
Wing oldCL/H)

Cracked on F-4B Test Article; 01OO Lands Typical
R/AI 623 Blocks, LA i 6 20 Blocks 32--062 Ski
Cracked on F-41 Test Article; 

32-502 kiR/H 0 16 Blocks, L/H 0 23 Blocks 060,EOF 32-15062
59.9% #-.-

(Rear spar) .060-- .

c~c, 32-15531 Skin

OWOS 17 OWCS OWOS 32-.823.7

CONFIGURATION TYPICAL OF BLDCK
26 AND UP AIRCRAFT

Cracked on L/H Numerous Cracks Detected
/emnant Wing 052 5oc on L/H Reant Wing in,,,ri ' '8 0 3 B l -o k s

Cracked on Block 6 Test Article
0 42 Blocks (I4/H) 32-15o62 skin

32-15531 Skin
.05 r- Cracked on L/A

._6' Rew hnt Wing
.C . 4 69.8 Blocks

Cracked on Block E Teat Article racked on L6. Renit Wing
0 20 Blocks (R/H) 23.7 32.83 d 46.6 Blocks

CONFIQURATION TYPICAL OF AIRCRAFT
BiLOw BWCK 26

Figure 56
Summary-Outer Wing Lower Skin Fatigue Cracks

C8
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Section A-A

Honeycomb 32-11021 Outboard Forward

32-11021 Skin Panel Skin

32-1I.Cll to L-O af M N H4 0 0% -

Main Spar

4i~~ti t~c~4N Vielr Looing
+ + 0 0 00 0 0 D w L/H Side

4.- + 0 0 0 0 0 0 0 o
0

ock 4 Te0, 8 In Runout. In Runout

~c 8 Test 9 In Runout In Runout

Aric1 14 30 X X I X
- ___._........_ 131 ____J X

F4B Test ArUlcle 60 1430 X
. ... . - in- i -

F4B Test Article 80 1429 1 I
T ARTIC.LE AN33 I I

4B i'st Article 118 129 I I

Artclo 1430 X
1431 xF-4J Test Article 60 1438

. . Ts1429 x x

1432, x I

143 x, x

Inspections for Fatigue Crack During T te8tin.

FiTure 58
List of FJIluros Detected in Wing Main Toriu Rnx Uo Surface

at Wing Root in Laboratory Testinq
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DATA SORCE FAILURE DN.C TE6P- DCK
S 

TQ

Block 6 Teat 10 12 32-32086-5 6 6 Cracked Replaced
Article

o 13 32-32086-6 7 7 Cracked Replaced

10 26 32-32086-5 15 9 Cracked Replaced

10 27 32-32086-6 15 8 Cracked Replaced

1to 4 32-32086-6 21 6 Cracked Replaced
10 46 32-32086-6 265 Cracked Repacod

10 47 32-32086-5 28 13 Cracked Replaced

i 1o V7 32-12086-6 35 9 Cracked Relaced

Block 8 Test 1 85 32-32086-5 19 19 Cracked Replaced• - ;"Article
Artcl 11 85 32-32086-6 19 19 Cracked Repla-ed

.11I3 32-32086-6 26 7 Cracked Replaced

F-4,1 Test Article 12 57 32-32086-2 37 37 Cracked No Action

12 69 32-32086-2 42 - Broken Rplaced

12 92 32-32086-2 56 14 Cracked No Action

F-4P Test Article 13 29 32-32086-2 33 33 Cracked Replaced

13 35 32-32086-1 34 34 Cracked Replaced

13 50 32-32086-1 42 8 Craoked R lced 45in

13 54 32-32006-2 48 15 Cracked No Action

13 59 32-32086-1 50 5 rac!. a No Action

F-41 TsAri l 1 2 32-3 2086-P1 73 Broken Rplaced~-iTest Article

14 2 32-32086-2 73 Broken Replaced

F-411 Test Article 1, 32-32086-1 85 12 Cracked No Action

15 4 32-32086-2 85 12 Cracked No Action

Q Odd dash numbers installed on L/H aide of airplane,
Nven dish numbers inata~ed on RA aide of airplane.

Q 1OU Spectrum hours par block

Figure 59
List of Failures Detected in the 32-32086 Lower Lonqeron Dog Bone

Fitting in Laboratory Testing
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.15

.13 Failure Hole in R/H wing
of the Block 8 Test Article

.12 Hole in R/H Wing of Block8 - -

Test Article One Hole Inboard
11 of Failure Hole -

- - - Failure Hole in L/H Wing
.10 of the Block 8 Test Article

.09- -

- .08

07

U .06

.04

:' ,.03 "

- " ,01

i!0 1000 2000 3000
I !;"Spectrum Hours Completed

" Figure 60
!' i Crack Growth Curves for Key Area in Wing Main Torque Box Lower Skin
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Crack Growth Curve
.40

.35

.30

.25

*~ 20

0

.0

.0

0 1500 2000 2500 3000 3500 4000 4500 5000 5500

Spectrum Hours Completed

View of Failed Section

Failure Detected ofter 52 Blocks In Flit- Side of
F-4J Test Artile

Figure 61
Crack Growth Curve for Key Area in the FS 303 Bulkhead
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5. PHASE IV - LAB AND SERVICE FAILURE CORRELATION

5.1 G4neral

The correlation of laboratory and service experience for the fatigue

critical key areas was performed in Phase IV of this program. This work

included compiling data on fatigue cracks detected in service aircraft for

comparison with laboratory test rasults compiled in Phase III, evaluating the

degree of simulation of the service loading environment in laboratory testing,

and comparing the service experience to life predictions based on all the

data gathered in the first three phases. The combination of fatigue test

results scatter and loads usage severity scatter into a joint scatter factor

was a major part of this effort.

5.2 Compilation of Service Failures

Lists showing the service experience for each of the five key areas dis-

cussed in Phase III are presented in Appendix IV. These lists were compiled

based on studies of MCAIR in-house aircraft inspection records and supple-

mental information obtained from the Air Force and the Navy. As may be noted,

the lists include iniormation on demonstration team iircraft (Blue Angels and

Thunderbirds) as well as fleet airplanes, and information on aircraft in

which fatigue cracks were and were not detected, The lists of aircraft with

cracks were developed mainly from the WCIR records of incidents of reported

i itigue cracks, The lists of aircraft inspected in which no cracks were

detected were developed mainly from the information obtained frotu the ser-

vices. This information, i.e,, that used in prepariug the lists of aircraft

in which no cracks were detected, is discussed in the following paragraphs.

For the critical area in the wing main torque box lower skin, the list

reflecting crack free performance in service operations was developed based

on hole inspection records compiled by the Air Foi x during performance of

F-4 Taper-Lok retrofit operations. Taper-Loks are being installed in this

area of the wing main torque box lower skin as a result of the full

scale laboratory test program discussed in Section 4.2. Crack inspection

information sheets were obtained from the Air Force for 474 airp s.nes in

which Taper-Lok fasteners were installed in the wing main torque box lower

surface at B.L. 100 on a retrofit basis. An examination of the data sheets

from these aircraft revealed 462 airplanes in which all fastener holes were

free of crack indications. These are the 462 aircraft listed in Figure V-I

of Appendix IV. IThere were 4ata sheets on twelve aircraft in which
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indications of some sort of discrepancy were noted for one or more fastener
holes. The sheets were not clear, however, as to whether there were fatigue

cracks in the fastener holes or not. In geners.', it would appear that what

was described was probably a scratch or an indication of a stress corrosion

crack since the location of the discrepancy in the hole did not correspond to

where fatigue cracking would be expected. Efforts were expended in an attempt

to substantiate whether or not the twelve aircraft in question contalined

fatigue cracks at retrofit. Although no positive information coul& be obtained

on the particular twelve aircraft, conversations with cognizant personnel at

the repair facility indicated that fatigue cracks were not detected on any

aircraft during the reLrofit operation. Since the results of the twelve

inspections could not be verified, the aircraft were not included in this

study and data from the aircraft are not presented herein.

In the case of the critical area in the lower surface of the outer wing,

the lists reflecting crack free performance were developed based on an outer

wing inspection of Air Force airplanes in HMarch 1970. The results reported

to HCAIR were by bases and included the number of aircraft checked and the

Bureau Numbers of airplanes in which cracks were detected (the aircraft with

cracks are included in the list o( failures). tCAIR records of aircraft

stationed at the various bases at that time vere examined to detorwine the

airplanes that ware inspected and found to be crack free, Theme aircraft are

the ou O listed in Figure IV-4 of Appendix IV.

For the critical area in the FS. 30' bulkhead, the list of fleet air-

craft indicating crack free pefforrauce In service operAtiones is cotposed

primarily of airccaft inspected by the Navy (a S1Wll portion of this list

and the lists of failures and of deonatrrion team aircraft with no crackg

--ere developed froy data from a limited ;uaer of bulkhead iinspections col-

dueted by SCAIR). As A result of testing, HCAIR proposed certain modific.-

tions for the F-4 Including a modification of the F.S,. 303 bulkhead

incorporating an eddy current examination prior to revork. This codification

of the bulkhead was approved by the Navy for the rework of a selected number

of F-4B's and ?-43's. A limited number oi airplanes have been ittducted for

repair and are currently beitg reworked. None of these aircraft have been

found to contain cracks. ',ese airplanes are the ones cot4rising the bulk

of the list in Figure IV-7 of Appendix iM.
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5.3 Correlation of Laboratory and Service Loadings

The development of reliability procedures for estimating time to early

failure on fighter aircraft was the basic objective of this program. The

material presented in the following section provides a quantitative evaluation

of methods developed toward this end. In this final phase, service life pre-

dictions are compared to the actual service failures. The life predictions

are based on data gathered in the first thre,  phases, i.e., laboratory tert

results, counter and VGH data, and usage and fatigue test results scatter

information. The comparison itself is on tLe basis of equivalent laboratory

test hours and not in terms of actual flight hours at failure. This type of

comparison attempts to account for the differences between the laboratory and

service loading environments.

In laboratory testing, all efforts ate directed toward attaining the

best possible simulation of the loading experienced by the aircraft in service.

The problem of cost., however, as it always does, necessitates that simplified

test approaches ac.ually be utilized. For the F-4 laboratory test condition

chosen, major structural components (e.g., the lower wing skin) were loaded

in much the swte . ay that they ore loaded In service. The loading was an

approximation, hewever, and as a result, other areas may not have been loaded

in exactly the smo matuner as In service operations. Te F-4 outer wing is

tsubjocted ro bufit'ting and small amplitude vibrations in service. Iis waa

"ot siNulated in the laboratory toating. Ihe lower longoron dog bone fttg

avid the wing maiti torque bog upper surface are primarily subjected to -Let-

prossive loads; fai-lures in these areas rs$alr froA tle inducecot of rv-sidual

tensile t-tresse-. The dog bone fitting and upper iurfaco failures, therefore,

depetd very =uch xi when high loads are applied.

For tho reasons noted above, wnd aiso because of changes in operational

usage, laboratory test hours and service flight hours could not he correlated

xi a one to mie basis for any of the key areas considered herein, Such a

flight hour corr-latton would not exatly correc Main

torque box lower skin or Oe F.S. 303 bulkhead, and would be particularly

inaccurate for the outer wing lower skins, the lower longeron dog bone

fittings, and the wing main torque box upper surface at the root. Fatigue

analysis, elemgnt test results, flight loads Masurements, and full scale

test results information have thus been used to correlate the laboratory and

service fat lure experience. Fatigue analysis procedures were formulated to
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calculate fatigue damage such that En/N 1 at the time of failure. The same

procedures were then employed to predict the En/N damage sustained at in-

qpection or failure in service operations. These procedures utilized element

fatigue test data, full scale airplane strain surveys, and flight loads

* measurements. The damage numbers were then converted to equivalent laboratory

hour.i by multiplying the En/N value times the iboratory life.

It should be noted that comparisons were actually made only for the

9 critical areas in the wing main torque box lower skin, the outer wing lower

surface, and the F.S. 303 bulkhead. The remaining two critical areas were

not amenable to analysis by the methods of the subject program. As noted

previously, both the upper wing skin and the lower longeron dog bone fitting

develop fatigue cracks by the mechanism of an overload in compression produc-

ing residual tension stresses. The service fatigue life is therefore very

much influenced by when in overload occurs. An overload could be the result

of a high positive maneuver or a hard carrier landing. The resulting life

scatter is expected to be extreme. The compilation of service failures bears

this out. For example, the upper wing skin was found cracked on one F-4

after only 195 flight hours; and on another F-4, no cracks were detected

after 700 flight hours.

5.4 Comarison of iaboratory and Service Failures

The actual comparison 3f laboratory and service failures included efforts

in the following areas: equivalent laboratory hours for all service failures

wore determined; scatter in fatigue and in usage severi. were combined and

th. JoinL probability of scatter in fatigue and usage severity was evaluated;

service failures were compared to predicted failures on the basis of the ex-

pected number of failures versus the actual number of failures for each key

area; aad finally, actual times to first failure, second failure, etc., were

compared t the times at which failures were predicted. Details of these

efforts are delineated in the following paragraphs.

S.4.1 Eguivalent Laboratory Hours - The equivalent laboratory hours

sustained at each of the service failures (or each''service inspection in

which no cracks were detected) are listed in Figures IV-i through IV-l0 of

l. pendix IV. As indicated previously, these hours were determined by com-

puting the ZnN damage number for a particular component mid then multiplying

thaL number by the life demonstrated by the component in laboratory testing.

rhe detailed methods are described in the following paragraphs.
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5.3 Correlation of Laboratory and Service Loadings

The development of reliability procedures for estimating time to early

failure on fighter aircraft was the basic objective of this program. The

material presented in the following section provides a quantitative evaluation

of methods developed toward this end. In this final phase, service life pre-

dictions are compared to the actual service failures. The life predictions

are based on data gathered in the first three phases, i.e., laboratory test

results, counter and VGH data, and usage and fatigue test results scatter

information. The comparison itself is on the basis of equivalent laboratory

test hours and not in terms of actual flight hours at failure. This type of

comparison attempts to account for the differences between the laboratory and

service loading environments.

In laboratory testing, all efforts are directed toward attaining the

best possible simulation of the loading experienced by the aircraft in service.

4 The problem of cost, howe-'er, as it always does, necessitates that simplified

test approaches actually be utilized. For the F-4 laboratory test condition

chosen, major structural components (e.g., the lower wing skin) were loaded

in much the same way that they are loaded in service. The loading was an

approximation, however, and as a result, other areas may not have been loaded

in exactly the same manner as in service operations. The F-4 outer wing is

subjected to buffeting and small amplitude vibrations in service. This was

not simulated in the laboratory testing. The lower longeron dog bone fitting

and the wing main torque box upper surface are primarily subjected to com-

pressive loads; failures in these areas result from the inducement of residual

tensile stresses. The dog bone fitting and upper surface failures, therefore,

depend very much on when high loads are applied.

For the reasons noted above, and also because of changes in operational

usate, laboratory test hours and service flight hours could not be correlated

on a one to one basis for any of the key areas considered herein. Such a

flight hour correlation would not be exactly correct for either the wing main

torque box lower skin or the F.S. 303 bulkhead, and would be particularly

inaccurate for the outer wing lower skins, the lower longeron dog bone

fittings, ad the wing main torque box upper surface at the root. Fatigue

analysis, element test results, flight loads measurements, and full scale

test results information have thus been used to correlate the laboratory and

service failure experience. Fatigue analysis procedures were formulated to
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The laboratory fatigue lives for the key critical areas in the wing main

torque box lower skin, the F.S. 303 bulkhead, and the outer wing lower surface

as determined from the data presented in Section 4.3 are shown in Figure 63.

Fatigue analysis procedures were formulated which would predict these labor-

atory lives. The same procedures were then employed to predict the damages

sustained in service operations. The actual computations of the Zn/N damage

numbers sustained by the serv! a aircraft were made using an existing F-4

fatigue damage computation program. In making the predictions, the program

utilized each airplane's counting accelerometer data, the overall fleet

average count frequency for estimating counts for those periods when an air-

plane's counter was inoperative, and the VGH data discussed in Section 3.2 for

correcting counter load factor data to wing bending moment or to F.S. 303

bulkhead load. Periods in which the aircraft were engaged in combat or in

training were tracked and the appropriate VGH correction was utilized. The

resulting En/N damage numbers were then multiplied by the component labora-

tory lives to establish the equivalent laboratory hours.

In addition to the full scale test results information of Figure 63,

flight loads measurements and element test results information were used to

aid in determining the equivalent hours. Flight loads measurements provided

the factors to be applied to the counting accelerometer data to reflect the

differences between the flight regivws represented in the laboratory and in

actual operations. In Section 3.2 it was noted that the majority of maneuvers

are pulled in a flight regime in which wing bending moment per g is about 85%

of that used in laboratory testing. Flight loads measurements indicated that

F.S. 303 bulkhead loads follow the same relationship (bulkhead loads were

found to be approximately proportional to the wing root bending moment). On

the other hand, flight loads measurements indicated that the outer wing is

loaded more severely in service in relation to the laboratory loading than

are either the bulkhead or the wing main torque box lower skin. This is

borne out by the Figure 64 summary of average flight hours to crack detection

tur the three key areas. The summary shows outer wing lower skin fatigue

cracks at considerably fewer hours in relation to the bulkhead and the wing

main torque box lower skin than the laboratory test results would suggest.

The factors from flight loads measurements thus had to be included to account

for the differences between the "points in the sky" represented in the lab-

oratory and in actual flight operations. As indicated earlier, element test
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Eddy Dye
Current Penetrant Sprto

LocaionCrack Crack

Detection Detection

Inner Wing16020*70
Lower Skin BL 10016020*70

FS 303 Bulkhead 2700* 5200

Outer Wing
Aft Lower Skin (32-15062 2050
Block 26 and Up Configuration)

Outer Wing
Fwd Lower Skin (32-15531 6000
Block 26 and Up Configuration)

* Estimated Based on Crack Growth Curves OP73.O439.18

of Figures 60 and 61

Figure 63
Component Fatigue Lives in Terms of Laboratory Test Hours
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Number of Average
Location Cracked Flight

Aircraft Hours

. Inner Wing

Lower Skin BL 100 0 (2) - (213)

FS 303 Bulkhead 2(8) 1486 (603)

Outer Wing
Aft Lower Skin (32-15062

Block 26 and Up Configuration) 34(1) 745 (307)

Outer Wing
Fwd Lower Skin (32-71531
Block 26 and Up Configuration) 6 (1) 1445 (307)

Numbers in Parentheses Indicate Blue Angel and Thunderbird Experience

Figure 64
Summary of Actual Flight Hours to Crack Detection in Service Operations

GP73-0439.11

1'9
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results were also utilized. Demonstration team aircraft pull considerably

more negative g maneuvers than do fleet airplanes; and, within demonstration

team groups, the solo airplanes are subjected to a more severe negative load

spectrum than are the diamond airplanes. Factors for the effects of negative

loads on the damages sustained by the demonstration team airplanes were ob-

tained from MCAIR element tests utilizing spectra derived from Blue Angel

counting accelerometer data. Different factors were developed for solo usage
and for diamond usage. Different factors were also developed for different

time periods to reflect variations in the negative load factor usage which

have occurred over the period in which F-4 aircraft have been engaged in

demonstration team operations. These factors were then applied to the cal-

culated Zn/N damage numbers to determine the equivalent laboratory hours

exhibited at the failure or inspection of demonstration team airplanes.

As indicated above, the equivalent laboratory hours listed in Figures

IV-l through IV-10 are the equivalent hours computed as having been accumu-

lated at the time of crack detection or at the time of inspection. These

hours are the best estimates of the equivalent hours accumulated through that

time. Where counting accelerometer data was missing and damage had to be

estimated for more than 50% of the flight hours, that fact is indicated.

Also, in the case of the outer wing lower skins, equivalent hours were com-

puted only if there was no indication of switching of outer wings on the air-

plane in question. Wherever possible, outer wing serial nwubers for the

aircraft in the lists of Figures IV-4 through IV-6 were checked against the

serial numbers of the outer wings installed on the aircraft when they left

MCAIR. Where outer wings had been switched, equivalent hours were not

computed since the counting accelerometer data for the airplane might not

bear any relation to the usage experienced by the outer wings. The inspection

information of such aircraft have been listed for referene, but these data

were not used in any further studies.

5.4.2 Joint Probability of Scatter inFatigu and Usage Severity- The

* combination of fatigue test results scatter and loads usage severity scatter

into a joint scatter factor was a major part of the effort involved in the

comparison of laboratory and service failures. As noted in Section 2.5,

scatter in fatigue data is reasonably approximated using the Weibull distri-

bution, and ds noted in Section 3.3.4, scatter in usage severity can be

described by the negative binomial distribution. Since they are statistically
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independent, the joint probability density function representative of com-

bined scatter from fatigue and usage severity is given by the product of the
two distributions. To determine probability levels, this complex function

had to be integrated which was not feasible analytically. A computer program

was thus developed to do the integration numerically. The program was de-

signed to evaluate thW function for a preselected joint scatter factor and

then determine the area under the curve. This area represented the probabi-

lity of the joint scatter factor for combined fatigue and usage severity

being less than or equal to the preselected value. A number of computer runs

were thus required to completely establish the relationship between the

probability of a fatigue falure and Ohe joint scatter factox for combined

scatter in fatigue and usage.

Curves showing the probability of failure versus the joint scatter factor

for fatigue and usage severity are presented in Figure 65. These curves were

derived using the means and standard deviations listed for the 4g usage

severity scatter in Figure 26 aud the Weibull Shape Parameter a of 5.27

determined in Section 2.2.6. The 4g usage severity scatter means and

variances were used because a major portion of fatigue damage is caused by

mneuvering at this load factor level.

It should be noted that a commonly used approach for obtaining a joint

scatter factor for fatigue and usage severity is to multiply the two scatter

factors to obtain a total scatter.factor. This approach results in an overly

conservative estimate of what the true joint scatter factor should be. This

is illustrated by the compa'- son shon in Figixre 66.

5.4.3 Comarison of Service ESpirien eand Minimum Service Life

Predictions - The actual comparisow of service and laboratory experience has

been made on the basis of the expected number of cracked aircraft versus the

a,.t' 0l number and also on the basis of the predicted times to crack detection

vi ;sas the actual times. The detailed calculation procedures to obtain these

comparisons are presented in the following paragraphs.

The comparisons of the number of cracked aircraft versus the expected

number for each of the key fatigue critical areas are presented in Figures

, 67 through 71. In arriving at these comparisons, the expected number of

cracked aircraft was found by taking the summation of the probability of

crack detection on each airplane inspected. As an example, if one hundred

airplanes would be inspectzd at the point in time when the probability of
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* Two Solo Blue Angel Equivalent Laboratory

Aircraft Inspected Test Hours

BuNo 1530PO............................ 2100 Cracks
BuNo 153081 ......................... 1830. Detected

, Four Diamond Blue Angel
Aircraft Inspected

BuNo 153075 ............................ 340 t

BuNo 153076 ............................ 410 No Cracks
BuNo 153079 ......................... 250 Detected
BuNo 153082 ............................ 250)

* Laboratory Eddy Current Crack Detection at 1600 Hours

Number of Cracked Aircraft 2

Expected Number 1.4

Figura 67
Service Experience

Wing Main Torque Box Lower Skin Inspection Summary Demonstration Team Airplanes
Inspection by Eddy Current
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250

Num ber of Cracked Aircraft= 0! Data for 462 Fleet Aircraft;
Expected Number-2.3 Inspection by Dye Penetrant

200

0
1.00

Lsbortory
n Dlye Penetrmnt

Ctsck Detection
at 2400 hout

0 lo 3

Equiv~tati Laboiatetv 1Tmt Noun

:Sevice Exp~rieoco
Wing Main Toiqua Box Low Skin Inspecdia Sumawoy - Fteat Alrc,8ft
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Tfigure 69
Service Experiec
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Ins~e *.oin by Eddy Current
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FNumber of Cracked Aircraft35
Expected Number -4.3
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Figure 70

Serviw Expefience
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120 Number of Cracked Aircraft 7
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crack detection is .01, the expected number of cracked aircraft would be

100 x .01 = 1. The curves of Figure 65 were used for 'itermining the prob-

ability of crack detection for each airplane inspected. The scatter factor

to be used for each airplane was found by dividing the laboratory life (i.e.,

the number of laboratory test hours to crack detection) by the equivalent

laboratory test hours accumulated by the particular airplane. Figure 65 was

then entered using this scatter factor and the probability of a crack being

detected was read. When counting accelerometer data was available for more

thap 50% of the flight hours accumulated by a given airplane, the curve

denoted as "known usage" in Figure 65 was utilized. Where counter data had

to be estimated for more than '0% of the flight hours accumulated by a given

airplane, the probability of failure was determined usinj the curves denoted

as "usage unknown." As would be expected, this resulted in a greater prob-

ability of failure for a given scatter factor when the usage of An airplane

was unknown.

The predicted times to crack detection for a fleet of aircraft depends,

of course, on the number of aircraft in the fleet. For purposes of correla-

tion in ti.- report, since all airplanes in the fleet were not flying at

the same rate of damage accumulation, thR calculation of expected times to

crack detection required special const,eration. For example, say the labora-

tory test life is 3000 hours and that there is a 1000 airplane fleet. Further

assimie that all 1000 airplanes have -eached or exceeded 500 equivalent labora-

tovy test hours, then the expected number of cracked aircraft is 1000 times

the probability of failure determined from Figure 65 at a scatter factor

equal to 3000/500 - 6. The calculation at 500 hours is fairly straightforward

since all 1000 airplanes in the fleet h.ve reached or exceeded 500 hours.

However, to ck lculate the expected number of cracked aircraft in less than

or equal to 1000 hours is somewhat differeut if it i asqumed that all the
aircraft have not reached 1000 hours. Assume, for example, that 750 of the

1000 aircraft have reached or exceeded 1000 hours. Then in terms of those

750 aircraft, the expected number that would be found cracked is 750 times

the probability of failure determined from Figure 65 at a scatter factor

equal to 3000/1000 3. This is not, however, the total expected number

out of 1000, The rpason is that the 250 aircraft that have not. reached 1000

hours also contribute toward the probability of failure in less than or-equal

tio 1000 hours. Their contribution would be calculated based an the
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probabilities of failure determined from Figure 65 at the appropriate scatter

factor for each airplane; and then each of these probabilities would be summed

and finally added to the expected number for the 750 aircraft that have

reached or exceeded 1000 hours. This process can be continued to provide a

graph of expected number of cracked aircraft versus hours. The graph can

then be entered at expected number equals one to determine the predicted life

for the first cracked aircraft, it can be entered at expected number equals

two to determine the predicted life for the second cracked aircraft, etc.

The predicted lives, thusly determined, are 50% probable type numbers.

Using the technique discussed in the preceeding paragraph, graphs of ex-

pected number of cracked aircraft versus equivalent laboratory test hours

were constructed for each of the key fatigue critical areas. These graphs

are presented in Figures 72 through 74. Then entering these graphs at expected

number equals one and two, the predicted lives for the first and second

cracked aircraft, respectively, were determined and are shown in Figures 75

through 78. Also presented for comparison are the actual service lives from

the lists of Figures IV-1 through IV-10 in Appendix IV.

5.4.4 Discussion of Lab and Service Experience Correlation - A review

of the lab and service experience comparisons in Figures 67 through 78 indi-

cate favorable correlation for the wing main torque box lower skin but some-

what less than favorable for the F.S. 303 bulkhead and the outer wing lower

skins. Pertinent considerations are discussed in the following paragraphs.

Figure 67 indicates that six Navy Blue Angel airplanes were inspected

using the eddy current technique in the wing main torque box lower skin

fatigue critical area. Two of these were the aircraft deployed in the severe

solo operation. One had accumulated 1830 equivalent laboratory test hours

and the other had accumulated 2100 hours. Fatigue cracks were detected in

both aircraft as expected since cracks were detected in the laborarory at

1600 hours. The remaining four airplanes were flown in the much less severe

diamond formation and had accumulated on the order of 400 hours. None of the

four were found to be cracked. Figure 75 shows that the predicted life for

the first cracked aitcraft is 1570 hours as compared to the actual value of

1830 hours.

Fip:r 68 indicates that 462 F-4 aircraft were inspected using the dye

penetrant technique in the wing main torque box lower skin fatigue critical

area. None of these were found to be cracked. This is not unreasonable
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Figure 72
Expected Time to First Cracked Aircraft and Second Cracked Aircraft

for the Key Area in the Wing Main Torque Box Lower Skin
(Demonstration Team Airplanes)
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Figure 73
Expected Time to First Cracked Aircraft, Second Cracked Aircraft, Etc.,

for the Key Area in the FS 303 Bulkhead
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Figure 74
Expected Time to First Cracked Aircraft, Second Cracked Aircraft, Etc., for the Key Area

in the Outer Wing Aft Lower Skin (32-15062 Block 26 and Up Configuration)
QP73-04398
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Inner Wing Lower Skin Time to Crack Detection4 (Equivalent Laboratory Test Hours)

1Cracked Aircraft Expected j Actual
First 1570 hrs j 1830Ohrs
Second > 2100hrs 2100O hrs

Figure 75
Comparison of Expected and Actual Times to First Cracked Aircraft and Second

Cracked Aircraft for the Key Area In the Wing Main Torque Box Ljwer Skin

(Demonstration Team Airplanes)
013.04394
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SFiond 1530hrs 477 hrs

Third > 3500 hrs 672 hrs

Note; Unfavorable correlation between predicted and
actual lives due to fabrication variations. See

Section 5.4.4 and Figure 69.

Figure 76
Comparison of Expected and Actual Times to First Cracked Aircraft,

Second Cracked Aircraft, Etc.. for the ~ey Area ini the FS 303 Bulkhead



Outer Wing Aft Lower Skin
Time to Crack Detection

(Equivalent Laboratory Test Hours)

Cracked Aircraft Expected Actual

First 500 hrs 114 hrs
Second 935 hrs 138 hrs
Third 1395 hrs 141 hrs
Fourth 2450 hrs 151 hrs

Note. Unfavorable correlation between predicted and
actual lives due to outer wing buffeting. See
Section 5.4.4 and Figure 70,

Figure 77
Comparison of Expected and Actual Times to First Cracked Aircraft,
Second Cracked Aircraft, Etc., for the Key Area in the Outer Wing

Aft Lower Skin (32-15062 Block 26 and Up Configuration)
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Outer Wing Forward Lower Skin
Time to Crack Detection

(Equivalent Laboratory Test Hours)

Cracked Aircraft Expected Actual

First 4100 hrs J 666 hrs

Note: Unfavorable correlation between predIcted and
actual lives due to outer wing buffeting. Sea
Section 5.4.4 and Figure 71.

Figure 78
Com~parison of Expected arnd Actual Times to First Craced Aircraft

for the Key Area in the Outer Wing Forward Lower Skin
(32-16531 Block 26 and Up Configuration)



since cracks could not be reliably detected with dyS penetrant in the labora-

tory until 2400 hours, and the majority of the 462 airpl-nes inspected in

service had accumulated less than 1000 equivalent laboratory test hours. The

highest number of hours on any of the 462 airplanes was 1500.

The F.S. 303 bulkhead fatigue cracking originates in fastener holes in

the bulkhead flange as shown in Figure 47. A more detailed view of the

attachment of the bulkhead to the wing main spar is shown in Figure 79. Note

that the tension stresses in the critical flange result from wing spar curva-

ture tending to pull the sparcap away from the "foot" of the bulkhead through

the two inboard fasteners. The magnitude of tension stress depends signifi-

cantly on each fasteners torque-up, the exact location of the fasteners, and

the stiffness of the bolt and nut combination. These types of parameters can

vary from one airplane to another. It is considered probable that these

fabrication variations are the caune of the relatively poor correlatien

between predicted and actual lives for the F.S. 303 bulkhead shown in

Figure 76.

Within the speed-altitude envelope where the F-4 airplane euecutes the

majority of its maneuvers, buffeting is fairly conmon at high angles of

attack. For example, at the airpl~ne's design gross weight of 37,500 lb6.

and at Mach 0.7 and 10,000 ft. altitude, buffet oiset is about 4 &'s. How-

ever, the buffeting originates and primarily remains in the outer wing panel.

The resulting vibratory loads superimpoe oni the b"ic mneuver wig airloads

to increase the streases in the outer wiag, These vibratory loI d also in-

crease the inner wing stressas, but by a much smaller percentage because of

t-he relatively small contribution to inner wing stresses from outer Vng

loads. The unfavorable comparison bemween predicted and actual i1ves for

the outer wing lower skins in Figures 77 md 78 is considered to be cauied

by outer wing buffeting which was not simulated in the laboratory testing.
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6. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

The conclusions which may be formulated from this four phase program on

the evaluation of structural reliability analysis procedures as applied to a

fighter aircratt are as follows:

(1) Scatter in spectrum fatigue teats is considerably less than that in

constant amplitude fatigue tests. This was found to be true for

both element and full scale fatigue test specimens. For the full

scale test article results, the comparison is as follows:

Spectrum Constant Amplitude

Number of Specimens 243 491
Number of Groups 82 143
Average Standard Deviation .0985 .1486
Average Weibull Shape Parameter 5.44 3.70

(2) The scatter in spectrum testing exhibited by 7075 and 2024 aluminum

in both element und full scale specimens is generally about the

same. Pooling all of the data gives the following averages:

Avera e Spectrun Fatigue Test Data

Number of Specimevn 1060
Grops 269

Average Standard Deviation (a) .0994
Average Weibull Shape Parameter (a) 5.27

(3) Comparisons of the Ueibull and the log-norxal probability d .,tribu-

tionu to the actual actrun fatigue test data indicate that the

Woibull distributieu (shape parmeter a - 5,27) providoa a better

fit of the d.ata tian the log-nortl distribution (statdard deviation

a - .0994)

(4) In additign to studies of experimental data, theoretical analyses
were performed yielding the %themtical probability dietribution

for a Weibuliband scatter factor. A laboratory test article can be

thought of . one airplne selected at random from the total

fleet. The scatter between the laboratory life and the service

life of tnother airplane picked at random frou the fleet is

then the ratio of two randocly selected variates froa the same

population. A statter factor so defined as the ratio of two

statistically Independent randoc var -Iles I itself a random

variable and its probability distribution can thus be derived fro=

the distribution of the parent population. The relationship becween
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the reliability R (probability of no failure) and the scatter factor

S tor a parent population described by the Weibull distribution is

1
R

Using this formula with a 5.27 gives a fatigue scatter factor of

2.39 for 99X reliability.

_ (5) A total of 8200 hours of F-4 VGII data were analyzed. The trends

from this data are as follows:

(a) The majority of maneuvers in both combat and training operations

are executed in a limited Mach number/altitude regime. In
boti types of operations the majority of maeuvers are pulled

at between 350 and 550 knots and at below 10,000 feet (the
.coibat "verage attitudes being slightly higher than those for

training due to ground fire avoidance).

e.) Th grOS 16tightU for naneuvt rs pulled itn conbat ar higher

thanl thNe for maneuvers pulled intriigaeaios(e

to the ttighur v apon p;aylud requi-ed in actual cobat service)

(c;) It% both trainingi and cuobAt, the AveriAge 41eed at vhich

tzaneuvrs are pulled increases as the- load factor increases

(higher airswsds rcq'aired in order to pull high loa factor

wneuvers).

(6) More than 2,000,000 flight hour, of F-4 counting acclere--ecter data

vv rt( studied to determine usage swerity scatter trendsi. Tito data

indicate rarked redttctien in scatter with increaing fiigit hlours.

This tr nd reflects the fact that the longer aircraft are in service,

the more likelY they wil-l be subjected to a variety of usage-

and their repeated loading Mistories will "averare out".

(7) The usage severity scatter eOxhibited in the counting acceleroceter

data was evaluated for "goodness of fit" with the negative ! I-, nJ. 4t

distribution. Copqtarisons for airplanes Ihaving accuWnlated 10-,

500. and 1500 hours show definite carrelatton between the theorixti-

ca. distribution and the da~a.
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(8) A study was also conducted on the total hour accumulation on

individual F-4 aircraft to obtain information which can be used

to aid in establishing an aircraft's design life. This study

showed a trend similar to that detected for usage severity scatter,

i.e., flight hour usage also averages out and aircraft placed in

the fleet at the same time will tend to accumulate - ilar numbers

of hours over a period of years. In addition to this, however,

since F-4 flight hour monthly accumulation rates were shown to be

relatively invarient, the study also indicated that all aircraft

in a fleet can be expected to accumulate a similar number of hours

after a like number of years in service. The overall average for

the F-4 is 25 flight hours per month.

(9) The combined effect of fatigue test scatter and usage severity

scatter was derived utilizing a joint scatter factor concept. The

total scatter factor derived in this manner is significantly smaller

than that determined by an overly conservative simple multiplication

approach.

(0) Probable minaum lives were computed for three key fatigue. critical
Pareas on the F-4 airplane based on the reliability procedures

presented in this report and on F-4 laboratory fatigue and usage

data. Thle correlation with actual uervice experience wai ~elen
for one of the aeas, btt not for the other tvo. Navy .ItU- An-'i

airplanes; wore inspected in tho wing ruain torque box luor skint

criticAl area using the eddy current tochiiique. Two aircraft were

found to be cracked as expected. For these atreraft, the predicted

tiqo to detection of the first crack was 1570 hours a compared

to the actual value of 1830 hours, Among 462 fleet aircraft

intspected in. the ane area usginp. the dye potietrant techlnique, there

were no aircraft found to contain cra6s. This was not unreasonable

Since cracks could not be reliably detected i; the laboratory 1y

this Method until 2400 hours, and the majority of the fleet tircraft

had acctuulated less than I000 hours. the corrolationtz for he

critical areas in the F.S. 303 bulkhead and in the outer wiw; lowr

skins were not as favorable. This is attibuted to fabrication

variations and to outer wing buffeting.
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The theoretical reliability procedures outlined in Refer-nce (1) ad

expanded in this report for use on fighter aircraft provide satisfactory

results. The formulation of systematic techniques for the incorporation of

these methods in designing for structural reliability in fighter aircraft is

now needed. Two basic approaches could be defined: (1) method for fail aafe

components, and (2) method for non fail aafe components. Method (1) would

determine scatter factor magnitudes for fail safe components based on main-

tenance versus scatter factor trade off studies to give minimum total system

cost at a given performance level. The trade off studies would be made dur-

ing each airplane's design stage. Method (2) would determine scatter factor

magnitudes for non fail safe components such that the failure probability

within the design lifetime is extremely small. The exact magnitude of thia.

failure probabilit i- would be determined during each airplane's design stage.

It should be noted that these methods will yield different scatter factor

magnitudes for different components on the same airplane,

The method for fail safe components would utilize the concept of tine

to first failure, second failure, etc., to determine hw many aircraft would

require maintenance action in a given time period. This type of analysis

would be used in the maintenance versus scatter factor trade off studies.

In addition, this same type of analysis would be used to define inspection

intervals. The method for r-n fail safe components would be based on re-

quiring an extremely small probability of failure for individual airplanes.
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PPEN-DI X I

* LIST OF FATIGUE TEST DATA REFERENCES

1 F-15 Fatigue Design Analv'sis Reort, MCAIR M)C A0928, 1 Jan. 1972.

2.- Evaluation cf F-4 Blue Angel Fatigue Life, MCAIR TM 253.224, 25 June 197-0

.(Also TRJ32-253.32,300-107)

3. Ef'fe.t of inSeisper'ing negaive load level se uenc spectrum fatigue

:te~s_ , MCAIR Report 604-alO (Also TR 60-iio.io, -116) -135, -180),

18 Augist 1965,

4. Repeated cyclic load testin g for ECP 613 elements, MCAIP Report F623,

30 Dec. 1968 (Also TR 32A-616.12.10, 32A-602).

5. A comparison of tae fatigue capabilit es of 7075-T6 a..1. Titanium 6-4,

MCAR Final Report 604-124, 31 August 1966 (Also 604-124.10,-152, -159,

*: -162, -176).

.6. A comparison of the fatigue capabilities of 2020-T6, 2024--T81 '"07-T6_

aluminum and 6AL-6VA-2N_, ALlVA-IM0 6AL-4VA Titanium, MCAIR Final

* Report 604-125, -125, -157, 16 Jan. 1967.

7. Corparison of fatigue life for spectra of various slopes, MCAIR Report

604-179, 8 August 1966 (Also rR 604-179.10, -194).

8. Fffect on the fatigue life of inserting mandrel prior to installe.tion

of Taper-Loks, MCAIR Report 604-212, 10 Jan. 1967. (Also TR 32-253.32,

300-197).

9. Effect of negative loads on F-4 Blue Angel Fatigue Life, MCAJR Report

*,TM 253.226, 25 June 1970 (Also TR J32-339.13).

10. Evaluation of Taper-Lok fasteners installed in titanium and aluminum

combinations, MCAIR Report 701-117, 8 Jan. 1970 (DC-10)

11. -Effect of fatigue cracks on the residual static strength of 7075-T651

aluminum, MCAIR Report 604-287 (EmA), 1 May 1969.

12. Fatigue and exfoliatior corrosion properties of 7178 and 7075 aluminum

alloys, MCAIR Report 513-547, 25 Aug. 1966.

13. Fatigue evaluation of coining fix for the F-4 303 bulkhead, MCAIR Report

TR J32-339.12, 10 March 1.971.

14. Effect of negative loads on F-4 Thunderbird Fatigue Life, MCAIR TM253.393,

'2 Dec. 1970 (Also TR J32-339.13.10).

* 15. Effect of negative loads on spar element specimens, MCAIR Report J32-339.

13.11 (F-4), 25 Feb. 1971.

16. Effect of negative loads on F-4 Fatigue Life, MCAIR TM253.333, 7 Aug.

1970, (Also TR J32-339.17).
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17. Effects of countersinking depth on Fatigue Life, MCAIR Final Report

J32-340.11, 7 July 1970.

18. Evaluation of crack growth characteristics for 7075-T651 aluminum,

MCAIR Final Report 604-339, 19 June 1969.

19. Engine Auxiliary air door cyclic test (F-4J), MCAIR Final Report 32A-

569, 20 June 1967.

20. Evaluation of the resistance to fatigue of the F-4 wing main torque

box lower skin, MCAIR Final Report 60-304, 28 Feb. 1969.

21, Investigation of various coating6 as lubricants between stringer and

clip to reduce fretting (DC-10), MCAIR TM 253.24, 30 April 1969 (Also

TR EQ A1003).

22. DC-1O stringer-rib clip fatigue test for stringer loading, MCAIR Final

Report 701-110 (DC-!0), 13 June 1969.

23. Element fatigue tests evaluation of short edge distance (F-h), MCAIR

Report TR J32-339.15.10, Jan. 1972.

24. Fatigue element tests F-4 outer wing, lower skin, MCAIR Report J32-340.i0,
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WEIBULLI POPU4ATION PARAMETER~S FOR QA0A 130'p8

LaSORIMAL LS'iNORMA6 WEI BUL WE I U66L
ITEM XE OESCRIP~TION SAMPLt. SCALL 5WAPE SG6 MANE

$IZL. - J.!1NA~ ~O(AI A6PMA),

~Q0 1 06O001 4 59"-__ .60 63 4 --- B
101 1 060001 2 171ObO6171 jRM~

02 1 060001 2 2839- 005 2t9 119
103 1 090001 4 59070 09as 567
104.1 120001 6f 6 -- _

105 1 080001 2 34565 .0362 35000 t197691
* 106 1 060191 *345 10735 ~ 19

107 a 090001 5 19591 .0675 20979 0,2771

1,09 9 080001 2 1503 00471 118*0 5.0393
%IQ 2 OBQOO, -4 _ 683 - s90 - P6 40qjfl
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Ila 9 080001 -3 -2894 20596 3932 5,55S

13 9 080001 3 7080 4,0504 7401 91Q967
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1$ 2 0800 2 -_---- 11907 - -1Q 43991~ -- 41124

117 5 080021 4 lite?7 s1052 12362 166S3
lie 7 0500al 2 14476 90,4f56 15V1;4042
119 5 080021 3 15977 .0031 1,7055 6001t21

lei 3 080021 7 11556 -1116 12963 4s.#063
122 5 08021 3 -10445 100 643316
023 5i OBOU21 3 10ear- .0947 situ? 11,1033
1?4 5 080021 -3 .19607 90662Q72 712985
125 a 080021l 3 ?0~15 M98 ~11 144141V

127 a 080021 41-54Q 49551 6105 laifiei
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134 5 080l -2 -2200 06 43679 176

13 5 8O021 3 69977 00510 73Z!73 S9726
136 .000.94t 3. 1209,950 1436 6.7$es
131 3 080va i 16311 or4 199347 6.0952

139 7 0110U1 "3 .062 458 66S91
10 7 082 1051) jm7 $*to0o?
1 1 7 08021 4 0"I 08,43 1545 6.4065

142 7 Via Due1 3 111*3 90e.1,391 110005
14 090021 41140,1 .0U4 1,0490 1,61192s

I c w Q 002 1 5 006,.925 1292 4*41994
tA 1434 4.470*~6 " 0800el .1347 *103?a

14 00un 4 5591 .0661 o6 511853
.148 j 050021 a5809 0056.0 61,59 765956

19 3 090021 3 6014 f04 6544 ib.7126
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-~-- -THE UN I ASED- P93INT -EST IMATES OF L8.O-NORM-AL ANU
WqSULLPOUfU PARAMETERS FOR UATA GROUPS.
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ITEM REF 0ESCRIWTION SAMPL. LtE HR SCALES
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155 4 110101 4b 329 91126 36149 4.1731
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1 66 . - 0.80201 2 1 6. __ .12L 66655 204185
167 4 110101 6 36357 .0905 39721 #921?
168 9 090101 S 24515 .0918 -26686 6.0371
169 -10 0V0 3 ~ 03572 .0539 10419i en
J79 V4,.SOVk6 5" p 741 100604~

osuo 0158-bf YR6 -
7212 0Q1 _ ,36&.82 6S7219 110

11 12 -- 9 -i001

175 12 0800409 -Q?44 .65

ii12 901 6 ua.~Y 179~*
I-e ~ ~ 5*04lp - Ot U 27-

40. ~ .- ___1kC GQ - pl 404 5* 1 .120.9 &
'Is ialo 1379 44 -*114-3 11?01 . WO

187 1a 1*0V: O61- 0 -3-$733 U20032

* ;9-0 13 01VU01 3 a.";9 8517,024v
191 13 toBCUQ 3 747a seats 2e2 000461

* 192 13 .. QUI .77,SI 8)16 6.214
%93 14 0S~I 3 t.q55 itQ325 15t l0.330

I~ IIS ~ 3 35S0 seV,334 1.16

191 1-5.. 09 122 01 7l3v Ce4 91 714 BOOM1

139 16 08tz01 2 2212 61067 1.148 30ISQO
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THE UNBIASED POINT ESTIMATES tP LOUNOqMA6 ANU
4EIBULL sOPULATION PARAI4ETERS FOR UATA GROUPS.

LAUwdNMAL LOU.N54IAtL 4EIBULL -WEJOULI.
h2V7 O'ESCRWTISNi QAMPtL SCALE SHAPE SCAI.E 54

SIZE (mu) (SIGMA) IWETAI I6ALFA

169434 9818 858
d~l16 04CI412. 2891 17U94 1.3165

____________ no6 0810 2 31 5U16 74o%391
d 6 084.101 2 2101 c20 8 21072 2.053

aQ 16 084201 2 56417 13629 7AQ1 .1132
e35 16 08)4401 2 165001 0043b 170775 998951
406 17 130010 4 321716 .5013 564575 .7692
dQ' 17 130010 2 37000 t.0000 31000 VERY NOWi
d:ls 17 130010 2 64722 OQ569 67731 70573

4-77~ 13'9 0228 13738 1.vo01
17 13010, 2 109498 .0028 U0000O VCRY HIUN

21 7 13001C 2 0212a602
1? 130010 3 278109 037116 34469

d!3 17 133010 2 75299 00448 78011s 904980

45* 17 130010O 751?C8 25214 IZ32377 q9754
t~ 7 001C 3 7030 sOb 12 26.8011

1300335397 .0647 371al 6e111
1 1001 3 95:17 SM686 3.3610

ei9 13'3010 3 130b53 eca 1444208 9.6142

P 331 33& 0o3U2 3t40s lt.0828

66W CV)Q.0889

2 661? .r'~ 759 609241

45-2 44'696964~7

C!10 1732*1 714C .80198
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714E VNOIASEU P1INT ESTI'4ATES 8F~ LOUnNORMAL ANU
4EBL PUL.ATON PARAMETRS FOR UATA GROUPS#

4Ra..jeHmAL LeLtN844AL *Eb6 ~dL
ITEMi REF DESCRIPT15% SAM'PLL SAPE SAESA6E SHAPE

SIZE tm)(SIGMA) (qTAI (M6P4A?

d
5 Q 24e 080101 3 897 90922 94 431

25 4 080101 2 33070 01452 37142 2*931.0
?-6 _24 083101 3 9052 00449 9'*47 8:9055
253 2b 133101 5 19330 61150 Z134F 5 44
d5'4 26 GIQZ,7530 90324 7727 13*1542
255 26 390101 2 14758 .0275- 16086 15046%7
256 26 080101 3 614050 66155 1109607
257 26 080101 56644 4o4ux 6917 10.7301
256 28 -0901.01 1.8b8 .0092 2063 7.137S____
!59 26 090101 3 - 25?0 .0013 -710 .07525
e6o 26 C,901QJ 274 *0897 2988 561887
261 26 C301.01 3 1137U9 .0,519 1.4631 5#998to
262 26 Q001 3 13913 O9 k1'3tQ '1 3*668,
261 28 350101o 3 10163 21783 1.1900 2*!5270

265 28 Q00101 2 q9ig 11079 1008 3-9451
966 26 C9101 3 .I?*3 * 1 99 7v5
467 26 C9: 201 2 5356 42013 6 ik4'k t2282

QW) ?6 Cq W 001 64R0 10.3816

3. -02N, V-56. q2107t;

4339. cil131. 6346 .0123 6Y3 44.6020

057 3 1 C 6 .1 BVC Z8521 Z 15

- ~612?JA *7' 89050 5
2--- -1~ .~S I a 86

4 7, 3R33 3*_46*Z ~ #

C~~C- 1 _. .83 3~3& li t

se# 45SSi Z3.e5

c 1499 03l
e3 3- Z ,&1 49t 4*

3 *~~~33;

498 3i 3l l 63*OE*?

499 34 02= a .6 11%.'5 10334 311&Eto
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-- wL[U6. POPY ITjN PARAMEERG FQj QATA GROUP~s.__

_______________________LgUeNONMAL LS'h.NORMAL WEIDULL: WEIU6ip
IYEM REF DESCRIPTI@N SA'MPLt SCA6E SWAPE 3GA6c SHARE

Ago --. 0399 -k1 -- 6LL___546AI A~h

301 31 080002 3 24*6 9069 2601 51,1598

303 32 080002 2 Me5 006 2480 691099
- 94 3 'U.3 Q009 1=61.____-*

305 32 0S0Q2 2 111? .119 1324 2.00000
306 32 0-0Qo . -41 -- 51 a.5 fl.~ 57 11
307 33 084221 2 5313 .0000 5393 VERY I4S3b

-38- 4416a alo 1335 3s§433
SP34 084121 3 5als 01177 BIRO 340536

311 34 084121 3 23%1tie 2618 304*76
41&2 -3 .-. 01IF1 ._2 -Jan -1113 - 4710 3045
313 35 0*2.1676 00316 1727 1*3i

315 35 084121 3 2056 .0722 2032 612363
lyaz '21&. ~ I2 0796 loo

~I ~ 084121% 2200 10291 2258 f"1
Q84-lz * . -. a - - - -033 4M619.*. b

319 35 0R2 0311 *0343

321 3b 666 1443 7$ 8,0817

-N323 3! col~la 3 80* tuc~ 93 5 5

3a 3 o4121 3 3,776 *PZA* 1362 'Z04266k

3 1211.075 1223 -52703

,39 .15 9-4121 3 ~ 0It n 0,6 %arlt~ 30 110

S35 C6V8 1* Ql7 g1 1'442332

333 36 ciaoQoL 646 $07 6 6'" 11*

1536 C 1 Q-. I5 639 0604

317 36 cno. 873 1

335 36 M110
-0a 37. .1 -. 10523- ti~0 . *.8
441 37 3121 3;

3. 119 Z6 3 3 a

at 2 a31 jk5 2A.Ut.

1.37



THE UNW!ASEQ P5INT ESTIMATESj ~ ~.NR AN
____ ~WEIUL RtPYLr~ FAAeRR !8 ATA_ GR6UPS, __ _

WNrMAL LO~~qMA6 WEUWL6 WEiIW66
ITEM REF DESCRIP~TION 5AMPLL. SCA6.E SHAPE SQAE SARE

_____ _________ 9A E (MU)_ JJSjMA) ALKTAL4AJ.P4A I

I.60 38 C84121 887 A0 ,28 __

451 38 094&20 4 13-Af,4 .1oo8 14903 4046,6
35 8~4 1369 tg317 1408 1oG2 .

353 41 080?01 3 90821 .0154 9EQ94 M1427
35421 2 130542 0~763 150,144 244
355 42 080210 2 61391 60099 62404 420~739

OB? 2 124377-- v091__ __477 5.
357 42 080210 2 777,34 0826 83107 54111

~ 080210 2 55856 .039575 9'L....
359 42 080210 2 75046 *097C 8144a 403632

361 42 080210 2 87988 40662 92768 6.4324

363 4R 080410 2 75973 *016R 76961 26#3355
46'. 42 08202 113000 90000 115900 VERY N1Y .
365 42 080210 2 89999 #1120 98426 3$854

366 2 ~93327 12036..j %57 21M9~4
367 42 080210 2 68373 o1337 76084 301846

a69 42 080210 2 76765 *0480 79765 s8771
470 42 O08Q21p 6 101DR3 40762 109257 506880
371 42 080110 6 9955 90968 IIQ76 P'17809
.372 1 0--7QL 2 ____ 8358 ±d9j A42 YN N1~ -m

3343 080121 5 14747 *1506 16766 40744
374 43 08115 21550 11365 2446a 3!64A* -
375 43 080121 2 2-5537 #0392 26351 10134?3
~76 43 P_ 1 1 2 16379.... oQo 16379 VERY INQH
377 44 080021 4 58177 10114 58846 MOW34
378. 44 Q8021 4 25809 30074 25234 VERY Nj X
379 44 080021 4 9764 0027 10464 6.3951
380 44 0800al . 3 7Q OQ54 0 0C7
Sa8144 00021 4 8639 *049 9067 - 61
31_2 44 080M2 4 821 P3 84190 1422
383 44 080021 4 27272 0091 27409 111.34;9
384 4 060021 4 ___ 131~4 ~94 YERYH404
385 45 08OOco 5 6171 .2?68 7 9 -015 T
386 45 0800 4609 91"Na 5311 _ 3o6957
337 '.s 010000 5.591968
388 45 0000 _j 268 a ag4R 96.'7

89 45 080000 b2881 #!6 27 e2;L&
39045 5 504 4 5 5  5 400 601111%

~9 5 080000 5 2799,3-56 53 1.20

393 45 080000 012748 si.4a0 14I6 i*
3445 080000 5 9788 $901 1.0421 6#4262

395 0~ 080000 5 14309 10546 Ii4 .11

397 45 080000 5 15567 .1264 it g81 I 631-6

399 45 080000 5 40490 67 437 360

A>.



ST4E UN6IASE P5INT ESTIMATES F LOU.NURMAL ANU
a EISULL P0VLATION PARA4ETERS FOR UATA GRHUUPS

" ta-NOKMAL LOUwNXMHAL 6EIbUL4 waEldUL6
SIT -'REF DESCRIeTIff% SAMPLL SC4LL SNAPA SCALE SHARE

SIZE (mu) (SIGMA) (tETA) (A6PHA)

4~C 5 0830 * 95 28 9589 1.87?9

4UL 45 080U00 5 271JI o3556 39571 1*1927
402 4 08000c 5 65044 m2179 78639 3*1874
4C3 4b CklUO0 5 206?15 .0364 215764 10*3721
40- - 45 08O00 5 2424b0 ,1658 293476 202655

4 4Q5 45 080UUC 5 502 o1273 5737 3,5138
406 5 080000 5 34t6 .2325 022 2e0726
407 45 08000C 5 2437 41341 2752 4*4628
408 45 0CU0Q 0 5 2461U6 s5469 436271 .7761
409 45 O800C c 13360 006b2 14074 6o5315

'41? 4n cgOaUO 5 Vb7 g?246 2943 125445
"tl1 )5 0800uc 5 31444 ,0675 33716 697466

412 4! C800OC 5 lb268 .1944 15722 1!19275
*13 4b VUoaOC 5 8105 ,.5b4 9736 2o412

4) C8'OC 5 79474 .5264 143691 *734U
415 4b O800uc 5 7339 .0670 7831 7.604
416 4b 080000 5 22114 .1696 26419 2-7699

417 45 CPZ -O 5 349369 s5196 611483 o7738
418 45 C8COC 5 5644 .69 6486 4.5940
419 4b 080UO 5 141335 .4800 251510 .8037

S08000 5 3073 @2076 3728 5598
421 4 ) 0800 5 38344 .1880 46781 2.3796
422 45 080400 5 .733 .5041 7805 .874

423 4t) 08300 6 37744 .1005 41462 6P8535
4 24 4b 080U00 5 3730 .0487 3924 8.6911
425 ' 0000 6 12420 o0733 13389 7o2345
426 47 09010V 5 1589.n .0681 17184 5.7672
427 bC 080100 3 4915 .0777 5260 8.0635
428 5- , 83100 2 11696 ,0158 11844 27P0269
I29 b 08010c 2 10723 .0429 11098 9.919u
4 3z 5, 080100 2 139J4 .0266 14E57 14.8656

A431 5 080U00 2 2649 .0116 2674 36.316
4T '32 bO 0 o__ C 3 3712 ,0569 38969 9_465k
433 5 083000 2 42533 .04 54 44106 9'3679
434 b; 08000c 2 10747C .1624 129367 2.6213
435 b2 08 000 2 1 3b9 . B008 10648 73*4721
436 53 08Q 0C 2831 .0763 9387 5.5795
437 b3 J.801G0 2 174J3 ,0528 18186 8.0669

________ - 51497 .1207 59027 2o4936
439 b3 083100 2 93096 .08b5 99680 409799
44 53 080100 ,Q19-8 .429 245282 107523

441 53 0~l3O 2 q049 .O034 9100 VLKY H144
442 b3 Q0 IQ 2 52411 .1508 59126 2,8228
443 53 v AO1OC 2 93465 90164 94701 251987
444 53 Q,830 -3 9 96 118 - 3 E b3.2499 I a175-L-
'445 b3 CA3100 2142k .1421 24UUO 2.996b
446 b3 1 0103 2 47466 1090E 51037 4.7191
447 b3 0801cC F 199712 .0938 210948 4o5396
41,63 F840 5 *03ba 8734 11.7698
'449 b3 08010? 2 102468 .12e1 112971 3,4875
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T!E U*IASEU KI5NT ESTIMATES dF LDU-NMMAL ANU

--EIl6ULL POUAINPRMTR FOATA CAROUPSo

L__U__ L MAL L6B8.NBKMAL mEIbVLL WEML6
ITEM REF DESPIR'TIq SAMPLL SCAL- SHAPE S0A6E SHAPE

SIZE ... u (SIGMA) (bETA1 CA.PRHA)

45j 53 08010 __14966 ,0410 A5465 - .0.3818
451 53 080100 2 39999 ,2887 50381 1*4748
45a b3 C80loo 2 57271 s2204 68306 1,9312
453 b3 080100 2 1275e'3 .0551 133748 7o7242
454 53 08o1 - 2- . .47. 20191 8,3931
455 53 08010C 2 39949 =0307 40943 1.3*8514
456 b3 08010Q 2 447317 ,1721 513291 2.4735
457 53 08010 2 25396 t3234 32888 143163
458 b3 08010 ? 34409 ,0446 35657 9851'87
459 53 08010C 2 94464 $1937 105611 211983
4 60 53 080100 2 16970 .0362 17468 1197701
461 53 080100 2 47738 .0642 50252 6*6300
462 53 08010C 2 164561 s0447 170b54 9,5138
463 64 0801O0 6 3943C @0520 41588 8,6847
44 b2 0801 4 366 1OBOE 3425 11l4351

465 52 0810 4 4377 s0446 4555 12s0098
466 52 _08010 _4 6083 00464 6365 .. 9t5666
467 b2 080100 4 116b0 90689 12452 7.309?
468 52 0810 4 29850 *0741 31997 6.628
469 b2 08310 5821 .0967 63 3 7,3799
470  b2 08010C 4 10393 .0502 10998 7e6495
471 b2 080100 4 13339 ,0673 1450 7,1003
472 52 080100 .. 4 28127 .0540 29697 . 1 00999
473 b2 08010 5 68840 0506 72b71 97482
474 52 O1Q _. . 1.0b.U4 s0720 _11278 ...5o7658
475 52 0s010o 4 15619 .1308 17843 3.0444
476 52 08010C 4 30874 ,0489 32382 9@156e
477 52 080100 5 71419 s0727 76841 5.8101
478 b2 080100 4 3633 .. 07b5 38909 6.3518

479 52 080100 4 71684 .1 588 82462 3.74
480 52 08010 c  4 206U74 . .1936 .245468 3.1839
481 b2 00100 4 131Q3 ,09bv 153010 5,2236
*82 52 080100 4 377988 v2075 457997 208959
483 53 080100 2 3154S4 s1428 353573 29814
484 53. 080100 ... .2 . .... 1204 .00P5 12100 VERY HNUH
485 53 080100 2 27964 3057 35704 1,3927
486 53 . 0.01 00 . ........ 45166 .2513 55214 1.6941
487 53 080100 2 215444 ,1675 246305 2#5410
488 53 080100 R 205790 ,0995 222833 442767
489 53 080100 2 124d9 :0246 12737 173194
9 53 08o ........ . 49799 . ,1346 55455 3,1632

491 53 '080100 3 205462 s6149 3793J5 s6441
492 53 _.080100 .7601. c1871 445024 2o3363
493 53 C8010 2 144E2 .0638 15176 6.6764
494 53~ Q801QC 9 6049 ol
495 b3 080100 2 689V2 ,0089 69485 47.8171
496 53 08010C.- 3.. .....__4516198 v9761 1148027 ,416b
497 53 080100 2 )31b4 .3351 311314 1*2703498 b3 ....0.0100 35874 .. 0513 37376 Bo?985

499 53 080100 2 180685 $0982 195434 4,3371
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THE UN61ASED PINT EbIAE F03NRA ANLI

6IffU.NMAL L04PNOMMAi. wEIbwl. WEIUU6
ITEM REF DESCRIeTION SAMPLL SLA6. SHAPE SCA6E SKAPE

.... bO J .... 0 0 Q .... . . .. . .._ _ ...... __------ ..... .. 25201 ... IS 3 73
bOl 53 080100 2 89860 ,0342 92347 1 .4641
59.2 53 080100 2 124474 o4381 176663 09716
b03 53 080100 2 11489 v0267 11737 l5,324

bO5 53 080100 2 208560 ,0837 222986 5s0882
596. _53 0 .i Q..a 3~ ...!656 42 614909
5O7 5j 080100 2 5616c .2399 68032 1.745
505 53 080100 2 22360 ,o685 23619 6,21?D
ho9 53 080100 2 79371 s0772 84423 5#5163
-.. .. ... lQ ..... j ~119 _.30 3.6409
bil 53 080100 2 115242 s4324 162821 .9846

bj .5 ... 080N.~ _2__ t_00 3
. _ 10736 -14 o 45 1

513 53 080100 2 38884 c2017 45686 2.1107
bI 53 08000 2 121588 ,2271 145796 1.8742
b15 4t 080100 5 1414 o3835 2100 1,0645
16_4....... .. v... .... 5... . . .... 16873 ..... .1750.

517 45 080100 5 1703 ,2113 2071 2.7234
b.. i .. b oi_8o . .......... 04887 1Q04 6,8905
bg19 4 080100 5 *840 ,1491 2187 3,0814

2b 05 08oloG 70B o1044 777 5,5917
b21 45 080100 5 403 ,0865 44Q 496907
. 5. 45...l4& ..-. 5... ,..t40 292 p,8952
t23 4b 080100 5 204 .1108 232 3,3890
.... . . .-. . . . ._ ..... . ,. 5 . 4. 4?. 07
b25 4b 080100 5 113 ,2886 145 2s4184
b26 45 080100 532 i493 968 3.0407
527 4$ 080100 5 db2 .0787 919 6.7464

5 29 4. 080100 5 781 ,1726 924 2.8477
a~224 6 - 19. 19

b31 45 080100 5 248 o0765 268 6.7526
b32 4b 080100 E bb2 . ... 640 2,8585

t33 45 080100 5 663 s0884 738 7Q07803' 45 ... 0801.00........ .......... b8tO ,178 P069 . .250

b35 45 080100 5 1 3 .2233 240 2a1624
1)36 .45 ... 00O 100 ........ 5.........16 ,1543 186 3.6731
b37 45 080100 5 306 .2066 370 2o5212
!538 4t) cmoo c92 t2563 925 104700
b39 4b 080100 5 175 .0396 182 10.6181
"4Q_ 4.) .. 050.........65 . 6 , 04 5.0414
b41 45 08010Q 5 5U8 012?3 578 37244
_!42_..45 __....oaB.OQQ 5-.Au. .1176 63a 211541
b43 45 080100 b 745 a3819 1170 '9891
b44 45 s0n010 5_o . 1956 106438
b45 4b 080100 5 740 t1139 825 4.2573
b46 45 .. . 80100 ..... 5 .. .0 073 790 0.5395
b47 4a 080100 5 1211 ,5b5 1b41 2s2329
4B8 45 080.100 5 . .. 30 %1377 1496 4,5099
b9 4b5 080100 5 511 ,0188 5e1 23o5434
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..4L UN6!ASE0 Wt9PVT ESTIMATES 8 UKLL..NeRMAL ANO -

*:4EIdULL 10FLA TION PARAMET 8 FOWL'ATA QRUUPS.

Lg5°,2N MAL L01.NeMAL NEI0L.L WLIdUL.

ITEM REF DESCRIWTIIN SAIFLL SCA.L SHAPE SCAI.E SMARE

b5 080100 5 47228i .2216 5819954 23128
55? 52 8010C , 4 14793 4 03a1 1321623 12o5096

t53 b2 080100 4 376908 s2678 4916b28 1#8734
. .54 45 -... . Q . ....... _11

3 3

I55 45 080100 5 17918 .7641 +48034 s5021
b56 45 . ..Q$Q10.0 . .5 A58b3 .3312 1352169 .s-2539
b57 4b5 080100 5 206J4 ,33U3 29178 16349U

b58 45 083100 66682 43b8 W01388 1:4008
t59 4b 09010 5 381419 02583 492335 10916
6 . .. 3436 .. .28b5 4622 1,4165

b61 45 080100 5 5387 .17b4 63719 3.6098

062 W5 _.01o .... 5 42715 .1868 5302 2,0374
563 45 080100 5 722476 ,4884 1177914 e8771
_ .4 45 080100 5 195577 66129 375102

;065 52 080100 4 4172U6 009b3 454976 5s0708
!66 §pZ.0...6. .- o6.123 1414067 . o8048
567 58 080120 5 a82 40399 293 13.3692
568 5a .. P..120 ... . 5 .............4. 0479 472 9v%528
t69 58 08012C 5 667 105U5 702 10,2380

b7o b8 080120 7 9J5 ,0966 1023 5.8447
b7l b8 080120 5 1534 .0618 1625 9s4851
t72 .56 .0A120..........8 ..... $973. .0519 3156 7o4867

*73 58 080120 5 4393 ,1080 4837 bo0625
.t74 58, aBO. .. ..- --- 5-- ..... .3... .0364 9753 15.3070
b75 b8 080120 5 20048 .0352 20821 11.1036
t76 58 Q80120 5 31849 .0949 34563 6. 43.
!D77 b8 OP01O20 6 71673 ,2179 93144 1.7542

079 58 ....... _5..0........5 . . ...... ..7. ,4979 312633 a9116
t79 5A 083120 4 3674221 s7465 7265520 .654R

*8Q .8..... 4 482 4 - s~ 2970 61584315 115986
b81 57 080110 2 S7 ,0324 38 13.1576

*82 5Z 080110 2 132 01
583 57 080110 3 8U2 s0783 858 7.0335

.b84 57 .. ....... 080.10 ..... 600 .000 6000 VONY RWM
b85 57 080110 3 26637 01512 30302 3.4650
.86 b7 .. 51 01.......... ....... 1241 .1002 133572 09131
587 b7 080110 5 579bbi .2299 739i92 1.7466

08011 U ~ li U840UO 57~~ 87 '4?1~.
t89 57 080110 3 95 ,0660 -0 -6,107 9

S90 b7 08011Q. . F 4U5 ,0499 422 8,5301
b91 b7 080110 4 334U8 m1731 39987 ,o2867
b9 b7 .W801W . . .191 .6050 220879 .6264
b 593 b7 080110 3 17267b0 .1726 2004414 365037
*94 57 OU80 3 -14Q396(L66 ,.3 .... 13609_8 Jo83P4

b95 57 080110 2 334 ,0495 348 8,6073
b96. b7 080110 ... 3 108%1 ,0799 11621 5,3992
b97 57 080110 5 194614 e3722 288433 1.0833

t)98 b7 . GBul1.Q _. 4 63318 .1273 70B95 40419t
b99 57 083110 3 21527UG .9479 4853032 .6145
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T14E UN61ASEU POINT EbTI-ATES OF 0kVRA ANL)
AMM~U.L. 100PULATION PARA'4LTE~b P'eR OATA GROWPSo

_____Lqtu'4'teMAL LO2.NORMAL N E.I 5U14 W JtljwL
3ITL'm REF DESGGPITIBN SAMP.tSA. SW.Ah*. SCAL.E SH4APE

SIZE tmu) (SIGMA) NJETA) (A6FHAI

bc 57 oso11c 3 19Q583.75 93639 2.65'.aQ 38 1#1741
bol 6) OBVI12C 2 16 .0560 17 7*6036
bo? bc 08012C 2 103 .0891 13a '4o780U

A;R I06 I 1c 5 25bk% a.1367 299-8a 315451
604~ 60 0~o110 4a 65a2~9 .1698 76786 2*tJ
OU5 6Q 080110 4 976bo 87101 182138 1775H
606 60 08011C 8 3924U8 .1990 491683 261971

607 60 OR012 24 0Cb ;4t

3123 .46129 8"1373
611 6.1, ~ 3 295 'o0541 3u9 130028

b1 '09az 13-36 905bb 1406 1000199
b13 6." CAOIIZ 3 '915 110777 5a6Q ao 06T)

b1i 6^1 a~1A 11696 40158 1A1'"4 27'0 69
Ito 6 4'1 3343 93153% %6?

h1.7 6UJ Q'912L 2 6 s3374
6" %6 12 3 442 *049 44 7.950U

619 6.~ ~ )1 2 7l16bU i6b9499 17

v ~ br 15 '0 1,6 11-075~6
N2 a ~ a4 UVO a4vo VL4V Hlq

36 99 106 456

2 279)1e12 33.~ 61'? IV ~ 0

b~7 Aj p *6l 0 193eU
2 13 ja~ z8,768

YU12 L D4 9,16l!
6' 399.66 9044~6 IiJA64 10063b

:26449a~a3 *5932 3,607 1.2

bitJ '7 -.P.102 6 1,07* ~ 11~ "9 396%

b'4 -1'1 71d3 ~1"ab

bi 'A~ I ?l~ 02

b42 IQ 1 ~~~1436 b94 tl* "'0



TWE UN"%TASEU bJ9INT ESTIMATES QFLb~e%0RMAL ANU

4E113U4.L OePU4,ATIUN PARAMEJENS FOR LATA UitbUPS.

ITEM NEF 'ESLR!WTI5N SA'PLL SCALE. 5sAW'E SCALE SHAPE

SIE -Il 6S1(IMAI WETA) CALI'WA)

65- 44 2u0 6 52627 t0632 55987 7*9874

bb 4 020101 6 1318 .0645 14052 7#3577

652 4,4; Q3Ul 6 IQU'.6 * 546 11580 7.19a6

653 4 0011624613 G0510 260o8 0- 7.5 79 8

654 4 '4 C0101 - 6 _258ed .0a56 271 14074

655 ki$ 020101 6 30369 00365 3081? 10.8894

656 '.8 C?3101 6 20786 .0413 21820 10.8985

657 48 a0"VI01b 6 29036 *0578 3U765 70982a
0 4 j 02JQ 64662p0319 *'.134 ;212961

bb1 44' Q)~10t 6 Q5f 024 'a*. 4994

66 'S iijll69176 *Q599 73547 7.4791
b6% 1 )*f 021 6 1 it?5 .02'8 42630 18'2 at

66?2 46 023101 "49 .Q43-,6 15845 13-4$zl

663 '.i 0Q2- 10 1 6 4015~ o*067 49944 8.5 359

~ ~ilza~x6 4±~ U, 6U69_ 1J'.757
m6 48 0410 6 ~ ~ j*'~. 33 13t8-21*

66 0 201Q1 6 .Qb 11053 3t191 a45 33

*67 4; 0 2 c10' 6 2au18 .0608 23'.33 i2X19 -

064 44 02:1ki1 6 .422C3U9 '.42t2 14.965

b69 48 ~ 3U 3flt7 .0428 '39903 9#97e5

672 C2 0211 !' 3 05ts V.3 B,30

673 vi C21U 6ah 45i 010 61l9t 9.6300

67Q 44 WUg-6 '.5 0521 526 7*679e

076 ~i ~ ic'~s r~h... .9.591 _1666 130

679 tt t; IQ so9 13'. 7.57

~5,1 r I ;5'2 .1120

v94 5? C%12 6 91. :171)2 11i4 z
tS C.;ti b h 2ua2 6t 08j

69? 57 oz 3 Utb .a 2016 *v7J.

093 576 15 7 &J 2.16*

*9 1 O22I18 *19, 1466 23*487

69? 5? Mz 6 1 il!06 .7' 1731 ?.An10

0965 423.1;! & 693 aIZ 7161 .IS,- o0167

05 5 0012 53? 61151 1 Y.Mb1 3.66&*B
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TH4E UNtJ14ED PtINT ESTIMAT9S OF LO%'.'JORMA6 ANt)

.JEIBUI4 POBPULATION PARAMETCRS F514 UATA GO~UPS$

L Ej.NDIMAL L9U.NOMMA6 N'E BULL NEIOJL
ITEM 4EF UESLPIPTION SAmPLt SCALE HP SCALE SHP

I.L. - Mv) - SIGMA) ttiTA1 (ALPH4A)
7 QQ b7 0OR122 3 $V208 2b67 690519
701 57 0210122 a 9266 0Q569 97512 ?#7010
702 57 020122 a 6510 40546 6861 7o3359
703 b7 020192 a 61.35 a05 67 7.1247
104 b7 020122 4 '.884* a0902 5308 6.0399

f705 57 020122 3 81i* 0769 -8693 603707
106 E7 920;22 6 -- 628 11,63 1545 3.4796

70 7 00.o31237 00702 1318 9m5281
785 0011§5373 694P 1949 '94888

709 b8 080121 6 219511 m0716 235099 734
?IQ 56. nouj.2 .....7 .. ?19 .0954 23014 6.0705
111 58 080121 6 23214 c0502 24641 9.0132
71?~ 58 080121 6 -3366 .0287 32 1573
713 56L 0-80121 7 20351 .0848 218b2 9o5653

715b 8 C80121 6 5611 40549 5959 67171
716 b8 080121 6 .1.3QU0 o 047 13666 898
717 ba 080121 6 5707 *051'0 6069 9.4366
714 k'9 080121 6 24W) 0Q743 o58l 803738
119 59 080-O121 6 - 6%4 10630 2787 699712
1?1 9 080122 8 14 .9b62~ 29~

IZ 9 .03ala2 . 7695 t0447 8068 1269a9l
le !9 0080122 6 $a 41 W3 0539 1536e 70404

12* 59 $?be. d5 5~ 504473
.5 9 Q026698.837604 4*779U

0831a4zQ 6968 __ _,

-18 07 it)12 6 15 10269 au3 10,7577
lee 47 -Ba0 7192 006Q79 2U6 744245

1?9 080102 l6 ~ 193 130$135
13o 07. . 0 102 167 4*- 5 . t100Yti

733 411 U480126 1 ls5*1 1665 9.0857
Q3* '7 6 30090U6 389 840806d
C*31c;! 6 a0. 007 44 10 9
SSOU . 6 74,% 00589 79a 1005

_ 3 t-A10.b9 987
;39 47 c p a I 4 .0363 aIV3 10.,5455

t4 * 0#09 .0'lo8 43 100.1291

743 47 g.1~.3bI n.h;3 J76 12*0527

74$ 47 ..0310U2 76 .694 70 7 * b7 E
7 f6 41 6 -ta 61 .4 J2* 63 1106771

7f *7% 15?6 caIug 72 56892,4
*"8wlo C, 12* * zwb 7 13085 8.8*30
4* 9 0ez101 6 I11'bb *ob@0 la~b 7*9332
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T . lUN6BSEU WefNT EbT1iAYE9SF LwNURMAl AN .
4EOL. PL ATO W MTV _e W ATA GROUPS#

LBUNUNMAL LOUNORMAL OLIdULL wEI5UL6
ITEM REF 0ESCRIPTIeN SAMPLL SCALL SHAPE SCA6E SMA7E

.4 -(SIGMA) ._(ETA) (A6PHAI

S75 9 080101 6 13b32 . 4O00 14192 10.9576
751 49 080101 7 8718 . 0873 9647 404681
752 49 083101 6 43U8 ,0417 4488 11*8348
153 49 090101 6 7314 .0472 7689 8.9674
754 49 080101_ 8 34845 ,0372 36304 ,113046
755 49 080101 6 92j62 ,0585 9889 761431
756 49 080101 6 + 64742 s0773 701*9 693479
757 49 080101 6 37078 .13?3 42533 303233
758 49 080iCi 6 38256 ,0495 40b59 7.5630
159 45 080U02 4 2474 ,0623 2630 7s1609
760 4b .. 080 2 b.. 492 o2722 635 2,152U
761 45 014002 6 .. 16 s0967 1570 '.2504
762 4b 0800 . 5 . 36dc ,0673 3870 6.894*
163 45 080002 a 23025 .1851 28151 2*2813
7 b ougg 5 8566 61I6J5 10181 2.16795
765 45 080002 5 3991 .0587 4919 8.4418

76.___ OBOUU 6 3 56,~5I1! E 9153

766 45 080482 6 17 .1264 1731 3.1536
767 4b obuo2 6 4269 . 0766 4568 7.9628
768 45 ...08 00 AC _______A 19. 1 906U5 8789 6.4660
169 4t 083U02 5 16515 s1114 18322 5,0487
/73 45 _...0u 5 30b15 .0733 39541 5o4376
71 5 180QU2 6 880 e0845 9-71 4,5v07
772 45 OPOU02 6 51.71. 1 039 57741 4o4388
773 4b OBOU2 .7 .91 1230 "10843 . .303620

!7 '~ 0S0002 5 .1869 .004343 309324
/75 4b 08002 b 28b6 *1171 3211 4,018
776 4 OEQU02 5 Ai9 ,0699 3566 519926
777 45 O-- UOR 5 10594 61062 11798 4,6784

1 .8 4 - Q0 02----- 21498 __ 0879 23561 4*6428
179 4b 080o 33638 ,0937 36969 5,0907
78') 45 080002 5 ...... 188645 00838 204865 6.0692

l /8 4b 083102 5 54 O-1 . 1314 630735 249029
/a. 45 0801U2 7 6599 .1526 7789 2o6562

184 62 084140 ... 2 I5 7 0 . 0372 129bO 116442U
785 6d 084140 3 9134" ,2469 120694 109177
186 6a 0. 140 3 43A213 ,1488 507968 2o6584
787 6i 084140 3 13092 1000 14434 309649

88 62 L, CIR1-4el0 1t 1328994 3.0299
_- -+ , 1+ -841 2 7599u .1506 Wi6'---6265

.9 O 63 CA.14 . . . 10261 .0806 109*4 5o2839
191 63 084140 3 17602 2854 M266 1*6948
192 63 084140 2 353L6 06U8 37U84 7.0076
793 63 08414C 2 374i5 .0500 38951 8,5149
194 62 18 4 3 1344 . 0882 ___4 4.5021
755 2 084140 3 12b9 ,1738 1459 2.2851
796 63 084040 3. 3269 ,08O8 143546 4o7753
797 62 084140 2 b09 V0161 637 5*5957
M. 63 084ig 3 9221 ,0419 9566 15,1009795 63 0841#10 2 1631 *1491 1838 2s8553

146



THE UNdJASED FeINT ESTIMATES OF L0.NORMA6 ANU
AZIBULL, IO.UUATION PARAMETEKS FaH UATA UROUPS9,

LOUmNUNMAL L04-NORMAL WE56QL WE1IJLL

ITEM REF DESCRIeT18N SAMPLt. SCALE SHAPL SCA6E SMARE
SIZE (mu) (SIGMA) (UETA) (At.P4A)

600 63 084140 2 1482 0742 1466 57346
601 63 084140 13749 .0335 14102 12.6951
802 63 084140 5 16987 s2239 2081a 2o4414
603 63i 084140 2 188?7 e0700 19910 0.0834
-04 63 08414Q 3 83P2 - .2298 - 2759. 1.8094
605 5b 084140 4 6593 .1519 7523 3.6537
606 5b 084140 4 33495 0142F 37993 4*2556
dO7 55 084140 5 39449 .?208 48860 293968
80 b5 094140 3 59701 .1517 69379 5.3000
b09 55 084140 4 121b6 *0628 12862 8o0258
610 55 08*140 v 39779 *0965 436 36 5e648
61 b5 084140 3 10675 s0798 11564 4*9804
d12 55 084140 4 14019 0538 1475? 8@2858
.13 55 084140 7 124/4 .0870 13596 5*564

.814 5h 084140 4 5438 60731 5915 5o3a02
815 bb 044140 2 994 .0616 1045 649083
816 63 08414Q 2 1212334 .1982 1420417 2148a
817 63 C84140 2 ib079b8 .1312 1674664 3.2457
818 63 C0414Q 2 32403 .73 33653 8,9931
619 63 084140 2 1419U4 .4795. 208191 '8878

__ n 'OR'&140 2- 39599 m1232 43"s ~ 4
.21 63 U84140 3 1291677 .2706 1641169 2.4103
- 45 084101 3 32689 .04U5 33848 140?Q
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APPENDIX III

DERIVATION OF PROBABILITY DISTRIBUTION FOR THE
RATIO Of TWO WEIBULL VARIATES

This appendix discusses the derivation of the probability distribution

and density function for the ratio of the sample characteristic life of n

laboratory test articles to the life of a randomly selected aircraft in

service. The scatter factor is written as

S -/y (1)

where 8 is the point estimator of the Weibull characteristic life (scale

parameter) for a sample of n failure times given by

X. -(2)

The x.'s in Equation (2) are the lives of the individual laboratory speci-1

mens and a is the known Weibull shape parameter. In Equation (1), y is the

life of a randomly selected aircraft in service that is a Weibull variate.

To find the probability distribution of the scatter factor defined in

Equation (1), the probability density functions of both the sample charac-

teristic life T as well as the Weibull variate y must be known. The prob-

ability density function of the Weibull variate is given by

f(Y) = F ( e I (3)

for y > 0 where a and 8 are the Weibull shape and scale parameters, respec-

tively. The probability density function of 8 can be determined from the

fact proven in Reference (1) that the statistic

2nW 2n (4)

has a chi-squa'ed distribution with 2n degrees of freedom where n is the

nuwber of failure observati.ons in the test sample. This gives that the

probability density function for the statistic 0 is given by

f(W) n exp n for ii 0 . (5)

The probability density function of the ratio S =/y is

172



f(S) f - f(8, y )dT forS>0 (6)
0

where f(W, y) = f(T)f(y) since T and y are statistically independent, and

f(y) and f(T) are given by Equations (3) and (5). Putting f($, y) into

Equation (6) and collecting terms gives

nn 2 OL)+lI

f(s) = r1) (7)
r n

where
j I =lexp [AQJa] d8 (8)

0

and

A = n + (9)

If u is substituted for A( ) then the integral reduces to

/ -u
,,i - -.- n Jue du. (lO)

a [ n+(l

The remaining integral is in the form of the Gamma function which gives

f U du = nr(n) (11)
0

This leads to the final expression for the probability density function of

the scatter factor
f S n n+I s n-1

-n f(S)-= (12)

Integration of Equation (12) with respect to S from 0 to S gives the cumu-

lative probability distribution of S which is

F(S) = - (13)

(l+nSa)n

If reliability N is defined as in Reference (1) as the probability of no

failure (probability that the ratio of life in the laboratory to lift in

service is less than a), the relationship between H and the scatter factor

S is nsan
n S- (14)

17(3+, o)n
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APPENDIX IV

LISTS OF SERVICE INSPECTION BESULTS
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FliSt Hours at * uiY4Ut

Typ Bu. No. MAC Gms No. Tim of Retrofit Lab Hours

F-4C 637411 328 3085.7 944

7-4C 637412 332 2079.0 134O

P-40 637413 335 2126.3 1509

F-4C 637414 339 2158.3 722

F-4 637415 342 2256.9 759

F-40 637417 349 2253.6 1t26

F-40 637418 352 2965.9 1081

F-4c 637419 355 2947.3 634

F-4C 637420 357 22oa.6 890

F-40 637422 361 1572.6 821

F-40 637423 364 1668.3 818

P-4C 637426 371 1747.4 783

F-40 637428 376 1650.0 1132

,-4C 637430 381 2959.7 728

P-40 637431 383 1635.5 680

7-40 637432 385 2008.3 972

P-40 637433 387 1809.7 985

F-40 637434 389 2039.3 1486

F-4C 637436 393 1716.1 942

7-40 637437 395 2008.0 913

7-40 637439 399 2609.3 755

F-40 637440 401 2m?. 9 896

.- 4C 637442 405 2C45.9 1120

7-40 637446 413 1639.6 790

7-40 637447 415 U159.8 339

P-40 637448 417 2309.5 1952

7-4C 6311449 419 18U1.3 1161.

F-40 637450 420 194.7 905

--40 637453 426 217.1 U

-. 0 63745 3 424 
215. 

9-

IP-40 637454 427 2105.235

t-40 637455 429 230.3 0

1-40 637457 434 2059.8 62

-T--4 637459 1.37W

F-40 637460 439 1992.9 9

F-40 637k& 4"2 1602.3 U

7-40 1 6374.63 443 219.6

Figure W-1
Fleet Aircraft With no Cracks Indicated in the Key Area in

the Wing Main Torque Box Lower Skin at Tin* of Inspection
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Flight Hour at wwu~alsmt

Te Bu,. No- AC No, Time of RetrOfit Lab Hours

Y-4C 637465 447 1951.1 914

F-4C 637468 455 1872.9 1373

?-4C 637470 459 '476.0 46

F-4C 637471 "61 1966.1 123

-. ' 747 4,3 2047.3 1065

- -774 465 1803.7 857

7-40 637475 466 2092.8 1376

F-4C 637476 468 176o.2 1278

F-40 637477 469 1753.9 564

P-4C 637478 471 2063.2 761

P-4C 637479 472 1673.7 925

7-4C 6374A 476 2016.9 896

7-4C 637484 479 1784.4 1660

7-40. 637487 485 1836.3 1054

F-4C 637490 489 2291.5 1460

7-4C 6371-91 49). 221. 6 1841

7-4C 637492 492 1677.1 509

7-40 637495 498 1893.6 9~

P-)0 &17497 501 2032.4 817

11-0. 6j79, 505 039.7 1166

6v,5'. 504 227.& 199

1*-4 6M7Mi 57 2031.0 7664

351 A5uro Z146.7 C s tA .

P-40 637512 525 212.0112-

61E.7$1~5 529 2086.7 9113____

wa46 510 1731.1 49

P.44, 61A7521 541 24 9

1-0 637SIP 553 1B67

V-01i 6370~2 $s6 2197.0 1U75

PAC 6153 59 1995 7 35

61~ A746 521639. 62

S___~ ~ f A! 4820$9?

the Wi% Main Torque Box Lo"e Skin at Tian of Iruwactmo
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flight Hocurs at,* Equiivalen~t
Bu. Mo. VAC GA No. Time of Retrofit IAb Houra

F-4C 637543 573 1612.3 79-'

7-4C 637545 576 1492.1 603

F-4c 637550 584 1539.6 302

1-4C 637552 588 2553.8 1512

7-40 637553 589 1485.4 403

7-4C 637555 592 1716.9 827

7-4C 637556 593 2135.2 1515

7-40 63?S62 603 1814.9 948

P-40 637565 607 2178.0 1447

7-40 637566 609 190.2 871

7-40 63750 612 16991C 759

7-4C 637569 61 1261.S 617

?-40 637570 615 1436.4 596

F-40 637572 618 1474.0 451

t-40 637574 621 1642.3 899

7-40 63757 622 1699.6 651

T-40 637578 627 1M5.5 17

7-40 637581 632 )995.

r-40 6375T, 636 1797 .. 3

IP-140 637$85 636 1-770.9 10C5

7-~0 638"89 6"170.1.7 W

Y-40 637592 649 1783.4 W01

4-.

r-4c 637$94 653 19"? 9 1

74c 61719i 654 MIA_______ 9w2

t-40 637601 673 40 9

7~0 31A~ 675 13fl 9 $60

Fig~e 1.1 (C 217s.1d
Fle A40.I Wt 6)o CYa 644 Iniae Int Ky ra

t I-40O &)"6i o 689 157M 9 im h

7-40 637*1? 699Z%4.5 li

?-At 0376114 VA1 ICAA

6)63709 2td7.4 69V4

wNc 617624 I1 149l 1

7-4c 63"62 wn 6*~

7-40 617U6h 7141 U42.19 670

- -u 6"~

Figwve IM-l (Continued)
FIat Aircrat With no Cracks Indicatad in the Key Area in

t Wing Main Tosqu Bo Lower Skin at Tinae of haa~ciw
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FIXh Hvac 74ji~lvalent
TM u. !a. MAC Cun No. Time of Strof it !L, How&

F-4C 637629 718 19676 LIb __r
F,4C 63763' 720 19C3.3 711

-4C 637631 2290.0

F-.C 637632 723 1666.O 1098

F-4C 637633 *724s 1579.C .1

F-40 63763 729 1823.8 922

F-4C 637637 731 1990.8 742

7-4C 637638 734 1530.1 98

F-4X 6376L, 75 1734.0 832

F-c 637646 748 1376.3 714

7-4C 637647 750 1865.0 773

7-LU 637650 75$ 1898.5 796

F-0( 617694 762 93b164

F-M: 61765S 6 19". .1

F-4C 637657 767 1831.2 1195

&.~ 17661 7,14 IMO2. 1312

P-k.C 637M62 77S 140.6 63

A-~ 17&-6 7w .2

7791

t-E42 _ _7, _ _ __O I

6167 WW" MCI . ..

i.i

16"0 "SA

-- 3484 M). 1) 472

.: ,: Figuie Ml- (Contiued)
! Fls-t Aucalt With no Cra~s hVIta in do Kav Ami m

f. ho ,, WMa Mare Torque Bo" Loww Sd at Time of I qv -o

V4.8317.Il-



IEquivalen
____Bu. No, ,_____ No. Tmre of tro¢1t _ b Hour

P-4C 640665 885 W7.75 1.47(,

F-4C 64(0672 896 23C5.5 1572

F-4C 6406T2 899 2291.1 2227

F-4C &.0675 903 1374.6 603

F-4 640677 907 2333.8 12J5

F-4C 640679 911 2578.8 0599

F-4c 6t0682 916 a!35.3 5;,,

"-4c 640 917 1C59.3 359

F- ,Q 640694 937 2370.4 175,

F-4,; 61 0695 939 2126.1 1331

F-4,C 640699 945 1772.1 936

-.-4 6400" 159 2181.6 1116
9.-

6,0-. ,991 13W

7.0 64MS W 4549. 236

r7140 44) M- 14

- .-----.--- - ---

-MIA

V-If; 4"A I tll

i, Feel Airccaft With no Cta,% It dcated to the Key, Atea in

the Wingl Main Tottus Wx Lowet Skin at Tie of lnspecuwn

- -- -9



Bu. No. VAC Om No. Ti fRtoi * or

64079464 1092 1627.5 738

P-40 640M9 U105 2369.7 154E,

1-4C 61.U9 U107 2052.3 1409

P-40 64M%9 l1.1 1C49.3 363

F-4 64OU9 116716319C

T-*C 64M63 11" m87ie

V-4C M 7 121 1300.0 786

P-40 61.5 1224 1257.4 1705

P-40 6405 29 144.5 106

7-4C 6406616 W33 17.5 610

7-1.0 640662 165 2019.0 1452

r-4C 6400631 1123 2M0.0 805F

7-40 64066 U0 1972.1 6

740 640669 1180 23.3 1321

7-40 64067a 1 216.8 59

7-4> W44 1165 990.4 453

V-40 640%7u 12704 11752 8081

2740 6406 1221 1297.6 701

7-40 640679 1276 114.1 166

P-40 640620 1237 116.1 49

1-40 640681 1257 11628 83

7-Fgur 640t79 (ContiUed)66

Fleet Aircraft With no Cracks Indicated in the Key Area in
the Wing Main Torque Box Lower Skin at Time of Inspction
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- - Flight hours at~ Equivalant

Tm Bu. No. KA;; Gum No. TJiza of Retroft Lab Hours

F-(.c 64GS83 1286 1155.3 681

F-4C 64084 1289 1438. 977

F-4C 614887 1296 ,219.2 1030

F-40 64C89(, 1304. 1483.8 741

F- , 64091 1307 1554.7 750

F-4C 640892 13C8 1266.8 888

F-4C 640893 1311 IC45.5 643

V F-4C 6406 1320 1282.0 725

F-4C 640899 1328 12N9.2 682

F-4C 640900 1331 1574.7 590

F-4C 640S2 1337 1326.1 666

F-40 640903 1339 1554.9 912

F-4C 640905 1346 i29.7 529

F-4C 6409C6 1349 1607.0 1011
F-4C 640907 1353 1213.0 583

-- 40 640911 1365 1328.G 492

F-40 640912 1368 1529.6 1384

F-4C 640913 1372 1001.0 770

F-4GC 640914 1376 1118.9 662

F-4C 640915 1378 1854. 910

F-4 640917 1385 1799.0 778

F-40 640918 1387 1459.2 1071

F-4.C 640919 139C 1303.3 901

F-4C 64092 101 1494 .3 IC66

F-4C 640923 1103 1296.1 774

F-40 640926 1414 1103.4 279

F-4D 640942 1312 1130.8 761

F-4D 640954 1374 1260.1 447

F-4D 640956 1383 939.8 620

F-41) 640959 1398 1403.1 717

7-4D 640965 1423 1174 0 610

F-40 640975 1454 3173.1 414

F-4D 640976 1456 IM2.8 380

F-4D 640977 1459 1278.7 485

F-40 6409'78 1462 1448.3 415

7-40 640979 1464 1229.0 540

7-40 640980 1467 1031.5 477

U Ina Lion by Dye Peetrar

Figure I--1 (Continued)
Fleet Aircratt With no Cracks Indicated in the Key Area in

the Wing Main Torque Box Lower Skin at Time of Inspectiov
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Fligt Hours at Eqidvalort
Bu. No. AC Cum No. Time of Retrofit Lab Hours

F-4D 65C582 1475 1261.4 386

F-4D 650584 1480 1368.0 684

F-4D 650585 1483 1220.0 451

F-4D 650586 1485 1363.o 532

F-4,D 650588 1492 / 1173.0 538

F-4D 650590 1497 1037.1 437

F-4D 650600 1523 1720.0 559

,-4D 650601 1526 11U.2 361

?.-4D 65060 1531 1047.2 327

F-40 650608 1545 1534.8 423

F-4D 650614 1560 1185.6 606

,-40 650617 1566 1641.1 498

7-40 650620 1575 1352.8 444

41 7-4D 650 a 1576 1717.6 628

F-4D 6509 1597 1732.2 1123

7-4D 650635 1613 982.1 278

,-4D 650637 1618 2165.9 8U

-4D 650644 1635 1739.8 IC-0

1-4D 650647 1641 997.4 369

F-4D 650648 1644 1620.6 621

F-AD 650652 1655 966.3 287

F-4D 65%654 1659 1067.8 330

.- 4D 650655 1661 1086.4 241

7-*D 650661 1676 1505.1 664

? 7-*D 650666 1688 1126.3 682

7-4D 650674 17C 1826.5 1190

J ,4D 60o0 1711 1649.8 M14

F-A0 65065 1717 1452.0 377

7-4D 650690 1725 1487.0 767

7-40 650691 1728 1600.4 593

F-4D 650692 1729 1377.1 510

P-4D 650694 1732 1176.6 514

F-4D 650697 1737 1545.8 668

F-4D 650696 1738 477.0 14

F-4D 650699 1740 3393.0 692

F-4D 650701 1742 1399.6 933

7-40 650707 1751 153.11

*Inspection by 0y* Penetr~ant

, Figure I -1 (Continued)

Fleet Aircraft With no Cracks Indicated in the Key Area in
the Wing Main Torque Box Lower Skin at Time of Inspection
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Flight Hours at, Equivalot

TyD Bu. No. MA, Cum No. Time of Retrofit Lab Hours

4-4D 650708 1753 1562.8 014

F-4D 650714 176, 1027.8 255
7-4 650718 1768 1853.1 892

F-4D 650729 1785 1243.6 809

F-4D 650738 1799 1232.1 512

F-4D 65043 1805 1092.3 436

F-4D 650755 1820 1984.7 1033

F-D 650756 1821 1303.4 482

F-4D 650757 1824 1590.1 730

F -4D 650763 1831 1311.0 476

F-4D 650764 1832 1231.7 55U

F-4D 6507i 1834 1035.0 342

F-4D 650768 1837 1109.5 598

F-4D 65077 M.82 1354.5 652

7-40 65077 1%b4 j 254,.0 n190

7-4D 650775 1847 1125.4 739

7-4D 650777 1849 1276.0 650

7-40 650779 1851 1193.4 780

3 F-0 SX.(80 1853 1015.2 372

,F-0 650781 1854 129.5 431

F-40 650790 1866 1170.6 1083

7-4 O 65191 1867 1110.6 1016

F- 650793 1869 889.1 543

'-4D 650798 1676 1087.9 324

7-40 657 1877 1237.0 1477

r F4D 6 022 
188 

W 7.0 
43.7

.- 40D 660228 30% 1025.6 792

7-4D 660234 1891 811.9 1020

F-0 660235 1893 1422.9 1534

F-0 660240 1899 1164.6 879

7-40 660241 1900 1307.0 795

7-4 660244 19C4 1384.0 10

7-4D 660251 1913 1054.6

F-4D 660253 1916 981.4 442

.- 4 660256 1920 1438.0 412

7-0 660257 1921. 952.2 369

7-40 660261 1926 1286.4 1381

Insption by ly Penetrant

Figure I.1 (Continued)
Fleet Aircraft With no Cracks Indicated in the Key Area in

the Wing Main Torque Box Lower Skin at Time of Inspection
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Fligh Hour* at E4pivalent

Dlu. No. )4C C i No. Ti.m of Retrofit
*  

Lab Hours

-4D 660262 1927 1058.0 742

?-41) 660263 1929 2024.3 744
P'-4D 6626 1932 1473 .0 865

1-40 66C268 1935 U186.9 635

V- 660269 1936 911.0 701

F-4D 660271 1939 L183. - C4,9

7 4 66C273 1941 1475.G 1_ o

P-4D 66CQ75 1944 1500.0 151G

F-4D 660277 1947 1023.7 382

7-4D 66CQ78 1948 U4_9.0544

F-4D 66C282 1954 992.0 669

F-4D 667455 1957 M97.0 896
7-40 ,667456 1958 __C_ oO 1 __

7-40 667459 1962 1314.9 668

F-4 667461 1965 918.3 409

F-4D 667463 1967 798.6 253

7-4D 667464 1968 1724.3 2178

-041o 667466 17 1460.8 1614

7-4D 667469 1975 1496. 881

7-4D 667470 1976 1013.2 647

F-4D 667471 1977 1016.9 522

F-4D 667473 1980 1335.9 1549

7-4D 667475 1962 1535.4 1614

P-40 667477 1985 1027.7 498

1-4D 667478 1986 169(,.0 1070

7-40 667484 1994 934.7 631

F-4D 66748 5 1995 1286.7 1128

7-4D 667486 1997 1317.8 481

P-4 667488 1999 935.0 535

P-4D 667489 2000 1471.0 1005

7-40 667490 2001 1244.7 1087

7-40 667491 2002 1261.0 me2

7-40 667498 20.U 1164.o 705

*'4D 66750D 2015 1574.0 1456

1-4D 6675C2 2017 1287.9 597

7-4D 667503 2018 1681.0 1129

7-4D 667507 ( 2025 1141.2 8

Inipeotiork by Dye Punetmt

Figure WZ-I (Continued)
Fleet Aircraft With no Cracks Indicated in the Key Area in

the Wing Main Torqua Box Lower Skin at Time of Inspection
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Flight Hours at* Equivalent
Bu. No, MAC Cum No. Tim of Retrofit Lob Hours

7-4D 6675W9 2028 1038.C 66(,

71 -40 667514 2035 949.8 863

F-4D 66751.9 2041. 1022.0 452

'1F-4D 667522 2046 899.8 655

7-40 667529 2056 964.2 616

F-4D 667536 2065 101C.7 460

7-40 667537 2067 860.6 693

F-4D 667539 207(, 761.6 411

7-40 667542 2074 890.5 361

7-40 667545 2079 756.5 635

7-40 667547 2081 1086.8 709

F-4D 667551 2086 964.4 506
7-4D 667552 2089 823703

7-40 667553 2090 11G1.4 848

F-40 667556 2v93 798.5 394

F-4D 667558 2098 1356.6 1145

F-4D 667559 2103) 988.2 753.

7-40 667570 2116 737.0 .

7-40 667575 2122 959.5 738

7.-4D 667577 2126 1074.7 701

7-40 667578 2127 823.9 606

F'-4D 667580 2129 1430-C 709

7-40 667582 2133 1171.0 701.

7-40 667588 2141 1092.1 444

7-40 667589 2143 1054.8 1043

7-40 667595 215G 783.6 290

7-40 667596 2153 1202.6 900
-4 67607 2168 916.653

F-40 6608 2169 1450.1 610

r-40 667609 2170 1388.0 1112

7-40 667611 2174 1069. 61o

1-4D 667614 2178 1490.0 689

V-4fl 667615 2179 -307.0 1005

7-4D 667616 2180 1392.2 896

F-4D 6679 2185 866.4 651

k'-4. 6676" 09 1184.1 848

F-40 6676.21 2188 1001.3 4(2

*Inapeation by Dy'e Penetrant

Figure I-1 (Continued)
Fleet Aircraft With no Cracks Indicated in the Key Area in

the Wing Main Torque Box Lower Skin at Time of Inspection
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Mlght Hours at Equivalent
Ru. No. YAO Oim No. Tim of Retrofit Lab Hours

P-4D 667622 2189 78a.6 626

P 0 667623 2190 1C29.9 647

1-4D 667625 2194 1056.0 917

1-D 667627 2-197/ 1034.2 299

1-4D 667629 2199 M7.9 523

P-ID 667634 2206 846.3 543

IP64D 667635 2208 1076.0 614

7,,D 667636 2209 1288.9 523

F-'D ,7638 223 1334.0 792

v.,40 667640 2Z15 1412.0 1066

?-d.D 667642 2216 149.6 577

NOI~ 667645 2m2 734.4 444

NOZ~L 667648 2m2 1085.6 514

NO4 667649 2229 1450.0 651

NO4 667652 MZ5 1267.5 1448

1-4D 667660 2246 "420.0 608
. - 667662 2248 103o.6 781

P-4 667663 2252 860.4 718

NO4 667664 2253 87.6

1-4D 667665 2255 1439.0 5m

7-4D 667667 2258 1083.0 845
'- 67668 2259 763.1 440

P4 667669 2260 927.1 680

1-40 667674 2268 1327.1 2019

1 -. 667677 2272 009.8 378

-4D 667680 2277 104.2 452

N740 667681 2278 867.1 672

1-4D 667609 2292 855.4 390

.7-4D 667692 2296 934-1 520

ND 667693 2300 X%1 0 350

1-40 667694 2301 680.2 409

P-0 667698 2307 12 4.0 1050

P-40 6670 2313 8%.9 676

1-" 667705 1316 834.0 657

P-40 667706 2319 718.0 405

V-40 667708 2321 923.0 631

F.*D 667709 2322 1186. 5 W1

*Inspiation b7 Dye Penetrant

Figure 111.1 (Continued)
Fleet Aiv craft With no Cracks Indicated in the Key Area in

the Wing Mailn Torque Box Lower Skin at Time of I npsection
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nstmoiu'o &t rquivclent
T" BU. No. MAC Ga No. Timo of lietrufit * Lab ioura

11-4D 667710 2325 1459.0 585

?-4D 667M1 2330 929.4 357

1-4D 667715 2332 1371.1 1066

7-4D 667722 2346 1376.0 751

P-4D 667723 2347 993.9 448

1-4D 667'724 2349 756.5 261

7-4D 66772 2361 1055.8 908

7-4D 667733 2362 1258.6 7.2

P-4D 667737 2368 112.4 527

1-4D 667741 2376 43-34 195

1-4D 667747 2386 931.3 166

P-4D 667751 2392 1022.9 95

7-43 667752 2393 1032.8 506

7-40 667755 2398 1020.4 141

r-4D 667759 2402 1433.0 875

P-43 667767 2416 2042.4 1311

7-40 66777 22 1080.7 5

7-40 680 2431 =21.8 805

* Ispwtio by D," Pum.trnt

Figure IM-1 (Continued)
Fleet Aircraft With no Cracks Indicated in the Key Area in

the Wing Main Torque Box Lower Skin at Time of I nspection
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rdicatcn That C T -a

Outer Winp was Re~cved .1i&tt Huuir at Tquivalent
T ,u. NO. "A- .uM 11O. Block !o. I Hior tc Dttfcn of -ra:k Time InoertLt _ Lob Hours

F-40 63769 754 137

F-4C 637655 763 20 I 1952 376
F-4C 63766? 785 21 )7le 593

F-4C 637676 799 21 '1 1329

F-4C 63?6."3 811 21 2096 ?42

F-4C 637685 815 21 2296 1569

F-CT 637688 820 21 314, SU2k

F-4C 637693 828 21 1312 548 *

F-4C 640665 885 21 2146 1476

F-!,C 640666 896 21 2199 1493

F-4C 64C682 916 22 2142 1(32 *

F-4C 640686 923 22 1688 1196

F-4C 640695 939 22 282 _-329*

F-4c 640699 945 22 1767 61

F-4c 64C'76 957 22 1675 X661

F-4C 640712 969 2 2303 1332

P"4C 640724 991 22 2225 1368

F-4C 640725 9 22 25C8 2346

F-4C 640737 1615 22 i18 72 *

F-4C 640,747 1631 23 1932 929 *

F-4AC 64(0759 '051 23 1358 490

F-41, 64C763 1C59 23 1492 999

F-4C 640777 IC80 23 1767 1459 *

F-4C 6 0781 1087 23 1441 587 *

F-4C -',03 1691 23 157C 1396

F-4c 640802 11" 23 136 185,

F-4C 64081 1125 23 2413 204

F-40 640806 1128 23 2098 15^6

PF-4c 640313 1141 23 1921 131o

F-4C 640815 1143 23 1672 287

F-4 64084C, 119L" 24 1598 1211

F-40 640&j. 1197 24 16,43 287

F-4C 640847 1204 24 1411 1307

P-4D 64C952 13C4 25 1163 807

F-4C 640892 1308 25 1250 866

F-40 640913 1372 25 1683 85

F-40 640914 1376 25 1117 662

* Fatigue Damage Estimated for more than 50% of F1ght Hours
Visual Inspection

Figure IM-4 (Continued)
Fleet Aircraft with no Cracks Indicated in the Key

Area in the Outer Wing Lower Surface at Time of Inspection
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I iInlicaticn That rigtnal
_. Nter Wing mi Remcvei Flifht cur &t q~ivalen?.

N_ . . __cc_ Nc. _ror to _tet c_ c_ rack T_ _ ef In3e:ticr. Lab L.c,.rs

:F'. 64,M.S 1391 2% t
- 

:3

F7D 65,6'7 27 392 225

F-4B 6 C75- 1 2 122S 755

-- D 65C73: 1787 28 14CC 641

- ID 650777 -. 29 63175

.-4D 6 "9c '.S66 29 1134 677

F-41) 65C79 1676 29 1119 213

.-4
- 65079 19'77 29 197 3(9

F-4D 660227 1.83 29 1213 13

F-0D 660228 1184 29 1274 718

P-4D 66 M-,9 19414 29 12_9 U5 1
F-4" 1 660254 1917 29 937 497

-40 66261 1926 29 1145 1311
F-AD 660262 19027 29 1 7923 637

F-0D 66C266 1932 29 1272 752

PF40 660269 1936 29 946 456

F-4D 660270 1938 29 978 462

F-UD 66715 1939 29 R22 965

'-4D 66C272 194 29 1147 786 *

F-D 66c276 1945 29 IC92 683

F-4, 660278 1948 29 977 478

F-4D 660283 1956 29 1046 577

F-4D 667456 1958 29 969 9C4

F-4d) 667451 1965 29 1M42 293

F-4D 667467 1972 29 1.75 754

F-0D 667469 1975 29 1194 662

F-ID 6697471 2a6 29 11A4 854

F-41) 667484 1994 29 929 623

F-4D! 667487 1998 29 1212 724

F-4D 667489 20CC 29 1238 785

F-4!) 66749C 2041 29 1146 1408

F-4D 667491 20U2 29 1114 1131

F-4D 667494 2C07 29 95f 551

F-4D 667496 2009 29 886 513

F-4D 667501 1192 7V.;

*Fatigue Damage Estimated for more than 50% of Flight Hours
4 Visual Inayection

Figure M]-4 (Continued)
Fleet Aircraft with no Cracks Indicated in the Key

Area in the Outer Wing Lowor Surface at Time of Inspection
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I Indication That Original

Outer Wing was Removed Flight Hours at * Lquivalant
" ype Bu. No. .. 1AC No. Llock 11c. P.rior tz Dttccticn of ^rack Time of YIns.-ction t~b Fors

F-4D 667504 2019 29 1237 763 *

?-4D 667519 G'+1 Jc _ic_ 46

P-I0 66?525 2C5C 3C 1C0 71L

7-4D 667529 2056 3C 9 15 370

P-40 667548 2083 3C 1137 54C

F-40 66755C 2085 3G 1234 690

-4D 667558 099 3C 12C2 1C24

F-40D 667573 219 30 11 323

F-4D 66780 2129 3G 12. 609*

7-LD 667582 2133 30 6983 331

7-4D 667589 2143 30 935 929

7-4D 667608 2169 30 1284 529*

F-4D 667614 2179 3C 1311 552

,-4D 667618 2184 30 12-7 436

F-4D 667621 2188 3C 1135 272

F-4D 667627 2197 3C 1-2S 295

-40 667636 2209 30 1195 468

7-4D 667642 218 3C 1226 521

F-4D 667649 2228 3C IL98 317

7-4D 667649 2229 30 1225 539

7-4D 667650 m2C 30 329(, 773

F-4D 667660 2246 31 1247 517

P-4D 667665 2255 31 1328 449

F-4D 66Th75 270 1 31 1 108C

F-4D 66769 2273 31 1194 441

F-4D 676S? 229C 31 810 523

F-4D 6659C 2296 31 60 29

F-40 6677C:9 2322 31 [ 1(35
7-40 667710 ,32' 31 1263 477

F- 232 -

.F-4 667725 2350 31 1109 593 *

F-4D 6677m1 2360 31 . . 0 623

r-4D 667733 2362 31 1163 312

F-40 667737 2369 31 1045 476

F-4D 667739 2371 31 887 2a3

, D4 667743 2379 31 1052 535 *

64D '675 Z)81 31 1019 59 s90
P-40 667746 23P2 31 999 32

F Fatigue DmAUe Eotimated for More than 50% of Ho.r s

•* Visual ImelCtion

rigure IV-4 (Continued)
Fleet Aircraft with no Cracks Indicated in the Key

Area in the Outer Wing Lower Surface ot Time of Inspection
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Indication That 0r.giia
Outer Wing was Reoved Flight Hours at E Equivalent

T U. Vo. VAC cln Vc. Flock Vo. rior to Dttocton of 3rack Tima cf Inspection lab hours

F-4D 667749 2399 31 979 5 7*

F-4D 667755 2398 31 915 34

F-4D 667759 2402 31 631 58

F-4D 667768 e18 31 755 3%
'F-4D 86' 2428 31 i(32 527

F-4 , 66,7 31, , .,,

F.'i 6687cc 2455 32 66 34*

F- 4 6687cI 2458 32 44 22

F-a 66030n 2479 32 694 353 *

P-- - 66o304 ?4% 32 900 458
'-4 6603c6 2494 32 648 330

F-4R 660318 2553 32 66A 340

F-" 660327 2594 32 902 459*

F-41. 660338 2653 32 619 315 *

F-41. 660342 2676 33 962 490*

F-41) 6688c4 2757 33 530

7-4D 66q8C8 2778 33 574 5
F-43 660377 2794 33 597 304 4
-L 670211 2825 33 553

F-4D 668.24 2857 33 2 54

F-LE 67c22C 2866 34 721 367 *

7-4L 670222 273 34 522 266 *

F-4. 670227 2886 34 662 337 *

F-10. 670229 2891 34 541 275*

-41. 67232 2899 34 826 420 *

F-4L 67C233 2902 34 741 377 *

F-4L 67o216 2909 34 792 403 *

F-4L 670238 2914 34 533 271

F-41 670239 2917 34 743 378 *

F-4h1 670240 2920 34 840 428 *

7-4E 670242 2925 34 652 332 *

F-41, 670243 2927 34 719 366 *

?-a 670254 2957 34 729 371 *

F-4L 670255 2959 34 767 390*

7-4 670257 2963 34 746 380 *

F-41 670258 2966 34 862 439 *

, '-41 *4G260 2972 34 735 374

7-41. 67o264 2982 34 764 389

71-4D 667754 2996 34 999E
•~ ' iguo , Damage ZEtimte d for more than 50% of Flght Hours

tFigure IN-4 (Continued)

Fleet Aircraft with no Cracks Indicated in the Key
Area in the Outer Wing Lowur Surface at Time of Inspection
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I Indioal~cn That Crigiba1 _

Outer Win~g vas Revoved Flight Hours at Suvln

PF-4 E 67G285 3037 35 ______________ 52256 *

F-4 6729 3C48 35498 253 *

-43- 67c33-c 31C5 35 497 253 4

?-42, 67C51.9 3127 35 ___________ 446 227 *

P-4L 670320 3133 35 5408 259 *

F-"3 670322 31~39 35 576 293*

F-41. 67C327 3151 35 489 249 *

F-4 67C31 ?16 35 399 203 *

* F-4E t,70337 3179 35 423 215 *

F'-41. 67034) 31-94 36 495 25.2 *

IF-4L 670345 3200 36 495 252 *

F-41. 67034A 3207 36549 279 *

7-43- 670,%9 323-c 36 495 252 *

7-4E 67C350 3212 36 536 273 *

F-"4 673 51 3215 36 496 252 *

4 7~~-41. 67(353 321-9 36 _______________ 496 252 *

7-4L 670354 3221 36 605 308 *

j -4 67C355 3223 36 495 252*

7-?A 67056 3225 36 510 260 *
F-4L 67(360 324 36 52526*

7.4L 670361 3236 36 497 253 *

7-43- 67C362 3238 36 424 216 *

F-4- 6733 24 493 251 *

7-4B 670364 3242 36 582 296*

F-"1 670365 3244 36 544 277*

F-4L 670366 3M4 36 497 253*

7-43- 67C367 3248 36 401 204*

7-4B 670368 3250 36 -/506

7-4L 67C369 3252 36 535 272 *

F-4E- 07 3254 36 45252 *

F-43- 67C571 3256 36 570 290 *

7-43- 670372 3258 36 500 255 *

7-43- 670374 3262 36 458 233*

7-4L 670375 1264 36 495 252 *

F-1. 6737336 587 299 *

7-43- 670 77 3269 36 503 256 *
7-3 670378 3736599 305 *

* Migue Daae Estimixted for more th~ui 50% of Flight Hours
SVisual Inspection

Figure ISM (Continued)
F'.-t Aircraft with no Cracks I ndicated in the Key

Area ii, ,i Outer Wing Lower Surface at Time of Inspection
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I ndicetion That Original
Outer Wing ~as Removed Flight Hours at** L puvalontTAqu. .1. PAC "Am Zo. Block No. 7-ier tc Dotection of irack Tin of lnsptctioa lob Hours

1-4X 67C579 3273 36 422 215*

F.L 670381 3,1177 36 __________477 23 _

14L 67c8 3279 36 517 263

P-4 67c383 3281 36 508 259.

Fm-4L 670384 3283 36 506 258 *

P-44 670385 32C5 36 483 246 *

.- 1 610386 3287 36 478 243*
-- j

- 67Z? 3205 36 435 221 *

466 237

,-4L 670389 3294 36 390 199 *

7-41 670390 3297? 36 464 236 *

P 7-4 670391 329) 36 541 275 *

T-" 67039 330 36 31 CA

7-4 670394 3305 36 461 235 *4616 1 1935*
P-. 6 331 36 33• 379

74 670397 33236 422.35*

7-1 680305 3320 37 499 254 *

7-4E 600308 3326 37 5z)

1-4i .3 37 - 265 *

3337459 234 *

7-4 66DWl 3333 37 353 180 *

r-L 60031 3337r 37459 234 *

F-4 680318 3"45 37 439 223 *

7-1 680319 3347 37 480 244 *

T-41 6SC320 3349 37 470 239 *

-4j9 680321 3351 3? 428 218 *

Y- "4 35 7462 235*
F-" *~25 353748233*

1'-4 6"c26 3 6C 3748233*

7-" 6O327 3362 37 458 233*

"3 5 Ti -68 336 37 459 234*

P-"1 660330 330 37 456 233

7-"7 6"03! 3378 57 455 232*

7-46 650336 3379 37 457 23

7-41 68330 3383 37, __ _ __ _ 43 27,0a

11-4L 6W0339 338 37 38916 J
Wif~tpe Duamp or~hiae iom than 50~ oft R ow

rituro M1-4 (Continued)
Fleet Aircraft with No Cradcs Indicated in the Key

Area in the Outer Wing Lower Surface at Time of Inspection
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Indication Trt Original
Outor wing ws ROWi d 7.iet Hours at** iquivalnt

fr~ Bu. No. YAC Gm No. Block 0o. Prior to Dtection of Grack m of Thaeo-ton a

-4 6"3 3393 37 432 220*

.-4L 6M5 3397 37 471 240*

7-". 60347 3400 37 419 213*

F-41. 6803"48 3402 37 388 197*

7-41. 6"51 34Co 37 402 205I

7-41. 680353 3412 37 420 214*

-4L 68354 3434 37 422 215 *
7-1 6 0355 3416 37 389 198*

-4h 680357 3419 37 460 234 *

.-4L 680358 3421 37 332 169 *

7-4 6SC3 59 3423 37 40020

P-4L 6L 6C 34,25 37 352 179 *

7-" 6"061 3427 37 __________ 432 220 *

.- 68062 3429 37 329 167 *

?-4. 680363 3431 37 385 196 *

F." 680"64 3433 37 399 20 *

-4 6"65 3435 37 397 2 I

-4B 680367 3439 38 39" 203*

?-4" 680369 3441 38 398 203 *

11-4L 680383 3467 38 338 172*

.-" 6385 3471 38 275 140

7P-4. 6487 3473 38 614

F-41 680390 3479 38 299 152*

7p-4 680395 34P8 38 260 "32

r-" 68xMOC 3498 38 308 157*

Y-", 68C418 3530 39 255 130w

F-4 68C23 3540 39 26 140 *

7-41 68oW 8 3550 39 272 138 *

7-41 68%29 3551 392613

• 7-4L 68(432 3558 39 294 150 0

V-4 680439 3572 39 221 112'

?-41 6&C449 3591 39 190 97 0

P-4 68045C 3594 39 202

.- 4 6M51 3595 39 161 82

74 660453 3600 40 C

P'-4 6SC461 364 40 138 70 0

74 680462. 3617 4019 7

* atisut Dm v vatimtod tor mo tMn So or nuht Iour
V is al Inspcton

Figure IM-4 (Continued)
Fleet Aircraft with no Cracks Indicated in the Key

Area in the Outer Wing Lower Surfce at Time of Inspection
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L
1 ndction That Origina

Outer Wing -4a3 Removed !r1ight hours at*:* Lquivalent
T" Bu. No. MAOC um No. Block No. t'ior to Detection of Crack Time of Inspection Lab Roaro

?-4L 6:K463 3613 40 190 97*

F-"3 68C466 3623 40 191 97*

F-4L 680468 3627 40 179 91*

) ?-4a. 6904.79 E440196 100*

F-"1 68(02 3654 4C 158 80*

F-"~ 68%488 3664 40 ______________ 136 69*

F-4L 680492 3672 40 __________144 73*

~-4L 6893 67 40 14.3 73*

P-I4L 68C504 369C. 41 89 45 *

r- 680505 3691 41 48 24 *

F-41. 6"010 3699 41 94 48 *

-4L~ 680511 3701 41. 113 58 *

-i4 680518 3711 4 0 2

* Ntigue IDoWg Estimated for mr than 50% of Flighit Hours
I t VisuAl Inspection

Figure M~-4 (Continued)
Fleet Aircraft with no Cracks Indicated in the Key

Area In the Outer Wing Lower Surface at Time of Inspection
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Pul~hea't fight. HourS at Drqlvalent

'Y, N,. PCu ' m ". Yat( risl Tima ot Insection Tab fturo

F-.L 1 S(4(7 193 lt105-T651 2791 365

F-3It 15".12 198 7(,75-T651 4.1.846

F -414 1 5(I2 Cf '7, -TS51 2206 3

F-Ill 154.425 211 70754l66 274.

F-r 111 227 A.75-1651 2321 5. L

F-1.B 134.1.. 23L A7?5-T51 22J.1 332 -

F "r21 %'4.. 6S51 2515 45c.

1' 50 .C Z36 70?5-T651 2261 27C

F-4 151:,52 Z38 "(,75-T651 2552 1.3 Z

'.Z 1114"C I. 4"-r'5 -2 53 05

~-4' 15~45 4:4 ?73-~
.~1254N2

* ~ .~C6S 2 ~ -1~5i117 ________6 _

7" Z'. 5'

~*~I ''k t____ 40
I 4..' 4. --r

is. - -------. --.---. *

z 1 O

;"

44

Fiqure l-V7
Fleet Airctaf t With No Cracks Indicated in the Key Ame

in the R.S. 303 Butkhmat Tim of Ingetion



1!. R" , a l Txr of in--pectlo at

F-U. 11,2SI, 110 7057651 1Ir3

F-. G 6,L0725 93 71.75-7651 1-25 15

~'B 1530081 116 7L75-r651 1320 1057

j F41 15307, 1506 7175-ToSi . '4 7q

15. 04 157: 7(75-T651 SbImtormation Available

1 53 M 1719 7k.75-T651 1313 5

p-..' 13'7 1~l 7 75-T651 9
1 $ T-7 ~ lW, 70.5-T7351 11712

.I pocteon by 64d 0%rmt

FetAircaft with No Crack Ind.1catad in the K ey A rea
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Failure info wtion Flight Intctvaiou

huooGdances for Listed
A. raft ?15fft Hlours at Which night mows Acelerometer Number of Acctlaromater Hours

D.No. ?alw'rO Destected at Report Hours at Rspr 59 68~

1425 83 11676 245 %4 11 2

lh29767 596 59 0 0

148260 _ _ _ _ _ _

16262 552.4 572 289 9? 35 A1 I

3.149263 7m "6____ 6____ 164 4? 1.1 0

148264 790 790 639 220 43 . 2

148269 565 574 427 113 30 8 1

1420711. 5 71 1 540 181 31 7 3

148295 779.5 661 -7 50 1-

69439746394 403 186 16 12 5

L!.S367 486. 486 139 33 13 0 0

14807 638.3 431 14316 40 2 0

148476 5214.7 60 4 4 07 85 02 0

148414 589.3 5305 26 6.4 .12

1484131.34878_______

1484137.59223

148420 5429 59 12 57 13 1 0

148391 620. 295 425 30 6 2 1

U03972 763 766 366 456 10 a I

1484M~Fiur 50.i 10 6 4
Crack Detecte in6 t3e Win Mai Toqu Bo e kni SrieOeai

14647 41.3 41 18 452009



Lanlur Infomtion Fitih% InformiU

LesdmmcO for Lieted
Oftlstt Flght Itoura W* thich Mlght Hours Aoaemje'ar Number of Aorilt sr iHoiu

to o ailurt Dftfatod at Report Hour* at Report 0. 59 -1

USA4Z 323.6 326

148426

140M2 473 473 98 104 34 5 1.
24642 511. 1 1423 29 4 10

24"9 "47.5 638 296 ?7 10 1 0

248470 463.1 479 290 33 6 1 0

2.48433 796.4 796 3). U.2 34 16 4

1494%4_ _ _ _ _ _ _ _ _ _ _ _ _ __ _

149407 536 537 5%. 65 13 1 0

249410 441. 442 388 51 3 0 0

1.49.. 732.2 732 696 86 33 1 0

3A9414

14915 5m8.3 523 511L45 30 13 3

149418 6______ ________ ____

149419 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

.21 692.5 698 66 45 8 2 0

149423 623 623 523 62 10 2 0
149424 374.8 450136 8 2 1

149426 ______ _____ __

1494.27

-t
14%429 381 381 314 196 ?2 10 1

149430

14%32 34-0.2 299 870 3 0 0 0

14,434

U4935 495.5 496 424 49 3 1 0

149438 $8a 58 5%1 237 33 1 0

349"04 552 552 540 230 44 5 0

II941, 530.5 531? 179 47 6

149w4

4"94 572. 581 570 2 62 5 0

149445__ _ _ _ _ _ _ __ _ _ _ _ _ _ _

1491.46__ _ _ _ _ _ __ _ _ _

149"47 6Q2.5 683 670 22 50 7 0

Figure IM-1 1 (Continued)
Cracks Detected in the Wing Main Torque Box Upper Skin in Service Operations
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Failure Informiation n1ight InforwutIon

Excoodances for Lieted
Airorift, night Hours a, wich night Now, Acclorcuetor Number of Accelor oeter Hors
Bu. 1o. aihure Dtt** at, Report tiours at Report 4g 59 6g ?g

149450 4.. 467 420 330 98 18 1

149452 625.6 626 609 314 94 10 1

149453 "33.3 934 917' 741 al 31 4

3J&%56 6%.8 6% 613 a8 102 U a

34%59

249467 658.7 .69 534 419 25 3 1

149458 __n.8___ 434 46. 09 28 8

U59469 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

149471_ _ _ __ _ _ __ __ _ _ _

146 __ 536,7 555 494 1235 49 2

19.5%06 _5.3 6__ 626 247 _ 9 2

149467 67.6 679 660 27 15 1

15=6 5.3 63 590 W J6 9 I

WI~SW 14947 __ __9__ _ __ _ __ _ _ 71__29__a

15420 710, 8 72 22944 4 10 1

15"1 626 678 66 17 160 as 4

15(42 __--_ _

I-so--

1501.17

' ; 1+FiGure IV-11 (Continued)

.:.++i?/Cracks Detected in the Wing Main Torque Box Uppor Skin in Service Operations

p .- + 211

25*S

- --



failure Informatin n Pligt incormation

I ceedancea for Listed

Aircraft ylight Hours at Whioh ?light H Aceleramter Number of Acelertot ouL.

Su. No. failure Detected at Report, Hours at Report 4.g 5g. 0 _ 7g

15C02-

150429 652 657 64 315 53 4 0

15C430 615 615 606 313 101 22 2

150431

15C432_______________________

150434 529.5 530 492 82 24 10 3

15C435 356.6 357 326 90 13 5 1

15C436 M78.9 778 726 353 IO 16 2

15%439

150440 454.1 350 329 A 364 66 4

15041 617.5 589 490 Ill is 2 -

15C443 ______________ _______-- -

1547 495 496 373 106 15 a 1

150"19 457.9 458 434 146 33312 4

153 550.1 546 530 137 33 6 1

15(455 539.3 515 5911 1

15456 454.9 459 414 87 20 5 2

15%459 376.3 362 . 96 31 9 1 1

15%65 6".? 630 M 10? 29 2 0

; zO 46 465 391 266 A.16 25 .s

15OL72 491 47? 712 37 M 61

ISM47 413 41392 6?07 305 75 6

15"474 554 6w04223 5 3

15(75 536.2 4,91 1%9 331 4 4 I

* 5(76314.9 343021. 2 0 0

15%4 M144 574 36 39 4# 2.6 -

WO40 603 6U9 619 164 1$ 3 0

Fig 3r7 38 376 1 31 a

150402 ____________

*15%464 314.5 362 340 76 23 S 1

1506 ~ 454 463 390 12 AS. 75 Ui

1.5%%k hie.) 2 402 69 1? 7 2

ISO%$5 27.140 2(4 41 2 6 3

* 1ISOM Q 41336 O 70 25 1

- M-34 011 -S X~ 6? 05 2 4

1~o51 54. 43 4064 2S2 62 1

*A*e £1U &Luat. Includied Is - It"l hatm "&'s

Figure JV-1 1 (Continued)
Cracks Detected in the Wing Main Torque Box Upper Skin in Service Operations
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EXncestamea for LUeted Hide of AircrattdArraft Irught H02"e at AccolewmotW Ho~ *jt~r o Accoleroamter Hours an Wretch Failm"

Bu. go. Tim of _ _ure at Tim of Failure 4 g g Ig we* Detected

F-0 151i82 1785 1456 2716 1075 210 17 LA and RM

7-4B 150634 I~L/S mdRA

13 9 269 57 a LA an RHl
I

F-B11 M 952388 978 sOU 31 IAleand uA

741544 121572037 662 180 44 N/lI

7-4B 15%06 LA am BAR

FJ1584 28251231 326 64 9 LA and &A

7-015000 225 Z13880 1337 236 60 S
" 15036 -8?3 1595 3306 1396 434 1W /l

- 151405 U e 1031 1290 28a 42 21 LA am aM

F-43 148428 1337 1100 1685 479 112 14 MiO aMd I/A

7-43 151462 1577 1567 3798 m 352 1s ML

7-3 . .422 23.. 2300 1908 61.4 105 19.
7-3 149466 1905 17941059 0 15 M

4315%46 20m 200 34% IM2 246 045/

7-31846130 1399 499 104 12 L

V43 4943 188 136 107205 42 6 M

F-0 14" LA

S3817P6 IS /

f i gu re IM-12

)-.:: Cracks DetecW|r it WLower Lurageron D3og Bowa Fittitig io Service Oparationm

4213

7-3 304

_ __ , - - -7-4 3167____________
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better fit of the spectrum fatigue data than the log-normal, and (c) the Weibull
shape parameter a is 5.27. The at value was determined from 1060 spectrum test
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These included the F-3H Demon wing and horizontal tail, the F-4 Phantom 11 wing
box beam, the Lockheed wing test panel, the F-9F Panther wing, the Navy Lab box
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analyses were performed yielding the mathematical probability distribution for
a Weibull based scatter factor which is

Sm (R/l..R)~1

where S is the scatter factor and R is reliability or the probability of no
failure. VGH and load factor counting accelerometer data from the F-4 fighter
airplane were utilized to correlate that airplane's leboratory and service
fatigue experience. Probable minimum service lives considering the F-4 fleet
size and individual airplane usage were computed based on tlie Weibull based
scatter factor and order atatiatics. The combined affect of fatigue test
scatter and usage severity acattar was derived utilizing a joint scatter
factor concept. Three fatigue critical locations on the F-4 airplane were
considered to be amenable to analysis using the methods of this report. The
correlatiou was excellent for one of these, but not for the other two. Fabri-
cation variatioris in a redundant load path joint and outer wing buffeting vere
considered the probable cause for the less than favorable corraktiou.
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