m
-
—
o

{SOURCL)

(OMPOMERT PART BOTICE
THis paPeER 15 A CORPOMEMT P)RT of tHe FoLlowins COPPILATION repont:

Behavisur of Short Cracts in Atrframe Components, Confercuce Proc¢id iin..

the Heeting of the AGARD Structures and Materials Panel (35th) He' * 1t

Toronto, Caneda on 19-24 September 1982,

Advinory Group for Aerospace Research and Development, Neuflly-scer--oin

(France}.

To oRDER T comeleTE CORPILATION seposr ysg AD-Al3E 159

THe CORPOMENT PART 18 PROVIDED MERE TO ALLOW USERS ACCESS TO IHDIVIDUALLY
AUTHORED SECTIONS OF PROCEEDINGS, AXRALS, SYNPOSIA, ETC. R, THE

T SHOULD BE CON3IDERED WITHIN THE CONTEXT OF THE OVERALL LOSRP]LATION
REPORT AMD ROT A3 A STAND-ALCSE TECKRICAL REPORT.

THE FoLLOWiNG COMPORENT PART wumaErs comerist e COPPILATION wreport:

AD#: p0o01 602. TITLE: Mechantcs and Fhysics of ths Growth of Seall Cracks.

POO1 6O} - Fatigue Dasage Meoheniwns end Short Crack Grewih.

POOT 60 - in Aasessment of the Importance of Small Crack Growtd
to Afroraft Design.

POOT 605 - A Honlinear Frsoture Mechanice Aipproech to tha ruwil
of 8Bxza” . Craocks.

PO01 606 Dsmege Tolorsnoce Evaluation of Btructures with Smali
Cracke,

POO1 607. Fracture Hschanics iknalysis of Short Cracks at Ioade?
Holes.

FOO1 €08 Probabilistic Prasture Hechanica inalysis Mathode for
Btructursl Duradility.

POO1 609~ The Effecte of Compressive Overloeads on the Threshold

/ 8tross Intsnsity for Zhort Crscks.
K01 610 v Crack Propegetica at Bhort Crack lengthe under Veriagble
Azplitude Looding (2nd Report).

PCO1 €11 « Speotrun Effeocts on the Growth of Short Creoks.
POO1 612 v & Study of Ssell Crack Growih urdsr Tranzpoxt Spoctium
loading,
POOt 613 Szall Cracke 1o Loxge Forgings.
1614 v 'Short Crack' Fatigue Tooign Considerstione: Modelling,
Charwoterisation Interpratsation. Detection: Prediction
of Behavior,

Approved {or public reloasy
Dwnbution Un o 1aed

—— e o

{ DISTRIBUTION STAl:'MLNT } .
!




ol
I ATR Ealy et e Sa ol ants o] LN SRV T T TR T : 4o N e .
R e ?‘__~ R A S N TEEVY SRS S A g S S S WO T NP T §

>y V) gk e
AR A T TR S B R Y o = LI BN s T

10-1

PROBABILISTIC FRACTURE MECHANICS ANALYSI»> METHODS FIk 3TRUCTUFRAL ! 0"1
DURAZ .. TTY

JAMES L. RUDD
Aerospace nngiheer

Air Force Wright Aeronautical Laboratories {I"IDEC)
Wright-Patterson AFB, Ohio 45433, USA

JANN N. YALG
Prcfessor

Georgsz Washington University
School of Engineering and Applied Science
Washington, D.C. 20052, Ysa

SHERRELL D. MANNING

Engineering Specialist Sr. ey
L

BILL G.W. YEL "o

T

¥

Chief of Materials Research Laborztory

2

General Dynamics Corporation LN,

Fort Worth Division PR

P.0. Box 748 P

Fort Worth, Texas 76101, USA Sl

T

[N

hiok

The United States Air Force requires that Air Force aircraft be designed to be durable. Ik

This regquirement necessitates an analytical demonstration that excessive cracking c}f;
within the airframe will not occur during the aircraft's design service life. In order i
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to predict the time at which excessive crackirg occurs, an analysis is needed which is .
capable of predicting the distribution of crack sizes within the airframe at any point
in time. Such an analysis was recently developed and 1s presented in this paper. The
durability analysis 1s based on a fracture mechanics philosophy, combining a probabilis-
tic format with a deterministic crack growth rate relationship. Essential clements of
the methodology are presented, with emphasis on the statistical representation of the
initial fatigue qguality of the structure. The accuracy of the durability analysis 1is
demonstrated by correlating analytical predictions with experimental results of

a fighter full-scale test article as well as complex-splice specimens subjected to a
bomber locad spectrum.
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I INTRODUCTION

The United States Air Force structural integrity reguirements for metallic air-
frames are specified in Reference 1. Of particular importance are the damage tolerance
(Refs. 2 and 3) and durabil:ty (Refs. 3 and 4) requirements. The Aamage tolerance
reguirements ensure aircraft safcty while the durability reguireme :s minimize structural
maintenarnce costs and functional impairment problems. Both sets nf recuirements are
necessary to ensure the cperational readiness of Air Force aircraft.

¥

This paper addresses the durability aspects of structural integrity. The durabilaty
damage mode considered 1s fatigue cracking in fastener holes. This was found to be a
very prevalent form of degradaticn in aircraft structures (Rzr. S5). Aircraft structural
durability involves many fastener hcles in various components which are susceptible to
cracking in service. The associated structural maintenance costs are proportional te
the number of fastener hcles requiraing repair. Therefcre, to assess the durability of
the structure or the extent of damage as a finction of time, the entire populaticn of
fastener holes must be considered. Thus, a statistical approach is best suited for
guantifying the extent of damage as a function of time.
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Verious aspects of structural durability have been considered in the literature

ey rwvie W

(Refs. o-~«7). Structural durability can be defined in many differeat ways. The most 'ﬁ;
appropriate definition 1s dependent cn the particular aircraft considered. The crack O

sizes o1 interest are a functicn of the definition used. This paper considers relatively
small subcritical crack sizes which often affect durabilitv., For exawple, 0.76 mm -

1.27 mm (6.03 inch - €.05 inch) radial cracks in fastener holes can affect functional
wmpalrment, structural maintenance requirements, and life-cycle costs. Such cracks do
not pose an immedicte safety problem. However, if the fastener holes containing such
cracks are not repaired, economical repairs cannot be made when these cracks exceed a
limiting crack size. For example, a 6.76 mm - 1.27 mm radial crack in a fastener hole
can be cleaneé up by reaming the hole to the rext nominal hole size. When the crack
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sizes exceec this economical repair limit, excessive maintenance and repair costs can 54
cccur. Hence, an analysis 1s needed for predicting the extent of damage rresent at any -
particular point in time. Such an analysis was recently developed (Refs. 11-16 and o
18-27) and evaluated for locad transfer coupon specimens (Refs. 11, 12, 15, 21, 22, and 27). ,'{
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/ O~ This paper presents the recently developed durability analysis methodology. The
methodology 1s based on a probabilistic fracture mechanics approach. The initial
fatigue quality of a structure s represented in a statistical manner by & daistribution
of equivalent initial flaw sizes. These equivalent init:al flaw sizes are grown
forward in time using a deterministic crack growth rate relationship. An evaluation 1is
made of the accuracy of the analysis by correlating analytical predictions wuth test
data for a fighter full-scale test article (Refs. 21 and 22) and complex splice speci-
mens subjected to a bomber load spectrum (Ref. 27).
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ITI DURABILITY DESIGN REQUIREMENTS

Air Force durability design requirements for metallic airframcs are presented in
References 1, 3 and 4. According to these requirements, the airframe must be designed
to have an economic life greater than the design scrrvice life. Furthermore, the
econonmic life must be demonstrated by analysis and test. The econumic life analysis
must account for the effects of initial quality variations, material property vari-

ations and the design loads/environments. B
PR
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The eccnomic lil-2 of a structure i1s currently defined in only qualitative terms: AN

... tne occurrence of widespread ¢~mage which 1s uneconomical to repair and, 1f not e
repaired, could cause functional problems affecting coperational readiness" (Ref. 1). oy
There is no universal quantitative definition of "widespread damage" or acceptable L

structural maintenance cost limits. Such limits are currently determined by the
contractor and the Air Force for the particular aircraft of interest. Durability

&l

compliance standards are defined based on the resul%ts of the full-scale durability test 3}3
article. D,
o

III DURABILITY ANALYSIS CRITERIA .;“
=~';;>

A. Durability Critical Parts Criteria ii:

Criteria must be developed for determining which parts of an aircraft are

durability critical (i.e., which parts must be designed to meet the durability design . %}
requirements). The durability critical parts criteria vary from aircraft to aircraft. ek
They are especially dependent on the definition of economic life for the particular i;i
aircraft involved. A more detailed discussion of the durability critical parts criteria ?1@
is presented elsewhere (Ref. 12). A typical flow diagram for selecting which parts are ity

.
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durability critical is presented in F 3. 1. 1In Fig. 1, durability refers to the
ability of an airframe to resist crac} ng whereas damage tolerance refers to the
ability of an airframe to resast failure due to the presence of such cracks,
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Figure 1 - Flow d:agram for seiecting durability critical parts
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B. Economic Life Criteria

Criteria must be developed for determining the econcmic life of the particular
aircraft of interest. Similar to the durability 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 nominal hole size), functional
impairment (e.g., fuel leakage), residual strength, etc. Two promising analytical
formats for quantifying the economic 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 methodoliogy capable of quantifying the extent of aircraft
structural damage as a function of service time. For example, assume the economic life
criteria are based on the number of fastener holes which cannot ce economically repaired
(1.e., number of fastener holes with crack sizes equal to or greater than specified
size X,). Then an analytical format for quantifying economic life is presented in Fig.
2., In"Fig. 2, P is the exceedance probability. More detailed discussions of economic
life criteria are presented elsewhere (Refs. 11, 12, 15, and 18).
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IV DURABILITY ANALYSIS METHODOLOGY

A. General Descripticn

The basic objective of the durability analysis methodology is to quantify the
extent of damage as a function of service time for a given aircrait. The extent of
damage 1s measured by the number of structural details (e.g., fastener holes, cut-outs,
fillets, lugs, etc.) expected to have a crack size greater than a specified size at a
given service time. Hence, the extent of damage i1s represented by the probability of
crack exceedance. The durability analysis results provide a gquantitative description
of the extent of damage and a basis for analytically assuring that the economic life of
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the structure will exceced the design service life. .\}
The durability analysis includes two essential steps: (1) the quantification %"3
of the initial fatigue quality of the structural details considered, and (2) the 0

prediction of the probability of crack exceedance based on Lhe initial fatigue quality
and tne applicable design conditions (e.g., load spectrum, stress levels, percent load
transfer, etc.).
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B. Initial Fatique Quality
1. Initial Fatigue Quality Description

Initial fatigue quality ({IFQ) defines the initial manufactured state of
a structural detail cor details with respect to anitial flaws in a part, component or
airframe prior to service. The IFQ for a group of replicate details is represented by
an equivalent 1initial flaw size (EIFS) distribution. An equivalent initial flaw is a
hypothetical crack assumed to exist in a detail prior to service. An equivalent
initial flaw size is the initial size of a hypothetical crack vhich would result in an
actual crack size at an actual point in time. An arbitrary crack size, a,, is selected
which can be readily detected or which can be reliably observed fractographically
following testing. The time required for an initial defect, of whatever type, to
become a fatigue crack of size a, 1s defined as the time-to-crack-initiation (TTCI).
Test results of TTCI and crack growth rates using coupon specimens are employed to
define the EIFS distribution. A conceptual description of the initial fatigue quality
model is shown in Fig. 3 (Refs. 11, 12, 15, 21). Once the EIFS distribution has been
defined for a group of details, a deterministic crack growth analysis is used to grow
the entire LIFS population to any service time Tithus determining the time-varying crack
size dastribution in service (Fig. 4).
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Figure 3 - Initial fatigue quality model

2. Initial Fatigue Quality Model

A prototype initial fatigue quality (IFQ) model has been previously
aescribed for quantifyang the EIFS distribution for structural details, cuch as fastener
holes (Refs. 11, 15, and 16). Such a model 1s conceptually described in Fig. 3. IFQ

model refinements and LIPS distributions for two model variations are summarized in the
following.

The TTCI distraibution for coupon specimens is represented by the three-parameter
Weibull daistribution, FT(t) (Refs. 11, 15 and 16).
a
Fo(t) =P [T<t]l=1-exp [~-(EZE)y ], t>¢ (1)
T - Bo
where T = TTCI, ., = shape parameter, ., = scale parameter and ¢ = lower bound TTCI.

The thrce Weibull parameters (i.e., :,, £,, ) are determined from fractography for
coupon specimens or other suirtable test resuits.
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The crack growth rate in the small crack region is assumed to be of the following

2

form Eﬁﬁﬁ}
da(t) b kY
Tat o T Ylale) 2) Lk

N ¥
. : B el
where ¢, and b are parameters depending on loading spectra, structural and material ! 3

properties, etc.; a(t) 1s the crack size at time t. Other functional forms for the
crack growth rate could also be used. Eguation 2 is used because of its simplicity and
general applicability for matching the crack growth data. A crack growth rate eguation,

0

VN
such as Eq. 2, is used to obtain the LIFS distribution thiough a transformation cf the Vo
TTCI distribution; hence both EIFS and TTCI are statistically compatible. EIFS distri- ~;%}
butions are obtained using Eq., 2 for b # 1 (case I) and b = 1 (case II). The resulting s
EIFS distribution for both cases are described below. i;j~

Sy

a. Case I (b # 1) ;Qlé

Integrating Eg. 2 from t = 0 to t = T, the relationship between the Eg;!

initial crack size, a(0), and the reference crack size, a0 = a(T) for TTCI {flicht 3{;:

hours), is obtained, AN

EIFS = a(9) = [ay° + cQO'r]‘l/c (3) 2

where ¢ = b - 1. R
The EIFS cumulative dastribution, Fa(O) (x), is obtained by combining Egs. 1 and 3

as follows: Vpte,

o [
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where

_ -Cc . -1/c
x, = fag” + cQqel (5)

is the upper bound of the EIFS distribution., The lower bound of the TTCI distribution,
¢, for a given reference size, ag s is obtained from Eg. 5 as follows:

1

E-'—?Q—O— u 0 _>_X {6)

a
! 0 u

Equation 4 for F )(x) can be simplificd by substituting the expression for CQos from
Eq. 5 into £q. 4243 follows:

|
c

Fa(o)‘(X) = exp '__CQOBO ) ;
= 1;
b. Case I1 (b = 1)

Integrating Eq. fromt = 0 to t = T and considering b = ], one ohtains the

relationship between the initial c.-ack size, a{0), and the reference crack size, a,, as
0,
fellows
g = 8} = & - ) (8
EIF a(0) o ©XP ( QOT )
The vI's cumulative dastribution, Fa(u) (x), 1s obtained »y combining Egs. 1 ana 3
as follows:
o
Qn(xu/x)} 0]
F (x) = exp {|=|-—=—s——v0 13 0 <x <x (9)
2(0) 2% | | u
= 1; X > Xy

where Xu is the upper bound of the EIFS Jistribution:

= - c 10)
i a, exp ( Qob) (10

The lower bound of TTCI distraibution, £, for a ygiven reference crack size, 25, 1S
obtained from Eg. 10 as follows:

1 ,

= . > i1
¢ 9 in (ao/xu) ay 2 X, {
When each test specimen consists of | fastener holes equal.y stressed and f{ractography
results are taken only for the fasteuer hole in each speci.en which has the largest
crack siz~, the exponential exponcnts of Egs. 1, 4, 7 ard 9 shculd be multiplied by a
factor or 1/¢2 (Ref. 22).

[RY)

. Genoric EIFS and Dascussicn of IFQ Model

Intuitive:y, the EIFS cumulatave distribution, F*(O (x), should be only a func-
tion of the material and the manufacturing/fabricatiof p%ocesses. As such F 0 (x}
(Egs. 4, 7 and 9) should be indepenicnt of loading spectra, stress level, pergén% shear
load transfer thvough the fastenecrs, etc. If the same EIFS cumulative distributicn is
valid for czpliczte fastener hcles under different design conditions (e.g.. loading
spectra, stress level, t load transfer, etc.), tnen the resulting Fa( {(x) 1s said o
be "gereric". 1If I, (x) is generic, then th. crack growth damage g&cumulatlon can
be calculateu analyfically wxr numeraxcaily fcr dirfferent desxgn conditions using the
EIFS distribution (Eys. 4, 7 or 9).

The TFQ mudel parametars, oy Bo' o, Qo’ and bk depend on the fractographic results.
Tberefore, these parameters deperd ¢n the conditions used to generate the crack initia-
tion and crack growth data (e.qy., .iatarial, loading spectra, stress level, etc). A
basic premise of the durabil:ity an.iyz.s method proposed is that F \X) can be det-
ermined from a g:ven firactography lats .et or sets economically ang(ggo resulting EIFS
distribution can be used for crack -x=-edance predictions for different load.ay spectra,
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stress levels, % load transfer, et¢. Encouraging results have been obtained to date
which suggest that such a basic preuwnise appcars to be promising. However, further
study is required to evaluate the IFQ distributions using available fractographie
data generated in Ref. 23 and to assess the accuracy of the crack exceedance predic-
tions, p(i,t), under Cifferent design conditions.

For saimplicity, suppose two sets of replicate specimens are tested using the same
loading spectrum but different stress levels. Using the fractographic results for each
data set, the respective TTCls for a given a, can be determined for each data set as
1llustrated in Fig. 5. For the EIFS cumulative distribution, F {x}, to be "generic",
the TTCI distributions, F_(t), for data sets 1 and 2 should tra%§9$rm into the same
EIFS distribution. From Eq. 9, the necessary conditions for a gereric EIFS cumulative
distribution are rcr @y and QOBO to be constants.

l-Fu(o)(X) = FT, (t.)= FTz(tz)

CRACK
SIZE

l‘Fq(m(X)

T
|

TIME

Figure 5 - Generic EIFS condition

Investigations have snown that a, 1s a material constant for a given type of
fastener hole and the product Q 80 appears to be the cummon denominator for linking
different fractographic data segs togethes on a common baseline. Although results to
date are very encouraging, futher research is required to evaluate and compare QOSO
values for different fractographic data sets.

The EIFS distribucio: for case I (b # i1} and case IT (b = 1) are given by Egs. 7
and 9, respectively. In both cases, the EIFS cumulative distribution, F 0)(x), 1s
independent of the reference crack size, a,, used to define the TICI valaés. This 1is
an aimportant attribute of the IFQ distrlbuglon. The upper bound EIFS value in the IFQ
distribution, X , 1s either selected by the user or computed from Eq. 5 or 10. The
other parameters (i.e., age 80, €, @, and b) are determined from fractographic results
for coupon specimens or other su1tab?e test results.

In previous work, Case I (b # 1) has been considered (Refs. 11, 12, 16, 21, and
22), Fractographic results for protuding head (Ref. 33) and countersunk head (Ref. 23)
fasteners resulted in b values <1, When b 1s< 1.0, 1t is poss.ble to obtain EIFS
values <0 using the original IFQ model. Mathematically, however, the original IFQ
model can handle both positive and negative EIFS values, since the IFQ model is saimply
a "mathematical tool" for predicting the probability of crack exceedance. An explanation
of the negative LIFS i1ssue in terms of the original IFQ model and the crack initiation
process 1s given in Ref. 22.
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‘here are certain advantages and disadvantages associated with the use of Case I
b # 1) and Case II (b = 1) in I'q. 2. For example, the EIFS master curve for Case I
with two parameters Q, and b # 1 generally fit the snlected f{ractographic crack size
range better than Casg II with a single parameter (C.,, b = 1). However, the resulting
Q and b values must be on a comparable baseline whgn different fractography Jata sets
are considered. Since the resultaing Q, ad b values affect the IFQ distribution, they
must be consistently defined. In Eq. 9, 0, and b are shown to be strongly correlated
parameters (Ref, 19). Hence, for a given 3 theve is likely 1o be a corresponding Q
and vice versa. Thus, fcr consistent IFQ results, the same b value may be determingd
using pocled fractography results for different data sets.
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When the on:2 parameter form of Case II is used in Eg. 2 {1.e.. Q,, b = 1), the
"Q." value for one fractography data set is already comparable with tge "0." value for

another data set. Nevertheless, whichever form of Eq. 2 is used (1.e., Q,;, b # 1 or

Q,, b = 1) the resulting Fa(o (x) will be statistically compatible waita ghe TTCI Z

distribution. Consequently, )s long as the resulting F (x} is used in a consistent T
T s ; g%OA N t

manner, the same crack exceedance prediction will be obtaifhed. v

Y
C. Durability Analysis Procedures :
The durability analysis procedures, described and discussed in detail elsewhere }:f
(Refs. 15, 21 and 22), are summarized below fcr Case II (b = 1). Similar expressions el
can be developed for Case I (b = 1) using the same procedurss. %
| ——
(1) Divide the durabil.ty component into m stress regions where the maximum %z}
stress in each region may be reasonably assumed to be equal for every location or '}:
detail (e.g., fastener hole). LI
el
I - '-'
(2) Use the model shown in Fig. 3 and suitable fractography results to define the L}}
EIFS listraibntion expressed ir Rq. 9 Determine o, and QOBO (Ref, 22). The x_ selected ggﬁ
should be consistent with FEgq. 10. u

(3) Determine fcr each stress region, the corresponding EIFS value, yli(r), which
grows to crack size x, at service time T as illustrated in Fig. 4 (Ref. 22). If
applicabkle fractograpﬁy data are available for different stress levels and fractography
data pooling procedures are used, the crack growth rate expression in Eq. 12, where bi =1,
can be integrated from a(0) -= yli(r) to a(x) = Xy to obtain yli(r) in Eg. 13,

da(t) _ 1
—Qar = Qi[a(t” (12) s
e

{t) = x, exp (-Q.7) Eﬁ%

Yi4 1 exp (-0, (13) =
o

. LA
in which -
Q]_ = ggY (14) é"g‘;
1s assumed to be a2 power function of the maximum applied stress o, and & and Y are {fﬁ
constants t» be determined from available fractography data. ;;ﬁ

2]

If applicable fractographic results are nct available for the desised design
coaditic.s (e.g., load spectra, % load transfer, stress level, etc.), an analytical

.
;‘7»
-y

{0
crack growth program (e.g., Ref. 36) can be used to generate a "service crack growth }“}
raster curve" to determine y (tr) for a given x; (Refs. 11 and 15). Wnen an analytical :?;
crack growth program is used, Yy (1) must be determined in a manner which 1s consistent 2
witn that used to determine the EIFS distribition from the fractographic test data. ??'

(B

(4) Compute the probability of crack exceedance for each stress region, i.e., ?gu

i,7) =P T) > = - . i g. 9. e
p(i,7) ta(t) > x,1 1 Fa(o)[yh(r)l, using Eg. 9 e
ag) ?S}

‘ L sy A
p(i,7) =1 - exp (- - ————55§;~——— P 0 <y < X, (15) :¢3

B3

i = 0; ' fa%
pfl,r) 0; ¥y, (0 2 %, %

in which y, (7) is given by Eg. 13, and ¢ 1. the scaling facter dccc.ibad provicusly -
based on t%é number of fastener holes per specimen used 1in the frsctography data base. :2{
{5) The average number of details NM(1, 1), and the standard deviation o(1, ) 1n :5*1

the ith stress region with a crack size greater than x, at service time 1 are determined KA
using the binomial distribution and are expressed as {&ilows: o
N(i, 1) = N.p(i, 1) (15) P

' i ' 5

g

og(iit) = (N;p(1, 1) (L - p(i,1))37/2 a7 o
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in which N, denotes the total number of details in the ith stress region. The average
numk 2r of_éetails with a crack size exceeding %, at the service time T for m stress
regions, L {1), and its standard deviation, UL(T), can be computed using Egs. 18 and
19,

m
Lty = X N{i,1) (18)
i=1
n 1/2
, _ 2,. -
o, (1) —[i};,loN(l.«)] (19)

Eqguations 18 and 19 can be used to quantify the extent of damage for a siugle detail, a
group of detalls, a part, a component, or an airframe. Upper and lower bounds for the
prediction can be estimated using L(7) $20,(T7), where Z is the number of standard
deviations, J. (1}, from the mean, L(t). Eguations 16 through 19 are valid if cracks in
each detail are relacively small and the growth of the largest crack in each detail is
not affected by cracks in neighboring details. Hence, the crack growth accumulation
for each detail is statistically independent (Refs. 11, 12, 15 and 21).

V. DURABILITY ANALYSIS DEMONSTRATIONS

A durability analysis of the lower wing skins of afighter is presented. Dura-
bality analysis results for complex-splice specimens subjected to a bomber load spectrum
are also presented. Both analyses are correlated with test data.

A. Fighter Lower Wing Skins

A durability analysis of the lower wing skins of a fighter durability
test article 1s presented to illustrate the methodology described. Analytical pre-
dictions of the extent of damage in each wing skin are presented in various formats,
and results are compared with observations from the tear-down inspection of the fighter
durability test article.

The fighter durabilaty test articlie was tested to 16,000 flight hours (equivalent
to 2 service lives) using a 500-hour block spectrum. Each wing received the same
loading. 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 > 0.76 mm
(0.03 inch) at ¢t = 16,000 flight hours.

A preliminary durahility analysis for the fighter lower wing skins was presented
in Ref., 21, The preliminary 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. 2 (b # 1}, (3) three-parameter Weibull distribution used in the IFQ
model, (4) model parameters based on a single data set (one stress level, 400-hour
block spectrum, Ref. 33), (5) three stress regions considered for the lower wing skin,
and (6) an analytical crack growth program (Ref. 36) and the 500-hour block spectrum
were used to define the "service crack growth master curve" for each stress regicn.

Essential features of the present analysis are: (1) fractographic results for
countersunk fasteners used to quantify IFQ (countersunk fasteners were used on cthe
fighter durability test article), (2) crack growth rates for the IFQ model based on Eq.

2 (b = 1), (3) three-parameter Weibull distribution used in the IFQ model, (4) mcdel
parameters based on three different data sets (three stress levels, 406-hour block
spectrum) (5) lower wing skin divided into 10 stress regions, and (6) crack growth rate
parameter Q defined for each stress region as a function of stress level o, determined
from available fractography data. There were no significant differences ain the 400-hour
and 500-hour spectra.

The fighter lower wing skin was divided into ten stress regions as shown in Fig.
6. Applicable stress levels and the corresponding number o fasteaer holes in each
stress region are shown in T. ble 1. The stress levels for Zones I-IV were determined
using strain gage data in combination with finite element cnalyses. The stiress levels
for Zones V, VII-IX were determined using a coarse grid finite element analysis and a
theoretical stress distribution for a circular hole in an infinite plate under uniaxial
tension. The stress levels for Zones VI and X were determined from a fine grid finite
clement analysis.

Fractographic results for three data sets (i.e., AFXLR4, AFXMR4, and AFXHR4) for
maximum stress levels of 220.7 MPa (32 ksi), 234.5 MPa (34 ksi), and 262.1 MPa (38 ksi)
were used tc calibrate the IFQ model parameters. A 400-hour block load spectrum was
used. The AFX series specimens were designed for 15% load transfer. The specimens
were made of 7475-T7351 aluminum and contained two MS90353-08 (% dia.) blind, counter=-
sunk rivets as shown in Fig. 7. All specimens reflect typical aircraft production
quality, tolerances and ifastener fits. Nine specimens were tested per data set.
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Figure 6 - Stress zones for fighter lower wing skin
Table 1 - Stress levels and number of fasteners holes for
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The crack growth rate parameter Q, in Eqg. 2 (b = 1) was determined for each of the S
three AFX data sets. Qg was determined from the fractographic results using a least- P}xx:
square fit of Eq, 2 (Ref. 22). A fractographic crack size range of 0 127 mm -~ 2.54 mm b
(0.005 inch - 0.10 anch) was used. An upper bound ELFS of X = 0.762 mm (0.03 inch) AN
was assumed for the IFQ distribution. Using Egq. 11 and the 8stimated Q values, the Ef{ﬂ
corresponding lower bound of TTCI value, &, for each reference crack size, ag, was 2‘gﬁ
determined for each data set. The results of 0, and € are shown in Table 2. -

Ak
Table 2 - Summary of IFQ model parameters for fighter spectrum g%ﬁ;
o a ,xi0 o 8 DS
DATA MAX 0 0¥ty e 0 0 0.3 g
SET (MPa) (mum) (HRS ™) {MRS) (HRS) 0”0
‘;T{“’.;'.je
&)
0.76 0 15,033 1.805 ot
AFXLR4 220.7 1.27 1.201 4,253 12,916 1.551
2.54 10,025 13,421 1.612
06.76 0 1.823 8,721 1.777
AFXMR4 234.5 1.27 2.037 2,508 7,759 1,581
2.54 5,910 9,093 1.852
0.76 0 5,469 2,587
AFXHR4 262.1 1.27 4,731 1,079 5,098 2.412
2.54 2,545 4,798 2.175
POOLED N = 1.823, AVERAGE QOBO = 1.928

Fractographic results for the three AFX series data sets were combined toagether F%?.
to determine the corresponding "ponled” o, value using the following procedures. tﬁx
Time-to-crack-initiation {(TTCI) results £3r three different reference crack sizes (a, = ;KQ
0.762 mm, 1.27 mm and 2.54 mm) were used for each of the three data sets. The adJusged E;:
+1CI Gave, :.e., TTCI-  data for eachreference crack size for each data set were normalized =
using the corresponding average values (X). Results for the three data sets were Y
pooled together and the (TTCI-¢ ) /X data were ranked in ascending order. FEguotion 1 LN
was transformed into a least-squares fit form for determining the pooled g ve lue (Ref. A
22). The pooled value was found to be 1.823 (Table 2). L

PRy

After determining o, for the pooled data sets, the adjusted TTCI's for each v

reference crack size for each data set were considered separately to determine the
corresponding B values (Ref. 22). ‘These values are presented in Table 2. Also
summarized in Tble 2 are the QOBO values for the nine cases consiiered. For generic

g%i
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EIFS, the =, and QOB values should be constants. Average values of @Q,8. = 1.928 and
= 1.823 are used fgx the present durability analysis. A plot of Qo versus Bo 1s
shown in Fig. B3 for the three data cets considered (9 cases).

*
=
z A
o 5L
ot O8O AFxHR4
w
- 47
ul
b
s 3+ ~QpB,=1.928 (AVE)
d =
* N
w N
e S | AFXMR4
% : |
s ® s
E}‘ e 4 ‘.‘-;':':
ot - s,
[ g N, s
° © il
SYMBOLS o
x 1.0 = s
b W= o.76mm (0.03 INCH) o
x @ Q,*1.27mm (0.05 INCH) PSS
D J,52.54mm (0.10 INCH) o
* -
- poes
0.€ L )
3 i0 30 J
T .

B (1000 HRS)

Figure 8 - Qo versus SO for fighter 400-hour load spectrum

4 gy et

The crack growth rate parameter Q. fcr the three data sets 1s plotted against the

applicable gross stress for each data Set in Fig. 9. Using a least-square fit (solid “‘:
line in .Jigure 9), the following expression is obtained for Ql as a function of stress A
level when stress 1s expressed in ksi units: {1
- “:_-,

9, = 1.427 X 10 16 ,7.928 (20) s
When stress is expressed in MPa units, the dppropriate expression for Qi 1s as follows: a;ﬁ

0, = 3.2 x 10723 7-928 (21)

Eguation 20 1s used to estimate the Q1 value for each of the ten stress regions .
shown in Fig. 6.

Crack exceedance predictions for the fighter lower wing skin were determined using
Egs. 13, 15, and 20 as well as the following parameters: x = 0.762 m (0.03 inch),
x . = 1. r 9,3, = 1.928 (average), £ = 4 and various t valles. The results are pres-
efted in variBu8 formats as described below.

vy
™o
'+

1

The extent of damage predictions for the fighter lower wing skin are sumrarized in
Table 3 at T = 16000 flight hours for each of the ten stress regions shown in Fig., 6.

Y .’._nw,,_v:h..
B e
1,

The number of fastener holes with a crack sice >0.762 mm (0.03 inch), L(7), and the §§§§
standard deviation,J, (T), was estimated to be 17.6 and 4.077, respectavely. Based on éﬁi
the test results for the right hand and left hand lower wang skins, an average of 16.5 ¢3};
fastener holes had a crack size >0.762 mm (0.03 inch) at t= 16000 hours. In Table 3, EAEN
the predicted extent of damage results track the average test results for the individual [row
stress regions very well, iR

In Fig. 10 the predicted percentages of crack exceedance versus fastener hole crack
si1ze are plotted for the faighter lower wing skin at t = 16000 flight hours. Curves 1, 2
and 3 are based_on L{t) x 100%/N*, [L(t) + OL(T)] x 100%/N* and [L(t) - 0. (t)] x 100%/N*,
respectively. L{1) and o, (t) are defined by”Egs. 18 and 19, respectively., N* 1s the
total number of fastener Holes in the fighter lower wing skin (i.e., 1614 holes). Since

the number of fastener holes 1in each stress region is large, it is reasonable to approx- {xf

imate the binomial distribution by the rormal Aistrihution. The coxresnonding evaceedance ';f.

probabilities for curves 1, 2, 3 are shown in Fig. 10 in parenrtheses. :;31
X




CRACK GROWTH RATE PARAMETER: QX 104

GROSS STRESS , MP,4

(50 200 250 300
|0 B ¥ 1 R 1

B AF XHR4

|

- AFXMR4

AF XLR4

1.0

- O =MPq

i Q;=3.2x1072 g 7928
0.4 — ! 1

20 30 40

GROSS STRESS (KSI)

50

Figure 9 - Q1 versus gross stress for fighter 400-hcur load svectrum

Table 3 - Durability analysis results for fighter lower wing

skan
NO. HOLES WITH a > 0.76 mm @ r = 16,000 HRS
STRESS Q, x 104 p(1,7) N ‘
REGION -1 PRFDICTED TLS7
(HRS )
N(i, ) oy, T) | PUE. WINQ LI WING| AVERAGL
i 0.4620 0.0426 2.5 1.547 7 0 3.5
11 0.3182 0.02182 6.9 2.598 7 2 4.5
111 £.1380 0.00480 3.3 1.812 - 1 2.5
v 0.0071 0.00002 0.0 0 9 0
v 0.4751 0.0448 0.4 0.618 1 0 3.5
Vi 0.5921 0.0662 1.9 1.332 5 1 3.0
VI 1.3504 0.2649 2.1 1.242 0 2 .0
VIII 0.2507 0.0142 0.1 0.314 1 1 1.0
X 0.2507 0.0142 0.2 0.444 1 0 6.5
X 0.2152 0.0108 0.2 0.445 0 0 0
T() = 17.6, ., () = 4.077, TOTAL TEST AVIRAGT = 16.5
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crRack size {mm)

16-7 7 0.6 ] 2
. O
10.0 - T T T T T T ]
- -4
- 50% CONFIDENCE B
§ A o,B,=1.928 Xy =0.76mm (0.03") _
< i  =1.823 =4
w
w \O
x
w 1.0 » -
S . 1
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[+ 4 - -
© R o4
u
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63} R N
2
E \\\@ (15.87 %)
8 0.t |~ S~
3 - \ S~
u - \ O s50%)
i \
- SYMBOLS \
L © R.H. LWR WING SKIN) TEST ) ]
8 L.H. LWR WING SKIN) RESULTS \@(84.13 %)
\ -~
\
0.01 L 1 1 T\ N I S
0.02 0.03 0.05 0.07 0.10

CRACK SIZE (INCH)

Figare 10 - Percentage of crack exceedance versus crack size at 16,000
hours for 3 probabil:ty levels (fighter)

Test results tor the right and left hand lower wing skin {at X, = 0.762 mm and T =
16000 hou.s) are plotted as a circle and a square, respectively, in Fig. 10. Approx:-
mately 1.1% of the fastener holes in the fighter lower wing skin are predicted to have
a crack size > 0.762 mm (0.03 1inch) at T = 16000 hours. This compares with an average
of 1.02% based on test results for the right hand and left hand lower wing skins.

In Fig. 10, 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 X; = 0.762 mm (0.03")
to approximately 0.14% at X, = 1.27 mm (0.05 inch). Crack exceedance predictions are
based on the service crack growth master curve defined by Egs. 13 and 1l4. A single
service crack growth master curve may not adeguately fit the full range of desired
crack sizes for all crack exceedance predictions. For example, different service crack
growth master curves are required to fit two different crack size ranges as illustrated
in Fig. 11. Curve 1 and Curve 2 shown in Fig. 11 apply to crack size ranges A, and A,,
respectively. Crack exceedance predictions based on Curves 1 and 2 of Fig. 117waill bé
different for the same crack exceedance size, X . For example, p(i,T) predictions

based on Curve 2 for Xl’ Ty and Xy Ty will bellarger than those Lased on Curve 1.

The extrapolation of crack exceedance predictions tc larger crack sizes should be
consistent with the applicable crack growth process for given design conditions and the
crack exceedance crack size, X Further research is needed to develop a better
uncerstanding and confidence 1fi crack exceedance predictions for different crack sizes,
materials, and design conditions.

Analvtical predictions of the extent of damage are presented in Fig. 12 in an
exceedance probability format. In this case, the predicted number of fastener holes in
the figbter lower wing skin with a crack size > 0.762 mm (0.03 inch) are plotted as a
function of flight hours for different exceedance probability values {(r.e., P = 0.05,
0.50, 9.95). The plots are based on Eg. 15, x, = 0.762 mm (0.03 inch), x, = 1.823, QOGO
= 1,928 (average), 2= 4, N = 1614 fastcner hoies, Z = 21.65 and L(1) 220 {7). For
example, at T - 16,000 hou?s,T (1) = 17.6 fastener holes and I, (1) = 4.077. The upper
bound predaiction,L{"} + Z5,{7), 1s approximately 24.3 fastcner“holes. In other words,
there i1s a probability cf (.05 that more than 24.3 fastener holes in the fighter lower
wing skin will have a crack size > 0.762 mm (0,03 inch) at 16000 flight hours. There
15 a probebility of 0.50 and 0.95, respectively, that more than 17.6 and 10.9 fastener

-~

hcles will have a crack size 2>0.762 mm (0.03 inch) at T = 16000 flight hours. The
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average and upper/lcwer bound predictions for the fighter lower wing skin compare very

well with test results for the right hand and lelt hand lower wing skins at T = 16000
flight hours (Fig. 12).

SIZE

CRACK

TIME

Figure 11 - Service crack growth master curves for different crack
size ranges

SYMBOLS
© R.H. LWR WING SKIN
0 L.H. LWR WING SKIN
— PREDICTED
50% CONFIDENCE
Xy =076 mm (0.03 INGH)
1=4
Q,B,=1.928
o= 1.823

404
} TEST RESULTS
3c+

20

10 4
|

NUMBER OF HOLES WITH CRACK SIZE 2 0.76 mm (0.03 INCH)

e

+ al

12600 20000

FLIGHT HOURS

Figure 12 - Number of holes with crack size > 0.76 mm (0.03 inch)

versus flight hours - exceedance probkability format
(fighter)

The extent of damage predictions are presented in a stress level format in F.qg.
13. Curves are shown Zor the baseline stress (0}, 1.1¢ , and :1.25. Results are based
on Egs. 13, 15 and 20. The "baseiine stress" refers to the maxamum stress level fcor
each of the ten stress zones. For prediction purposes, the baseline stressce =ach
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stress zone were all increased by the same percentage. The results shown in Fig. 13

can be used tu assess the extent of damage as a [uncticn of stress level and flight
hours. This format is particularly useful for evaluating durebility design tradeoffs

in terms of the extent of damage. For example, at T = 16000 fiignt hours approximately
1.1% ot the fastener holes 1n the fighter lower wing skin would be predicted to exceed

a crack si1ze 0of0.762 mm (0.03 inch) for the baseline stress levels. If the baseline
stresses were increased to 1.lc and l.2g9, the predicted average percentage of holes

with a crack size > 0.762 mm (0.03 inch) would be approximately 4% and 12%, respectively.
This provides a cuantitative measure of the structural durabkility as a function of
stress level and flight hours.

SYMBOLS
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Figure 13 - Average percentage of holes with c¢rack size > 0.76 mm
{6.02 inch) versus flight hours - stress level format
(fighter)

B. Complex-spiice specimens Suploected to Bomber Load Spectrum

lex-splice specimens subjected to a bomber load spectrum
ns of the exvent of damage in the specimens are

ared with {ractegraphic results., The analytical/
here and descriked in more detail in Ref. 27.

1he comp
made cf 7475
was applied. B
MAKIMUM GYGSS S

ex-splice specimen geometry 1s presented :n Fig. 14, The specamens were
51 alunanum plate and countersunk steel rivets. A bomber load spectrum
sce on a simplifsied stress analysis and strain gage results, the
fess in the outer row of fasterer holes at the faying surface was
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estimated to be 246.8 MPa (35.8 ksi). The eleven specimens were tested to two service
lifetimes (27,000 flight hours) or failure, whichever came first.
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After testing, ail fastener holes in Lhe outer rows were ingpected. Fracuography R

way performed for the luargest crack in each fastener hele in the ocuter rows., Twenty gi

five out of 110 fasiensr holes in the outer rows had a crack size >1.27 mm (.05 iuchj = |

at 13,560 hours, Hence, 22.7% of the fastener holes in the outer rows had a crack size e

21.27 mn (.05 1nch) ar 13,590 hours, -y

r’:-‘

The 1Fy of the fastener holes was basgd on the fractographic results for nine data Tl

sets and th:ee different reference crack sizes. The specamens were made of 7475-T7351 {\f

aluminum and contained ? countersunk rivets. Load transier levels of 15%, 30% und 40% "

were considergd. All specimens had the same cenfiguration (rig. 7) with the same f@:
overall length sic test <ectign dimensions, However, the lug end dimensions

h s

]

N
che amgunt cf joad itran
ocad transfer leve:.

er. Three maxirur stress levels were

’
-
1

1
hoand ba
varied depending on ¢
considered for each 1}

I
1

-

_‘-/'- "¢
D

A fractographic crack size range of €.127 am - 2,34 mn (0.005 inch - €1 inch) wes A
considered, An upper bound JIFS of X = 1,27 sm (0.03 inch) was assumed for the IFQ ot
distribution. A fractegraphy scaling factor oif 2 = 4 was used. The same data peuling A
procedurcs weie used which were previously described for the iighter demonstration. N
The average T ana QORO values were founé to be 2.782 fud 2.823, respectively., "ﬁi

n--I




DA AL AR D U S AN N A W TN T SN U AN N 0 Ry DO D M 2 T R AR P A R U A NN TR L M M N P 7 £ 23 1 Fhands £330, \%

oot
e 2

10-18 B

/o../ﬁs The crack growth rate parameter Q; for the 9 data sets is Plotted against
the applicable gross stress for each data set in Fig. 15. The solid line 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 corrgspondlng
hest-fit equation for Q; as a function of gross stress level when stress is expressed
in ksi units is as follows:

0, = 6.151 x 107+ o°- 382 (22)

%When stress .s expressed in MPa units, the apprcpriate expression for Ql is as follows:

- -17 5.381
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Figure 15 - Q; versus gross stress for bomber load spectrum
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Crack exceedance predictions for the complex-splice specimens were determined A}
using Egs. 13, 15, and 22. At 1t = 13,500 hours, an averzge of 9 fastener holes (8.3%) N
were predicted to exceed a crack size of 1.27 mm (0.05 inch). The test results showed AL

o

an average of 25 fastener holes (22.7%) excceding a crack size of 1.27 mm (0.C5 inch).
The difference in the predicted and test ciack 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 1s far more complex, due to lateral bending effects, than
those considered for the damage assessment. The crack exceedance predictions are very
sensitive to the grcss applied stress level used. This 1s 1llustrated in Fig. 16. The
solid line represents average crack exceedance predictions for the gross stress leve)
of 246.8 MPa (25.8 ksi) obtained using the simplified stress analysis approach. The
dached lines represent average crack exceedance predictions for other gross stress
levels. Also plotted as a single point 1s the average test crack exceedance at t =
13,500 hours. It can be seen that 1f the gross applied stress level used@ 1in the
predictions were 266.1 MPa (38.6 ksi) rather than 246.§ MPa (35.8 ksi), the predicted
crack exceedance at 1= 13,500 hours would match the test rosults. Hence, a more
accurate stress analysis could result in improved predictions.
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Figure 16 - Average percentage holes with crack size > 1.27 mm
(0.05 inch) versus flight hours stress Tevel format
(bomber)

Other useful crack exceedance formats, previcusly discussed for the fighter demon-
stration, are presented in Figs. 17 and 18 for i‘ne complex-splice specimens.

Vi CONCLUSIONS AND DISCUSSIONS

Pirobabilistic 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 he used to analytically assure
compliance with the Air Force's durability design requirements. The analytical tools
described can be used to quantify the extent of damage as a function of the durability
design variables for structural details in a part, a component or airframe. Once the
economic life and durability critical parts criteria are established, the extent of
damage predictions can be used to assure design compliance with Air Force durability
requirenments.

An 1initial fatigue quality model can be used to define the EIFS cumulative distri-
bution using suitable fractographic results. Procedures and guidelines have been
developed for determining the IFQ model parameters for pooled fractographic data sets
and for scaling TTCI results. The parameters o, and QOB provide the basis for putting
fractographic results on a common baseline for guantifying the initial fatigue quality.
For generic EIFS, a, and QOB should be constants for different fractographic data sets
(same material, fasgener type/fit, and drilling technique), loading spectra, stress
levels and percent load transfer. Encouraging results have been obtained to justafy
the use of the same EIFS cumulative distribution for crack exceedance predictions for
different design conditions. Further research is required to confirm the IFQ distri-
butions for different materials, load spectra, stress levels, fastener types/diameters/
fit, % load transfer, etc. A considerable amount of fractographic results exist which
need to be evaluated using the IFQ model.

The effects of fretting, clamp-up, corrosicn, size effect (scale-up from coupon to
component), faying surface sealant, interference-fit fasteners, etc. on IFQ need to be
investigated. Also, the feasibility of using no-load transfer specimens with multiple
holes for quantifying the IFQ should be evaluated using spectrum and constant amplitude
loading. This could provide an economical way to generate the fractographic results
needed to gquantify the IFQ.
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Theoretically, the IFQ model can be used to quantify the EIFS cumulative distri- :ﬁﬁg

bution for various structural details as long as fractographic results are available A

for the details to be included in the durability analysis. The IFQ model has been N

evaluated using fractographic results for fastener holes. Suitable specimens and \“ﬁét

guidelines need to be developed for generating crack ainitiation and crack growtn %j?ﬁ

results for other details such as, cutcuts, fillets, lugs, etc. Fractographic results e

should ke developed and evaluated for such details so that tne durability analys:is E%?ﬁ

methods described can be efficicently applied to different types of structural details »k%ﬁé

in typical aircraft structures. :? b

%y N

et ]

The accuracy of crack exceedance predictions, based on the same EIFS cumulative il

distrabution, needs to be evaluated for different design conditions. Also, IFQ model H?EK

parameter sensitivity studies need to be performed to better understand the average 9233
parameter values and variances and the impact of these parameters on the IFQ for

L
&

different fractographic data sets.

The durability analysis methodology was developed for crack exceedance predictions
for relatively small crack sizes (e.g., = 2.54 rm) 1in structural details. The largest
crack in each detail was assumed to be statistically independent to justify using the

’é
_r“( l&,l "
=" &

A7
E

binomial distribution for combining crack exceedance predictions for structural details. i%ié
If the largest crack in a given detail doesn't significantly affect the growth of T4l

cracks in neighboring details, perhaps the proposed durability analysis methodeloyy can
be extended to crack s.zes >2.54 mm (0.10 1nch}). The simplistic crack c¢rowth rate

e

;

equation {Eg. 12) is non suitable for use in the crack exceedance predictions for crack ,},”
sizes>2.%4 mn (06.10 inch). However, & general scrvice crack growth master curve can be }:;3
generated under given design conditions which 1s valid for crack sizes >2.54 mm (Ref. e
11, 12 15, and 22}. Neverthneless, this approach has not been demonstrated in the -

3
»

present study z2ad further research is required to extend the probabilistic fracture
mechanics approach developed to larger crack sizes.
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Two different Fa 0 (x) equations (i.e., Egs. 7 and 9) were presented for represent-
ing the IFQ. Either éq&ation works but Eq. 9 1is recommended for two reasons: (1) It
assures all EIFS's in the IFQ distribut:on will be>0, and (2) the crack growth rate
parameter Q. can be easily determined from the fractographic results and the resulting
Q, values for different data sets will be directly comparable. If Eg. 7 1s used, a
common b parameter (Eq. 2) must be imposed for different fractographic data sets to put
the Q SO values on a ccmparable baseline. As long as b > 1, all £IFS's in Eqg. 7 will

be > 8.0 Further stud:es are needed to evaluate the accuracy of these two Fa(O) {x)
equations.
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The EIFS cumulative distribution, F 0 (%), is independent of the reference crack O
size, a,. This 1s 1llustrated in Egs. 7484 9. Therefore, the TTCI distribution for e
differegt reference crack sizes will transform into a common Fa(o)(x). Ry

The IFC model 1s simply a "mathematzcal tool" for guantifying the IFQ of structural Cosor
details. Therefore, the resulting EIFS's must be considered in the context of the IFQ %
model and the fractographic results used to calibrate the model parameters. EIFS's il
should be considerea as hypothetical cracks used for crack exceedance predictions Gfg
rather than actual initial flaws per se. ?ﬁ}

W

Back extrapolations of fractographic data must be done consistently to put the ?“€
LIFS's on a common haseline for different dato sets. Inconsistent EIFS results will be ;ézf
obtained 1f the EIFS distribution is determined by back extrapolating the fractcgraphy Foimoed
reselts for individual specimens and then fitting a statistical distribution to the e
ETF3 reosults fcr d.fferent data sels. Two problems result 11 this approach is used: RAAY
(1) the EIFS's are not on a common baseline for different data sets, and (2) the AN

rervliting EIFS distraibution is noc statistically compatible tvith the TTCI distribution
and the fatigue wear out process. The resulting EIFS distribution should be
statistically compatible with the TTCI distrabution. The IFQ model presented in this
paper <atisfies this requirement.
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Several useful applications orf the durability analysis methodology developed are:
(1) The evaluation of durability design tradeoffs in terms of structural design varigbles,

T8

A,

(2) the evasluation of structural maintenance requirements before or after aircraft is t9:~
commitited to service, and (3) the evaluation of aircraft user options affecting life-cycle- gf:
costs, structural maintenance requirements, and operational readiness. Ly
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