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S FOREWORD
This handbook was prepared by General Dynamics, Fort
jii Wocth Division, and by George Washington University under
1' Phase 1II of the "Durability Methods Development" program
. (Air Force Contract ¥33515-77-C-3123) for the Air FYorce
ii Wright Aevonautical Leboratories (AFWAL/FIBEC). James L,
Rudd was the Air Force Project Engineer and Dr. Jack W,
 §' Lincoln of ASD/ENFS was a technical advisor fcr the program.
’EE Dr, B. G, W. Yee of the General Dynamics' Materials Research
Z} Laboratory was the Program Manager and Dr. Sherrell D,
s ManningAwas the Principal Investigator. Dr. J. N. lYang of
EE; George Washington University (Washington, D.C.) and Dr. M,
3 Shinozuka of Modern Analysis Incorporated (Ridgewood, New
Jersey) were associate investigators.
>
‘* This program was supported by several General Dynamics'
) personnel as follows: All tests were performed 1in General
;ﬁ; Dynamics' Metallurgy Laboratory by K. O. Nay under the
?; direction of F. C. Nordquist. W. T. Kaarlela was
{ responsible for the tractographic data acguisition,
-i Fractographic readings were made by D. E. Gordon, W. T.
i§ * Kaarlela, A. Meder, R. O. Nay and S. M. Speaker. S. M, —_——
S Speaksr coordinated the testing and fractographic data gﬂZ:_

acquired and supported the initial fatigue quality model
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calibration/evaluation studies, J. W. Norris developed the
computer software for storing and analyzing the

fractographic data, supported the initial fatigue quality

VNS

model calibration/evaluation studies and worked on a

PaA

preliminary version of the handbook. B. J. Pendley and S,
P, Henslee conducted the aircraft structural durahility
survey. Dr. Y. H. Kim, Dr. W. R. Garver and M. A. Flanders
contributed to the durability analysis state-of-the-art
assessment. F-16 durability test results and supporting
data for the durability analysis demonstration were provided
by J. W. Morrow, V. Juarez, D. R. McSwAain, and P. D. Hudson.
Dr., V. D. 8Smith supported the modeling and statistical
analysis effort. Photoelastic investigations were conducted

by T. E. Love. Typing was performed by Peggy Thomas and

=1

'rnestine Bruner, Ron Jordan prepared many of the

illustrations and Joe Conder provided printing and editorial

support.

This handbook i3 the final product of the "Durability
Methods Develiopment” program. The U.S. Air Force durability
design requirements are reviewed and methodology (i.e.,
economic life criteria, analytical tools, guidelines, design

data, etc.) for satisfying these requiremencs are described

and discussed.
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The following reports (AFFDL-TR-79-3118) were also

prepared under the "Durability Methods Development' program:

Phase 1 Reports

N e Vol, I ~ Phase I Summary
e Vol, II - Durability Analysis: State-of-the-art Assessment

® Vol, III - Structural Durability Survey: State-of-the-art

Assessment
e Vol, IV - Initial Fatigue Quality Representation
e Vol, V - Durability Analysis Methodology Development
® Vol, VI - Documentation of Computer Programs for Initial

Quality Representation (vol. 1IV)

Phase II Reports

e Vol. VII - Phase II Documentation
e Vol., VIII- Test and Fractography Data

® Vol. IX - Documentation of Durability Analysis

Computer Program

o
;j This handbook covers work accomplished during the period
:% ’ July 1981 through January 1984,

This report wis released for publication in February

o 1984.
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:q a = Crack size 3
A | ":
i‘ %L = Durability limit flaw size i
o~ K
- a, = Economic repair size limit 2

' a, = Reference crack size for given TTCI's %
N h
5? a(0) = Crack size at t=0 K
N apL - Repair. 1limit flaw size 3

a(t), a(t,), a(t,) = Crack size at time t, t, and t,,
1 2 1 2
respectively

ay: a, = Upper and lower bound fractographic

crack size, respectively, used to
define the IFQ model parameters

Crack size at service time 7

Crack growth parameters in the

PO - B O
equation gz(t)’Qfait)] . Used
in conjunction with the IFQ model.

Crack growth constants in
é%éEL ~ Qi [a(t)]bi for the ith
stress region when this equation
is used in conjunction with the

service crack grcwth master curve
(SCGMC) .
*

*
Crack growth constants ing%é£l=Qi[a(t)]bi

for the,ith fractographic data set,
where by = 1.0. liotation used in
conjunction with fractographic data
pooling procedures and the EIFS master
curve for the ith fractographic data set.
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Crack growth constagts in

Q%égl - Q: 3 m(t)]bi,j for the

ith fractographic data set and
the jth fractographic samgle from
the ith data set, where by 3 4 1.0,

Notation distinguishes parameters

for each sample in a given fractographic
data set,

b - 1; Used in conjunction with the
IFQ model when the crack growth law,

Q%éEl - Q[a(t)]b is used and b > 1.0.

bi - 1; Used in conjunction with the
SCGMC when Q%%El = Qi[a(t)lbi is used,

The subscript "i" refers to the ith
stress region.

Conventional Fatigue Analysis
(Palmgren-Miner rule)

Detearministic Crack Growth
Approach

Crack growth rate as a function of time

Equivalent initial flaw size

EIFS probability density function =

dFa[O}(x)
dx

E?T(t)
dt

EIFS cumulative distribution function
TTCI cumulative distribution function

Fasterer hole quality

Initial fatigue quality
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[) - Factor used in conjunction with the
fractogvaphic results feor a single
TTCI data. set and the equatiow.: :
B = g,(2)'. & is the number of ,
equaliy-stresged fastener holes per
test specimen in which ornly the :
largest fatigue crack in any ‘'one" '
hole per specimen is included in the
fractographic data set.

-
_remme e = _

21 = = Same as ¢ with the subscript "i"
referring to the ith TTCI data set
and used in Ehe equation:

Bi - Bﬁi(%) ,ai.

i
3.
a

. L(t),L(1) = Total and average number of decails,
) respectively, in the entire component
having a crack size >x; at any service

time t

LT = Load transfer through the fastener

Ni = Total number of details in the ith
stress reglon

*

N = Total number cf details in the entire
durability critical component

N(i,7), N(i,T) - Total and average number of details,

respectively, having a crack size
exceeding X, at any service time T

No load transfer through the fastener

WDPAR=r ) WRE R

Probability or exceedance probability

Probabilistic Fracture Mechanics
Approach

Probability that a cetail in the ith
stress region will have a crack size
>Xy at the service time =t

.......



RIS

L >
P

Q8

08,

SCGMC
ll

T, TTCIL

Downloaded from http://www.everyspec.com

n
1 . *

* o2 Q8

Ve Qiﬁi - ! -Normalized
g 8
i i

crack growth parameter, Q for the
ith fractographic data se% when the *

crack growth equation, Q%é&l - Qi[a(g)] i

is used and b = 1.0. Used in conjunction
with the EIFS master curve for the ith
fractographic data set.

* n
ve. QB = L Z
i n

=] i
B

|+

Ay by

* B S L
Ave. Q84 Hi{:l R Elqiszi("i)%i -

constant for'generic' EIFS cumulative
distribution.

Av * 1 & x

ve QiBEi - 5-£§i Qisli. Used when
checking IFQ model goodness-of-fit when
fractography is available only for the
largest fatigue crack in any one 2y
fastener hole per test specimen.

Service crack growth master curve

Flight hours at t, tl, tz, respectively.

Time-to-crack-initiation
Crack size
Crack size used for p(i,T) predictions

Upper bound limit for EIFS

An EIFS in the IFQ distribution
corresponding to a crack size Xx; at
time 1 in the 1ith stress regioil.
Value determined using the SCGMC.
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No. of standard deviations from the
mean

Weibull distribution parameters for
shape, scale, and lower bound TTCI,
respectively. Used in conjunction
with the IFQ distribution or for a
single TTCI data set.

Weibull distribution parameters for
the ith TICI data set for shape, scale,
and lower bound TTCI, respectively.
Used in conjunction with fractographic
data pooling procedures (i = 1,...,n
data sets).

Weibull scale parameter for TTCI based
on the TTCI's for a given fractographic
data set in which only the fractography
for the largest fatigue crack in any
"one'" of 2 fastener holes per test
specimen is used to define B£ Note:
B=6, (2)Ya '

Same as 8, with the subscript "i'" dencting

the 82 value for the ith TTCI data set and

is used to d?termine B.
Bi = Bzi(li) /“i'

{ as follows:

Gamma function

Empirical constants in the equation:
Q - £0Y, where o = stress

Stress or standard deviation

Variance of N(i,t) and L(t), respectively

A particular service time
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TERMINOLOGY !

P T

1. Crack Size - is the length of a crack in a structural

detail in the direction of crack propagation.

.
oa SR R "

2. Deterministic Crack Growth - Crack growth parameters are

treated as deterministic values resulting in a single

value prediction for crack length.

o al AR, . c o . .

3. Durability - is a quantitative measure of the airframe's

resistance to fatigue cracking under specified service

conditions. Structural durability is normally concerned

with relatively small subcritical crack sizes which

affect functional impairment, structural mainter.ance

requirements and life-cycle-costs., Such

0
0
gt )
[+}]
Q
<3
/)]
=]
oW
pat }
(¢}
cr
X

pose an immediate satety problem. However, 1if the
structural details containing such c¢racks are not
repaired, economical repairs cannot be made when these

cracks exceed a 1limiting crack size. The entire

population of structural details in various components

¢

]
i aFy

e is susceptible to fatigue cracking in service.
e

ST Therefore, a statisticel approach 1is essential to
W

e quantitatively assess the "durability"™ of a part, ¢
w -

(S .

i component, or an airframe.
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Durability Analysis - 1s concerned with quantifying the

—

extent of structural damage due to fatigue cracking for
structural details (e.g.. rastener hole, fillet, cutout,
lug, etc.) as a function of service time. Results are
used to ensure design compliance with Air Force

dur: lity design requrements.,

Economic Life - is that point in time when an aircraft

structure's damage state due to fatigue, accidental
damage and/or environmental deterioration reaches a
point where operational readiness goals cannot be

preserved by economically acceptable maintenance action,

Economic Life Criteria - are guidelines and formats for

Jefining qua.titative economic 1l1ife requirements for
aircraft structure to satisfy U.S., Air Force durability
design regquirements. The economic life criterion
provides the basis for analytically and experimentally
ensuring design compliance of aircraft structure with
durability design requirements. Two recommended formats

for economic life criteria are:

o probability of crack exceedance .

o cost ratio: repair cost/replacement cost
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7. Economic Repair Limit - is the maximum damage size that

Jaa a2

can be eccnomically repaired (e.g., repair 0.03" - 0.05"

radial crack in fastener holes by reaming hole tn next

s -
A A a2 A

size).

.
AT VY'Y

8. Equivalent Initial Flaw Size (EIFS) - is a hypothetical

crack assumed to exist in the structure prior to
service. It characterizes the equivalent effect of
actual initial flaws in a structural detail. It is
determined by back-extrapolating fractographic results,
An equivalent initial flaw is assumed to have the saue
flaw shape and urigin as the observable crack size at a
given time. The EIFS concept is a convenient
"mathematical tool" for quantifying <¢he IFQ for
structural details and the probability of crack
exceedance or extent of damage as a function of time,

An EIFS is strictly a mathematical guantity rather than

an actual 1initial flaw size. Within this context,

e
A\

Bl &

EIFS's can e positive or negative, depending on the

fractographic results and the back extrapolation method

used., EIFS values depend on several factors, including:

the fractographic results used (and the test variables

reflected), the fractographic crack size range used, the

DR -

A R
o .. .

«

form c¢f the crack growth equation used for the back- "4

R
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:Q extrapolation, the goodness of the curve fit to the

fractugraphic data, the manufacturing quality of the

o structural details, fastener hole type, fastener type
Eﬁ and fit, etc. EIFS's for different fractographic data
-! are not comparable unless the applicable IFQ model
3 parameters are determined consistently (e.g., same
:, fractographic crack size range used, same "b " value
ll imposed 1if the QIa(t)]b crack growth model is used,
i? same o values imposed for comparable fractographic data
E; séts, etc.). Fractographic data pooling is essential to
", quantify the IFQ for different fractographic data sets
E§ on a common baseline,

D

N

x 9. EIFS Master Curve -~ 1is a curve (e.g., equation,
% tabulation of a(t) vs. t or curve without prescribed
% functional form) used to determine the EIFS value at t=0
- corresponding to a given TTCI value at a specified crack
? size. Such a «curve 1is needed to determine the IFQ
g distribution from the TTCI distribution. The EIFS
~ master curve depends on several factors, such as the
E fractographic data base, the fractographic crack size

vange used, the functional form of the crack growth

equation used in the curve fit, etc. (Ref. EIFS).

1R e e s 18k,

P
. &, 4,

~
- a

xxvi

L

faa L
x
-

N
'l

RET BN

R R et AT e TNy Ty
N T IR L B - - - + « - - -Downloaded from http://www.everyspec.com A N

R R LR T R T R PR
e T T e e N T T e i T



o e B W g ol ot AL IR R TRl - L IRR TR B Tl Al A S Aall T e Wl S R "N Sl T Tl B T B S Y A A A S A A B Al SR R A DA A ) |
TR T TN L A T SR R TSE TP E N Bownioaded from Nitp: WWw.everySpec.com - - e e R ' .

x_a e

e ~

N
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f? 10, Extent of Damage - 1is a quantitative measure of .

& structural durability at a given service time, For ;
3

& )

t@ example, the number of structural details (e.g ]
1

o) )

Rg : fastener holes, cutouts, fillets, etc.) or percentage f i

l’\

details exceeding specified crack size limits. C- .ck é

» :‘.' . .1

" length is the fundamental measure for structural dar je. 4

iﬁ The predicted extent of damage 1is compared wit the 1

specified economic life criterion for ensuring 4 sign

ol

g
)

compliance with U.S. Air Force uurability requirem 'nts.

1,7
ot

o o8
)

5

11, Ge :ric_EIFS Distribution -~ An EIFS distributicn is

—

L3
s

Ej "generic" if it depends only on the material and
O
tﬁ manufacturing/fabrication processes. Theoretically, the
L

EIFS distributicn should be independent of  cdesign

R v
"I" -

variables, such as load spectrum, stress level, parcent

s

v S

lcad transfer, enrvironment, etc. For "durability

-.r_

& 5
(g R

analysis", the EIFS distribution for fastener holes

oAl

:;

(e.g., given material, drilling procedures, fastener

P

x
o

types/fit, etc.) should be justified for different

rl
-

design stress levels and load spectra.

Tk

-::

jﬁ . 12, Initial Fatique Qualit IFQ) - characterizes the
ki initial manufactured state of a structural detail or
= "

R . e . .

o details with respect to 1nitial flaws in a part,
-

a

N componernit, or airframe prior to service. The IFQ,
N

L
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represented by an equivalant initial flaw size (EIFS)
distribution, must be defined using a consistent
fractographic data base. The EIFS distribution depends
on the fractographic crack size range used and other
factors (Ref. EIFS and EIFS master curve). Whatever -
EIFS distribution 1is wused, it should be defined
specifically for the <crack size range of interest for
the structural details to be used in the durability
analysis. A single EIFS distribution will not
necessarily be satisfactory for a wide range of crack
sizes (e.g., 0.0005" -~ 0.10"). Based on current
understanding, the EIFS distribution should be defined
for a fairly small range of crack sizes (e.g., 0.020" -
0.050" crack size for fastener holes). Further res :arch
is required to evaluate the effects and sensitivity of
the crack size range on the EIFS distribution and the

accuracy of the crack exceedance prediction.

13. Initial Fatique Quality Model - is a "mathematical tool"

for quantifying the IFQ distribution for applicable
structural details, Using the IFQ model and
fractographic results, an EIFS distribution can be
determined which is compatible with the TTCI

distribution,

xxviii
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14. Probability of Crack Exceedance {p(i,r)) - refers to the
14
}‘ probability of exceeding a specified crack, x;, size at
i !
: . . . ) |
: a given service time, 7. It can be determined from the
‘ statistical distribution of crack sizes and can be used

- to quantify the extent of damage due to fatigue cracking

in fastener holes, cutouts, fillets, lugs, etc.

15. Reference Crack Size (ag) - This is the specified crack

size in a detail used to reference TTCI's, The IFQ
distribution 1is based on a selected reference cfack

size.,

l6. ervice Crack Growth Master Curve (SCGMC) - This curve

is used to determine the EIFS, yli(r), corresponding to
an exceedance c¢rack size x, at time r. The probability
of crack exceedance, p(i,r), can be determined from the
EIFS cumulative distribution for a given Yli(f). The
SCGMC is defined for the applicable design variables

(e.g., stress 1lievel, spectirum, etc.) and it can be

= determined us.ing either test data or an analytical crack

AL
=_r_¥

2t

growth program. All SCGMC's must be consistent with the

corresponding EIFS master curve and the fractographic

$-

A

data base., The SCGMC must be consistent with the basis

A .

for the IFQ distribution.
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Structural Detail - 1is any element 1in a metallic

structure susceptible tc fatigue cracking (e.q.,

fastener hole, fillet, cutout, lug, etc.).

Time-To-Crack-Initiation (TTCI) - is the time or service K

hours required to 1initiate a specified (observable)

fatigue crack size, ag, in a structural detail (with no

initial flaws intentionally introduced).

—

19. TTCI Leower Bound Limit (e) - e is a cutoff value for

o
-
.
.
4l.
E. _!
b

TTCI's reflected in the IFQ model. It varies for a

Fiar S |
a r x>

~f

given ag and it depends on the EIFS upper bound limit,

AL
RE

X,, and the EIFS master curve. TTCI's for a given crack

size, ag, should 2 e, This Weibull distribution

s
i

P
1,
o
) -

.
Y

;}; parameter provides a basis for quantifying the EIFS
02 distribution for different TTCI crack sizes on a common
N baseline.

o

N

N 20. Upper Bound EIFS (x;) - defines the largest EIFS in the

..4 .m ,
,
F 4

initial fatigue quality distribution, The x, value

‘o

'
F]

specified by the user should be consistent with e (TTCI

2{-‘

N )-‘.‘:'
N
£ a ¥

lower bound limit) and the EIFS naster curve.
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SECTION I .

b

-1

INTRODUCTION -

.

. X
+

i 1.1 GENERAL X
o

s

This 1is the first edition of the Durability Design {j

2]

Handbook. The purpose of the handbook is to: )

o summarize the essential Air Force durahility %

o

design requirements for metallic airframes [1-3],

o describe methodology for satisfying the durability

design requirements,

a4
Wl STVY SIS TRT SN~

o ke WL

provide guidelines and design data for implementing

v~
‘-.A LI R g
G

the methodology and for demonstrating design

ke .
ﬁ compliance,
N
"W
o provide a framework, with a loose-leaf format, for
) incorporating future durability methodology advance-
.
N ments and design data.
]
H
['1 ”

R ad
-

This document 1is loosely called a "Handbook". Further

developments and design data are required to expand and

= TET s
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b

IX

Y

T

N refine the document for efficient design usage. Therefore,

b..\:. .

!!l the handbook reflects the current understanding of the Air

h

" Force's durability design requirements and provides state-
2 of -the-art concepts, tools and guidelines for satisfying

these requirements.

The material presented in this handbook is primari .y
intended for durability design applications for metallic
airframes. However, many of the concepts, analytical tools,
da.a and guidelines can also be used to assess the extent of

damage due to cracking for in-service aircraft.

1.2 BACKGROUND

Aircraft structures have thousands of structural details
susceptible to fatigue cracking: fastener holes, fillets,
cutouts, etc. For example, the wing box assembly shown in
Fig. 1.1 has over 3000 fastener holes 1in the wing skins
alone. Fatigue cracking 1in fastener holes is one of the
mest prevalent forms of structural damage for in-service

aircraft [4-8].

Durability is a measure of the structure's resistance to

fatigue cracking. The entire population of structural

Y details 1in various components is susceptible to fatigue

SR 1.2
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Fig. 1.1 Wing Box Assembly
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cracking in service. Therefcore, to assess tiie durability of
the structure or extent of damage (i.e., number or
percentage of structural details in a part, a structure, a
component or airframe exceeding specified crack size limits
that cannot be economically repaired) as a function of time,
the entire  population of structural details must be
accounted for. Thus, a statistical approach is essent.al to

quantify the extent of damage as a function of time.

Structural durability i€ generally concerned with
relatively small subcritical crack sizes which affect
functional impairment, structural maintenance requirements
and life-cycle-costs. Such cracks may not pose an immediate
safety problem, However, if the structural details
containing such cracks are not repaired, economical repairs
cannot be made when these cracks exceed a limiting crack
size, For example, a 0.030-0.050" radial crack in a
fastener hole can be cleaned up by reaming the hole to the
next fastener size. The economical repair 1limit 1is the
maximum crack size in a detail that can ba cleaned-up
without further repair or part replacement. If structural
detaiis are not repaired or parts replaced at an opportune
time, expensive repairs or par: replacement may be required.
Also, wunrepaired cracks may reach sizes which could affect

structural safety during the design life of the aircraft.
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Aircraft structural safety is governed by damage :

tolerance conditions whichare concerned with the structure's

fdca P s

o resistance to failure due to cracking. Damage tolerance is

ET Y

:i typically concerned with the largest crack size in a single

detail. For example, 1in Fig. 1.1 the damage tolerance of

LPRON Iy T

the wing box is limited by a few critical structural

> details. However, the durability of the wing box |is

"
.“‘
p
|
3
-

concerned with the entire population of structural details
and the size of the largest subcritical crack in each

oL detail.

- The conventional fatigue analysis (CFA) approach (i.e.,
‘ Palmgren-Miner rule, Ref. 9,10) and the deterministic crack

growth approach (DCGA) [11] do not provide a quantitative

j‘ jescription of the "extent of dJdamage" as a function cf i

zi ,ervice time. The CFA, in its commonly used form, does not ;

: quantify crack sizes for a population of details - an >

essential requirement for any durability analysis method., A E

;; DCGA can be used to predict the growth of a single crack in S

a detail as a function of time. Using the DCGA, details can &

be grouped and the "worst-case" detail in the group can be ?

E? . used to analytically assure that the largest crack size in R
2 the group of details will be € a specified size. However,
;3 ' the DCGA does not quantify the probable crack sizes or
ES ranges of crack sizes for the population of details. CFA
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and the DCGA have been evaluated for potential durability

analysis applications [12,13].
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SECTION II

DURABILITY DESIGN REQUIREMENTS

AND ANALYSIS CRITERIA/GUIDELINES

2.1 INTRODUCTION

The purpose of this section is to: (1) briefly review
and interpret the important elements of the Air Force's
durability design requirements [1-3], (2) discuss durability
critical parts criteria and (3) provide guidelines and
recommended formats for defining quantitative ecouomic life

criteria.

2.2 DURABILITY DESIGN REQUIREMENTS

2.2.1 Objective and Scope

The objective »f the Air Force durability design
requirements £1—3] is to minimize in-service maintenance
~osts and maximize operational readiness through proper
selection of materials, stress levels, design details,
inspections, and protection systems. These design

requirements include both analyses and tests.
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2.2.2 General Requirements

Essential durability requirements, conceptually

described in Fig. 2.1, are as follows:

0 The economic life of the airframe must exceed one

design service life.

o No functional impairment (e.g., loss of stiffness,
loss of control effectivenes, loss of cabin pressure
or fuel leaks) shall occur in less than one

design service life.

© The economic life of the airframe must be demonstrated

analytically and experimentally.

2,2.3 Analytical Requirements

Anclyses are required to demonstrate that the economic
life of the airframe is greater than the design service life
) when subjected to the desigr service 1loads and design
chemical/thermal environments. The economic 1life analysis .
must account for initial quality, environmen+, load
sequence, material property variations, etc. The analysis

must be verified by tests.
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2.2.4 Experimental Requirements

Design development tests are required to provide an
early evaluation of the durability of «critical components
and assemblies as well as the verification of the durability

analysis.

A durability test of a full-scale airframe may also be
required by the Air Force. The requirements for this test

are:

1. The airframe must be durability tested to one
lifetime. Critical structural areas must be
inspected before the full production go-ahead

declisiof.

2. Two lifetimes of durability testing plus an
inspection of critical structural areas must be
completed prior to delivery of the first production

aircraft.

If the economic 1life of the airframe is not reached

before two lifetimes of durability testing, the following

options are available:
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o 1. Terminate the durability titesting and perform a
nondestructive inspection followed by destructive

teardown inspection.

2. Terminate the durability testing and perform damage
tolerance testing and nondestructive inspection

followed by a destructive teardown inspection.

3. Continue the durability testing for an approved
period of time followed by either of the preceding

options.
2.3 DURABILITY ANALYSIS CRITERIA
2.3.1 Durability Damage Modes
There are several modes of durability damage, including
fatigue cracking, corrosion, wear, etc,. Due to its
importance and prevalence, fatigue cracking is the form of
structural degradation considered in this hardbook.

] 2.3.2 Durability Critical Parts Criteria

Criteria must be developed for determining which parts

of an aircraft are durability critical (i.e., which parts

2.5
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must be designed to meet the  durability design
requirements). The durability critical parts criteria vary
from aircraft to aircraft. They are especially dependent on
the definition of economic life for the particular aircraft
involved. A typical flow diagram for selecting which parts
are durability critical is presented in Fig. 2.2. In Fig.
2.2, durability refers to the ability of an airframe to
resist cracking whereas damage tolerance refers to the
ability of an airframe to resist failure due to the presence

of such cracks.

2.3.3 Economic Life Criteria/Guidelines

Criteria must be developed for determining the economic
life of the particular aircraft of interest. Similar to the
durebility critical parts criteria, economic life criteria
vary from aircraft to aircraft. They may be based on
fastener hole repair (e.g., reaming the damaged fastener

hole to the next noeminal hole size), functional impairment

(e.g., fuel leakage), residual strenygth, etc., Twvo promising
analytical formats for quantifying the economical life of an
airframe are (1) the probability of crack exceedance, and

(2) cost ratio: repair cost/replacement cost. Both formats

require a durability analysis methodology capable of

1 quantifying the extent of aircraft structural damage as a
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function of service time. For example, assume the economic
life criteria are based on the number of fastener holes
which cannot be economically repaired (i.e., number of
fastener holes with crack sizes equal to or greater than
specified size x1). Then an analytical format for
quantifying economic life is presented in Fig., 2.3. In Fig.
2.3, P is the exceedance probability. Various aspects of
economic life are discussed further in the following

subsections and elsewhere [11-22].

2.3.3.1 Economic Life Definition

The economic life of an aircraft structure is currently
defined in gqualitative terms: "...the occurrence  of
widespread damage which 1is uneconomical to repair and, if
not repaired, could cause functional problems affecting
operational readiness" (1-3]. Acceptable limits for
"widespread dJdamage" and "uneconomical repairs" must be
defined for each aircraft design and such limits must be

approved by the Air Force.

A quantitative definition of economic life is not given
in this handbook. However, guidelines are presented for
specifyinrg economic 1life criterion (Ref. Section 2.3.3.4).

In any case, quantitative criteria for the economic life of

3 2.8
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aircraft struccures should be based on specific aircraft
requirements and the user's acceptable limitse for aircraft

performance and maintenance costs.

2.3.3.2 Economic Repair Limit

The "economic repair limit" is the maximum crack size in
a structural detail that can be cconomically repaired. Such
limits can easily be defined from geometric considerations
for fastener holes but such limits are more difficult to
define for structural details such as cutouts, fillets, etc.
For example, the economic repair limit for a fastener hole
may be governed by the largest radial crack that can be
cleaned-up by reaming the hole to the next fastener size

(e.qg., 0.93" to 0.05" redial crack).

The objective of the durability analysis method
presented in this handbook is to analytically predict the
number of structural deatails with a crack size which would
cause an uneconomical repair or functional impairment. The
user must define the uneconomical repairment or functional
impairment crack size for the details to be included in the
extent-of-damage assessment. Sucl crack sizes depend on

considerations such as structural detail type, 1location,

2.10
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&i accessability, 1inspectability, repairability, repair costs,

etc,

Structural details may contain one or more cracks.
However, structural durability is concerned with the largest
crack in each detail which may require repair or part

replacement.

2.3.3.3 Extent of Damage

The extent of damage is a quantitative measure of the
number of structural details containing cracks that exceed

specified crack size limits as a function of service time.

Structural maintenance requirements and costs depend on the

1
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number  of structural details requiring repair

"durability" of the structure depends on the extent of

N~
Pt
«

damage for the population of structural details in a part, a

component, or airframe.
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The extent of damage can be predicted using the

I3
-

analytical tools provided 1in this handhook. Extent of
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N 2.3.2.4 Formats For Economic Life Criteria

Two analytical formats for defining gquantitative
e.onomic life criteria are recommended: (1) probability of
crack exceedance and (2) cost ratio: repair cost/replacement
cost [14-17]. The analytical tools described in this

handbook c¢an be wused to predict results in these formats.

Various aspects of each format for a quantitative economic
life criterion are discussed below, including examples and

guidelines (Ref. Fig. 2.3).

2.3.3.4.1 Probability of Crack Exceedance. The

probability of a crack occurrence which 1is larger than a

specified crack size is referred to as the "probability of

- - o - &
tal output of

0
7]
o
rh
c
=]
jan
o
=]
]

rack exceedance." This guantity i
the durability analysis methodology described in this
handbook. For example, in Fig. 2.4 the probability of
exceeding c¢rack size X at t =7 is represented by the

cross-hatched area under the crack size density function at

t = r. Crack size rankings in the respective distributions

o
33; for two different times are preserved; nam2ly, the crack
gﬁk size x; at t = r has the same rank (or percentile) as the
ggi initial crack size at yj;(7) at t = 0. The probability of
Qf; crack exceedance can be used to predict the number of
F%E expected repairs in a given service interval [15,17]. It
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also provides a Dbasis for judging airframe durability and
for analytically demonstrating design compliance with the

coverning criterion for economic life.

Another explanation of the probability of crack
exceedance concept will now be given. Each common
structural detail, in a ygroup of details having a common
stress history, has & single dominant crack. Such «cracks
are a random variable and their "initial"™ size depends on
the manufacturing quality for each structural detail. The
population of <c¢rack sizes depends on the group of details
considered. For example, in Fig. 2.4 assume the initial
fatigue quality di_tribution and the discribution of crack
sizes at time r are for 100 fastener holes (i.e., tne

population of details).

The probability of exceeding crack size x; at time r is
reprecented by the cross-hatched area under the probability
density of <crack sizes shown in #ig. 2.4, Suppose the
probability of crack exceedance is p(i,r) = 0.05. This
means that on the average 5% of the details t(e.g., 5% of the
fastener holes) in a part or component would be expecied to
have a crack size 2 x; at time r. p(i,r) is a fundamental
measure of the extent of damage, Using the binomial

distribution, the erxtent of damage for different groups of
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details can be combined to quantify the overall damage tor a E

parv, a component or airframe. ;

3

The allowable crack exceedance 1is one criterion j

. recommended for quantifying economic life. Although this é
handbook provides guidelines fo2r quantifying the allowable ﬁ

crack exceedance, specific wvalues are not presented for 1

d

demonstrating design compliance with the Air Force's
durability design requirements. Suvuch values must be
tailored for specific aircraft structure and the user's
acceptable limit for structural maintenance
requirements/costs, functional impairment, operational
readiness, etc. The allowable <crack exceedance criterion
for economic life design compliance shall be apprcved by the
Air Force,

The allowable crack exceedance for a part or component

g depends on several factors, including: criticality,
: accessability, inspectability, repairability, cost,
Ej operational readiness, acceptable risk limits, etc. For

'

example, an expensive fracture criticel part may be embedded

R into the wing under-structure. The part 1is not readily

')
PO

.

accessible an¢ it is difficult to 1inspect and repair.

.
@

{2
U

g —r',

Suppose the bolt hole for this part governs its economic

('nf

life. Then a lower allowable crack exceedance may be desired
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than for an equally critical part that is more accessible
and 1inspectable, For example, an average of 2% crack
exceedance at 1.2 service lives might be suitable in the

first case and an average of 5% might be appropriate for dif-

ferent circumstances.

An example for the probability of crack exceedance
criterion is as follows. The economic life of a part or
component is reached when 5 perceat of the structural
details (e.g., fastener holes, cutouts, fillets, etc.) have
reached a crack size 2 a specified limiting crack size at
1.2 service lives. The limiting crack size depends on the
type of structural detail, the economic repair limit, and
the crack size which would cause functional impairment
(limiting case), Structural safety or damage tolerance must
not be compromised. Also, the specified limiting crack size
for each detail type should account for inspecticn

capabilities and requirements and cperational readiness.

The =economic 1life criterion described (i.e., 5% crack
exceedance) can be used to demonstrate economic life design
compliance analytically and experimentally. The analytical
tools presented in this handbook can be used to quantify the
extent of damage in terms of crack exceedance. Therefore,

given the criterion for economic life, design compliance can

be analytically assured. Experimental compliance can be
determined bLased on the results of the durability

@ demonstration test results.
B




- LN LG G ; SV T ST S T e e~ DRSBTS MR M AR A |
VANV VAT W TR T LS VLT 0SS B ownioaded Trom hittp:/Mww.everyspec.com S '

]

‘.1

:4

2.3.3.4.2 Repair Cost/Replacement Cost Ratio. The "
ratio of repair cost/replacement cost is another recommended R
criterion for quantitative economic life. For example, when |
AN

I

the cost to repair a part or component exceeds the cost to o
:1

replace it, the economic life is reached. In other words, the -
A

-

\ economic life is reached when the cost ratio = 1 at a o
Al

specified service life (e.g., 1.2 service lives). 2
N

Input from the aircraft wuser is needed to define j}

acceptable allowable cost ratios for different parts or
components. Allowable cost ratios cculd be specified tfor

particular design situations and user goals.,

Repair COStTS are proportional to the number of
structural details (e.g., fastener houles) requiring repair

-— A

after a specified service rtuime, The analytical tcols

described in this bandbook <.an be wused to quantify the T

b' number of details requiring repair as a function of service %
¥ . o . e |
p time. Although specific repair cost data may be difficult

W

I\.

N L ‘ :

N to obtain tor Gdifferent circumstances and replacement costs

5 o
N mnay vary, the cost ratio can be estimated wusing assumed i
w repair and replacement costs. )
. -
s ]
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X . . . . . : H
NI The cost ratio criterion for economic life 1s not 3
O
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o recommended for demonstrating design compliance unless K
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acceptable cost data are available. However, this criterion
is recommended for evaluating user design tradeoff options
affecting the life-cycle-cost of the airframe. The
analytical tocls described in this handbook can be wused to

evaluate the life-cycle-cost design tradeoffs.
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SECTION I1I1I

SUMMARY OF THE DURABILITY ANALYSIS METHOD

3.1 INTRODUCTION

Essential elements and equations of the durability

analysis method are summarized in this section. Details of

the approach and implementation procedures are described in

Sections IV and V and elsewhere [14-21,23].

3.2 GENERAL DESCRIPTION OF THE METHOD

The basic ocbjective of the durability analysis

methodology is to quantify the extent of damage as

fu

function of service time for a given aircraft  The extent
of damage is measured by the number of structural details
(e.q., fastener holes, cutouts, fillets, lugs. etc.)
expected to have a c¢rack whose size is greater than a
specified value at a given service time. Hence, the extent
of damage 1is represent2d by a probabillity nf crack
exceedance, The durability analysis results quantitatively
describe the extent of damage as a function of service time

and serves as a basis for analytically assuving that the
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economic life of the structure will exceed the design

service life.

The durability anaiysis includes two essential steps:
(1) quantify the initial fatigue quality of the structural
details considered, and (2) predict the probability of crack
exceedance using the 1initial fatigue quality and the
applicable design conditions (e.g., load spectrum, stress
levels, percent load transfer, etc.). Essential eliements of

the durability analysis method are described in Fig. 3.1.

The durability analysis method has been developed and
demonstrated for fatigue cracks in fastener holes [15-21].
However, the basic approach theoretically applies to fatigue
cracks in other structural details, such as fillets,
cutouts, lugs, etc. Further research 1is required to
evaluate and demonstrate the method for details other than

fastener holes.

3.3 ASSUMPTIONS AND LIMITATIONS

1. Fatique crack length, measured in the direction of

crack propagation, is the fundamental measure of durability

damage.
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2. Each detail (e.g., fastener hole , fillet , cutout

’

Lo_a_"."

lug , etc.) in an aircraft structure has a single dominant

fatigque crack which governs the durability of the structure;

L
alasetalla

the size of such a crack 1is <considered to be a random

variable,

PRI JIT G

3. The largest fatigue <crack 1in each detail is

arat

relatively small (e.g., < 0.05" corner crack in a fastener

hole) and such cracks are statistically independent. Hence,

]

the growth of the largest <crack 1in one detail does not

-
“~
\-.'
_-!
o~
N
SN

significantly affect the growth of the largest crack in

neighboring details and vice versa. Therefore, the binomial

afe a0

distribution can be used to quantify the extent of damage

for different details, parts, components or the entire airframe. .

4. An equivalent initial flaw size can be determined by
back-excrawolating fractographic results wusing a rational
crack growth law. An EIFS 1is a mathematical quantity
describing the IFQ for a given detail. As such, the EIFS is

not necessarily an actual initial crack size in the detail.

5. Different EIFS distributions can be developed using

the same fractographic data set and fractographic crack size

range by using different crack growth master curves.
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6. The EIFS distribution 1is defined for a selected

fatigue crack size range (e.g., 0.020" - 0.050" crack in

fastener holes).

7. An EIFS distribution can be grown from time zero to

a given service time using a single deterministic crack

growth curve.

8. A sultable EIFS distribution for durability analysis
can be determined using selected fractographic data (i.e.,
for a given load spectra, % load transfer, stress level,
etc.). The derived EIFS distribution can be used to predict
the extent of damage for different load spectra, stress

levels and % load transfers other than those reflected 1in

the fractographic data base.

9. A suitable service crack growth master curve (SCGMC)

can be  developed for specific durability analysis

conditions.

3.4 INITIAL FATIGUE CUALITY MODEL

.
14
s AR

The IFQ model provides a means for quantiiying the IFQ

,.
Rl o

X
N
L
N
4
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A
s

of structural details (e.g., fastener holes, fillets,

T
€« ""

e

cutouts, lugs, etc.) susceptible to fatigue cracking. IFQ

can be represented by either a TTCI distribhution or by an
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EIFS distribution. The IFQ distribution is used to predict g

the extent of damage or probability of crack exceedance for E

;' multiple structural details subjected to fatigue loading and i
Eg environment. Essential elements of the JFQ model and E
notations are shown in Fig. 3.2. The mndel equations are i

. summarized in this section and details are given elsewhere ﬁ
~ii<3]. *

The time-to-crack-initiation (TTCI) cumulative ﬁ

distribution for a reference crack size, ap, is represente’ %

by the three-parameter Weibull distribution as follows:

o
FT(,t) = P[T<t] = 1 - exp [-(5'—')]; t>e (3-1)

where: T = TTCI

« = Shape Parameter
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The EIFS cumulative distribution, Fa(o)(x), is obtained
from a transformation of Eq. 3~-1 and the following «crack

growth law in the small crack size region.

. d%f—t)- = Qla (t)] (3-2)

where: Q ,b = Parameters depending on loading spectra,

structural and material properties

Sg Eq. 3-2 1is wused because of 1its simplicity and general
SQ ability to fit crack growth data.

N

!! The derived EIFS cumulative distribution, E‘a(OfX)' is
Eﬁ statistically compatible with the TTCI cumulative
H distribution Fy(t) : i.e., Fy(t)=l - F, o) (x).

‘T

;k? IFQ model equations have Deen developed for two
Y

3 variations of Eq. 3-2, i.e., b#l and b=1 [15,16]. In this
g? section, ihe IFQ model equations are summarized for both b>1

(Csse I) and b=1 (Case II). Case Il is recommended for

durability analysis. Hence, the implementation procedures

presented in this handbook are tailored for Case II.
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Several IFQ model parameter studies were performed

for both straight-bore and countersunk fastener
holes ([16]. These studies were for 7475-T7351 aluminum and

Clearance-fit fasteners. For the fractographic data sets

considered, the computed "b value" in Eq. 3-2 was found to
be 1less than 1. Since negative EIFS values are

theoretically possible when b<l, b wvalues 2 1 are

recommended for the present durability analysis. The reader

is referred to Section III of Volume VII [16]) for further

details.

3.4.1 IFQ Model Equations for Case I (b > 1)

General Crack Size - Time Relationship

Integrating Eq. 3-2 from t. to t,, one obtains the folleowing,

-c l-l/c
a(t)) = [a(tz)_] + ¢Q (tz—t:l)j (3-3)

where: alty ), a(tp) = Crack size at time t;1 and t 5,

respectively

C = b-1

Q = Crack growth model parameter

3.10
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Let t;=0, ¢t,=T and a(T)-aO= reference crack size at

crack initiation, Then Eq. 3-3 becomes

.
|
-

< ELFS = a(0) = (a

.
-
..
-

-c -1l/¢ )
0 + cQT) (3-4)

N
[w

E!
)
2
C 4
-y
Y
"

EIFS Upper Bound Limit

The upper bound of a(0), denoted by x,, is obtained from

Eq. 3-4 by setting the lower bound ¢ for T,

-C 1l/c

X = (a0 + ¢cQe) (3-5)

TTCI Lower Bound Limit

The lower bound € of T can be expressed in terms of the

upper bound x, of a(0),

e = L (x©. a ). asx
cQ \ Tu 0 ;' “07"u (3-6)
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EIFS Cumulative Distiibution

The distribution of a(0) can be obtained from that of T
given by Eq. 3-1 through the transformation of Eq. 3-4 as
follows,

a
[x €. aac - CQE] :
F = - ) <
a(0y (*) = exp 2Qs P 0xIx, (3-7)
= 1.0 i X2X
u
or
a
-C -c
X - X,

F x) = exp{ - [ ] v xax

- O ’

a(0) cQB u (3-8)

= 1.0 -
; u J
Va
A (3-9)

where, j

Weibull scale parameter for TTCI based

on the TTCI's for a given fractographic data set
in which only the fractography for the largest
fatigue crack in any "one" of £ fastener holes

per test specimen is used.

3.12
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{ = Number of equally-stressed fastener
holes per test specimen in which only
the largest fatigue crack in any "one®
hole per specimen is included in the

fractographic data set.

a = Weibull shape parameter for a given

TTCI data set.

Details for Eg. 3-9 are given in Section 4.5 and Ref. 1¢.

3.4.2 1IFQ Model Equation For Case II (b=l)

General Crack Size-Time Relationship

a(tl) = a(tz) exp[ —Q(tz-tl)]

EIFS Master Curve

a(0) = EIFS = ag exp (-QT)

EIFS Upper Bound Limit

Xu = a, exp (-Qe)

3.13

(3-11)

(3-12)
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EIFS Cumulative Distribution

N ESESR:4 T oL

‘ {m (ag/x) - Qe ¢
Fa(o)(x) = exp l - 38 -]’; 0<xgxu

.
g

2

(3-14)
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s 8Tt ot agdd

1.0 ,
; szu

a4 -

s
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-
et 2"

Q
. )

M n (xu/X) (
Fa(o)(x) = 2Xp - l-——-—-J ; 0<xgxu
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In Egs. 3-14 and 3-15, B8 = 52(13 (Ref. Eq. 3-9 and Section

4.5 for further details).
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@ 3.5 DURABILITY ANALYSI1S PROCEDURES i

The gceneral procedure for implemanting the du ability

analysis method developed is described and discussed below:

. ..<< v
o PR TR SR

e i 3
’ﬂ‘l' l. ':i- L) "{

4

.
F
r
¥,
85 5 zamoma . . a e

«
a¥u’

X 1, Decide what 1level the extent of damage will be :
*. u
*n: . . . A |
= predicted for (e.g¢., a single part?, several different %
o parts?, a component?, comp.ete airframe?, fleet of :
X airframesy), ;
j
. J
- 2. Determine which structural details will be included

N :
N

«

in the durability analysis (e.g., fastener holes, cutouts,

A

fillets, lugs, etc.).

»

l

P

Pas

s “e s
sl Al

3. Determine the IFQ or EIFS distribution for each type

-
PRI

of structural detail to be included in the extent of damage

- .

AR o )

! assessment. Use the model shown in Fig. 3.2 and applicable
S
E} fractographic results for a selected crack size range (e.q.,
e
. 0.020" =~ 0.050" crack in fastener holes) to define the EIFS
Q distribution expressed in Egs. 3-14 and 3-15. Determine u,
Q: Q and Qf using the procedures described in Sections IV and
N
8 \Y and Ref. 16. The x, selected should be consistent with
‘S Eq. 3-12.
':\.
W
w

N
i Theoretically, the IFQ model developed applies to any
f structurel detail., However, the model has been verified
o
Qj only for fatigue cracks in fastener holes. Further work is
.
X
;
::: 3.15
¢
~
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& b,
"¢ 3
" S
. s
" required to develop suitable fatigue test specimens and N
£

, . ) A
: procedures to acquire appropriate fractographic data for )y
L e
-t details such as, fillets, cutouts, etc. N

e
ENER )

I3

Y
LS OO N . SO

4, For earh part, component, etc., group the structural

J

1
T

details by type .ntom stress regions where the maximum

stress 1n each reg:on may reasonably be assumed to be eqgual

for every location or detail (e.g., fastener hole).

5. For each stress region, ith stress region, determine

the corresponding EIFS value, ﬁj_(r), that grows to a crack

i
size x| at service time 7 as illustrated in Fig. 3.3 [16]. »
g
If applicable fractographic data are available for different 5
stress levels and fractographic data pooling procedures are ﬁ
used, the crack growth rate expression in Eg. 3-16, where ﬂ
by =1, can be integrated from a(0) = yli(r) to a(r) = X, to E
"
obtain y’i(T) in Eq. 3-17. 5{
: 2
{‘H :1
< da(t bi :
- a(t) _ 3
3 T -9 (2] (3-16) A
M
I‘::: e - -~ Y. = ':
" Yli(T) = X, €Xp ( Qit), bi 1 (3-17) 3
t\jl “:1
et "
nd )3
ﬁ; .f saitable fractographic results ars available for the .
?3 design conditions (e.g., lonad spectra % load transfer.,
kd
R 3.1
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stress level, etc.), Qi may be expressed by a power function

as follows.

e’
i

i =W (3-18)

in Eg. 3-18, o is the maximum applied stress in the load-
ing spectrum, and § and y are constants to be determnined from

the availapvle fractcgrapnic data.

If suitable fractographic results are not available, an
analytical crack growth program can be used to predict the
crack growth over the crack size range o. iaterest.
However, the analytical crack growth program should first be
"tuned" or curve-fitted to the aﬁplicable EIFS master curve
before it 1is wused to predict the <crack growth daﬁage
accumulation a(t). Then, the crack growth parameter b; and
Q; can be obtained by fitting Eq. 3-16 to predict the crack

size a(t) as a function of service life t.

6. Compute the probability of crack exceedance for each
stress region, 1i.e., p(i,r) = Pla(r) > xll = l-Fa

using Egs. 3-15 and 3-17, with the result

a

In (x. /y,.(1)
p(i, ) 1 - exp { -[ /Y14 \

; yli(r)zxu

(3-19)

it

p(i 1) 0
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1
in which 8 1s defined bv Eq. 3-9 (ref. Section 4.5). .;
N
f]
7. The average number of details ﬁ(i,r), and the ~
standard deviation ¢(i,r) in the ith stress region with a N
crack size greater than x; at service-time 7 are determined j
K
using the binomial distribution and are expressed as ;
T
follows: 'j
8
i

N(i,1) = N, p(i,1) (3-20)

5
og(i, 1) = {Ni p(i, 1) [l-p<i,r)J} (3-21)

in which N; denotes the total number of details in the ith
stress region. The average number of details with a crack
size exceeding X, at service time r for m stress regions,

L(r}, and its standard deviation, o, (r), can be computed

using Egs. 3-22 and 3-23.

. m
- L(t) = 3 N(i1) (3-22)
. i=1

s

m %
5, (1) = [El o (i,r)] (3-23)
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Equations 3-22 and 3-23 can be used to quantify the extent of

St e dag o

S gan 4 w S Mt
'y % % e ! e [ P 454

E)
P
]

damage for a single detail, a group of details, a part, a

v

component, or an airframe.

o .t

x

> i s oo
Nl
»

r-s The reference crack size for crack exceedance, X], can

L be defined for different detail types according to the

;jl limiting crack size that can be economically repaired.

Upper and lower bcunds for the prediction can be estimated

o using L(r) = ZcL(r), where Z 1is the number of standard
a; deviations, oL(r),from the mean, L(7). Egs. 3-20 through 3-
- 23 are vaiid if cracks in each detail are relatively small
:ﬂf and the growth of the largest crack in each detail 1is not
E%; affected by cracks in neighboring details. Hence, the crack
-

growth accumulation for each detail is statistically

independent [15].

3.20 :
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rm SECTION IV

. INITIAL FATIGUE QUALITY DETAILS

5 ‘
o

ﬁ 4.1 INTRODUCTION

o |
HE: Initial fatigue quality (IFQ), or EIFS distribution, is

LL; the "cornerstone”™ for the durability analysis method

p%j developed. Much has been learned about the characteristics

;;g and traits of an EIFS distribution during the course of this

tﬁE: program [14-23]. The purpose of this section is to (1)

rgx‘ discuss the current understanding of the EIFS distribution

%;' based on fastener hole experience, (2) present guidelines for

Fﬁi acquiring the data needed to quantify the EIFS distribution

H and (3) describe and illustrate the procedures for

Eé; calibrating the IFQ model parameters from available

t@f fractographic data.

The IFQ model described in Section III should be

o evaluated further using existing fractographic data for
3C§ fatigue cracks in fastener holes [e.g., 24-27]. This
3§Q experience is needed to further advance the understanding of
Eig u the EIFS distribution for different materials and design
%EI ’ conditions (e.g., 1load spectra, stress level, % load
&é} transfer, fastener hole type/fit, etc.).

4.1

___________
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4.2 EIFS DISTRIBUTICN

R .
p . .
a ® v,

[
s 4
2. et

Initial fatigue quality (IFQ) defines the initial

manufactured state of a structural detail or details with

14 T 1
f‘l. .l" F2 Phd
e e Ty
.

respect to 1initial flaws in a part, component or airframe
prior to service. The IFQ for a group of replicate details
is represented by an equivalent initial flaw size (EIFS)
distribution. An eguivalent initial flaw is a hypothetical
crack assumed tc exist 1in a detail prior to service. An

EIFS is the initial size of a hypothetical crack which would

result in an actual crack size at a later point in time. As
such, the EIFS is strictly a "mathematical quantity"
rather than an actual initial flaw in a detail. Observed

cracks from fatique tests (fractography) are extrapolated

backwards using a crack growth analy

n

is to estimate their

EIFS,

The time required for an initial defect, of whatever
type, to become a fatigue crack of size a; is defined as the
time-to-crack-initiation (TTCI). ap is an arbitrary crack
size which can be reliably observed fractographically

following a fatigue test. An EIFS distribution

quantitatively describes the EIFS crack population for a

-. . ":
Y

group of replicate details. Using the IFQ model described

¥
4
P
.4

in Section 1II, the EIFS distribution 1is determined by
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coupling the TTCI distribution with a deterministic crack
growth law, The IFQ model 1is a convenient "mathematical
tool™ for quantifying the EIFS distribution, which |is

statistically compacible with the TTCI distribution.

An EIFS distribution, Fa(O)(X)) can be established by
fitting the IFQ model parameters to observed fractogaphic
data for a given material, load spectra, stress level, %
bolt load transfer, fastener <type/fit, etc. The Dbasic
premise of the durability analysis approach is this: Once
the EIFS distribution has been established, the cumulative
distribution of fatigue <c¢racks at a given time and the
cumulative distribution of TTCI, Fp(t), for a given a, can
be analytically predicted for different service conditions

(e.g.. load spectrum, stress level, etc.).

Intuitively, EIFS 1is an inherent property of such
factors as the material, manufacturing/assembly techniques,
and workmanship. As such, EIFS should be independent of

load spectrum, stress level, and % bolt load transfer.

Necessary traits of the EIFS distribution aie as

follows:

.................
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o The EIFS distribution, when grown forward during
service, must accurately predict the observed

cumulative distribution of crack sizes at any time.

o] Alternatively, it must predict observed TTCI values

for any crack size ag.

o) An EIFS distribution should not depend on
subsequent service, i.e., spectrum and load level.
This implies that a set of identical test
specimens, if divided into two or more groups and
tested using different stress levels or spectra,
should produce the same EIFS distribution., This is

called a "generic" EIFS distribution.

The EIFS distribution is not:

o] necessarily the distribution of actual physical

defects or cracks in the material initially.

o unigue. In fact many different EIFS distributions
can predict the same wubserved flaw distributions
over a fairly wide range reasonably well. Each

EIFS distribution is obtained wusing a different
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;5 crack growth model. An example is shown in Ref. -
v ‘.‘ U
> 16. =
"
wd
4 K
3 e
o . C
& Equations for the EIFS distribution (Egs. 3-8 and 3-15), 1
), A
‘ presented in this handbook, are bassd on a given crack ﬁ
growth law (Eg. 3-2). Other equations for F,(p)(x) could a

also be developed for different crack growth laws. However,
the durability analysis approach proposed herein is quite
general and the user can adapt the method to his crack
growth model, analytical crack growth program, fractographic

data base, etc.

4.3 TEST/FRACTOGRAPHY GUIDELINES

Fractographic data (i.e., crack size versus time) are

needed to define the IFQ or EIFS distribution for those

details (e.g., fastener holes, fillets, lugs, cutouts, etc.)

used in the durability analysis. The test and fractography

x4

»

ﬁ guidelines recommended in this section are based on the
o

ﬁ current understanding for fatigue «cracking in fastener
ff holes. As such, these guidelines should be considered
5

:i preliminary.

")

;L

ij ’ Further work 1is required to develop test/fractography
\.J

- guideiines for details other than fastener holes (e.g.,
N
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fillets, cutouts, lugs, etc.). Also, suitable test
specimens should be standardized for generating the fatigue
cracking data needed for each detail type to be included in

the extent of damage assessment,

4.3.1 Test Guidelines

The following guidelines are for fastener holes:

1. Whatever test specimen 1is wused to generate the
fatigue cracking data, it shouvld account for the applicable
design variables (e.g., material, hole preparation
technique/tools, fastener type/fit, percent load transfer,

stress level, load spectrum, environment, etc.).

2. The specimen design used should provide a maximum
amount of information for a single test. For example,
fatigue cracking data can be obtained for multiple details
in a single specimen. To justify using a specimen with

multiple details, each detail should be exposed to a

&A'-

.ﬁi comparable stress level. And, the largest crack in any one
B

g?{ detail siould not significantly affect the crack growth in a
e

S . . . : .

iSQ neighboring detail and vice versa. Structural details must
A . .

e be spaced far enough apart so that theywill crack independently.
.{:"
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3. Single dog-bone and reverse dog-bone type specimens
were successfully used for this program. The single dog-
bone type specimen shown in Fig. 4.1 was used with one or
two holes. This type of specimen can be used to generate
fatigue cracking data for no load transfer cases. Studies
perforimed during Phase II suggested that IFQ is independent
of the percent load transfer (16]. Further work is required
to justify using no load transfer specimens to define the
IFQ for fastener holes with different percentages cf load
transfer. If no load transfer specimens can be justified,
then thbe specimen types shown in Figs. 4.1 and 4.2 could be

promising for economically generating the fatigue cracking

data needed.

4, The no load transfer specimen shown in Fig. 4.2
contains two fastener holes. This specimen design provides
a positive way to assure the independence of fatigue
cracking in the two fastener holes. This specimen can be
fatigue tested to a specified service time or until failure
occurs in a single hole. If there are fatigue cracks in
both holes when the test is stopped, fractography can be
performed for both holes or for the largest crack in either
hole and TTCI results can be scaled using the procedure
described in Sectior 4.5. If an observable fatigue crack

occurs in only one hole when the test is stopped, the test

4.7
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can be continued for the uncracked hole by reworking the

,,
PO AT
PRS0

| B

specimens as fcllows: cutoff the test secticns containing N

R

é the hole with a crack from the thick part at the middie of S
i the specimen. The thick part then becomes the lug end that }

can be used to continue the testing until a visible crack

& -
.
LI

occurs in the remaining fastener hole.

s

tal

4

\1
._1
v
“l
!
el
B

5. The no load transfer specimens should be tested with

the desi.-ed type of fastener and fit in the test holes.

6. The reverse double Jdog-kcne specimen design concept

shown in Fig. 4.3 seemed to work fairly well for this

prongram, particularly the "15% load t.-ansfer design". The

transition between the lug end and test section should be

i S

smooth and gradual. Also, the specimen length and gJeometry

-\.{'.{ W

should allow an adegquate range of axial deformations to

«
[ nlr e

obtain the desired shear load transfer through the fasteners

P

and mating holes,.

N
l.(q
f
Y
e 7. The number of specimensrequired for testing depends
- on factors, such as: (1) type of specimen used (single hole
= or multiple hole), (2) design variables to be accounted for o
D »
% (e.g., no. of materials, fastener type/fit, fastener H
] &
’ diameter, bolt torgue, manufacturing variations, fretting, ]
..'1
environments, stress level, load spectra, etc.). (3) R
4
.
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confidence level desired for calibrated IFQ model

-

I“.,.‘,..
a s o

parameters, (4) -expected scatter in  fatigue cracking

-

results, etc. The schedule and budget also influence this

decision,

-
P

8. Room temperature tests are recommended for

P
wialoiiad oL .

'y s
2!

quantifying the IFQ. Effects of environment can be

N
-

accounted for in the service crack growth master curve,

4-47"':' "-

9. For a given load spectrum, test replicate specimens
using at least two different stress levels, Three stress
levels are preferred if affordable,. If only two stress
levels are used, tests should be conducted at a high and a

low stress level. Selert stress levels that will cover the

range of expected design stress levels. This information -
can be used to define the s=2ivice crack growth master curve
for different stress levels without wusing an analytical ”

crack growth program.,

s
.

= ;
- ~
i !ﬂ
o 4.3.2 Guidelines for Fractographic Data =
¥ :
" -
N

:i l. Select a minimum crack size to be read, such that it )
:: ] is consistent with the capabilities of the fractographic

L

Lo reading equipment and technicians. Budget and schedule

e
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should also be considered., The minimum fractographic crack

51ze to be read depends on the smailest crack size, x], for

ifﬁ which <crack exceedance predictions will be made, For

example, a «crack size range of 0.020" - 0.050" would be |

reasonable for assessing the durability of fastener holes. *
& 2. Take advantage of the f§ scaling technique described
bl! in Section 4.5 to minimize fractoyraphic reading

Ay requirements. F[or example, use test specimens with multiple

fastener holes and then fractographically evaluate the

largest crack per specimen in a given fastener hole.

3. Use automated crack monitering techniques as much as
possible to minimize fractographic acquisition costs. Also,
antomatic storing of the fractographic results directly into
the computer can minimize the time and costs for plotting

results and for calibrating the IFQ model parameters.
4.4 PROCEDURES POR CALIBRATING “HE IFQ MODEL PARAMETERS

Suggested procedures for determining the IFQ model

parameters are described and discussed in this section,

including guidelines. However, it is felt that further work

and experience is needed in the evaluation and optimization

jﬁgx of the IFQ model parameters using pooled fractographic data

4.12
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before values can be tabulated for different materials for

design purposes.

During the course of this program various techniques and
their variations for determining consistent IFQ model
parameters have been investigated. Model calibration
studies were performed in Phase II for both straight bore
and countersunk fastener holes [Ref. 16, Appendices A and
B]. The lessons learned from these studies are reflected in

this section,.

4,4,1 Generic Nature of IFQ and Data Pooling Concepts

The purpose of this section 1is to: (1) discuss
fractographic data pooling concepts for determiring the EIFS
distribution, (2) explain the "generic" nature of the IFQ

distribution and (3) describe how the IFQ model parsmeters

*:: can be determined wusing pocled fractographic results for
Y
A .
EQQ different data sets.
1
e

A

e

F~j The IFQ model parameters in Eq. 3-15 can be determined

b for fastener holes using applicable fractographic results

D )

N for one or more data sets. A fractographic data set refers

ol ‘ |
o to the fractographic results (i.e., a(t) versus t values)

R |
;iﬁ for replicate fatigue tests (e.g., same: material, specimen 1
e
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geometry, hole drilling procedure, load spectxum, stress level,

!;. % bolt hole transfer, fastener type/fit, etc.). Fractographic

s results can be used to determine the TTCI and crack growth

"l behavior for fastener holes. This information is used to

determine an appropriate IFQ distribution for durability

analysis.,

Fractographic results for different data sets can be
N "pooled” to quantify the IFQ model parameters for durability
' analysis, Pooling the fractographic results for different
data sets (e.g., same material, fastener type/fit, and hole
Ji drilling procedure but different load spectra and

A stress levels) is recommended because this increases the

sample size available for fitting the IFQ model parameters

(x,, o and QB) in Eg. 3-15. Therefere, the resulting EIFS

PR W e

distribution can be applied to different design stress

g

levels, load spectra, etc.

An EIFS distribution is "generic" if it depends only on

the material and manufacturing/fabrication processes.

il Stitdhonde i

Theoretically, the EIFS distribution should be independent

v of design variables, such as load spectrum, stress level,

percent bolt load transfer, environment, etz.
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o Fractographic results are used to determine the IFQ for
<3

”n fastener holes. Since the fractography reflects the
:.‘;Z:'; influence of specific fatigue test variahles (e.g., load
N~

;}'{_Zj ) spectrum, stress level, percent bolt load transfer, etc.),
L

i the derived IFQ distribution may not be strictly "generic".
:Eﬁ However, the fractographic data pooling procedures described
G ‘,
o herein can be used to determine an appropriate IFQ
p!' distribution for practical durability analyses.

:':\

N

\HA“-A . [l 3 . . E

L{-}_.- TTCI distributions for different fractographic data sets
\':\:

‘m (i.e., same material, drilling procedure, fastener type and
:Z:l:;' fit but different load spectra, stress level, etc.) should
o

e transform into the same EIFS distribution to  obtain
h“:‘:'

:. compatible results (Ref. Fig. 4.4). For example, each TTCI
-_]‘3.::' value in a given TTCI data set is grown backward from ag to
:\-'.:: an EIFS value, a{0), at time t=0 using the applicable crack
u growth relationship for each TTCl data set (Ref. Fig., 4.5).
DN The resulting a(0) value for eack TTCI value 1in each
by

e fractographic data set maps into the same EIFS distribution
Ly (Ref. Fig. 4.4).

™

A

o To distinguish the crack growth parameters Q and b in
'.’ Eq. 3-2 for each fractographic data set to be pooled, Eq. 4-
i\ ‘ 1l is used. In Eq. 4-1

o ,

da(t) * b¥

l\ Tt . = -
2 oy Q; la(e) i (4-1)
i
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TTCI's in ith TTCI Data Set

EIFS master curve for ith
’;/a// fractographic data set

< a(0) = ay exp(-QjT,) = EIFS

EIFS Distribution

TIME

Fig. 4.5 1Illustration Showing TTCI's and EIFS Master
Curve for the ith Fractographic Data Set
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* *
Q; and b, are crack growth constants for the 1ith

i
fractographic data set. To make the fractographic results
for different data sets "compatible™ for a single IFQ
distribution, each fractographic data set pooled should have
the same bi value. For IFQ model Case I (Ref. Section
3.4.1), b > 1; for Case II, b =1 (Ref. Section 3.4.2).

The subscript "i" is added to the parameters o, B, and e
in the TTCI distribution of Eq. 3-1 to distinguish values
for the different fractographic data sets to be pooled. For
example, a;, f;, and e¢; denote the shape, scale and lower
bound of TTCI for the 1ith fractographic data set,

respectively (Ref. Fig. 4.4)

Theoretically, a "generic" EIFS distribution can be
obtained for pooled fractographic data sets by imposing the

following conditions (Ref., Fig. 4.4):

al- azaa - ’...0..“0

bl -b;'b - ...,.,.,ab
* * *
Q1B1 = Qzﬁz = Q3BB B eesecae = Q::Bn r

n R

W ¥ W

(4-2)

xulaxuzaqu- LR AN BN BN BN BN BN BN } -xun

The conditions of Eq. 4-2 are necessary to obtain the same
EIFS cumulative distribution, F j(y(x), for each of the

fractographic data sets to be pooled.

4.18
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Because of sampling fluctuations due to limited amounts

of test data, Eq. 4-2 cannot be satisfied exactly. However,

IR 1P N W

based on the experiences of this program, it appears that

‘ tihhe conditions of Eqg. 4-2 can be reasonably satisfied - at
least to an acceptable degree for practical durability
analysis. Also, it appears that the parameters &y b: and
Q:ai may be material constants which are independent of the
load spectra and stress level (16]. Furcher 1investigation
using existing fractographic results [e.g., 24,25] is
needed. In the present investigation, Eq. 4-2 is forced to

be satisfied using data poolin procedures and the parameter

optimization method (Ref. subsection 4.4.2.4).

fw
1
3
‘
j

LI 4.4.2 Calibration and Data Pooling Procedures

*
4.4.2.1 Determination of Qi

v .
e ¥ .
- L P

bt

The crack growth parameter Qi in Eq. 4-1 for each data

|
P
PSS A

e » .
"

set can be determined in various ways. Two different

I
»
rfe'a

2
-'A'

a4

FlLT T

methods are described in this section. Both methods are

. 0

based on the least squares fit criterion.

lw V' p
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Method 1
Equation 4-1 can be transformed 1in a linear least

squares fit forw as shown in Eq. 4-3.

. *
in Q%éEl = 1ln Qi + 1ln a(t) (4-3)

Y%

Using the least squéres criterion, an expression for Q; can

be determined as follows:

d * 2
E = Z[ln gtt) - 1n Qi - 1n a(t)] (4-4)
3E
-0 23 [ 88y, Q} - In a(v)] (- 1/Q*) (4-5)
. i
1

Solving Eq. 4-5 for Q;, Eq. 4-6 is obtained.

(4-6)

* [ Z 1n QgﬁEl - £ 1ln a(t)
Q, = exp N

values of da(t}/dt can be estimated for a given a(t)
using the fractographic data 1in the selected crack size
range, i.e., a; to ay- There are various numerical
techniques for estimating da(t),/dt values. This includes,

for example, the Direct Secant Method [28], the Modified

4.20
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Secant Method [29,30] and the Incremental Polynomial Method

(28].
Method 2

*
The crack growth parameter Qi can also be determined

h

L} LI A
(I" IIRPIR Y
W L

" .

"
2.0 .l

from the generalized crack size-time relationship of Eq. 4-7.

“

*
a(tj) = a(t,) exp ['Qi (ti.'tj)] (4-7)

L e Y e LT
P R :
N [RES

]
<

s e T} .’
'.('."\.i’

The notations for Eq. 4-7 are described in Fig. 4.6.

o
S r'e

e W, T
«
LI TN N N

Equation 4-7 can be transformed into the least squares

fit form as follows:

v
.

ps .";(
*

o

« r s

‘ . a(t,) z
=T Z{m [a'tlfJ -9 (ti'tj)} s

LR .
s . i
LR S

P 2%

lay

] Y
o o, S
v 5 L

¢
The following expression for Q; is obtained from Eq. 4-8 by

invoking the ccndition 3JE

EM

1

-

l’ ‘l' ’
b

0

Rl R

3 ( ) [a(ti)]
. t.-t.) In}| —————
e Q- r att) ] (4-9)
.

e Z(ti—tj)
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*
Fractography crack size range of interest

N = No. of a(t), t rairs

a(tN)

CRACK
SIZE

TIME

.“;
;@tj Fig. 4.6 Notational Scheme for Determination
of Qi
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shown in Fig. 4.6.

C4 T
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2 i-1 a(ti)
2: E: (ti-t' .) In ETE_—ﬁj

1-]

Q* _ _i=N j=1 i-3 (4-10)
i 2 i-1 2
DI DL
i=N j=1 J

NV

L .

. e Looos
. . k3

R .o WS

In Fg. 4-10, N = number of [a(t),t] pairs in the selected

s

N . .

L fractographic crack size range, aj to ay.
-

NN

A

AT s

e Discussion

.

[

‘h ". 0

-':.,: *

jQ; The crack g¢rowth parameter Q; in Eg. 4-1 can be

determined using the fractographic data for a single fatigue
o

crack or for all fatigue cracks in a given data set. Q; can

[

1

%

K
2

PR

4 I

77
il
»
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be determined using either Eg. 4-6 or 4-10. Analytically,
*
Eq. 4-10 is more appealing than Eq. 4-6 because Q; can be

g
18
s

.
ettt e

determined directly from the a(t) and t wvalues without

having to approximate da(t)/dt values.

T T 4
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¥*
The two methods for determining @ are illustrated and

cee e
A & 2

ER

’ compared in Seciion 4.6.1. A concepntual description of

§ P
a: o

P

- el

* .
. the fractographic data needei to determine Q; for a given data

¥
S

AP

roe

set is given in Fig. 4.7.
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4.4.2.2 Determination of aj, B; and €3

For a given fractographic data set, the Weibull
distributicn parameters for shape, scale and lower bound of
TTCI are denoted by «aj, pi and e;, respectively. These

parameters can be determined as follows:

1. Define TTCI vailues for a selected reference crack

size, ag, in the range: ap < ap s ay (Ref. Fig. 4.7).

2. Select an upper bound EIFS value, Xy in the range:
a;, S xy S ag s ayg. The x,, value selected should result in
an e; value (Ref. Egq. 3-13) < the smallest TTCI for the
given ap. For a given x, there is a corresponding e. value

i
and vice versa (Eq. 3-12) (Ref. Fig. 4.5).

e
4

4

: 3. Estimate the cumulative distribution of TTCI by

Lo

W
el

r
.’

I“‘.
N

ranking the (t - e;) values for the reference crack size,

a

ag, in ascending order using Eq. 4-11.

PPy

:
PR N

PP
a
F S

vt e

1

Fp(®) = 091 (4-11)

v

g

a
4

St
s

E‘WT;I‘:I' .
R o
- 4 2 [y

s .
s s F e ’s

¥ s x
[

where r = rank of (t - ¢;) (1, 2, ....n)

)
+
.

n = No. of (t - e;) values in the fractographic data

set for reference crack size, ag .

4.25

LRI T TN
SRR .S LA ST N TN SR




O L S N R A P T F W B T A N At A A A A S R e R R I I S
L’ PRI e T T S Downloadedfromhttp//wwweveryspeccom : o )

4, Determine «; and Bj. The three parameter Weibull
distribution, Eq. 3-1, can be transformed into th- foliowinrg

least squares fit form,

Z =Y+ U (4-12)
where 2 = In { -1n [1-Fp(t)]}
Y = 1In (t-gq)
1
1
Um =a; Ing; \
EE: @j and fj carn be determined using Eq. 4-i3 and 4-14, b
f%: respectively.

ki g uPS
.7
‘l 1 F

1‘ <

Ry
o e

_ NIYZ-(3Y) (52)
NEY2- (1Y) 2

aiXY-ZZ L4
i O o
i

(4-13)

i)
| e

%
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.

TR
BN .y
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I

o]

y S AR Y
™
e
il

3
A AL d

-y where N = No. of TICI values for ag7 and Y and Z are defined

- previously (Eq. 4-12).

o 4.26

SIS Y Tttt tane- PR
x;xm‘a..;.-._xg;_._\q.‘ \.:.;\ RUDCNN GO

3 .._;_.‘-‘._:_-_;*- -_ 4.:_1_-_;.‘ \’;"-:".:\i'“‘:'\\.‘F-.‘-.;"' W "‘_--.\- - \ ‘r\—' " 5 -\\3"\,._ .u'b .

-




N —— —y - B e el it At A A diaad
I R A A A AR SAREALAA B BT BICAA RS RC - s A AN SRR S A O """1

LR
Ll
N

I‘ -‘

AL
P
'..n"_l

"

B S
5
P
e " .

ey
e
Py

& 2%

'
pd

"y Ty Ay ,
=¥ ALy i

oL gl ot i e of
AR
[

v ‘gl
1Y

',

a e v v
"y e,
o ‘.l‘%
a3 A
» % f e

“y
P
oL

B

_s_m

L}

e
(] ﬁ .I %

b

..V.
X Mg
77 ] I

Fy
. -J.'_;')

Ll S ol o
'.1 J‘_“J"J _J‘

A

TR T e s
Ul W W

- ., X n 4 p
s '.-".-] ! r

5 Y,
>

i,

x "y m ),

—
-
s

.

.4

.
«
-

Bownloaded Trom hitp //www everyspec.com -

4.4.2.3 Determination of o and 08

« and QB in Eqg. 3-15 can be determined ~s follows:

by
1. Compute the product Q;f; for each fractographic data

o

set to be pooled. Then determine Qf = Ave, Q; B4 .

2. Compute o using the normalized TTCI results for all
the fractographic data sets pooled. Two suggested methods

are described below.
Method 1

Compute (t-e;)/B; for each fatigue crack in each
fractographic data set for the specified ag. Pool the
resulting wvalues for all the ¢ ta sets and estimate the
cumulative distribution, F«(t), us.ng Eq. 4-11. In Eq. 4-
11, r = rank of (t-¢)/f; and n = number of (t-¢ )/f; values
for all the fractographic data sets combined. Note that g1
is the Weibull scale parameter for each TTCI data set

separately.

Equation 3-1 with the subscript "i' notation can be

transformed into Eg. 4-15 as follows,

Z = uX (4-15)

where 2 = 1n { -1n [ l—Er(t) 1}

4.27
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X = 1n (t—ei)/ai

Using Eq. 4-15 and «the least squares criterion, the

following equation for o 1is obtained.

a = 2% \4-16)

Therefore, o can be obtained using Eg. 4-~16 and the results for

the pool~d fractography.

A non-dimensional form for Fm(t) is given by Eq. 4-17.

Q.t-1r(a,/x )
Po(t) = 1 - exp{ s QBaO Ty % (4-17)

* *
where Q; =(Ave. Qifi¥Bi (normalized Qi value for data set i)
¥
and @ =  Ave. Qi85 = constant (for generic EIFS

distribution).
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X :
X 7
)
- Equation 4&- 7 is obtained by substituting Eg. 3-13 into Eg.
:ﬂ 3-1 and rearranging terms., i
&
xf 5
hi Equation 4-17 can be transformed into the following -
!“ -“
Tl
least squares fit form, »
N

LA
AN
e

2 C

*

2

N
"

aX+B (4-18)

where, 2 In { - 1n [ 1-Fp(t) ]}

A
In [ Qjt ~ 1n (ag/xy)])

>
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n

- aln Qp

orstant.
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With the least square criterion, Eq. 4-19 for o is

fo
.

obtained.

oL e
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= il
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a can then be obtained using the pooled fractographic

L Nand
yon

3 resusts and Eq. 4-1°¢. %
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4.4,2.4 Optimization of Parameters f
3

8

N

The parameters x,, o« and Qf in Eg. 3-15 should be jh

_ . . . .
optimized to meet the user's criterion for acceptable fit. =1
There are different ways this can be accomplished. For 'i
example, the sum squared ervor (SSE) can be minimized for a Ti

. -
3
Py

given combination of parameters ( i.e., ao,xu,(L QR) . ‘4 and
X values are assumed and the corresponding «, QP and SEE are

determined. This procedure is continued wntil the SSE is minimized.

Y rT W
Lol i

1 s

i

4,4.2.5 General Steps

The essential steps for determining the IF(Q model

w

. Ay e A
s vt A o B ALY

parameters are as follcws .
]
i. Select suitable fractographic data tor fitting the 'i
L
model parameters. !f
Y
X N
f 2. Zelect a fractographic crack size ranye of most S:
! interest for durabilitv analysis. For example, a crack size !’
b range of 0.020" tc 0.050" might be used for fastener holes. :
e Therefore, aj = 0.020" and a; = 0.050" (Ref. Fig. 4.7). The ’ 5{
i

i fractograpnic readings tor each fatigue crack may not cover . E}
- the selected crack size range of interest, i.e., a, tc a;. tﬂ
ﬁ In such cases, the fractography should be extrapolated, 25
o »
i »
F: N
Eﬁ :
[ / / e
. %.30 N
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forward or backwards, to cover the range from aj to ay (Ref,

Fig. 4.7).

3. Select a reference crack size, ag,for TTCI's (Ref.
Fig. 4.7). * e following "rule-of-thumb" for ap is based on
the IFQ) modeling experience of this program More
experience with pooled fractographic results and IFQ model
parameter optimization 1is needed to provide additional

guidelines.

*
4.  Determine the crack growth parameter, Qj, in Eg. 4-1

for each fractographic data set. Use fractographic results

u

in the range from ap, tc ayg.

5. Determine the TTCI for a selected ap for each
fatigue crack. Use interpolation or extrapclation

procedures as required (Ref. Fig. 4.7).

6. For a given x, determine the corresponding e, and §
for each fractographic data set separately. Then, compute

3 , .
the product Q{Bi for each data set (Ref. Fig. 4.4).

4 .31
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7. Compute the average Qifi for the pooled
*
fractoqgraphic data sets, With the average Qjfj value,

determine the normalized crack growth parameter , 61, for

each data set as follows: 1

11
1 *
* = E LB
ave. Qiﬁi n A Ql i

Y A S (4-20)
i Bi Bi

where n = No. of TTCI data sets pooled.

8. Normalize the TTCI results for each data set as
described in Section 4.4.2.3; pool the results and determine the
corresponding o for the pooled data sets.

*

9. Using the resulting values for x,, o« and ave. Q;8;
determine how well che EIFS distribution fits the
fractographic data used. The fit may not be satisfactory
because the x 6 chosen is not optimum. To improve the fit
for the fractographic data used, one can choose another
value of x, and repeat the same procedures described in
steps 6 through 8. By 1iteration, one can determine the

¥*
combination of x,, 3, &, and ave. QB giving the "best-

fit".
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4.5 STATISTICAL SCALING OF ¢ FOR MULTIPLE DETAILS

It's not always practical or cost-effective to initiate |
a fatigue crack in each fastener hole in a test specimen i

«
that will be 1large enough (e.g., a; 2 0.050") to provide
useful fractograpnic data for quantifying IFQ. A
statistical method has been developed for determining ‘he
Weibull scale parameter, B, for the cumulative distribution
of TTCI using only the largest fatigue crack in any one of ¢
fastener holes per specimen [16]. This method accounts for
the TTCI in each fastener hole per specimen and minimizes

the fractographic data rneeded to determine the IFQ. For

i
:
;
!
1
i

example, fractography 1is required for only the largest

fatigue crack in any one of £ fastener holes per specimen in

-, ’
4.,/4.,' PP

A the data set, Further details are discussed below and

elsewhere [16].

)

1, e N
L 4

‘et s,

PSR g

.
s ', 'y
.j =

A fatigue test specimen may contain one or more

f]
P

replicate fastener holes (e.g., scme: drilling technique,

gg diameter, fastener type, fastener fit, etc.). 1In practice,
Eg the test specimens are fatigue tested until a fatigue crack
N

1? 2 ap is 1initiated in at least one of the ¢ fastener holes
ig per specimen. When the fatique test is stopped, «nly one
"t

Eﬁ | fastener hole per specimen may have a fatigue crack 2 ay and
?ﬁ ' the remaining fastener holes may or may not contain an
EE observable fatigue crack.

2

v

:
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Tne resistance of each tastener nhole per specimen tc

fatigue cracking should be accounted for when defining the

Y —— PP
4 Al
. AR TN
. ST .
. Doy

TTCI and EIFS distributions. Fastener holes with the
higher resistance to fatique cracking have a longer TTCI.
Although each fastener hole in a specimen may be drilled and

fatigue tested the same way, the TTCI will typically vary,

kB A B A mm—— = = = =

Therefore, the IFQ for the fastener holes should account for

the TTCI for each fastener hole.

o W SR

If each replicate fastener hole per test specimen is

subjected "o a common stress history, the Weibull scale

parameter for the TTCI distribution can be determined using

Eq- 4-2]. [1611

ﬁ - g,t 7 (4“21>

where: 8 = Weibull scale parameter for the TTCI

distribution.

-
-
—
S
<
2 ot S Ol S o e i TR B il ikl Brdl o B o

i = Weibull scale parameter ror the TTCI distribution

il aicar.

)

based on the largest fatigue crack in one of <

1]

.

fastener holes per specimen in the complete

fractographic data set.

a = Weibull shape parameter

o 4,34
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Eq. 4-21 can be used to "scale" f§; to account for the

ﬁ' TTCI for each fastener hole in the data set. A conceptual
ﬁ- description of 8, scaling is illustrated in Fig. 4.8 and the
Py effects of scaling on the TTCI distribution and the EIFS
tﬁ; distribution are noted. For 1illustrative purposes, the
:E§ fatigue test specimen is assumed to contain four equally
K stressed fastener holes (i.e., £; = 4).

o

}E; If the TTCI data is available for each fastener hole in
ii the data set, there's no need to use Eg. 4-21 because § can
$3ﬁ be determined directly using the TTCI data. Eq. 4-21 has
W

Eﬂ keen successfully used for both straight bore and
)

countersunk fastener hole applications [16,19-21].

X 1

"
o)

5
-

.

-4

Actual TTCI observations are needed to check the

g
lt‘1

-

goodness-of-fit of the theoretical TTCI distribution.
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Hele with largest fatigue
crack per specimen

‘t = 4 equallv-stressed
holes per specimen

— (for example)
qo°
Q¢ Q

CRACK
SIZE

lo—

Accounts for largest fatigue

crack in each of 21 holes per

' specimen _

EIFS master curve for ith

fractographic data set containing '
n fractographi: samples

' TIME

1.0
0.632 —
CUMULATIVE
DISTRIBUTION
QF
TTCL

Fig. 4.8 TIllustration of @ Scaling Concept for the i th
Fractographic Data Set

4.36
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Therefore, if fractography is avcilable for only the largest
fatigue crack in any one of £ fastener holes in a test
specimen, these observations must be used to check the
goodness-of-fit. For example, this means that f; must be
uced 1instead of g to check the TTCI distribution goodness-
of-fit because fractographic results are not available for
each fastener hole 1in the data set. 1In this case, the
goodness-of-fit of the theoretical cumulative distribution
of crack size must also be checked using actual fractography
available. As a result, B 1is used to define the IFQ of the

durability analysis, but 8y is employed to verify the goodness-

of-fit., This aspect is further discussed in Section 4,6,3.

4,6 ILLUSTRATION OF PROCEDURES FOR DETERMINING IFQ

The purpose of this section is to illustrate how the IFQ
model parameters can be determined using the procedures
described in Section 4.4. To illustrate the procedures,
including data pooling methods, the IFQ model parameters
will be determined for the three fractographic data sets
described in Table 4-1. Essential features of the
calibration procedures will be illustrated and the goodness-
of-fit of the derived EIFS distribution will be demonstrated

for poonled data sets as well as for individual data sets.
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Table 4-1 Description of Fractographic Data Sets \
"% | Gross No. |
Data Load Stress Fastener pecimens
#§Ft Material |Transferd & (ksi)|Dia 1.D. Used ‘
N AFALRG] 7475-T/351) 15 32 x" | MS90353  |F-16 400h |
AF XMR4 | 34 9
: AFXHRG 1 38 9
)
Notes:
(a) Countersunk rivet (Blind, Pull-Through)
(b) Fastener holes drilled using Winslow Spacematic drill
(c) Fastener - hole: clearance fit
(d) Ref. Fig. 4.3 for specimen details
i (e) Fractography basis: Largest crack for 1 of 4 holes

per specimen (L = 4)

4.38
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The resulting EIFS distribution will be discussed, including

f-scaling considerations.

*
4.6.1 Determination of TTCI and Q; Values

TTCI and Qi values can be determined from the fatigue
crack growth data (fractography). The fractographic data
(a(t) wversus t) for data sets AFXLR4, AFXMR4 and AFXHR4 is
obtained from Volume VIII [24&]. The  procedures for
determining the TTCI values for a selected reference crack

*
size, ay and for determining Q; values are 1illustrated in

iln o i el I BESW_ AL oA B A 5 SEEER A A A M KKK _Semm B . ®

;

Tables 4-2 and 4-3, respectively, for data set AFXMR4.

A fractographic size range of a, = 0.020" to g = 0.050"

will be used tc define the EIFS distribution. Using the

[
.

fractographic data for specimen AFXMR4 (563HB) from Volume

e,
Y

et e” Ve
4

»

VI{I, the TTCI values can be determined for selected a(t)

t% values by interpolation. TTCI's are desired for five
hal .

&3 refererce crack sizes: 0,020", 0.0275", 0,035", 0.0425" and
Ei 0.050". A three-point Lagrangian interpolation is used to
oy : :

ﬁﬁ determine the T7TCI for the selected reference crack size.
t& . Results are shown in Table 4-2, including a comparison of
:.T..:

g! . interpolaced TTCI's versus oObserved values from the
‘ ‘\: '

o fractographic results,

™
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;ﬁ? Table 4~2 Illustration of Procedure for Determining
S
o TTCI Values for Seiected a(t)'s
i
i
' |
Fractographic Data ** Interpolation Results
Specimen i
a(t) t a(t) t
(In.) (Flt, Hrs,) (In. Flt. Hrs.
AFXMR4 0.0196%* 4800% 0.0196 4800
(563HB)
0.020 4847
0.0237 5200 0.0237 5257
0.0275 5643
0.0262 5600 0.0262 5518
0.0314* 5000* 0.0314 6000
0.035 5295
) 0.0367 6400 0.0367 6423
0.0425 6803
0.0433 5800 0.0433 6848
0.0500 7166
0.0509* .0509 7200

* Fractographic results used for tnree-point Lagrangian

interpolation

"4
LAy
N
-
-
N
5
)
1

i

** Re¥. Vol VIII (24)
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o

E&; The following procedures are illustrated in Table 4-3
.-\‘.

Ei for specimen AFXMR4 (567HB):

o extrapolation of fractography to ar,

a2
4, .
-

n_e ¥ & T .
W RELIT RN NV RS
y PRt S
IR . oA
. s e _4 .
. PR
*

5
y

T I
P’y

o Modified Secant Method for defining da(t)/dt's [30]

’,
ll ll " ‘I

A T
I

%K

Id
oK

*
o determination of Q; for a single fatigue crack

:‘f\:

EE Since the fractography for this fatigue crack starts at a
s: crack size > a; (0.020"), the TTCI at a; = 0.020" must be
ﬁ: determined Ly extrapolation. Various extrapolation
gs techniqres could be used [e.g., 31-34]. In this case, the

generalized crack growth relationship of Eg. 3-10 is used to

.,
5 %
»
" _

., <,
O S T
3 Pl

determine the TTCI valiue {or a; = 0.020". The crack growth
x
parameter Q in Eq. 3-10 (Note: Q = Q; to be consistent with

notation used for fractographic data pooling) was determined

4

ala

using the a(t) versus t values shown in Table 4-3. Q;values

'.‘{*.'

ﬁi for Eq. 3-10 were determined wusing Egs. 4-6 and 4-10.
:f However, the extrapolation for a(t) = 0.020" was made using
;3 Qg = 5,202 x 10-4 as shown in Table 4-3.

I‘r ),

LT

i

The procedures illustrated 1in Tables4-2 and 4-3 were

AR

used to determine the TTCI's for five reference crack sizes

~.
“"n{‘

L4
'

for each specimen in three fractographic data sets. Results

W i
A

L ]
A
=
7’:1
-
. 4,43

-

PR, &




......................................

*
Table &4-3 Illustration of b'rocedures for Deteruining Q, for Data 3ct
AF2MR4 (Specimen Mo. 567 iB)

Flight [ igéil x 108 ___ ¢ X 10%(1/kr ) 1
Hoer (élngt; (@n. /i) D | F16-6 54 4-10 \ I
%243y 0.0200 ac.83® i
4400 |0z 1200 4.947 5.202 !
4800 0.0265 14.00 | '
5200 0.0329 13.63 ‘ IL
5600 0.0374 13.88
6000 0.0440 16.00
©387)® 0.0500 | 15.46@
6400 0.0502 13.13
6800 0.0545 13.38
SN I SRR

Notes

(D Based on Modified Secant Method {29, 30)

Extrapolation frow a(t ) = 0.0217" to a(tl) = 0.0200"
Using Eq. 3-10 and: ¢} 5.202 X 10°%, £, = 4400

@
@ da® . 0.0217 - 0.020 . -6
®

2

dt 4600 = 4243 10.83x10

A R

Three - point Lagrangian interpolation
o £0.050 -0.044) (0.050 - 0.0374) (6400)
(0.0502 - 0.044) (0.0502 - 0.0374)

(0.050 - 0.0502) (0.050 = 0.0374) (6000)
(0.044 - 0.0502) (0.044 - 0.0374)

+

A + (0.050 - 0.0502) (0.050 - 0.044) (5600) = 6387
x (0.0374 - 0.0502) (0.0374 - 0.044)

ho 0.0502 - 0.050 0.0500 - 0.044 i
--4‘ da t - + _
BN © _aé_l - (6400 - 6387) (6387 - 6000) . 15 44.10°°

.‘.‘: 2
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) are summarized in Tables 4-4, 4-5 and 4-6 for data sets

3 AFXLR4, AFXMR4 and AFXHR4, respectively. In Tables 4-4 ﬁ
o through 4-o, average TTCI values are shown f{or each of lhe
. five reference crack sizes, Also, the «crack growth

I N parameter Q§ for two different equations (Egs. 4-6 and 4-10) ¥

Lol A

is shown for individval fractographic data sets. Qi values,

based on Eg. 4-6, for data sets AFXLR4, AFXMR4 and AFXHR4, are

shown in Table 4-7, along with the input data used.

-5 il

o L
LR TP
&4 SN

{ 3
1 o 3
! 4.6.2 Determination of o and Qg )
- 2
: N
3 The procedures for determining o and QB, described in 3
! Section 4.4, are illustrated in this section. Input/output

. for individual fractographic datas sets 1is summarized in

Tarle 4-8, For illustration purposes, results are shown for

ap = 0.035" and for x, = 0.025". Tha parameters €50 %y Ah

PR

< “a
T e

S and product Qf@k were first determined for 1individual data
: sets.

|

E Using the average Q?ﬁ& value of 2.155 for the three data
E . sets, the normalized d; value was determined fur each data
1 set. For example, alivalues of 1.739 x 10-%4, 2.818 x 10-%,

and 4.040 x 104 were determined for data sets AFXLR4, AFXMR4

. r s

and AFXHR4, respectively. €. values were then determined

: i
i
\!
3
5
“
N
I'\
) 4.43
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Table 4-4 Summary of TTCI Values for Data Set AFXLR4 \}
(7475 - T7351 Alumimum) N
g TCI (¥1lt. Hours) :
Data | Specimen N ] . p %
Q - =() ~ . - a.=() . ™ “ .
Set No. (ksi)[8, =0.020'} 8=0.0275a =0.035"| ay=0.0425]a =0.050 1
P'=“==T=====“==*“‘ By
AFXLR4 | 33Ta 32 9835 114323 12818 13990 14949 §
35TA 5100 6267 7474 8734 10034 j
36HA 11070 12717 14066 15117 15869 i
120HB 9851 13650 16676 18934 20419 :
121HB 14608 16791 18653 20193 21411 d
S59HB 3649 4089 4511 4917 5305 ﬁ
123TA 20844 22334 23536 24451 25078
124TA 5707 7964 9905 11532 12844 ,
557HB 5973 6435 6875 7293 7689 .1
* S58TA + 8566 9469 10262 10945 11517
Ave. 9520 11115 12478 13611 . | 14512
P
» -4
Q, = 1.822 X 107 "/Hr(Eq. 4-10)
* A
Qi = 1,857 X 10 /Hr(Eq. 4-6)
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Table 4-5 Summary of TTCI Values for Data Set AFXMR4

H (7475 - T7351 Aluminum)

S TTCI (Flt. Hours)

Data | Specimen T - 5 8 - .

! . Set No. (ksi)1 aO =0.020 ao =0.0275 aO‘-O.OBS a, =(0,0425 a, =0.050

:".4 r_‘ == — e - |

\ AFXMR4 | se2TA | 34 2629 5379 7621 955 11780

“f‘\ﬂf S63HB 4847 5643 6295 6803 7166

- 56{T8 11272 12491 13455 14163 14617

1;‘1 56 SHA 6476 8412 10077 11471 12595

» 566HA 2643 5277 7308 8738 9566

__ﬂ 567HB 4243 4793 5354 5885 6387

T 568HB 11078 12669 14014 1111 15962

o

f: 569HB 3076 4541 5765 6750 7495
# 570HB 1 2509 2832 3099 3313 3471

o ‘

;:; Ave. 5415 6893 8132 | 9132 9893

& -

" Q = 2.027 X 10 Y dr (Eq. 4-10)

' Q’i* = 2,091 X 107 VHr(Eq. 4-6)
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Table 4-6 Summary of TTCI Values for Data Set AFXHR4
(76475 - T7351 Aluminum)
g TTCI (Flt. Hours)
Data Specimen . - . ~ -
Set No. ((ksi) =(.020 a, =0.0275 ag =0.035 4, 0.0425 a, =0.050
e —
AFXHRG 571HB 38 2651 3539 4192 4611 4794
572HA 5090 5600 6086 6548 6985
573HA 5726 6559 7321 8012 8633
574TB 2973 3312 3607 3859 4067
575TB 8119 8945 9678 10315 16859
576HA 3194 3665 4051 4353 4569
577HB 1784 2085 2321 2492 2597
579HA 6159 6776 1306 7747 8101
V 580HA |’ 1894 2394 2814 3154 3415
Ave, 4177 4764 5264 5677 600?

Q: = 4.981 X 10" %/Hr(Eq. 4-10)

Qf = 5.092 X 104 /He (Eq. 4-6)

4.46
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Table 4-7 Suumary of Q: Results Based On Eq. 4-6.

«
AFXLR4 AFXMR4 AFXHR4 j
’ 1
“ st) 61 q*« 10% {
Qixl(ﬂ . 30 ¥ 10 QixlO |
(1/Hr.)| Fle. (1/Hr .
Hrg ¥Tu, /He )
2.091]4177] 12.78 5.092
4764] 13.89
5264] 16.58
) 4
SR 5577  20.62
l:‘:-"
bl ! [60G2| 23.08 Y
v
B
N
N
o
ra
F:.:~'
:).-,4
o
E
oo

SR

- 4.47
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L
using the applicabie Qh values, g¢p = 0.035", x, = 0.025",
and Eq. 3-13. "
!
. The « value for the three fractographic data sets was

determined using the data shown in Table ¢-9 and th~

-,

procedures described in Section 4.4. An « = 1.805 was

determined using Eq. 4-19 and the data given in Table 4-9.

[ VORI Y S Py S DA

-

IFQ model parameters based on he thrvee diata sets are

summariged in Table 4-10. Pertinent parameters and concepts

for the EIFS distribution are also summarized and

-4

illustrated in Fig, 4.9.

Yttt

A A S

s A
K ™

‘s

4.6.3 Goodness-of-Fit of [FQ Model

Y

._A,
P

How well does the EIFS distribution established for the

(S

L3

N pa

pooled data sets fit the observed fractographic data? This

- . ) . ‘ _ o
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Table 4-9 Illustration of Procedures and Results for A_:"
Determination of @ for Given QBQ '—’
(ao = (0,035"; x = 0.025") ':';
— e
Fractographic A( 1/Hr4s.: ~ o
Data Set t(TTCI) Q, x10 Q t | Rank | r/n+l | @ QB, 3
I.D. i (FLT HRS) i 1 r ¥
[ AFXLR4 ﬁ 4511 1.739 .784 1 .034 | 1.805) 2.155 -
6875 1.196 5 172 2
7474 1.299 6 .207 =3
9905 1.722 | 12 414 R
10262 1.784 | 14 .483 %
12818 2.229 17 .586 -]
14066 2.445 18 .621 ]
16676 2.899 | 21 724
! | 18653 | 3,244 | 24 .828 u .
23536 4.093 | 28 .966 ﬁ
AFXMR4 2 3099 2.818 .873 2 .069 3
5354 1.509 8 .276 o
5765 1.624 9 .310 -
6295 1.774 | 13 448 :
g 7308 2,059 15 .517 ;;
(| 7821 2,204 | 16 .552 ‘ -]
2 10077 2.839 20 .639 o
N 13455 3.792 | 25 862 -
- 1 V| wows Y 3.949 | 27 | .931 =
B |arum 3 2321 4.040 937 | 3 | .103 k
2814 1,137 4 .138 T
» 3607 1,457 7 .241 e
I 4051 1.636 10 .345 3
K 4192 1.693 | 11 .379 A
‘i 6086 2.458 | 19 .655
c ~ 7306 2,951 | 22 .759
4 i 7321 ‘ 2,957 | 23 .793 *
5 Y 9678 3.909 | 26 | .897 !
W "
= Note: QBR = Ave, QiB,Q -
. *
.
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Fig. 4.9 EIFS Cumulative Distribution Parameters for Pooled
Fractographic Data Sets (AFXLR4, AFXMR4, AFXHR4)

o aga o
P Ry

:)l-
-t o

)
-

-
<>

S

B

e

+F g

4.52

I
'y i

¥

v
I
. B

CTa e o -.‘-..\- PSP A I TR I AL AP L R R e N S R T I R W T R Tt U I o PP
e e T A A A et e o e L e T L e e N I T T G v -+



k)
~

W bt ]

Y r
ALK

it §-- AU

a s

= x
(]

x,
- > .

=

-‘_..

user must decide which combination of IFQ parameters will

give an acceptable fit.

A goodness-of-fit plot for the distribution of TTCI's
for ag = 0.035" is shown in Fig. 4.10 for the three data
sets pooled. This plot is based on the data given in Table
4-9 and Eq. 4-17.

The EIFS distribution Fa(o)(x)), Eq. 3-15, and the EIFS
master curve, Eq. 3-11, can be used to predict the TTCI
cumulative distribution for a given a;. By comparing the
predicted results with the observed TTCI's, the goodness-of-
fit plots for TTCI (a; = 0.035") are shown in Figs. 4.11,
4,12, and 4.13 for data sets AFXLR%4, AFXMR4, AFXHR4,
respectively. These plots show that the IFQ model
parameters, based on the pooled fractographic results for
three data sets, fit the observed fractographic data very

wvell for the individual data sets.

" i gcodness-of-fit plots for a crack size of 0.050"
are shown in Fips. 4.14, 4.15 and 4.16 for data sets AFXLR4,
AFXMR4 and AFXHR4, respectively. These plots show that the
EIFS distribution, based on 8 = 0.035", <can be used to

predict the TTCI cumulative distribution for ap = 0.050".
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Fig. 4,10 TTCI Goodness-of-Fit Plot for Pooled Fractographic
Data Sets (AFXIR4, AFXMR4, AFKHR4) ; a = 0,035"
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Fig., 4.11 TTCI Goodness-of-Fit Plot for AFXLR4 Data Set
Based on IPQ Model Parameters for Pooled Data
Sets; ag = 0.035"
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Fig. 4.12 TTCI Goodness-of-Fit Plot for AFXMR4 Data Set
Based on IFQ Model Parameters
Sets; ag = 0.035"
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Fig. 4.13 TTCI Goodness-of-Fit Plot for AFXHR4 Data Set
Based on IFQ Model Parameters for Pooled Data
Sets; a; = 0.035"
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A plot of log'agiversus log ¢ is shown in Fig. 4.17 for

&: the three data sets. A best fit lire for Eg. 3-18 is also i
Ej shown. In this case, Eq. 3-18 fits the data very well, E
E: Moreover, it would be reasonable to use Eq. 3-18 and the i
! v EIFS distribution detined by parameters in Table 4-10 to %
E: predict the cumulative distribution of TTCI's for different ﬁ
g stress levels,

'

ﬁ 4.6.4 Discussion of E1FS Distribution

53 Parameters for the EIFS cumulative distribution are

;; shown in Table 4-10. These paramesters were based on the

! pooled results for three fractographic data sets (AFXLR4,

‘ AFXMR4, AFXHR4).

y The goodness-of-fit plots in Figs. 4.10 - 4.16 reflected

3 4 = 1 rather than £ = ¢ (actual), The IFQ model parameters

"

c

in Table 4-10 were based on the fractogranhic data for the

largest fatigue crack in 1 of 4 fastener holes per test

R\~

specimen, Since the fractographic data is not available for

. __ ¢
PP

the fatigue crack in each fastcecner hole in each

?

T . specimen, the goodness-of-fit plots were made for £ = 1.

However, for durability analysis, the EIFS cunulative
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distribution, ©=q. 3-15, should be wused with £ = 4 (Ref,

Seccion 4.5),

Suggested procedures have been described and illustrated
in this handbcok for estaklishing the EIFS distribution for
pooled fractographic data sets. Using these procedures and
suitable fatigue crack fractographic data [e.g., 24, 25]
apprepriate EIFS distributions for durability analysis can

be determined.

4.6.5 Practical Aspects

The following analytical tools or data are needed to
efficiently determine an acceptable EIFS distribution for
fastener holes:

o Suitable fractographic data (i.e., crack size
versus time information) for fatigue crucks in

fasteneyr holes.
o] an analytical crack growth program [e.g., 35-38].
o computer program for manipulating large amounts of

fractographic data and for determining optimi.eu

IFQ model parameters,
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o] a plotting program to evaluat:. the goodness-cf-fit
of the derived EIFS distribution to the observed

crack sizes and times-to-crack initiation.

IFQ can be quantified for fastener holes usinc¢ suitable
0 fractogaphy results, if available, or wusing assumed IFQ
- model parameters and an analytical crack growth program

[e.g., 36]. User judgment and experience are also required

?ﬁ to quantify 1FQ for different durability analysis
;ﬁ applications.
ﬁ; In general, fractographic results will not be available

for the desired set of design variables: material, fastener
type/:it, stress level, load spectra, etc. In this case,

the user has three besic options: (1) Use available

-r fractographic results and interpret for the particular design
. conditions, (2) acquire suitable fractographic data, or (3)
:C use assumed IFQ model parameters, based on similar design
;i variables, and an analytical crack growth program. Whatever

option 1is wused, the user should satisfy his requirements,

schedule and budget.

A wealth of fractographic data is available for fatigu=
cracks in fastener hcles [e.g., 24-27]. The IFQ model

parameters should be quantified using such data to provide

4.64
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a broad data base and experience for selecting IFQ parameter

values for practical durability analyses.

Recommended parametric values for the EIFS distribution

I of fastener holes are not tabulated in this handbook for
i? durability analysis applications. However, the procedures :
.éﬁ and guidelines herein can be wused to develop appropriate i
.i parameter values for a given condition. Tabulated values of |
&% IFQ model parameters for different materials and variables
'ii will be incorporated into the handbook later.

w3

4.65

- - T a e e = . R P
R S N L SR AN " R

ST SN R S ST P O S S N
NPT I S AT AL A S PR AL Pt W AL PL PG PECL PR PO VR LIS

- . ama




SECTION V

DETAILS FOR PERFORMING DURABILITY ANALYSIS PREDICTIONS

5.1 TNTRODUCTION

The purpose of this section 1is to: (1) describe and
illustrate procedures for determining the service crack
growth master curve (SCGMC), (2) discuss crack exceedance
predictions, (3) rcresent different formats for extent of
damage and (4) illustrate and discuss related durability

analysis considerations.,

5.2 SERVICE CRACK GROWTH MASTER CURVE

A service crack growth master curve (SCGMC) is needed
for each stress region where a probability of crack
exceedance, pl(i,r), prediction 1is desired. For reliable
predictions of p(i,r), the SCGMC must be compatible with the
EIFS distribution used. Guidelines are presented in this
section, and recommended procedures for determining the
SCGMC are illustrated. Also, refer to references 15, 16, 20

and 21 for further discussions and applications.
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' The SCGMC 1is used to determine an EIFS, yli(r), that 3

8 . : : he

- will grow to a selected crack size x, at service time T. ::

» »

e - _ . "‘

'j Matnematically, the SCGMC can be expressed by BEq. 3-17. For "

. |
a given stress region, the same SCGMC is used to grow the s

EIFS distribution fromt = 0 to t = r (Ref. Fig. 3.3). Once

yii(r) has been determined, the corresponding p(i,r) can be

Lo

. . . . 4
determined from the EIFS distribution (Ref. Section 3.3 and !1
5.3). i

E:

5.2.1 Guidelines

The SCGMC must be compatible with the applicable EIFS
distribution. If this principle is not strictly followed,
the p(i,r) predictions will not be consistent and the

accuracy of such predictions may be questionable.

To obtain a compatible SCGMC, use the same: (1) crack

size range used to define the EIFS distribution (i.e., a to

.
l.-
..

ay), (2) crack growth law as the EIFS master curve (i.e.,

Eq. 3-2), and {(3) procedures and zoodness-of~fit criteria to
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Fig. 5.1 Service Crack Growth Master Curve
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determine the SCGMC as wused to determine the EIFS
master curve(s). The following guidelines for determining a
compatible SCGMC are based on the understanding developed

under this program.

Two Dbasic situations should be considered in

determining the SCGMC: (1) appiicable fractographic results
are available to define the SCGMC and (2) an anaiytical
crack growth program must be used to determine the SCGMC
because applicable fractography is not available for the
selected design conditions. 1In the first case, principles 1
and 2 Dbelow apply; whereas, in the second case principle 3

applies.

1. Use the same crack size range used to establish the
EIFS distribution to determine the SCGMC for given design
conditions (e.g., load spectra, stress level, and bolt lcad
transfer, etc.). For example, suppose the fractographic
crack size range used to determine the IFQ model parameters
was: a, = 0.020" to g; = 0.050", Then, this same range

should also be used to determine the SCGMC.

2. The same crack growth law used to determine the EIFS
distribution, F_(p)(x), should be used to determine a

compatible SCGMC. For example, Eq. 3-16 can be used to




for the same fractographic crack size range used to

T T T T L T R LY B giwnloasded from hitp:/AMWIN. EVeTySpec.com | e e e e "N
R N
s |
e "
[~ :
[\ \
-\. . ,.
X define the SCGMC if Eq. 3-2 has been used to define F,(p{x) >
AS . N
a (Ref, Eqgs. 3-8 and 3-15). In Eq. 3-16, the subscript "i" 1
[ refers to the i th stress region. The SCGMC should have the .
same "b" wvalue as the EIFS master curve(s). Furthermore, i

3

the Q; and b; parameters for the SCGMC should be determined g

» i

4

D

determine the IFQ model parameters.

N

3. If an analytical crack growth program [e.g., 25-38 is

E? used to determine the SCGMC, then the crack growth program
i should first be "tuned" to the "ncrmalized" EIFS master
ﬁ? curve(s), Eqg. 3-11. The EIFS distribution established may
f be hased on several fractographic data sets. Therefore, the
i analytical crack growth program should be tuned to selected

EIFS master curves. After tuning, the crack growth program
can be used to predict a(t) versus t values for the desired
service conditions, The Q; and b; parameters in Eg. 3-16
should then be fitted to the a(t) versus t results in the

designated crack size range: a; to 3 -

5.2.2 1Illustrations

Two examples are presented in this section for

determining the SCGMC for the following cases:

-----
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o Case 1 - y,;(r) can be defined using applicable
1i PP

fractographic results.

o Case 2 - an analytical crack growth program is
required to determine the SCGMC for the desired

load spectrum and stress levels.
5.2.,2.1 Case 1

In this case, applicable fractographic data are
available for the desired material and load spectrum but not
for the desired stress levels. It 1is assumed that
applicable fractographic data are available for two or more

stress levels,

“he _.ack growth parameter, Qj, in Eq. 3-18 can be
de.ermined usinglthe 6;i values for the three fractographic
data sets shown in Table 4-10. A plot of log ali versus log
o is shown in Fig. 4.17 and the empirical equation for 6Q.
is also shown. 1In this case, the SCGMC, given by Eq.,3—l7?
can be . ... .0 . .2zrmine the yj;(r) value for selected

stress levels.

The empirice relationship, given by Eg. 3-18, worked

very well in this case. Equation 3-18 also worked very well

5.6
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for selected straight-bore and countersunk fractographic
data sets investigated under Phase II of this program [16].
However, there's no guarantee that Eq. 3-18 will be adequate
for all fractugraphic data sets and further evaluation of
existing fractographic data is needed.

5.2.2.2 Case 2

In this case, an analytical crack growth program [e.g.,
35] is used to determine the SCGMC because fractographic
data 1is not available for the desired load spectrum, stress
level, and % bolt loed transfer. It 1is assumed that the
EIFS distributica has already been established using
applicable fractographic results. Also, the analytical
crack growth program has been "tuned" to the EIFS master
curves - represented by Eq. 3-11 and the 6gi parameters
(note: Q = azi in this case) in Table 4-10 (for example).
The IFQ model parameters 1in Table 4-10 are based on

fractographic data sets AFXLR4, AFXMR4 and A¥XHR4 and the

procedures described in subsection 4.4.2.

A SCGMC is needed for 1load spectrum "A" and for a
maximum stress level of 42 ksi. A suitable analytical crack
growth program can be used to predict the a(t) versus t

values for the specified conditions.

5.7
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N Analytical «crack growth results for a(t) versus t are

!! shown in Table 5-1 for 0.020" < a(t) < 0.050", These

iﬂ results apply to load spectrum "A" and ¢ = 42 ksi. Note

B,

:f: that the predicted a(t) versus t velues cover the same crack

| size range used to determine the IFQ model parameters in .

Table 4-10.

The SCGMC, Eq. 3-17, can be determined using the data in
Table 5-1 and the procedures described 1in subsection
4.4.2.1. For example, Qj 1in Eq. 3-17 can be determrined
using Eq. 4-6 and the data from Table 5-1. 1In this case, a
"best-fit" Q; = 1,697 «x 10-%4 was obtained. For a given
crack size x;, in the range from a;, to &a;, and service time,

t, the corresponding yli(r) can be determined using Eq. 3-

“

i17. Two

1)

xamples for yli(r), based on Eq. 3-17 and Q; =

1.697 x 10‘4, are given below for different x; and T values.

o xy = 0.025", T = 4000 flight hours : y;,(r) 0.0127"

PP A
WA 'r)’:F;’
[l ol ¥

1
L1

© x1 = 0.035", T = 8000 flight hours : yy;(r) = 0.0090"
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Table 5-1 Analytical Crack Growth Results
for Spectrum "A" (o =

42 ksi)

t

(Flt. Hrs.)

e 3500
o 4000
o 4500
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a(t)
(In.)

.0209
.0220
.0232
.0246
.0207
.0297
.0336
.0383
.0427
.0486
.050
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5.3 CRACK EXCEEDANCE PREDICTTIONS
The probability of crack exceedance, p(i,r), can be
analytically predicted for a given crack size, Xx,, and
service time, r. For a given EIFS distribution and
applicable SCGMC, p(i,r) can be determined using Egs. 3-89,
3-17 and 3-19.

Suppose the EIFS distribution has been established and
the following parameters from Table 4-10 apply: a; = 0.035",
X, = 0.025", « = 1,8C5, Qﬁgﬂ 2.155 and ¢ = 4, The SCGMC for
load spectrum "A" and ¢ = 42 ksi is defined by Egqg. 3-17
wvhere Q; = 1.697 x 10-* (Ref. Subsection 5.2.2.2). Using
these parameters and applicable egquations, p(i,r) can be
predicted, for example, at x, = 0,030" and r = 8000 flight
hours. 1In this case, y, (r) = 0.00772" and the p(i,r) =
0.080. Therefore, approximately 8% of the fastener holes in
the specified stress region {¢ = 42 ksi) would be expected

to have a crack size 2 0.030" at r = 8000 flight hours.

The overali extent of damage and the corresponding
variance for different stress regions can be determined
using Egs. 3-20 through 3-23. Extent of damage formats are

described and illustrated in Section 5.4.
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5.4 EXTENT OF DAMAGE FORMATS/ILLUSTRATIONS

The objective uf the durability analysis is to quantify

the "extent of damage" as a function of time for selected

S details. various formats are described and illastrated in

this section for presentir3j the durability analysis results.

5.4.1 Extent of Damage Formats

Several example formats for "extent of damage" are
illustrated in ¥Fig. 5.2, The basic objective of the
durability analysis results 1s to analytically assure design
ccmpliance with the specified economic life criterion and to

evaluate design tradeoffs affecting structural maintenance

requirements and user life-cycle-costs.

5.4.2 Extent of Damage Illustrations

The overall extent of damage provides a quantitative

measure of structural durability. As long as the largest

E; crack in each detail included in the damage assessment is
5% relatively small and such cracks = are statistically
éa . independent, the extent of damage can be estimated using the
@;j binomial distribution. Egs. 3-20 and 3-21, derived from the

binomial distribution, can be used to predict the extent of

f{ damage and its standard deviation, respectively. The extent
o

@

o

Y 5.11
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of damage for the desired combinaticn of details, parts,

components, etc., can be determined using Egs. 3-22 and 3-23.

Three examples are presented to illustrate how Egs. 3-20

through 3-23 can be used to quantitatively define the extent

el

of damage for different levels. The following situetions

are considered:

J
«.

"‘-{‘.‘-'- S
-
1

o Example 1 One detail type: two stress regions;

Lh AT

<

extent of damage for one control area.

4

7

.f'- A

o Example 2 One detail per airplane; extent of

s

P

A".

e e ‘

damag? for fleet.

" o Example 3 - Three different detail types; different
i% stress regions; different crack exceedance
s

h}é crack sizes (x,); extent of damage for a

§§ component.
Example 1
@ An extent of damage estimate is desgired for a wing lower

! skin at a critical control area containing 90 fastener

el holes for x, = 0.02" at = r= 8000 flight hours. The skin is

AT O
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divided into two stress regionz., For illustration purposes,
p(i,r) values are assumed for each stress region: other

durability analysis details are shown in Table 5-2.

Results from Table 5-2 may be interpreted as follows:
The average number of fastener holes with a crack size 2 x,;
at r = 8000 hours is N;yp(i,r) = 7.6 holes. The
corresponding standard deviation is oy(i,r) = 2.60. The
averace percentage of fastener holes with a crack size 2 x,
at r = 8000 flight hours 1is 8.4%. Using these average values

for Nip(i,r) and aN(i,r), upper and lower bound estimates

can be made for the extent of damage at desired

exceedance ©probabilities.

Example 2

Suppose an exteut of damage assessment (including
average plus upper and lower bound estimates) is desired for
cne detail per airplane in a fleet of 1000 airplanes.
Assume the following probability of crack exceedance has

been computed for the applicable initial fatigue quality,

i: , stress level and load spectra for x, = 0,03" and r = 10,000
;‘5 flight hours: p(i,r) = 0.05. Using Eq. 3-20, the average
rr"‘ N

N number of details in the fleet with a crack size 2 0.03" is
NS

2N N{i,r) = 1000 x 0.05 = 50 details per fleet.
B
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Table 5-2 Extent of Damage Assessment for Wing Skin
Containing Fastener Holes

: STRESS  |NO. FASTENER '
f— e — |
1 80 0.07 5.6 2.2
2 10 0.20 2.0 1.26
90 7.6 2.60

Ave. percentage of details with a crack size e x, - ZggngQZ

= 8.47%
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Upper and lower bound predictions for the extent of damage

can be estimated for selected probabilities using ﬁ(i,r) +
Zon(i,7), where Z is the number of standard deviations,oyn(i,7),
from the mean, N(i,z). For example, assume N(i,7) is normally
distributed and Z = +3. From statistical tables for areas under
the normal distribution, Z = 3 and Z = -3 correspond to a pro-
bability of 0.0013 and 0.9987, respectively. The standard de-
viation for N(i,T), based on Eq. 3-21, is: q“i,r) =[50(O.95)]%=
6.89. Using the information above, the upper and lower bound

prediction for ﬁ(i,T) is 70.67 and 29.33, respectively.

These results may be interpreted as follows: The pro-
bability of exceeding 70.67, 50 and 29.33 details with xj 20.03"
at T = 10000 flight hours is P = 0.0013, 0.50 and 0.9987,
respectively (with 50% confidence). This information provides
average as well as upper and lower bound estimates for the

extent of damage for the fleet.

Example 3

An aircraft component contains countersunk fastener
holes, fillets and cutouts 1in selected control areas
gnverning the structures durability. The objective of this
example is to show how the extent of damage for different
details with different crack exceedance crack sizes (x,) can
be combined to quantitatively define the overall damage for
the component. Details of the analysis and results are
snown in Table 5-3., The total number of details in the
component (two control areas) with a crack size 2 x, is

estimated to be 15 with a standard deviation of 3.72.
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5.5 ADDITIONAL CONSIDERATIONS

5.5.1 Details Other Than Fastener Holes

The durability analysis method described in Section III
theoretically applies to different types of structural
details susceptible to fatigue cracking (~.g., fastener
holes, lugs, cutouts, fillets, etc.). Although the method
has been demonstrated for clearance-fit fastener holes,
further research is required to verify the method for other

detail types and for different combinations of details.

Theoretically, the IFQ for a given detail type can be
quantified using applicable fractographic results for the
desired detail. Suitable specimens need to be designed fo-
acquiring fatigue cracking data for lugs, fillets, cutouts,
etc. Crack initiation data should be generated for
different detail types for different: materials, stress
levels, 1load spectra, manufacturing techniques, etc. These
data should be used to verify and refine, if required, the

durability analysis method for those details which may have

a significant effect on the structural maintenance

requirements and economic life.
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5.5.2 Large Crack Sizes

ml The durability analysis method was developed for
ﬁ;# predicting crack exceedance for relatively small crack sizes
(e.g., < 0.10") in structural details. The largest crack in
iﬂ each detail was assumed to be statistically independent to
&ﬁ justify using the binomial distribution for details. If the
largest crack in a give. duti:1l doesn't significantly affect
t: the growth of «cricks 1in neighboring details, perhaps the
- proposed durability aralysis method can be extended to crack
{E sizes > 0.10", The crack growth power law (Eqg. 3-2) used in

Iii the IFQ model may not be suitable for defining the EIFS

cumulative distribution for c¢rack sizes > (0.10". Other
functional forms for crack growth rate may be required to

justify the same EIFS distribution for both small and large

-, - PSP AR RN
] P e e
B S .

™~ crack sizes. Eg. 3-2 may be acceptable for making p(i,r)
ﬁ? predictions for larger «crack sizes if the "EIFS master
= curve" is curve fit to the larger crack sizes. This would
j§ result in a different EIFS cumulative distribution for the
&; small and the large crack size range,

P I

L

5.5.3 Effects of Scale-Up and Hole Interactions
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!! In general, experimental crack growth results for coupon
N specimens, full-scale structural components and prototype
o structures exhibit scele-up and interaction effects. The
¢
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GS: possible effects of scale-up on  the IFQ or EIFS

3 distribution, based on coupon fatigue test results, are not 1
%i accounted for in the durability analysis .demonstrations of 1
géi . Section VII., A preliminary investigation of the effects of i
1; . scale-up on the durability analysis has been made [16] but

Rﬁi further research 1is required. Major sources of scale-up

effects are:

e Increase in the number of fastener holes

Change in stress field

e Increased variability in workmanship

P
Py

s
»

Increased variability in materisl properties.

-
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The interaction effects of the dominant c¢rack in

-

1

s

F'-" ) 3 . 3 1
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o 5.5.4 Functiunal Impairment

8 The durability analysis method can also be used to
investigate functional impairments such as fuel leakage and
\ ligament breakage. Tor example, a leak may occur when a

V;- through-the-thickness crack develops in a fuel tank. Cracks
RO frequently originate at fastener holes. Therefore, the

T resistance of the structure to functional impairment due to
fuel leaks can be estimated from the predicted number of

fastener holes witnh a through-the-cLl..ickness crack.

3 The durability analysis method has been verified only
e for rrlatively small crack sizes (e.g., < 0.10" in a fastener
i hole). Since through-the-thickness cracks may exceed 0.10",
A further work is required to verify the method for large:
crack sizes. Also, through-the-thickness type cracks need to
n be further investigated for fillets and other details to

assess structural durability.
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SECTION VI

ia W aT AT

COMPARISON OF DETERMINISTIC AND PROBABILISTIC

APPROACHES FOR DURABILITY ANALYSIS

6.1 INTRODUCTION

g
4
R
N
~
5
3
3

A probabilistic fracture mechanics approach (PFMA) for
durability analysis has been developed. The deterministic
crack growth approach (DCGA) was used to analytically assure
the Air Force's durability design requirements for the F-16
airframe [39,40]}. For several years now, variations of the
well-known DCGA have been used extensively for damage

tolerance analyses.

The objectives of this section are to: (1) conceptually
describe the DCGA used for the F-16 airframe durability
analysis, (2) compare the essential features of the DCGA
with the PFMA developed under this program and (3) discuss
and compare the type of output that can be obtained using
the two approaches and their significance for quantifying

"structural durability."
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A hypothetical durability problem is used to explain the

essential {eatures and differences in the DCGA and the PFMA

for fastener hole applications.

A durability analysis state-of-the-art assessment has
been documented [12,13]. Details of the DCGA used for the
F-16 durability analysis are given in Refs. 39 and 40,
Details of the PFMA are documented herein and elsewhere [14-

21].

6.2 F-16 DURABILITY ANALYSIS APPROACH

Two different approaches were used for the durability

analysis of the F-16 airframe: (1) deterministic crack

ﬂ growth approach (DCGA) and (2) conventional fatique analysis

fj [ 9,10]. Details of the F-16 airframe durability analysis
methods are given in References 39 and 40. In this section,
only the DCGA will be considered. Also, the approach will

be discussed for the durability analysis of fastener holes.

- The essential features of the DCGA approach, used for

N the durability analysis of the F-16 airframe, are

K

ﬁ conceptually described in Fig. 6.1. For fastener holes, the K
‘-:1 .
N basic objective of the F-16 durability analysis was to show

N

R that no tfastener hole in a part or component would have a

’: k]

>
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7 = 1 Service Life

\—— Deterministic Crack Growth

TIME

Fig, 6.1 F-16 Durability Analysis Approach
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crack size greater than the repair, agr. after one service
life. agy, is the maximum crack size in a fastener hole that
can be cleaned up by reaming the hole o the next fastener

size. Typical apy, values range from 7.03" to 0.040".

ﬁiy Each fasteaner hole was assumed to have an initial flaw.
o

N 1 . . e

N F-16 durability analyses were performed using an initial flaw

size of either aj = 0.005" or 9.010". These initial flaw sizes

are based on the results of the F-4 tear-down inspection

(71.

The following general procedures were used to evaluate

the durability of fastener holes in the F-16 airframe.

J
N A
b -t
)

)

e cq .
v 1. Select part for durahility analysis.
W

Ay

l.':‘\:

LT

2, Divide a part into control areas or stress regions,

3. Group the structural details (e.g., fastener holes !

according to applicable stress region.

4. Select the most critical detail in each stress

region for durability analyses.
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Assume an initial flaw size (a;) for the most
critical detail in each region. The 1initial flaw
size 1is "ruepresentative” of the initial quality of

the detail,

Use a suitable deterministic crack growth computer
program, [e.g., 36] to grow a; to a crack size x
at a specified service 1life for the applicable

maximum stress for each stress region.

Show for the mecst critical detail in each stress
region that x; is < ap; (durability limit flaw size
for functional impairment and/or economic repair)
at r = 1 service life. ap; is the maximum crack
size 1in a fastener hole, for example, that can be
economically repaired by reaming the fastener hole

to the next size. 3y, = 0.03" wass commonly used.
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6.3 PROBABILISTIC FRACTURE MECHANICS APPROACH

The PFMA is conceptually described in Fig, 6.2 and
details are given in Section III of this handbook. This
approach will be further described later for the example

problem.

6.4 EXAMPLE DURABILITY PROBLEM

A durability analysis 1is required for a structure
containing 200 fastener holes. For analysis purposes,
assume chat: (1) the fastener holes are grouped into three
stress regions, (2) all fastener holes in a given stress
region are equally-stressed, and (3) the number of fastener
holes in each region is known. If the economic repair limit
for each fastener hole is 0.03", how "durable" is the

structure at the end of one service life?
Conceptually <« 3scribe the durability analysis of this
structure using the DCGA and the PFMA. Then, compare and

discuss the type of information that can be obtained from

each apprcach.
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; 6.4.1 Durability Analvsis Based on the DCGA
The "worst-case" fastener hole from each stress region

@!l is used for the durability analysis. Using the DCGA, the
5 analysis proceeds as follows for each stress region. First,
: an initial flaw size, aj, 1s assumed to exist in the
fastener hole in the most adverse position. The size of the

flaw is considered to be representative of typical 1initial

flaws in fastener holes. The size of the initial flaw, aj,
at the end of one service life, is predicted for each stress
region wusing a deterministic crack growth computer program
[e.g., 36,37],applicable material properties, the applicable
stress level, and 1load spectra. Assumed results for the

analysis, for illustration purposes, are summarized in Table

6-1.

The assumed results shown 1in Table 6-1 can be
interpreted as follows. All fastener holes in each stress
region will have a crack size less than the economic repair
limit [ e.g., agy = 0.03"] at the end of one service life,
The following can also be stated for stress region I: at
least 1 out of 100 fastener holes will have a crack size =

0.020" at the end of one service life,

Similarly, at least 1 out of 50 fastener holes in stress

O reqionsII and III will have a crack size = 0.027" and
\ .
jﬁi 0.015", respectively, after one service life.
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Tabple 6-1 TIllustration of the Deterministic Crack
Growth Approach and the Type of Information
Obtained from the Analysis

5 ¢
»

~ Stress Region | No. Holes/Region aj Max Crack Size
"\.\
o~ I 100 .010" 0.020"
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6.4.2 Durability Analysis Based on the PFMA

Using the PFMA, the durability analysis is performed as
follows. First, the 1initial fatique quality (IFQ) or
cumulative EIFS distribution 1is defined for the fastener
holes in each stress region. IFQ model parameters are
determined using available fractographic results [ e.q.,
24,25] and the procedures described and illustrated in
Section IV of this handbook. A service crack growth master

curve (SCGMC), compatible with the EIFS master curve, is

determined for each stress region using the procedure

described in Section 5.2 herein. Then, the probability of

1Tt d
.

exceeding a crack size, x; = 0.03" at one service life is

-l
)

predicted for each stress region using the cumulative

distribution, Fa(o)(x), and the applicable SCGMC.

For illustration purposes, probability of «crack
exceedance values, p(i,r), are assumed for each stress

region as shown in Table 6-2. Refer to Eq. 3-19 and the

durability analysis procedures described in Section 3.5
o herein for details on computing p(i,r) for each stress
region. Next, the average number of fastener holes Eki,r)

R and the standard deviation %$i,r) for each stress region
with a crack size greater than x] = 0.03" at r = 1 service

life is determined using Eqs. 3-20 and 3-21. The extent of

6.10
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{i“ damage L(r) and its standard deviation oL(r) for the three

bﬂi stress regions combined are determined using Egs. 3-22 and

3-23, respectively. Results for the analysis described

above are summarized in Table 6-2.

Upper and lower bounds for the predicted extent of
damage can be estimated using L(r) tZop(r), where Z is the
number of standard deviations, UL(T), from the mean, L{7).
"Extent of damage" predictions are illustrated in Table 6-2
for three probabilities. For example, the probability of
exceeding L(r) = 15,7, 1u.5 and 5.3 is P = 0.05, 0.50 and

0.95, respectively.
6.4.3 Conclusions
The DCGA does' not account for the initial fatigue

quality variation for the population of fastener holes. A

single initial flaw size is used to characterize "initial

quality" and the results of the analysis do not provide a
quantitative description of the extent of damage for all the

fastener holes.
The "damage" is determined for a single fastener hole in

a given stress region and it is assumed that all of the

other fastener holes in the region are no worse than the

6.12
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hole analyzed. For the simple problem considered, only the
"worst-case" hole out of 200 holes would have to be analyzed

to show that the size of the crack in any one hole would be

< aRi,-

The PFMA provides a lot more information than the DCGA.

For example, the PFMA provides the following information:

o Average number of fastener holes and its standard

deviation in each stress region with a crack size 2

aRL.

o The extent of damage and its standard deviation for

the population of fastener holes.

o Upper and 1lower bounds for the extent of damage for

selected probabilities.

The information above gives a quantitative description of
the "extent of damage” as a function of time. This
information can be used to judge the durability of the
structure, to assess structural maintenance requirements and

costs, and to evaluate durability design tradeoffs.
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SECTION VII

DURABILITY ANALYSIS DEMONSTRATION

’ 7.1 INTRODUCTION

v L et i ———

A demonstration of the durability analysis methodology,
described in Sections III-V, is presented 1in this section
for: (1) the F-16 lower wing skins and (2) a complex splice
subjected to a B-1 pomber load spectrum. Both analyses are
correlated with test data. Also, the durability analysis

results and practical aspects are discussed.

A e S m e mon

7.2 F-16 LOWER WING SKIN

A durability analysis of the F-16 lower wing skins
(durability test article) is presented to 1illustrate the
methodology described. Analytical predictions of the extent

of damage in each wing skin are presented 1in various

formats, and results are compared with observations from the

tear-down inspection of the F-16 durability test article.

. The F-16 durability test article was tested to 16,000
flight hours (equivalient to 2 service lives) wusing a 500-

hour block spectrum. Each wing received the same loading.
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Following the test, all fastener holes in the lower wing
skins were inspected using eddy current techniques.
Fastener holes with crack indications were confirmed by
fractographic evaluation, The right hand and left hand
lower wing skins were found to have twenty six and seven
fastener holes, respectively, with a crack size 2 0.03" at 7

= 16,000 flight hours.

A preliminary durability analysis for the F-16 lower
wing skins was presented in Ref. 19, This analysis
reflected: (1) fastener hole IFQ based on fractographic
results for protruding head fasteners, (2) <crack growth
rates for the IFQ model based on Eq. 3-2 (b#l), (3) three-
parameter Weibull distribution used in the IFQ model, (4)
model parameters based on a single data set (one stress
level, F-16 400-hour block spectrum, Ref. 25), (5) three
stress regions considered for the lower wing skin, and (6)
an analytical crack growth program ([35] and 500-hour
block spectrum used to define the "service crack growth

master curve" for each stress region.

Essential features of the present analysis are: (1)
fractographic results for countersunk fasteners wused to
quantify IFQ (countersunk fasteners were used on the F-16

durability test article), (2) crack growth rates for the IFQ
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~ model based on Eg. 3-2 (b=l), (3) three-parameter Weibull )

. . . \
E‘ distribution used in the IFQ model, (4) model parameters :

based on pooled fractographic results for three different .
data sets (three stress levels, 400-hour block spectrum), (5)
lower wing skin divided into 10 stress regions, and (6)

w0 service crack growth master curve for each stress region

based on Egs. 3-17 and 3-18 and applicable fractographic
results. There were no significant differences in the 400-

hour and 500~-hour spectra.

é
;
|
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The F-16 lower wing skin was divided into ten stress

T 7S
(l"

i& regions as shown in Fig, 7.1. Applicable stress levels and
" the corresponding number of fastener holes in each stress
o region are shown in Table 7-1. The stress levels for Zones
éﬁ I-IV were based on strain gage data and finite element
:; analysis results. The stress levels for Zones V, VII-IX
! were determined using a coarse grid finite element analysis
g- arl a theoretical stress distribution for a circular hole in

an infinite plate under uniaxial tension. The stress levels

for Zones VI and X were based on a fine grid finite element

analysis.,
¢ Fractographic results for three data sets (i.e., AFXLR4,
= AFXMR4, and AFXHR4) [24] for maximum gross stress levels of
E 32 ksi, 34 ksi, and 38 ksi were used to calibrate the IFQ
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Fig. 7.1 Stress Zones for F-16 Lower Wing Skin
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Table 7-1 Stress Levels and Number of Fastener
Holes for F-16 Lower Wing Skin

STRESS LIMIT STRESS LEVEL (ksi) NUMBRER OF 1
ZONE:: — FASTENER HOLES
I 28.3 59
II 27.0 320
III 24.3 680
v 16.7 469
\ 28.4 8
VI 29 .2 30
VII 32.4 8
VIIX 26.2 8
IX 26.72 12
X 25.7 20
1614
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model parameters. The F-16 400-hour block load spectrum was
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used, The AFX series specimens were designed for 15% load

'l
IS

:ui transfer. The specimens were made of 7475-T7351 aluminum
hnt\‘\:‘
s and contained two MS90353-08 (1/4 dia.) blind, countersunk

rivets as shown in Fig. 4.3. All specimens rer.ect typical

.. 't‘E“

.
-

aircraft production quality, tolerances and fastener fits.
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Nine specimens were tested per data set.

R, *x *
N The crack growth rate parameter Q; in Eq. 4-1 (b;=1) was
Q":" t *
tfﬁ determined for each of the three AFX data sets. Qi was
LA

. determined from the fractographic results using a least-
e
e square fit of Eq. 4-1 [16)j. A fractographic crack size
N
o range 0.005" - 0.10" was used. An upper bound EIFS of x, =

-y

>,

E 2R { B4
‘
- [y
s .
.
P

0.03" was assumed for the IFQ distribution. Using Egq. 3-13

5 b
éﬂ: and Q = Qi, the corresponding lower bound of TTCi value, e,
Rﬁ: for each reference crack size, ap, was determined for each
Sy
A .
Hﬂ data set. The results of Qﬁ and ¢ are shown irn Tabhle 7--2.
L
e
Fﬁ'
oy Fractoqgraphic results for the three AFX s-vies data sets
1\ w‘
(W) 4‘

were combined to determine the «correspcnding "pooled” N

e
.
’
s

’ / r's l‘ l‘ l"‘

4

value using the follewing procedures. Time-to-crack-

—"‘-. ,

‘e,
‘s vl

iniciation (TTCI) results for three different reterznce

[Eye

- A

crack sizes (ag = 0.03", 0.05", and 0.10") were used for

-
l“!»q! A
;
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each of the three data sets. The TTCI-¢ results Ior each
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reference crack size were normalized for each data set using
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‘\': Table 7-2 Summary of IFQ Model Parameters foxr F-16
u 400-Hour Spactrum
* 1o
R EE I I
BN SET (KST) (INCH) (HRS ) (HRS) (MRS) 174,
A
0.03 0 15,03) 1.805
‘ ‘ AFXLR4 32 0.05 1.201 4,253 12,916 1.551
| 0.10 10,025 13,421 1.612
f
[ ] .
gt
0.03 0 1.823 8,721 1.777
AFXMRY 34 0.05 2.037 2,508 7,759 1.581
0.10 5,910 9,093 1.852
0.03 0 5,469 2,587
AFXHR4 38 0.05 4.7 1,079 5,098 2.412
0.10 2,545 4,598 2.175
RSt POOLED o¢ = 1.823, AVERAGE Q’{,d&_ = 1,928
N .
:_-\..\
e Notes

.

A

1. L = 0,03"
2. 0.005"Sa(t)3p,10" (fractographic crack size rauge used)
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the average TTCI values (X). Results for the three data E
sets were pooled together and the (TTCI-e¢)/X data were %
ranked in ascending order. Equation 3-1 was transformed f
into a least-squares fit form to determine the pooled « é
value [16]. The pooled value was found to be 1.823 (Table . E

7-2).

After determining o for the pooled data sets, the
adjusted TTCI's for each reference crack size for each data
set were considered separately to determine the
corresponding Bljvalues [16]1. These values are presented in
Table 7-2. Algo summarized in Table 7-2 are the Qzﬁzi

values for the nine cases considered. For generic EIFS, the

*
: o and Q ﬁgi values should be constants. An average Q;§) =
) ‘;, 1
Ef 1,928 and ¢ = 1.823 are used for the present durability
i . o . N
fg. analysis. A plot of Q; versus B, 1s shown in Fig. 7.2 for
N i

the three data sets considered (9 cases).

WS
.

"

A SCGMC 1is needed for each of the ten stress regions

P

W W W

EDe A

rw
o
4

S St

shown in Fig. 7.1 to compute the corresponding p(i,r). In
N
ﬁf this cese, suitable fractographic results are available to
N
Rp determine the SCGMC for each stress region. For example,
N ,
ﬂq the Q; results from Table 7-2 can be used to define a
o,
N generalized SCGMC based on Egs. 3-17 and 3-18.
T
N
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CRACK GROWTH RATE PARAMETER: Q.x10*

08O AFXHR4

=1.928

AFXMR4

AFXLR4
SYMBOLS

G ao = 0.03"
‘ aO = 0.0SH
m ao = 0010"

/

.

3 10 30
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Fig., 7.2 Q’i" Versus ,% for the F-16 400-Hour Spectrum
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In Fig. 7.3, 1n Qi is plotted against 1ln o. The
parameters ¢ and ¥y in Eq. 3-18 can be determined using a
least-squares fit and the results of Fig. 7.3, The j
resulting crack growth equation for ¢; (note: no superscript

"*" is used for a SCGMC), expressed in ksi units, is given

in Egq. 7-1.
| Q; = 1.427 x 10716 o928 (7-1)
t\
e
o
A A generalized SCGMC, as a function of stress level, can

8

'
o el

be obtained by substituting Eqg. 7-1 into Eg. 3-17.

LN

“! Crack exceedance predictions for the F-16 lower wing
S skin were determined using Egs. 3-9, 3-17, 3-19 and 7-1 as
-

"y well as the following parameters: x;, = 0.03", o = 1,823,
AR %

iii Qi32i= 1.928 (average), £ = 4 and various ¢ values. The
N results are presented in various formats as described below.
”

o)

P::..':

. L .
éi The extent of damage predictions for the F-16 lower wing
e skin are summarized in Table 7-3 at r = 16000 flight hours
:fj for each of the ten stress regions shown in Fig. 7.1. The
;ﬂj number of fasterer hcles with a crack size 2 0.03", L(r),
'@

RN and the standard deviation, o7 (r), were estimated to be 17.6
‘\:\':

i and 4.077, respectively. Based on the test results for the
T

o right hand and 1left hand lower wing skins, an average of
R

i;

tfx 7.10
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Table 7-3 Durability Analysis Results for

F-16 Lower Wing Skin

T
NO. HOLLS WITH Xy 2 9,03" ® £ = 16,000 HRS
STRESS Q; x 1o? pli, 1) -
REGION -1 PREDICTED TEST
(HRS ™)
N(i,T) (1. 1) [ R.MH, WINGI L.H, WING| AVERAGE
1 0.4620 0.0426 2.5 1.547 ? 0 3.5
1T 0.3182 0.02182 6.9 2,598 7 2 4.5
I 0.1380 0.00480 3.3 1.812 4 1 2.8
v 0.0071 0.00002 0.0 0. 0 0 0
v 0.4751 0.0448 0.4 0.618 1 0 0.5
V1 0.5921 0.0662 1.9 1.332 5 1 3.0
V11 1.3504 0.2649 2.1 1.242 0 2 1.0
VIIj 0.2507 0.0142 0.1 0.314 1 1 1.0
£¥ 0.2507 0.0142 0.2 0.444 1 0 0.5
X 0.2152 0.0108 0.2 0.445 0 0 0
TiT) = 17,6, 0, (T) = 4.077, TOTAL TEST AVERAGE = 16.5




- vv" = RSt AR T T T Y R L W TN T WY YUY RTY VN WY v T F‘T‘“T"T""""T"‘T“""'—v_"‘ww
E"’JW ANRSLEERL UL EATRAL SR RSN AL IR Downloaded from Nttp://www.everyspec.com ‘

h

16,5 fastener holes had a crack size 2 0.03" at r = 16000 QS
hours. In Table 7-3, the predicted extent of damage results )
T

track the average test results for the individual stress :?
D

regions very well, f
:j

‘ !
R

In Fig. 7.4, the predicted percentages of crack .j
exceedance versus fastener hole crack size are plotted for R
the F-16 louwer wing skin at r = 16000 flight hours. Curves )

”

1, 2 and 3 are based on L(r) x 100%/N*, [L(r) + o7(7)] x

100%/N* and [L(r) - oL(r)] x 100%/N*, respectively. L(r)

'
:
|
523

and oy (r) are defined by Egs. 3-22 and 3-23, respectively.

N* is the total number of fastener holes in the F-16 lower

(2 R S R A

U0 2 Bm e an Sk 4
P e

1

wing skin (i.e., 1614 holes). Since the number of fastener

> Dy

oW LT,

holes 1in each stress region is large, it is reasonable to %
g o -
Fj approximate the binomial distribution by the normal 5
N s . . A
?; distribution, The corresponding exceedance probabilities ii
for curves 1, 2, 3 are shown in Fig. 7.4 in parentheses. !;
~
A
[: Test results for the right and left hand lower wing skin
g (at x3 = 0.03" and 7 = 16000 hours) are plotted as a
:: circle and a square, respectively, in Fig. 7.4,
~l
.
b Approximatley 1.1% of the fastener holes in the F-16 lower
R
V4
E . wing skin are predicted to have a crack size 2 0.03" at 7 =
:: 16000 hours. This compares with an average of 1.02% based
.
N
(1}
N
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on test results for the right hand and left hand lower wing

skins.

In Fig. 7.4, the predicted average percentage of crack
exceedance decreases rapidly for larger crack sizes. For
example, the average percentage of crack exceedance for the

fighter lower wing skin decreases from approximately 1.1% at

chbVa st & o labla s claals ol i d

x; = 0.03" to approximately 0.14% at x; = 0.05". Crack

exceedance predictions are based on the service crack growth

master curve defined by Egs. 3-17 and 3-18. A single

service crack growth master curve may not adequately fit the

\
'

<7 '
.
;

full range of desired crack sizes for all crack exceedance

P e 4
T
'f o,
"

predictions. For example, different service crack growth

-
f

,
5

mascer curves are required to fit two different crack size

A

ranges as illustrated in Fiq. 7.5. Curve 1 and Curve 2

E
“0aa

e o B Tad A oy
1 e e

shown in Fig. 7.5 apply to crack size ranges A} and Ay,

L
A

respectively., Crack exceedance predictions based on curves

: ."—.A_'
K

1 and 2 of Fig. 7.5 will be different for the same crack

exceedance size, x;. For example, p(i,r) predicticns based

PR RRITIN 4

-
tl r.",l'l' L]

on Curve 2 for xj;, 71 and xp, 79 will be larger than those

-

" based on Curve 1.

e

u o

- . . .

,i The extrapolation of crack exceedance predictions to
A2 »

e

"5

v x>
2«

larger crack sizes should be consistent with the applicable

v
T

s 'y

PR i

crack growth process for given design conditions and the
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- crack exceedance crack sizc, x]. Further research is needed
.

LQ! to develop a Dbetter understanding and confidence in crack
p -

}; exceedance predictions for different crack sizes, materials,
qu and design conditions.

Analytical predictions of the extent of damage are
presented in Fig. 7.6 in an exceedance probability format.
In this case, the predicted number of fastener holes in the
F-16 lower wing skin with « crack size 2 0.03" are plottec
as a function of flight hours for different exceedance
probability values (i.e,, P = 0.05", 0.50, 0.95). The plots
are based on Eq. 3-19, x; = 0.03", a = 1.823, Offy, = 1.928
(average), £ = 4, N;y = 1614 fastener holes, Z = 1,65 and

Lir

S~

t ZoL(r). For example, at r = 16,000 hours, E(r) =

7

[ Ed

o

fastener heles and ¢ () = 4.077. The wupper bound
prediction, T(r) + ZoL(r), is approximately 24.3 fastener
holes. In other words, there is a probability of 0.05 that
mcre than 24.3 fastener holes in the F-16 lower wing skin

will have a crack size 2 0.03" at 16000 fligiit hours. There

is a probability of 0.50 and 0.95, respectively, that more

than 17.6 and 10.9 fastener holes will have a crack size =2

»

0.03" at r = 16000 flight hours. The average and
upper/lower bound predictions for the F-16 lower wing skin l

ccmpare very well with test results for the right hand and
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g:y ‘ left hand lower wing skins at r = 16000 flight hours (Fig.
N

, 7.6).
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L ?

;ag The extent of damage predictions are presented in a

Rk .
. stress level format in Fig. 7.7. Curves are shown for the

baseline stress (¢), 1.l1¢, and 1.2¢. Results are based on
Egs. 3-9, 3-17, 3-19 and 7-1. The "baseline stress" refers
to the maximum stress level for each of the ten stress
zones. For prediction purposes, the baseline stresses for
each stress zone were all increased by the same percentage.
The results shown in Fig. 7.7 can be used to assess the
extent of damage as a function of stress level and flight
hours., This format is particularly useful for evaluating
durability design ‘tradeoffs 1in terms of the extent of
damage. For example, at = 16000 flight nours,

approximately 1.1% of the fastener holes in the F-16 lower

wing skin would be predicted to exceed a crack size of 0.03"

E}S for the baseline stress levels. If the baseline stresses
?S# were increased to 1l.lv and 1.20, the predicted average
iii percentage of holes with a crack size 2 0.03" would be
;;5 approximately 4% and 12%, respectively. This provides a
;ki ’ quantitative measure of the structural durability as a
L:z . function of stress level and flight hours.
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7.3 COMPLEX SPLICE SPECIMENS SUBJECTED TO A B-1 BOMBER SPECTRUM

A  durability analysis of complex-splice specimens
subjected to a B-1 bomber 1load spectrum 1is presented.

Analytical predictions of the extent of damage in the

. specimens are presented in various formats and compared with
fractographic results. The analytical/experimental results

are summarized here and described in more detail in Ref. 20.

The complex-splice specimen geometry 1is presented in
Fig. 7.8. Specimens were made of 7475-T7351 aluminum plate;
and countersunk steel rivets were used. A B-1 bomber load
spectrum [16,24] was applied. Based on a simplified stress
analysis and strain gage results, the maximum gross stress

in the outer row of fastener holes at the faying surface was

Li— estimated to be 35.8 ksi. The eleven gpecimens were tested
e,
Eqﬁ to two service lifetimes (27,000 flight hours) or failure,
)

whichever came first.
b a,Y
i
- . .
e After testing, all fastener holes in the outer rows were
o

inspected. Fractogrephy was performed for the largest crack
e
e in each fastener hcle in the outer rows. Twenty-five out of
‘:’(':"
k}; . 110 fastener holes in the outer rows had a crack size 2
o -
Y& . 0.05" at 13,500 hours. Hence, 22.7% of the fastener holes
E§, in the outer rows had a crack size 2 0.05" at 13,500 hours.
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The IFQ of the fastener holes was based on the

-

-

fractographic results for nine data sets and tiree different

-——

.

reference crack sizes. The specimens were made of 7475-

A

r L 1
.
R
TR
A
t ]

P
A a

T7351 aluminum and contained 2 countersunk rivets. Load

transfer levels of 15%, 30% and 40% were considered, All

Bl o 2 ml a7 o A CFTEAN 3 % A L . TIN W T

Y specimens had the same configuration (Fig. 4.3) with the
AN . : .
AR same overall length ard basic test section dimensions.
!' However, the lug end dimensions varied depending on the
ﬁi anount of 1load transfer. Three maximum stress levels were
Y
b*_\n
3 considered for each load transfer level. Specimens were
~J A
S
i! designed for a given % load transfer assuming a perfect fit
L betweer the mating fasteners and holes. Therefore, the
ﬂ: actual % 1lcad transfer for specimens varied depending on
R

factors such as fastener-hole fit, axial stiffness of test
[
&? specimen, stress level, etc,
W\

' A fractographic crack size range of 0.005" - 0.i" was
NS considered. An upper bound EIFS of x, = 0.05" was used for
ﬁj the IFQ distribution, Since the largest fatigue crack in
iﬂ one of four fastener holes per specimen was used, {4 = ¢
ffl (Ref. subsection 4.5).The same data pooling procedures were
ﬁ: used to determine the IFQ model parameters which were
© N
N previously described for the fighter demonstration, The
Wit '

W w

N average o and Qjfy; values were found to be 2.702 and

.J‘.‘ .

z? 2.823, respectively.

A

'@

.':"t

fﬁ

% 7.23
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A gener~lized SCGMC, based on Egs. 3-17 and 3-18, was

obtained wusing Q: and gross stress (o) values for 9

fractographic data sets. The Ln Q? versus lne is plotted
in Fig, 7.9. The solid 1line represents the least-square
best fit through the plot points. The dashed lines have the
same slope as the solid line and they encompass all the plot

points. The corresponding best-fit equation for Q. (Eq. 3-
1

18) as a function of gross stress level when stress is

3%: expressed in ksi units is as follows:

E:f::f

&q Q, = 6.151 x 10713 2381 (7-2)
!f:_-‘_'\;

g

o

Crack exceedance predictions for the complex-splice
specimens were determined using Egqs. 3-9, 3-17, 3-19, and 7-
2. At r = 13,500 hours,; an average of 9 fastener holes
(8.3%) were predicted to exceed a crack size of 0.05". The
test results showed an average of 25 fastener holes (22.7%)
exceeding a crack size of 0.05". The difference in the
predicted and test crack exceedances is attributed mainly to
the stress level used in the predictions. The actual stress
level and distribution in the outer row of fastener holes is
far more complex, due to lateral bending effects, than those

considered for the damage assessment. The crack exceedance

N pr.dictions are very sensitive to the gross applied stress

MY level used. This is illustrated in Fig. 7.10. The solid

Al 7 24
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(Y
A

line represents average crack exceedance predictions for the
gross stress level of 35.8 ksi cbtained using the simplified
stress analysis approach. The dashed line represents
average crack exceedance for other gross stress levels.

, Also plotted as a single point is t.ue average test crack

exceedance at =7 13,500 hours. It can be seen that if the

gross applied stress level used 1in the predictions were

38.6ksi rather than 35.8 ksi, the predicted crack exceedance

ERE S VRIS ILIC SRS 7Y LIS PSPPI T TR,

at 7 = 15,500 hours would match the test results. Hence, a
more accurate stress analysis could result 1in improved

pradizv.ns.

ather aseful crack exceedance formats, previously
Airzrssed fo- the fighter demonstration, are presented in

Migs. 7.1 and 7,12 for the complex-splice specimens.

7.4 CONCLUSIONS AND RECOMMENDATIONS

Probabilistic fracture mechanics methods for durability

analysis have been described and demonstrated for both a

full-scale fighter aircraft structure and for a complex

. splice subjected to a bomber spectrum. These methods can be
used (o analytically assure compliance with the Air Force's

durability design requirements. The analytical tools
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;f described can be used to quantify the extent of damage as a

Lo

R function of the durability design variables for structural

*

g, details in a part, a component or airframe. Once the ceconomic
L~

S life and durability critical parts criteria are established, ‘
S

- ¢

the extent of damage predictions can be used to assure design

compliance with Air Force durability requirements.

.

DV
LR SO

.

]
P

An initial fatiguc quality model can be used to define
the EIFS cumulative distribution using suitable fractographic

results. Procedures and guidelines have been developed for

oty e

determining the IFQ model parameters for pooled fractographic

data sets and for scaling TTCI results. The parameters a and

*
Q; Bf provide the basis for putting fractographic results on a

common baseline for quantifying the initial fatigue quality.
For generic EIFS, a and QiBi should be constants for different
fractographic data sets (same material, fastener type/fit,

and drilling technique par data set), loading spectra, stress
levels and percent load transfer. Encouraging results have
been obtained to justify the use of the same EIFS cumulative

distribution for crack exceedance predictions for different

design conditions. luarther research is required to confirm »

the IFQ distributions for different materials, load spectra, :
stress levels, fastener types/diameters/fit, % load transfer,

etc. A considerable amount of fractographic results exist

o
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which need to be evaluated using the IFQ model [e.g., leo, 2(’-;].

The effects of fretting, clamp-up, corrosion, size
eftect (scale-up from coupon to component), faying surface
sealant, 1interference-fit fasteners, etc.,on IFQ need to be
investigated. Also the feasibility of using no-lcad
transfer specimens with multiple holes to quantify the IFQ
should be evaluated using spectrum and constant amplitude
loading. This could provide an economical way to generate

the fractographic results needed to quantify the IFQ.

Theoretically, the IFQ model can be used to quantify the
EIFS cumulative distribution for various structural details
as long as fractographic results are available for the
details to be included in the durability analysis. The IFQ
model has been evaluated using fractographic results for
fastener holes. Suitable specimens and guidelines need to
be developed for generating crack initiation and crack
growth results for other details such as, cutouts, fillets,
lugs, etc. Fractographic results should be developed and
evaluated for such details so that the durability analysis
methods described can be efficiently applied to different

types of structural details in typical aircraft structures.

7.31
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The accuracy of crack exceedance predictions, based on
the same EIFS cumulative distribution, needs to be evaluated
for different design conditions, Also, IFQ model parameter
sensitivity studies need to be performed to better
understand the average parameter values and variances and
the impact of these parameters on the IFQ for different

fractographic data sets.

The durability analys:s methodology was developed for
crack exceedance predictions for relatively small crack
sizes (e.g., < 0,10") in structural details., The largest
crack in each detail was assumed to be statistically
independent to justify using the binomial distribution for
combining crack exceedance predictions for structural
details. 1f the largest crack in a given detail doesn't
significantly affect the growth of cracks in neighboring
details, perhaps the proposed durability analysis
methodology can be extended to crack sizes > 0.10". The
crack growth 1law of Eq. 3-2 may not be suitable to use for
crack exceedance predictions for crack sizes > 0.10".
However, a general service crack growth master curve can be
generated under given design conditions which is wvalid for
crack sizes > 0.10" [14-16]. Nevertheless, this approach

has not been demonstrated in the present study and further

7.32
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research is required to extend the probakilistic fracture

mechanics approach developed to larger crack sizes,

Two different Fa(O)(X) equaticns (i.e.,, Egs. 3-8 and 3-
15) were presented for representating the IFQ. Either

equatioin works but Eq. 3-15 is recommended for two reasons:

T AT Ee 2T M A TR . aF AT A Al e

(1) It assures all EIFS's in the IFQ distribution will be >

e

0, and (2) the crack growth rate parameter Q? can be easily

determined from the fractographic results and the resulting

i

*
Qi values for different data sets will be directly

comparable. If Eq. 3-8 is used, the same b value (Eq. 3-2)

;

l

.«:. 1

?y must be imposed for different fractographic data sets to put ]

{ E
»,N) e .

Eﬂ the Q}ﬁi values on a comparable baseline. As long as b > 1, 3

o :

all EIFS's in Eq. 3-8 will be > 0. Further studies are

2
’

needed to evaluate the accuracy of Egs. 3-8 and 3-15.
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The EIFS cumulative distribution, Fg(qy(x), is
independent of the reference crack size, agp. This is
illustrated in Egs. 3-8 and 3-15. Therefore, the TTCI

distribution for different reference crack sizes will

transform into a common Fy(g) (x).

hiow e}

. The IFQ model is simply a "mathematical tool" for

PO aP WP BT ¥ I

quantifying the IFQ of structural details. Therefore, the

resulting EIFS's must be considered in the context of the
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IFQ model and the fractographic results used to calibrate
the model parameters. EIFS's should be considered as
hypothetical cracks used for crack exceedance predictions

rather than actual initial flaws per se. i

33{ Back extrapolations of fractographic data must be done
&sﬂ"

ﬁﬁ; consistently to put the EIFS's on a c¢ommon baseline for
;‘. different data sets. Inconsistent EIFS results will be

obtained if the EIFS distribution 1is determined by back

extrapolating the fractography results for individual

specimens then fitting a statistical distribution to the

s
\};«.:
Rﬁ EIFS results for different data sets. Two problems result
5
'Y

4y

- ,('.41 -

if this approach is used: (1) the EIFS's are not on a common

baseline for different data sets, and (2) the resuliing EIFS

distribution is not statistically compatible with the TTCI

et w  m
e .

L

distribution and the fatigue wear out process. The

resulting EIFS distribution should Dbe statistically

x/

xS

compatible with the TTCI distribution. The IFQ model

P4

K .
Lo}

presented in this section satisfies this requirement.

LI |

-'\\:

o Several wuseful applications of the durability analysis

{3\

NN methodology developed are: (1) the evaluation of durability ’

design tradeoffs in terms of structural design variables, :

Ty
AR

[y

>

(2} the evaluation of structural maintenance requirements

.

before or after aircrait are committed to service, and (3)
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the evaluation of aircraft wuser options affecting 1life- :
.
cycle-costs, structural maintenance requirements, and ;
operational readiness. :
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