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PREFACL

Technology Incorporated prepared this second volume of
a five-volume report to document the simulation logic for
Structural Area Inspection Frequency Evaluation in accord-
ance with Article II, paragraph B of Contract DOT-FA74WA-
3493, (Volume II along with Volume I completes the require-
ments of Phases I and Il of the contract.) The ecffort is
sponsored by the Aircraft Safety and Noise Abatement Divi-
sion, Systems Research and Development Service of the Fed-
eral Aviation Administration.

The principal Technology Incorporated personnel engaged
on this program were Mr, Carter J. Dinkeloo, project engi-
neer, who served as principal investigator; Mr, Martin S.
Moran, research engineer, who developed the model for the
SAIFE computer program; and Mr. Ronald I. Rockafcllow, pro-
gram manager.

The contract monitors for the FAA were Messrs. Herbert
Spicer and Charles Troha of the Alrcraft Safety and Noise
Abatement Division. The technical monitor was Mr. Arnold .
Anderjaska of the Flight Standards Division,
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I, INTRODUCTION

It is the mutual goal of the FAA, airtframe manulactur-
ers, and air carriers to constantly improve the structural
integrity and inspection efficiency of civil aircraft. The
good safety record of U.S, air carriers indicates that the
current process of establishing and modifying structural
inspection programs has been successful, However, with the
increasing size and complexity of second- and third-genera-
tion transport aircraft, there is a need to quantify more
precisely the current subjective evaluation process which
relies heavily on reliability analyses of the new design and
on operational experience of similar aircraft,

Because of the extreme complexity of the evaluation
process, a computer simulation of all criticual uircraft
service life aspects was judged the most rational means for
quantifying the process more exuctly, As a five-volume
document, this report documents the resultant Structural
Area Inspecction Frequency Bvalwitlion (SATFE) simulation
logic., SAIFE accounts for the following factors: (1) alr-
craft design analysis;y (2) component and full-scuale fatigue
testing; (3) production, service, and corrosion defects;

(4) probubility of crack or corrosion dotection; and (5) air-

craft modification economics, 1t trecats these factors in a
logical sequence that realisticually represents the procedure
currently used to establish and modify inspection intervals,
SAIFL 1s desipned to provide a repeatable method for cvalu-
ating proposed inspection programs. lowever, it is not
intended to supplant the Maintenunce Review Board or the air
carrier use of the Standard Operations Specification -
Alrcraft Maintenance.,

In addition to presenting the SAIFE logic applicable to
inltiul demonstration, this report documents the rescarch
conducted to estublish the quantitative functions required
for decision logic in the simulation., Some of the documen-
tation for these functions, such as Tatigue 1ife scatter,
are taken from work conducted in other studies, Other
functions, such us the probahility of defect dotection, are
the result of work conducted as part ol this contract,
Whatever the source, all analytical informuation is refler-
enced throughout the report. The logic applicable to the
parametric study is given in Volume 1V, Book 2 of this
report,

Figure 1 illustrates the data sources and analytical
functions that arce integrated Into the SALEFE logic., As
Volume 11, this volume presents the detailed simulation
logic incorporated in SALEFE and all the background data
required for the analytical functions and decision-making
processes. |t also includes much ol the data required for a
typical simulation program,
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IT. DISCUSSION OF DETAILED SIMULATION LOGIC

The eight blocks in Figure 2 represent the major as-
pects of the SAIFE simulation logic which was originally
e o S
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developed by Anderjaska in Reference 1. RBlock 1.0 accepts
input data for the aireralt fleet and for cach structural
clement in these aircraft,  After determining whether cele-
ment modibications ave required because of the fatipue test
results in Block 2.0, Block 1.0 assigns a tatigue lite to
each clement in euach aircraft. Block 3.0 determines whether
production, scrvice, or corrvosion defects will occur; if it
is determined thut such defects will occur, Block 3.0
predicts the times when they will occur. After comparing
the flight loads with the strength of each clement, Block
4,0 predicts the time to structural failure for cuach anir-
craft, Block 5.0 conducts the periodic inspections of cach
clement., If a structural failure has occurred, Block 5.0
deletes the corresponding aircraft from the [leot. lowever,
if an element has a defect that is detected, Block 6.0
repairs the element, Depending on the magnitude of the
detocted defects, specinl inspections and increased inspec-
tion frequencies may be called for in Block 7.0 and modifi-
cations may be instituted in Block 8,0, When all the air-
cratt have been deleted from the fleet cither through re-
tirement from scrvice or as a result of u structural lailure,
the simulation is complete,

As detalled in the following sections, cach blovk Is
broken down into scveral subblocks which contain the (unc-
tions and declsion logle required for the simulation, lHuach
subblock for a particulur block breakdown is represcented by
the unit number ldoentifying the block in Figurce 2 and by a
decimal number denoting the subblock scquence; for example,
the subblock represented by 2.3 correluates with Block 2,0 in
Flgure 2 and is third in the subblock sequence. By desipn,
the subscction numbering In this section corrvelates with
this numbering system,
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1. Detailed Description of Block 1.0, Input Data/Generate
Fatigue Lives (see Figure J)

@

V. 1 + 1
- INPUT ATRCRAFT
% 1.2 1.3
£ INPUT ELEMENT NO END OF
DATA INPUT DATA
YES

s g e

1.4 E
PREDICTED AVERAGE

FATIGUE LIFE OF
ELEMENT

AT AT T I

1,5 :
\AACTUAL AVE RAGE |
o

FATIGUE LIFE OF .
ELEMENT ]

I TR R

1.6

cukiSeskois:

PRODUCTION ’
MODIFI1CATION 0
PENDING

YES

1.7

3 MODIFICATION
1 INSTALLED NPT

1.8

ACTUAL ELEMENT ‘——@
FATIGUE LIFE
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) AIRCRAFT
) - ENTER SERVICE
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Figure 3. Detailed Flow Diagram - Input Data/Generate
Fatigue Lives
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1.1 TInput Alrcraft Fleet Data

This bloch introduces the following input data which is
constant for all clements throuphout the simulation,

(1) Adrcraft type (two-clement array).
(2) The size of fleet to he simulated.
(3) Service 1life of the aircraft (flight hours).

(4) Time ut which aircraft production begins (flight
hours after start of simulation).

(5) Initial aircraft production (flight hours between
alrcraft),

(6) Sccond aircraft production rate (flight hours
between aircraft),

(7Y Time at which second production rate takes cffect
(f1ight hours uafter stuart of production),

(8) Time at which fdtiguo test is started (flight
hours after start of simulation).

(9) Fatlgue test acceleration lactor,

(10) Corrosion area growth rate (square inches per
flight hour).

(11) Percentage of fatlguc 1ife at which inspection
frequency Is increasced because of u fatigue tost
fallure,

(12) PFuactor to reduce fatigue 1if{c¢ when corroslon oc-
curs in a stress concentration,

(13) Fuactor to reduce fatigue 1ifec when corroslon oc-
curs outside a stress concentratlon,

e PR i

(14)  Mean (up) and standard deviution (op) For the log-
normal jistribution of the ratio of the uctual

} averape fatigue 1lile to the predicted average

-3 fatigue life.

(15) Tlguation constants (two required) for gust and
maneuver load disttibutlion,

(16) Initlal insgpection iIntervals (four required)
(flight hours).

(17 Cost of ecach level of inspection (four required)
(dollars).




(18) D-level sampling percentage.

i T N I———
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{19) A "YES" or "NO" switch used to implement the long
list output option,

ps i

(20) Percentage of critical crack length at which an
internal crack becomes external.

A total of 29 input constants are required for this
data block,

1.2 Input Element Data

This block introduces the following input duta which is
: ! unique to each element (therefore, each element must have a
; | complete set of data specific to the given element):

(1) tlement identification (four-element array).
(2) Predicted average fatigue life (flight hours),
(3) Actual average fatigue 1life (flight hours).

: (4) Average slow crack growth rate (inches per flight
4 hour).

(5) Average fast crack growth rate (inches per flight
I hour).

(6) Crack length to structural failure (inches).
(7) Critical c¢rack length (inches).
(8) Fall-safe crack length (inches).

g | (9) Probability of production defect (occurrences per
' alrcraft),

T TS

} (10) Corrosion resistance rating.

(11) Service damage occurrence rate (occurrences per
flight hour).

(12) Lead time to implement modifications (equivalent
hours).

(13) Factor by which inspection intervals are decreased
because of fatiguc test failure (applied to "C"
and "D" lcvel inspections only).

(14) Factor by which inspection intervals arc decreuascd
because of unfavorable service experience (applies
to "C" and '"D" level inspections only).
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(15) Factor by which inspection intervals are increased
because ot favorable service experience (applics
to "C'"oand D' Jevel inspections only).
(16) Probabllity of fatiguc crack initiating internally,
(17) Probability of corrosion initiating internally.
(18) Lowest internal inspection level.
(19) Lowest external inspection level.

(20) Repalr costs for euch level of inspection (four
constants required) (dollars).

(21) Decision variable indicating whether or not modi-
fications are to be fatigue-tested (ves or no).

(22) First modification tooling cost (dollars).

(23) Additional modification tooling cost (dollars).

{24) First modificatlion installation cost (dollars).

(25) Additional modificution installation cost (dollars).

(26) Repoir cost fer defect found during special In-
spection (dollars).

(27) DProbability of existing corrosion being in u
stress concentration,

(28) Initial corrosion occurrence rate (occurrences per
flight hour),

(29) Second corroslion occurrence rate (occurrences per
flight hour).

(30) Alrframe time at which second rate takes offoect
(flight hours),

A total ol 30 input constants nre requirved for this
data block.

Each element to be cvaluated by the simulation s
identifiocd by three groups of alpha characters and by one
group of numeric charucters. The alpha characters deline
the Easic element type and the gencral location on the

aircraft, while the numeric characters define the specific
location of thec element by ldentifying the wing or fusclage
station number. TFor cexample, an cloment ldentilicd as "FUS-
MFR-TOP-400" would be u frame located in thoe fuselage crown
with the attuching structure extending from statlon 390 to
station 410.
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The simulation is designed to handlc as many individual
elements in cach aircraft us is necessary. Accordingly, the
size of cach wing or fusclage clement depends only on natur-
ally occuriing design points such as vrib or {rame spacing.
Therefore, the element identilied at fuselage stution 400
includes all structure and attaching parts between luselage
stations 390 and 410. In this example the fuselage frame
element would also include all the attuched skin as shown in
Figure 4. This figure also shows a typical wing stringer
olement with attaching structure. The basic clement types
and the number of individual elements in each basic type arc
listed in Table 1. This table is applicuble to a typical
narrow-body aircraft and is used throughout this report to
analyze service history data from narrow-body aircraft. 'lhe
identification system is the same as that uscd to process
the MRR/SDR historical data (Volume IIT). 1t offers a great
deal of flexibility in laying out the elements on any par-
ticular aircraft and permits an casy comparison of the
simulation output and the historicual information.

J |
HOOP STRESS .

PRESSURE

I —

Fuselage Prame Llement

Wing Stringer Element

Figure 4. Typical Airframe Llements Used in the SAIFE
Simulation
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TABLE 1. ELEMENT DEFINITION AND DISTRIBUTION FOR

TYPICAL NARROW-BODY

Basic Type

WNG (wing):

STR (stringer) -

R1B (rih) -

SPR (spar)

ACC (access)

FWD (forwurd)
(BN (center)

AFT (aft)

FWD (forward)
CEN (conter)

AFT (aft)
~ FWD (forward)

CEN (center)

AFT (aft)
- FRM (frume)

WSC (wing center section):

SWB (spanwise heam) -
- CEN
- AFT

RIB (rib)

STR (stringer)

FUS (fuselage):
MER (maln frame)

STR (stringer)

FLR (floor)
KL (keol)
WIN (wlndow)
DOR (door)

PRS (pressure)

1.3 End of Data

This function simply monitors the input data for the
end of data card., When the appropriate end of data code i

FWD

- FWD
- CEN
« AFT

-~ FWD
- CEN
- APT

- Top
- 81D
- BoT
- TOP
-~ SID
- BOT
- BEM
- BEM
- FRM
- FRM

- WLB

encountered, the simulation

(forward)
(center)
(aft)

(forward)
(¢entor)
(aft)

(forward)
(centur)
(nft)

{top)
(side)
(hottom)

(top)
(side)
(bottom)

(heam)

(heam)

(frame)

{(frame)

(wobh)

1s concluded.
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JET TRANSPORT

No. Elements in
_Hach Alreraft

33
33
33
33
33
33
33
33

50

~3~313 ~3 -~

~5 ~3 ~2

60
60
60
60
60
60

50
10
60
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1.4 Predicted Average Fatigue Life

A program input, this variable is the average fatigue
life analytically predicted for cach clement design.

As used in this report, fatigue life is defined as the
accumulated operational time when a c¢rack initiates. SAIFE
uses the following threc types of fatigue lives which are
used throughout this report:

(1) Predicted average fatigue life - the [leet average
futigue life for an element:'determined from the
manufacturer's design analysis.

(2) Actual average fatigue life - the fleet average
fatigue lifc for an element determined {rom ex-
tensive service experience,

(3) Actual element fatigue life - the fatipue life of
an element on an individual aircratt in the f{leet.

The primary source of data for this variable is the
manufacturer's design analysis, When such data i1s not
available directly from the manufacturer, it can be obtainced
in a less detailed format from a Maintenance Review Bouard
report or a Fatigue Integrity Program report, It is also
possible to calculate the fatigue life {rom service experi-
ence by using the method presented in Reference 2, If none
of these sources arc available, the uaverage futigue life
must be approximated on the basis of the design service life
for the current aircraft or from a previous nircraft of the
same manufacturer,

1.5 Actual Average Fatigue Life

Since fatigue phenamena are not completely defined, the
fatigue life prediction analysis should Ee performed statis-
tically., Since in pructice a statistical approuch is not
used, the actual fatigue life of a structurc of a glven
design will usually differ from that analytically predicted.
The probubility of the actual life bheing preoater or less
than that predicted was studied by the Roval Adrcraft Ls-
tablishment (Reference 3). In Reference 3, fatigue lives
based on full-scale structural fatipue tests on the wings of
British military and civil aircraft were comparcd with those
based on average fatigue performance In labhoratory tests of
typical aircraft joints., In cach type of fatiguce 1ife
derivation, the estimuted life was bused on average tfatiygue
performance and, as nccessary, on Miner's linear cumulative
damage method. As shown in Fipure 5, the results of this
comparison indicate thut the actual 1life may frequently he
overestimated 1if the cualculatod fatigue perlormince is not
statistically interpreted. To determine the distribution
shown in Figure 5, o computer program was usecd to it the

11

T




g i i e

S Lt E

RN G

following statistical

Actual

Life

R = predicted Tife

Mp = 0.841

op * 0,695

(log-normal) distribution to the data:

(1)

The parameters pp (distribution mean) and og_(distri-

bution standard deviation) are input variables.

These pa-

rameters enable SAIFE to account for improvements in fatiguc

analysis techniques.,

An example of the relationship result-

ing from improved analysis techniques 1is shown in Figure 5,
where pR = 1.000 and op = 0.695.
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Comparison of Predicted and Actual Fatigue life
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With the application of Monte Carlo computer tech-

niques, a log-normally distributed correction factor for the

predicted average fatigue life (Block 1.4, Figure 3) is

generated for each element design., This correction factor

(R) yields the actual average fatigue 1ife (Block 1.4,
Figure 3) and is calculated for each eclement. ‘The same
statistical model is used for all the elements making up
alrcraft model,

1.6 Production Modification lending

When each aircraft enters servicé, this function deter-

mines whether previous simulation logic has instituted a

an

modification becuause of operational cxperience on aircraft

already in service or becuuse of a previous latligue test

failure, If a modification is pending, the logic proceceds

to Block 1.7 to determine whether the modification is avail-

able for installation. If a modification is not pending

the logic goes to the routine TMOD. It is assumed thut if
previous unfavorable operational experience has caused the

development of an clement moditfication, a subsequent {atigue

test failure will not causc further modification of that
element,

1.7 Modification Installed

This function indicates whether or not a prescribed

structural modification has been Installed in an aircraft

before it enters service., The modilication has been in-
stalled if

N % C2 - N8+ C1L o+ (12

where X4 = production number ol ailrcruaft

(@]
[
]

production rate of aircraft

X8 = time between the delivery of the first ai

craft and the time of the decislion to develop
a structural modification for a given e¢lement

C11 = lead time to develop a structural modific
tion for a given element type

C12 = leuad time from the development to the produc-

tion-line incorporation of the structural
modificatlion for o given element type

Items €2, Cl1l, and Cl2 are program inputs., ltem C2

depends on the aircraft type being considered, while €11 and

C12 depend on the particulur element belng considered,
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data avoilable only in terms of calendar days must be con-
verted to the equivalent simulation time (flight hours),

Gasrendar days * 8,2 = cequivalent simulation time (3)

This conversion is based on the average yecarly aircraft
utilization of 3000 [light hours per 365 duays.

The modification will be installed on aircraflt thut are
already in service when the aircraft are out of service for
repairs or for normuslly scheduled overhaul inspections itf it
has been determined that retrofit modifications are economi-
¢ally feasible or required for safety-of-flight reasons,

The validity of this lunction depends on the accuracy
of C11 and Cl2. ‘'The bhest estimation of lead times should
come from the aircraft manufacturer or from the air carrier
if the carricr performs the modification. The lead time for
4 critical item that precedes the modiflcation may be pro-
vided by a vendor or independent supplier,

1.8 Actual EBlement Fatigue Life

If identical futigue tests ure performed on several
nominally ldentical tect specimens, the resulting fatigue
lives will not be identical., 'This basic fatigue 1ifc scat-
ter is a fTunction of the material properties, manufacturing
quality, and process variations of the test specimens.

Also, no two aircraft within the same fleet cxperience
identical louad spectra, 'This load cnvironment variation
introduces additional futigue life scutter among like struc-
tural elements within the same fleet,

Clearly then, the fatigue life of aircraft structures
must be treated as 4 stochastic variable whose frequency
distribution reflects hoth the basic fatigue scatter and the
load environment variation. Because, in the analysis of
gircraft structures, only a smull sample can be tested and
the tailure of even a single structure may be catastrophic,
the expected time to tirst failure is a much more signifi-
cant measure than the mean time to failure. A method for
the estimate of the expected time to first failure is out-
lined by Ireudenthual (Reftecrence 4). In his paper, Freuden-
thal shows that the cumulative distribution function has the
form of the two-parameter Weibull:

Fit) = 1 - exp[-(t/0)"] (4)
where t = time to crack nitiation
¢ = characteristic value
b = shape parameter
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By pooling the results from various sources (Figure 6),
Freudenthal makes an estimate of fatiguec life scatter based
on the representation of test data by the log-normal dis-
tribution., e concludes thut g value of the standard devia-
tion o(logigN) = 0.15 - 0,20 is representative of most
results in the long-1life range (N > 100 cycles). These
values are consistent with the work done by Abelkis (Ref-
erence 5) in which he concludes that a value of o = 0.14
would desc¢ribe the busic fatigue life scatter and that a
value of o = 0.20 would account for bhasic scatter und the
additional scatter introduced by load cnvironment variation,
Using the actual average fatigue life'(t) generated by Block
1.5 and assuming a value for o, the values of 0 and b can be
determined from the following relationship:

b = 1/(2.303 ¢ /O ) (5)
8 = t/I(1 + 1/b) (6)

where I = the gamma function

2 W S b

.30
l | 1 ! |
e AUSTRALIAN AIRCRAFT WING TESTS
25___0 COLUMBIA UNIVERSITY RANDOM LOAD TESTS
‘ o COLUMBIA UNIVERSITY CONSTANT LOAD TESTS — {
A NLL AMSTERDAM PROGRAM LOAD TESTS — d
°
//1_/1 \
Ao
& [y
s
0,
25 30 as 40 45 loqﬁ 50 £5 60 €5

Figure 6., Relatlon Between ¢ = o(loglo N) and log K
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The Monte Carlo technique cun now be applied to generate a
two-purameter Welibull distribution of fatipue lives by
replacing [1-1F(t)] in Bquation (4) with a random numher for
cach aircraflt in the simulated [leet:

1/b

t = 0[In(1/RN)] (7)

whetre RN = a uniformly distributed random number.

The simulation program allows any structural element to
have as many as three fatigue cracks at the same time. The
times to subsequent crack initiations are arrived at by
truncating the distribution at the previous fatigue life and
drawing the time to the next crack initiation from the new
conditional distribution. Let Fq(t) be the cumulative
distribution function ol time to crack initiation. Make a
random draw from Fq(t) which ylelds t; (time to first crack
initiation). Now %runcute the lower end of the distribution
at t] and make a random draw from the new conditional dis-
tribution I,(t) to yield t; (time to second crack initia-
tion) where

| BFy(t) - Fy(ty)
I:Z(t) - Fl(t|t >oty) = 1 Fl(tlj (8)

and F,(t[t > t;) = probability of crack inltiation before
time t with the condition that crack

initiation occurs after time tl

Fy(t) = probubility of crack initiation before
: time t
I'1(t1) = probability of crack initiation before
time ty
1 - Fy(ty) = probubility of no crack initiation before

time tq

Now truncate the lower end of Fia(t) at t2 and make a
random draw from the new conditional distribution Fy(t) to
yleld tz (time to third crack initiation) where

. . | . I:z(t) - pz(tz) , \
Faltd = Fyleit > ) = S (9)

How the three probabllity density functions f,(t),
t), and f3(t) arc related can be determined from their
initions. From probability theory,
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dFl(t)
£1(t) = —f— (10)
Likewise,
dF, (t) F,(t) - F,(t,)
2 d 1 1 (ty
M) = T (11)
or
£.(t) f1(®) (12)
2 T TE)
Similarly,
£, (t) £, (t)
£3(0) = ey STE,T © TOF (e ITTT-F, Tt 7] (13)

If we let K3 = 1/(1-F1(ty)) and K2 = 1/[1-Fy(ty)][1-Fp(ty) ], we
can then wr}te fzét) = Kify(t), fg(t) = Kzfl(t}. Thus f,(t)
and f1(t) can be formed %rom £ (t? by truncdting the lower

end a% ty and t; and by mdltipiying all values of fy(t) by

the conslunts K1 and Kz, respectively. This process is
demonstrated in Figure 7,

DEXSITY FURCTION fit)

BLIGHT TIME (t)

Figure 7. Truncated Fatigue Life Distribution for First,
Second, and Third Cracks in an Individual Element
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In Figure 8, the cumulative distribution of time to
crack Inltiation Is shown Tor cach ot the three cracks on
the individual clements. Constructed rom the results of a
sample simulation problem, these distributions show a dis-
tinct Weibull Torm with progressively, higher characteristic
values (0), This is the cxpected rvesult trom the method

discussed above,
: ﬁﬁﬁﬂp“'i '
t

1.0[;— fr T ;p*i'! -

CURRENCES F{t;

CUMULATIVE Oi

oL i : Ao :
0 20 A 50 80 100 120 140
ELLGHT TIME (1000 HOURS)

Figure 8. Cumulative Distribution of Fatigue Lives for
First, Sccond, and Third Cracks
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1.9 Aircraft Enters Service

This function causes aircraft to enter service at a
Eroduction rate prescribed in the input. The program logic
as the facility to change the production rate once at some
time during production, The time of this change and the new
production rate are also prescribed in the input. Aircraft
continue to enter service until the fleet size defined in

the input is attained.
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Detailed Description of Blouck 2.0, Develop Modification

Because of Tatigue Test Failure (sec Figure 9)

2.1

DECISION MADE TO NO
DEVELOP MODIFICATION - "'C:::::::>

YES

2,2

INSPECTION FREQUENCY
INCREASED PENOING

MODIF ICAT FON
2-3 l
MODIFICATION TESTED |___YES
(INPUT)
P
2.4 ACTUAL AVERAGE
ACTUAL AVERAGE MODIFIED MODIFIED FATIGUE LIFE

SET EQUAL TO

FATIGUE LIFE PREDICTED LIFE

Figure 9, Detailed Flow Diagram - Develop Modification
Because of Fatigue Test Failure

2,1 Decision Made to Develop Modiflcation

This function determines whether a modification to an
olement 1s required so that the aircraft type may reach its
predicted service life, The decision is based on the number
of equivalent flight hcurs attained during fatigue testing.
For airframe elements, a goal of two times the service life
is commonly used. If this goal is achieved, the fatigue
test may be discontinued or it may be continued to determine
what additional margin of safety 1s present.
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To determine whether the fatigue test goal has been
achieved, the hours of testing arc multipliced as follows
by a fatigue test acceleration factor to arrive at the
equivalent tlight hours:

Test Hours * Fatigue Test Acceleration Factor

= Flight Hourys (14)

The criteria for developing a modification are then as
follows:

(1y If
flight hours » 2 % service life (18)

a modificution is not developed.

(2) 1If
flight hours < 2 % service life (16)

a modificution is developud and it is in-
stalled at production when it becomes
available,

Because of the significantly higher cost of instulling
4 modification on un aircraflt already in service, retrofit
modifications are not lnstalled unless the futigue test
failure occurred in less than one servive life, 11 the fa-
tigue test fallure occurrcd in less than one service life,
the modification ts required for safetyv-of-{light and is
installed on all ulrcraft,

2.2 Inspection I'requency Increasced Pending Modlfication

When 1t has been determined that a modification must
be installed, there is o lcad time required to design and
Fabricate the modiflcation and to awailt the alrcraft's beoing
scheduled for an out-of-service perlod. During this lead
time, it may be nccessary to Incrouse the frequencies of the
lowest level close internal and close external inspections,
The decision to increase the Inspection frequency is based
on the assumption that the futiguc test specimen represente
an average of alJl elements and that a scatter factor is
required to account for all the elements in a typical fa-
tiguo life distributlon. Therefore, when the flight hours
on any particular alircraft roach some percentuge of the
fatigue test fallurc !ife, cvither that aircraft must be
modified or the inspection [(requency must be Increased until
tho modification Is installed. The percentage of fatipue
test fallure life at which the inspoction freoquency is
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increused is an input paramcter; in addition, the factor
which increasns the inspection frequency for both the close
external and the ¢lose internal inspection is also an input
~arameter since b2 required change depends on the element
cotng oconsidered,

Soo Modification Testedl

When Block 2.1 indicates that u nmodification is re-
quired, it is assumed that the modification is designed to
the element's original predicted average fatigue 1ife, This
function indicates whether a modification is fatipue tested
before its incorporation into the fleet. It is an input
parameter for cach element type,

2,4 Actual Average Modified Fatigue Life

This function repeats the logic established in Block
1.5, It is based on the assumption that the design analysis
of the modificatlion is similar to that of the original
element but has an increased probability of belny accurate,
Therefore, the analysis for the modification results in an
actual average fatligue life closer to the required life
because ol experience gained during operatlional usage., This
increased probability of beolng accurate is accounted for in
SAIFE by decrcasing the standard deviation and increasing
the mean of the log-normally distributed correction factor
discussed in Sectlon 1.5, The standard deviation is de-
creased by 15% and the mean is increased by 15% of the quan-
“ity (1.0 - mean),

Monte Cavlo techniques are agaln used along with the
distribution established in Figure 5 to determine the actual
average fatipgue life of the modilled clement,

2,5 Actual Avvra%p Modified Pantiguce Life Set Equul to
Predlicted T.1T0

IT the result of Block 2.3 was to fatlguce test the
modified eclement, then it is assumod that the modified
elemont will attain its predicted 1ife or be redesigned and
retestod until it does. Therefore, the average life pre-
dicted by Block 1.4 hecomes the actual average fatigue life
of the modificd element., The logic then returns to Block
1.8 where o Tatligue 1ife 1s assipnoed to ecach modifled ele-
ment as the modificatlon is installed on each aircraft., As
was done for the orlginal clement, the individual fatigue
lives are determined by using a Monte Carlo technique.
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3. Devailed Description of Block 3.0, Reduce Patiguc life
Becausce of Production, Scrvice, or Corrosion Defecty
{sce Uigure 10)

e st '"Em—amﬂl sl

simn

e
DEFECTS ;
]
|
] YES ELEMENT HAS . NO ;
| PRODUCTION DEFECT [ — !
3.3
3,2
ELEMENT INCURS
ACIgéLRESLéggE o SERVICE DAMAGE,
L FATIGUE IIFE REDUCED
; 3.4 ,
1 NO__ | CORROSION INITIATION
| CRACK GROWTH ON INL
- .
YES
3.7 3.5
ATre NO CORROSION OCCURS IN
ACTURL FATIGUE LIFE tas STRESS CONCENTRATION !
YES |
f‘ 3,6
: .
1 (STRENGTH REDUCTION )= "CIFE REplckD.

Figure 10, Detailed Flow Diagram - Reduce Fatigue Life 5
Because of Production, Service, or Corrosion Defects .

3.1 Element Has Production lefect

el

As one-time occurrences, production defects rosult in ]
structural damage only when they initiate the progressive
fatigue failure mechanism. Typical production orrors in-
clude surface irregularities, such as burrs, nicks, and
gouges; incorrect dimensions and dimensional tolerances;

e g o

23

b vty 4 8 abpirrigeds 100 ennALLAY 3ELE e St B B A eay 1 € 5 gy b d ) g Wiy v B A Rrmrantc Y h AR 4



improper surface finish and heat treatment;, and missing or

improperly installed fastencers and shims. The probability

of u given element having a production defect before enter-
ing service is assumed to be constant for all clements of a
particular structural type (spars, frames, ete,) regardless
of individual aircraft or the aircraft type,

bata establishing the production defect probability for
each structural element type were obtuined from the Mechan-
ical Reliability Reports (MRR's) uand Service Difficulty :
Reports (SDR's) in conjunction with the service bulletins :
issued periodically by the airframe manufacturers and Alr-
worthiness Directives issued by the FAA, Because of the 1
limited regulatory requirements imposcd on the air carriers :
in documenting the naturc of a structural defect, the de- :
scription of a defect occurrence in MRR/SDR data is gen- !
erally less thorough than the description of a potential e
structural failure in the pertinent service hulletin.
A reported fatigue crack is classificd as having heen in-
duced by a production defect only if a rccognizable pro-
duction error either is cxplicitly stuted in the MRR/SDR
data to be the cause of the failure or is implied to he the
: cause by reference to the applicable service bulletin or
3 Alrworthiness Directive,

E From a review of the MRR/SDR's submitted to the FAA

7 during the period 1963 to 1973, a total of 59 fatigue fail-
ures were identilied which could be attributed to production
defects with almost all ol these fallures resulting from
missing or Lmproperly lInstalled fusteners and shims. The
number ol production defects found in cach type of struc-
tural c¢lement throughout the [leet, along with the average

3
* number of individual eclements in cuach aircraft type, ave
E presented in Table 2. The MRR/SDR's, and conscquently
Y Table 2, consider only production defects that result in
1 cracks or vorrosion., Those defects that do not affect the
‘ alreraft structural integrity ure not considered to he
sipnificant in the SATEE lopic,
t The probablility that an individual structural element
é enters service with o production deflect s cqual to the
i ratio of the number of production defect occurrences lden-
‘ tilied in that clement type to the total number of elements
; of that type within the fleet. The equation for determining
4 the probablllity of a production defect occurring is
Doow ey 0 OF Defocts 17
P 0T No, ol TndTvTduaT T oments (17)
]
- For the puiposes of those calculations, it is nssumed that
) the fleet size is 1400 aircralt, the lurgest number of
2 pertinent aircruft reglisteored to cortified route air car-

riers in any given yeur during the period 1963 to 1073,

e AR e T R et ar et o o o




These data are from Reference 6, the FAA Statistical Hand- i
book, 1973. As shown in Table 2, the largest number of 7
production defects were found in the fuselage stringers, :
although the fuselage main frames have the greatest proba- 4
bility of entering service with such a defect. Since it is ,
assumed that any given element has a small finite probabil-
ity of a groduction defect gccurrence, the smallest calcu-
lated probability (1.19x10°5) is assigned to those struc-
tural elements in which no production defects were identi-
fied during the review of MRR/SDR data,

: TABLE 2. PROBABILITY OF A PRODUCTION DEFLCT OCCURRING

13 No. of Ave. No. Probahllitr of !
3 Production ilemonts Production Defect ' g
4 Element Type Defects Per A/C in Indiv, Llement 4
3 Fuselage 1
: Door frane 0 10 1,19 x 107w 3
3 Window frame 0 50 1,19 x 10-%» {
3 Main frame 17 180 6,72 x 10-¢ 4

Floor beam o1 60 1,19 x 1074 :
Keel beam 2 60 2,37 x 10°°
;- Pressure web 4 o 4.74 x 107 :
3 Stringer 24 180 9,48 x 10°° 3
L Wing
i Access frame 0 S0 1,19 x 107w 4
i' Rib 2 100 1,42 x 103
] Spar 3 100 2,13 x 10°°
A Stringers 3 100 2,13 x 107

Wing Center Section

: Rib 21 3,39 x 10° }
; Spanwise beanm 0 21 1,19 8 103
) Stringer 1 21 3,39 x 10°°
) —_—
- * ostimated

Al
SRR o

By using Monte Carlo techniques, each individual struc-
tural element is tested at the time an aircraft enters
service to determine whether a production defect is present.
If the uniformly distributed random number drawn is less
than or equal to the appropriate production defect occur-
rence probability, the element is said to have a production |
: defect; otherwlse, the element 1is assumed to be free of such }
. defects. 4

3.2 Actual Fatigue Lil'e Reduced :

As previously stated, a production defecct results in
structural damage only when it initiates the progressive

25
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fatigue fajilure mechanism, Fatigue cruck initiation result-
ing from a production defevt genarally occurs carly in the
life of an aircraft. For the purposes of this simulation,
it is assumed that the eftect ol o production defect is to
lower the actual fatigue life of the element,

To determine the fatigue life of a production-damaged
clement, the distribution of fatigue crack occurrences
resulting from production defects with respect to time of
crack initiation was determined. With the use of two us-
sumptions repurding crack growth rate and crack size at
detectlon, this dlstribution may be approximated from the
available MRR/SDR data,

Of the 59 fatigue cracks attributed to production
defects, only 30 arc documented with both the measured crack
length and t%e aircraft flight hours. Since for three
fatigue cracks of known length no detection time was re-
ported, a time was assligned to each on the basis of the
aircraft's ycar of manufacture, the date of the crack detec-
tion, and an assumed yearly average of 3000 flight hours,
Since the crack length was not reported for the remaining 26
fatlguc detfects, it was assumed that the distributlon of
lengths for these 26 cracks was the same as that reported
for the 33 cracks.,

For each of tho 59 fatigue cracks initiated by produc-
tion defects, the crack length is plotted as a {unction of
the crack detection time in Figure 11. Then a crack growth
rate was postulated by constructing a line between the
origin and one ol the dJdata points such that parallel growth
rate lines passing through each of the other data points
yield no negative times to crack initiation.

Assuming thut this crack growth rate Is constant for
all fatigue failures initlated by production defects, the
time to crack initiation can be computed {from the reported
crack detection time and crack length by the following
equation:

t
B

where time to crack initiation (flight hours)
t ur ® crack detection time (flight hours)

Lep o crack length nt detection (inches)

Kep ™ cruck growth constant

1575 for production damaged elements
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Figure 12 1s a histogram of times to crack initiation
determined by applying Eguation (18) to each of the 59
fatigue cracks initiated by production defects., Several
standard statistical models were fitted to the data in
Figure 12, with the Weibull distribution offering the best
fit, Thus, whenever the simulation program determines that
a particular element has 4 production defect, the time to
first crack initiation is drawn from the above Weibull dis-
tribution vather than from the original Weibull distribution
discussed in Section 1.8, Times to second and third crack
initiations are still drawn from the Weibull distribution in
Section 1.8. .

[\l R Hang [ Ruon 1oy 1 2000 4000 16000 18000
PLIGITT TENG 1'Q CRACK INTTYATION (HOURS)

figure 1?, Histogram of Crack Occurrences on Production-
Damaged Elements

-

3.3 lilement Incurs Servvice Damage, Fatigue Life Reduced

LLike production defects, service defects result in
structural degradation because they initiate the progressive
fatigue Failure mechanism. Iyplcal examples of service
ddmdge include defects occurring during normal ground
service operations, such as tears and dents in the air-
craft's skin or cargo floor, and defects occurring during
regular maintenance operations, such as damage to parts
during installation or removal. Data available from MRR/
SDR's show that the scrvice damage occurrence rate is
constant over the life of the aircraft.

A fatigue crack is classified as having been induced by
ervice damage only if the MRR/SDR report states the cause
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to be a recognizable service damage defect., Of the 61 crack
defects identified that could be attributed to service
damage, only 23 are documented with both the nmeasured ¢ruck
length and the aircraft (light hours, No crack detection
time was reported for five fatigue cracks ol known length,
and the measured crack length was not reported for 32 other
fatigue defects; for the one remaining occurrence, neither
the crack length nor the crack detcction time was recorded.,
As was done for production defects, a cruck dotection time,
based on the aircraft's time in service and an assumed
average number of flight hours per yeur, was assigned as
required, In addition, it was assumed that the distributlion
nf lengths for the 32 reports where crack length wus not
recorded was the same as that for the 23 crucks where the
length was reported.

For euch of the crucks initlated by service danuge, the
crack length is plotted in Figure 13 as a function of the
crack detection time. A crack growth rate is then postu-
lated such that no negatlve tlmes to c¢rack initiation re-
sult, Assuming that this c¢rack growth rate is the same for
all fatigue fallures initiated by service damage, the time
to crack initiation can be computed from the reported crack
detection time and c¢rack length by the following cquation:

to = t]”‘:'l‘ + (l()}l 0,1 - l()}" “('R) I\L‘.R l]‘)}

where Kep = 1430 for service-damaged clements

Assuming that service damage and cruack inltiation
occur almost simultancously, the times determined f{ronm
Haquation (1Y) can be used to construct a histogram of
times to service damage. As indicated In Figure 14, the
service dumage occurrence rate ls independent of air-
craft service time.

The probubility of servive damage ovcurring on an
element of a piven type is oqual to the numbeor of occur-
rences recorded in MRR/ZSDR's divided by the prodoct o the
number of flipht hours In the datuy and the number of indil-
vidual elements in cach aiveralt,  The cquation lor caleu-
lating the scrvice damage vrobability is

No. ol Defevts * K

S T AR,TUIL, LY % Now of Individual Flement s

where Ky = adjustment factor discussed helow
45,791,114 = total (light hours in MRR/SDR duata base
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OCCURRENCES

lUr

1 MY lostny toge Mo [RIIE [ EANIREES | Loveenn [t oo [IEXENIE

FLEGHT TIME TO SERVICE DAMAGE OCGCHRRENCE  (HOURS)

Figure 14, Histogram of Service Damuge Occurrences

The approprlute occurrence rate for cach structural
element type ulong with the number of occurrences und the
number of individuul elements in cach ailrcraft is glven in
Table 3. Tho service damape occurrence rate is adiusted by
a factor of two because of the results of the Maintenance
Inspectors Survey (Volume 111) which indicates that scrvive
damage Is twice as prevalent as actually reported.  The
difference between the survey results and service damuge
reported by MRR/SDR is attributed to the limlted dofoct
description tn the MRR/SDR reporting format.,  Thercelore, the
MRR/SDR datu are used to determine the relative rate of ser-
vice damagu ovcurrence hetwooen the basi¢ cloment typos, and
the survey datu are usced to adjust these rates to what is
felt to be more realistic occurrence rates,

No fatigue cracks uttributable to service damuge are
reported for four element types. 1t is ussumed thut the
wing center scction ribs and stringers Jdo not experience
service damage. Although no service damuge occurrences in
the fuselage pressure webs or wing access [rames wore docu-
mented, 1t 1s assumed that individual clements ol these
types have a {inite probubllity of experiencing scrvice
damage during thelr lives and that the occurrence rates for
the foregoing arc the same us those for the fuselape window
frames and wing stringers, respectlvely.

Uslng Monte Carlo techniques, cach individual struc-
tural element is tested when an aircraft enters servive to
determine whether service damage is incurred and, i so, ut

31
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] what time the resultant f{atigue crack initiates. The gov-
! erning equation which, in conjunction with the selected
' uniformly distributed random number, determines this time to

crack initiation is |2
t = & 1n(RN) (21)
'
"
where A is the appropriate service damage occurrence rate ' :
for the element type, and RN is the random number selected :
by Monte Carlo methods.

g
1
¥
TABLE 3. SERVICE DAMAGE OCCURRENCE RATES %
No. of Service Ave, No.  Adj. Service L4
Damage Occurrences llements l)mnage Occurrence i‘é
Llement ‘lype Before 11040 1I'lt Iy  Per A/C Rate (occ./flt.hr) 13
Fuselage f
Door frame 7 10 3,06 x 10°°
Window frame 8 50 6,99 x 10°° !
: Main frome 21 180 5,10 x lo-?
3 Floor bean 1 60 2,43 x 107100
- Keel beam 1 60 2,43 x 10749
. Prossure web n 60 2,43 x 107! 0%
%- Stringer 14 180 3.40 x 10-*
Wing 2
Access frame 0 50 1,31 x 10~ ?f
Rib 1 100 4,36 x 1p°1° i
Spar 1 100 4,36 x 10°!° .
Stringer 3 100 1,31 x 107° 4
d :
” Wing Center Section . .
Rib 0 21 0
Spanwise beam 4 21 8,32 x 107"
] Stringer 0 21 0 ‘
;- e ;
: * pstimated :
i
3.4 (Corrosion Initiation Occurs ‘
3
Each individual structural element has a finite prob-
ability of experiencing corrosion during its service life.
The corrosion occurrence rate for cach element type is
determined from the service experience documented in the ]
MRR/SDR's. The first step in the formulation of the corro- ;
sion occurrence rate 1s a determination of the corrosion
growth rate. For this determination, the corrosion occur- '
rence data of the DC-9 wing center section stringers are
analyzed by examining the reported corrosion depths as a :
function of the aircraft's accrued flight hours. Of the 52 ;
reported corrosion occurrences on the DC-9, only 36 are '
32
3
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documented with both the corrosion depth and aircraft life,
Furthermore, in 15 ol these occurrences, the vorrosion
initiated at fastener holes in the stringers,  Since the
corrosion depth growth rate may be velated to the state of
stress, the instunces in which corrosion occurred in a
siress concentration are excluded during the initiol analy-
sis.,

For cach of the remaining 21 corrosion oceurrences, the
reported corrosion depth is plotted as o function ot the
corrosion detectlon time (sec igure 15)., A corrosion
growth rate is then postuluted by constructing a line bhe-
tween the orlgin and one of the data points such that paral-
lel growth rate lines passing through cuch ol the other data
points yleld no negative times to corrosion initiation,

This is a somewhat conservative approach in thuat it assumes
corrosion may initiate us soon as an alrcralt onters ser-
rice. The calculuted rate is 1,00 x LO-5 inches per light
wour,

llld 'l
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Figure 15. Time of Defect Detection vs, Depth of Corrosion
for Corrosion-Damaged Elements
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Now the time to corrosion initiation miay be determined
for cach occurrence of known depth and Jdetection time from
the following cquution:

d
= - k0
o "t T X (22)
[ 8}
where t, © time to corrosion initiation (flight hours)
co " corrosion detection time (flight hours)
dcw = corrosion depth at detection (inches)

= corrosion growih rate (inches per light hour)

For those corroslion occurrences of unreported detection
time, a valuc of tg, Is ussigned on the basis of the alr-
craft's time in service and an assumed averdage number of
flight hours per year., lor those corrosion occurrences of
unrecorded depth, a value equal to the mean of the 21 pre-
viously plotted corrosion occurrences ls assigned. The
corrosion Initlation time for each of the other reported
corrosion occurrences throughout the fleet can now be cal-
culated by using the same equation and growth rate,

1t should be noted that the same corrosion depth growth
rate 1s used to determine the time to corrosion initiation
for ull occurrences regardless of whether the corrosion is
located in a stross concentration, This procedurce was {ound
neeeptable after unalyzing tho data for corrosion colncident
with stress concentrations. lor the 15 fully dJdocumented
occurrences in the NC-9 wing center section stringers, the
previously estubllshed techniques were then applied to these
data to postulute a new corrosion depth growth rate. This
rate was found to he verv close to 1.09 x 10°9 in, per
fi1lght hour. Since thils rate was similar to that previously
calculated, the original growth rate was chosen to conserva-
tively deflne time to corrosion initiation for ull occur-
rences.

For euach structural element type, a curve of cumulative
corrosion occurrences throughout the fleet is plotted as a
function of time to corrosion initiation. liach plot ex-
hibits cither a constunt corroslon occurrence rate or two
constant but unequal rates, ‘The occurrence rate during the
inttial service life of the anlreraft is frequently lower be-
cause protective finishes and coatings are Intact and have
not deteriorated or been scratched and gouged, As the
srotective finishes breuk down, the rate increases, At the
Ligh-occurrence rates, the data shows that a time ls reached
when the number of high-time alrcraft in the fleet decreases

34
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and accordingly the occurrcence rate also decreases, This
decrease is ignored in the simulation since all the aircraflt
in the fleet being simulated are lown to their retirement
lives, These corrosion occurrence curves iure shown in

Figures 16 through 27, The occurrence rate for a fleet of
1406 aircraflt is then derived from this data by using Lguuatlon
(23). The fleet sizec data were obtained from the FAA statis-
tiga;)handbook of uviation for 1970 and 1973 (References 6

an L]

D\ B e e o eng e QECUITONCOS | e (23
C A TPTIght NHours ™ TA06 ¥ No. ol "ITndviduaT Flcements

3,5 Gorroslon veenrs In sStress Concentration

The fatipgue Jafe reduction of o structural colement
resulting from corrosion dumage depends upon the state of
stress in the cnvruded reogton,  For all elements of a
particular struc-ural type, the probabillty of corrosion
occurring within n stress concentration Is assumed to be
congtant over the 1ife of the aircraft, regardless ol indi-
vidual adircraft or alrcraflt type,
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Figure 16. Corrosion Occurrence Rate for lusclage Floor Beuams
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Flgure 27, Jorrosion Occurrence Rate for Wing Stringers

The vorrosion ocvurrvenves documented in the MRI/SDR's
are classificd as being Tocated within a stress concentra-
tton only 11 a recopnizable desipn feature known to bhe
stress riser is colncident with the reported corvosion,  The
two types ol stress risor identified in the avaitable data

o fastencr holes and bend radit (or fillets),

Of the 583 documented corrosion occurrences, 75 were
clussified as boelng located in stress conventrations.  The
number of corroslon occurrences within stross concontrations
tound in cach type o structural clement as well us the
totul number of corrosion occurrences in clements ot that
type are presented in Tatle o The probubitbity that caorvo-
slon exists In a stress concentration is cqual to the ratio
of the number of corrosion occurrences lTound in stress
concentratlions to the total number of corrosion oveurrendees
fdentified in that structural clement tvpe within the
fleet, Since It is assumed that o corrosion occurrence in
any type of structural colement has a {(intte probability of
being locuted in o stress concentration, o probability must
be assigned to those structural elements for which no og¢-
currences of corrosion nre reported,  This assipnation is
made by assuming a probability cqaivalence between olement
types of generally similar desipgn and structural function,
For example, the probability ol o corresion occurrence heing
located in a stress concentration of cither a door rame or
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4 window [rame is assumed to be the same. Probability
values assiuned in this manner are indicated by an asterisk
in Table 4,

TABLLE 4, PROBABILITY OF CORROSION OCCURRENCE IN A
STRESS CONCENTRATION

No. of No. of Probability of
Structural (torrosion Qccurrences in (liorrosi.on Oc¢cur,
lilement Type Occurrences  Stress Concen, in Stress Concen,
Fuseluge
Door frames 13 5 0,585
Main frames 23 3 0.130
Window frames 3 2 0N,385n
Floor beams 59 1 n.017
Keel beams 5 0 0,017
Pressure wehs 1 0 0.136*
Stringers 257 35 0,136
Wing
Accoss frames 0 0 0.385"
Ribs 9 1 N1l
Spars 57 3 0,053
Stringers 46 3 0,065
Wing Center Scction
Ribs 0 0 0.056%
Spanwisc beans 18 1 0,056
Stringers b2 21 0,228

* estimated

Using Monte Carlo methods, each incident of corrosion
is tested at the time it occurs to determine whethet 1t is
located in a stress concentration, If the uniformly dis-
tributed random number drawn is less than or equal to the
appropriate probability of corrosion occurrence in a stress
concentration, the corrosion is assumed to be located In a
stress concentration; otherwise, the corrosion is assumed to
occur in a uniform stress field,

3.6 Actual Fatipue lifc Reduced Because of Corrosion in a
Stress Concentration

The presence of corrosion on a structural elcement
contributes to the potential failurce of the element by
reducing the original fatigue lifc of the element. Tests
conducted on spar caps taken from HU-16 aircraft and docu-
mented in Refercnce 8 =<how that severe exfoliation corrosion
reduces fatigue life significantly, but that surfacce pitting
?;fvery mild cxfoliation has only a minor effect on latiguc
life.
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When it has been determined that corrosion has occurred
in a stress concentration, the fatipgue life of the clement
is reduced by a factor that is an input variable in Block
1.1, Reference s shows that when corrosion occurs in a
stress concentration, it generally manifests itself as
exfoliation, The reference indicaotes that fatigue tests
conducted on HU-16 spar caps showed that severe oxfoliation
corrosion results in a fatigue life reduction of up to 704,
However, since the tests were comnducted on specimens that
had previously c¢xperienced zervice fatigue damape, it was
felt that approximately 30% of the reduction was because of
such damage, Thercfore, 40% of the fatigue life raeduction
was attributed to exfoliation corrosion and the suppested
simulation Input for futigue 1life reduction when corrosion
occurs in a stress concentration is 0,40,

3.7 Actual Fatipue Life Reduced Becnuse of Corrosion
Qutside u Stress Loncentration

GCorrosion ocutside a stress concentration als=so aflects
the fatigue life of the element, but the fatigue 1ife reduc-
tion is less scvere than when the corrosion is in o streoss
concentration, Reference 1 indicates that the Patigue 1ife
reduction because ol corvesion vutside o streoss concentra-
tion is upproximately one ' 1{ of the fatipue life reduction
when the corrosion is in o stress concentration, ‘Therelore,
the suggested simulation input for tatigue life reduction
when corrosion is outside a stroess concentration is 0,20,
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4. Detailed Description of Block 4.0, Reduce Strength Beuvausc

of Crack Growth/Project Time to Tallure [sece Figure 28) =

( STRENGTII REDUCTTON )

PREDICTED CORROS1ON
GROWTH RATE FOR ELEMENT

- ———

4,2

AVERAGE FATIGUL GRACK JIE—
|;aaowm RATE FOR ELEMENT“}‘——-——Q CRACK GRO”f.‘.’J._)

[ ACTUAL ELEMENT CRACK ’ ’

GROWTH RATE

.

CORROSION EFFECTS
ON STRENGTH

ot

RESTNUAL STRENGTH
AFTER CRACK
INLTIATION

4.6

LOAD EXCLEDS REDUCED STRENGTH }

!

Figure 28. Detailed Flow Diagram - Reduce Strength Because
of Crack/Corrosion Growth/Predict Time to Failure

4.1 Predicted Corrosion Growth Rate

If, as a result of Block 5.4, it has been determined
that corrosion is present on an element, this function
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defines the rate at which the aren and depth of the cor-
rosion will grow, The growth rates presented are the result
of an analysis of MRR/SDR data,  Because of the small number
of usuble duta points, the growth rates proscented ure de-
tarmined from data for different element types and are
assumed to represent a nominal conditien. This nominal
growth rate is modified by applying u correction [actor to
each element type based on the corrosion resistance rating
(CRR) as determined by the MSG-2 conference convened for the
cortification of each aircraft type. The CRR has a range of
1 through 4 with 4 representing the elements thut are most
resistant to corvoslon., The prowth rate for ecach element
then becomes

Actual Rate = Nominal Rute x Adjustment lPactor (24)
where
GRR Adjustment lactor
l 1,50
2 1,25
3 1,00
4 0.75
5

Nominal depth rate = 1,09 x 10°2 In,/flt hr

Nominal area rate = 2,0 x 1073 sq.in./f1t hr
The corrosion depth growth rate was derived in Blogk
3.4 from the dutu presente. in Figure 15, The corrosion
area growth rate was also determined from the MRR/SDR data.

4.2 Averape Crack Growth Rate

The simulation program uses two constant crick growth
rates to approximate the normally non-constunt fatigue crack
growth rate, These two constant rutes arce inputs for cach
element type. The first constant rate represents the crack
growth [rom crack Initiastion until the critical ¢rack length
is reached. This 1is the slow growth rate period,

The second constant rate repreosents the fast growth
rate and accounts for the crack growth f{rom critical crack
length to structural fallure. .Taken from Relerences 9 and 10,
Figures 29 through 30 arc typlcal cruck growth curves flor
selected components of a DU-8 and DC-10, Drawn over the
crack growth curves in cach of the fipures are the two
constant approximations uscd In the SATEE program, For
those very few elemonts (Figure 35) whose crack growth
curves do not conform to the pencral shape discussed above,
a8 single constant approximation is used. To determine the
input paramcters required for the simulation program, the
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slow growth portion of the crack growth curve must be ex-
trapolated backward to zero crack length to determine the
constant rate from crack initiation to critical crack
length, The fast growth portion of the crack prowth curve
starts at the critical crack length and is applied until
structural failure,
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Figure 29. Two-Bay Longitudinal Crack Propagation Rate for
Typical Lower Surface Wing Stringers

&6

| I I |
HOOP STRESS .
TS N
TOTAL t v N
CRACK PRESSURE \_ /
LENGTH CENTER CRACK
STOPPER
15 %.___
CENTER CRACK STOPPER AT %
CENTER FRAME SAW CUT =—»
C/ _/
0
0 10 20 30 40 50 60 70
150, 000 HR FLIGHT HOURS (1000)
{(FATIGUE)

Figure 30, Crack Propagation Rate for Typical Fuselage
Main Frames
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Figure 32, C(rack Propagation Rate for Typical Lower
Rear Wing Spars
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4.3 Actual Llement Crack Growth Rate

Crack growth rate, like fatigue life, is a probabilis-
tic variable and must be treated statistically. The scatter
Eresent in the growth rate distribution reflects both the
asic character?stics of the fatligue process, the corrosion
environment vuariation, and the load environment variation of
typical aircraft structures. On the basis of the results
from full-scale testing, Eggwertz (Reference 11) has deter-
mined that the standard deviation for the crack growth ratce
is approximately one-half that of the fatlgue 1ife. ‘Taken
from Reference 12, Figure 37 characterizes the variability
of crack initiation and growth in distributional forms. In
the simulation both the slow and fast crack growth ruates arc
assumed to be normally distributed with means equal to the
slow and fast growth rates determined in Section 4.2. The
standard deviation lIs set equual to one half thut usced in the
time to c¢rack inltiation distribution. Both of these param-
eters, the mean slow and mean fast growth rates, are re-
quired as SATFL input,

Lapectod e when crdeh e—ge

rearches the structural
fatl-sate tonpth

Normal distrlibut lon

'l,.\puc\wl time when vrack ; Urack leneth
e hes woeritieal lengt
Hxpocted time to e l(‘l"l::lt‘:llhlHt\‘klt'np;h) ce
crack inftiation ! : : . !
- Normad disteibution . 4+,
Wiebull dlntllhutinnﬂ#. '1.. |
‘l i| " n‘
,’ ' [ i '
' oA
o | .
» N \

' T commammam—————

I
'

Figure 37, Typical Crack Initiation and Growth Rute
Distributions

The slow and last cruck pgrowth rates for each indi-
vidual element on each aircraft in the fleet are sclected by
a Monte Carlo method. The selection is controlled so that
the fatigue 1ife, slow growth rate, und fast growth rate of
an individual element nll reflect a consistant waterial scuat-
ter and louad environment.

4,4 Corrosion liffects on Strength

References 8, 13, and 14 present test results which
show that the reduction in static strength becausce of cor-
rosion is negligible until the loss of cross-sectional area
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becomes an extremely significant portion of the element
¢ross section, A paper presented at the 1972 Tri-Service
Conference on Corrosion (Reforence 16) presented test data
on the effect of cvorresion on static strength,  The duta
gcatter wus so large that it must be concluded that the
effect of corrosion on static strength cannot be measured
accurately by present standuards,

An examination of the growth rates detlined in Block 4.1
and the detcction probabilities delined In Scetion 5.0 indi-
cates that corrosion will certainly be detected betore any
detectable reduction In statlc strenpth has taken place,
Reference 9 supports this linding with regard to detection,

Reference 10 examines the elffects of corrosive cnviron-
ments on fatigue lifo of aluminum alloys under mancuver
spectrum loading. The test results showed that in pgeneral
all the aluminum alloy plate materials tested expoervienced
slgnificant and propgressive reductions of mean fatipgue lives
for Increasingly soevere corrosive environments, ‘The average
crack propugation rate was approximately tripled by the
static and cyelic corrosion environments, llowever, the
effective crack length as measured after specimen Failure
appedred to bo unaffected by enviromment. This sugpests
that the elfects on vesidual cracked strenpth ol the viarious
corroslve envlronments is negligible. Theretore, although
Lt muy be Intuitively felt that corrosion must have an
effoct on statle strength, the data presently avallable does
not support thuat opinion. 1t Is ulso apparent that state-
of-the-art material selection and proventive coating appli-
ciations have eoliminated corrosion as o major factor in
catustrophic aceldents,

While corrosion does not alloct the rolatlonship be-
twoen crack length and residual strength, It does acceloruate
strength degradation by its ol fect on crack propapation
rate.  When corrosion is present, the crack propagation rate
iy Inereascd by the sume Factors used to decrease (atipue
1ife as delined in Sectlens 5,0 and 3.7,

4.5 Strenpth Reduction Because of Urack trowth

For the simulated structural elements, it is assumed
that the orldginal ultimate strength, Sy, Is constant until
the time of crack initiation, t = 0, and that alter crack
inttiation the subscquent residual stroength, §, van be
expressed as a lunction of time (flight hours). As dis-
cussod In Section 1.2, the two-part approxtmiation to the
growth rate of a single fatigue crack has the general con-
figuration shown in Figure 58, 1t will also be assuwmed that
the relatlonship between crack length and residual strength,
S, 18 as shown in Flgure 39, wlith 8 going to L.0 at the
crack length corresponding to level Tlight fallure, If
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the curves in Figure 38 and Figure 3% are combined, the
resultant composite curve illustrates the functional recla-
tionship between time (flight hours) and S{t), where S5(t)
is the residual strength of the element at time t ufter
crack initiation. Such a curve for a typical element is
shown in Figure 40, Approximately 10 percent of the
structural elements under consideration have no change in
fatigue crack growth rate at the critical crack length,

For these elements the functional relationship between
flight hours and residual strength, S(t), is illustrated by
the two-part curve shown in Figure 41, :Approximately 15
percent of the structural elements under consideration have
critical crack lengths and average slow crack growth rates
such that neither the fail-safe length nor the critlical
crack length can be reached in the alrcraft's service life,
For these elements the functional relationship between
flight hours and residual strength, S5(t), is the linear
curve shown in ligure 42,
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If there is o sccond crack initiation, a1 two-part
approximation to the growth rate of the sum of the two crack
lengths is calvulated,  The slow prowth portion ol the
summed crack approximation is defined by two points:  The
first point is the length of the lirst crack when the second
crack initiates, and the second point is the sum ol the
crack lengths when the first crack reaches critical crack
length, The last growth portion of the approximation is
determined by o least-squares it of the sum of the vrack
lengths when the sccond crack Iniftiates, when the sccond
crack reaches critical length, and when the airveralt is
retired, A new S(t) curve is now determined as betore,
except that t=0 now represents the time of the second crack
inltlation, S(t=0) is now cqual to Sy minus the loss of
residual strength because of the first crack growth before
the second cruack initiution, [ a thirvd crack initiutes,
the same procedure is repeated,

4,6 Load lixceeds Reduced Strenpth

This function involves o probabilistic determination of
the maximum flight load experienced by an airplane and the
comparison of this load with the strength of the elements to
project time to fallure aftor a crack inlftiatton, The duata
presented in Relerence 17 was used to define the distribu-
tlon of positive and neguative normal accelerations oxpoeri-
enced by two alrcral't cquipped with NASA VGH recorders,
which previde continuous time-history records of indicatoed
alrspeed, normal acceleration, and pressure altitude,  The
data were collected over a 2-year pertod on two identical
four-engine twrbojet transport airplunces during routine
cammerctal operations of a sinpgle aivline, The data covered
Flights mostly over the castern hall off the Continental
Undted Stutes and a few to the West Coast and to northern
South America,  The data consisted of 3700 (lipght hours of
operational mancuver and pust acccelerutions and 210.7 [Hight
hours ol check-light maneuver accelerations.,  These Jduata
compared closcly with those for another type of four-cngine
turbojet transport. The operational mancuver, operational
pust, and check-tlight mancuver accelerations, both positive
and negative, were combined, and the eoxceedances per lipght
hour were caleuluted for cach deviation from level light in
O.1g increments, A least-squares curve-lit computer progran
was then used to Mt an exponential curve to the exceod-
ances,  The cquation for the cxponential curve is as lol-
lows:

to
|92 ]
—

P(S“) =\ uxp[hSnl {

where P(Sy) is the number of Flight lToads per hour which
exceed the load level Sy, and A und boave input puramncters,
A plot of the observed coxcecdances is presented In Figure
43, The least-squares curve it s adjusted to glive the
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closest fit at the high "g" load portion since this is where ;
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Fatigue failurc ol the structure occurs when the tight
load excecds the residual strength, The cquations delining
residual strength, S(t), as illustrated in Figure 10, are
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7
S(t) = Hu ]\1‘(, t - t]
S(t) = S, - R (t - t ), t, -t <t (26)
1 2 17 1 -~ *2 )
S(t) = SF - R3(t S ty), ot L, &
where t, = time at which c¢rack reuches criticar length ;
t, = time at which crack reaches fail-safe lenpth f
E Rl = strength degradution rate for t t é
- 1 . §
$ B
R, = strength degradation rate fur bty <t ot x
1 R, = strength degradation rate for t - t, ?
4 .
{ Sy = ultimate strength
:; . . ) i ,
2 Sp = Sy Yy
5
1 HY = fail-sule strength
E With S(t) us expressed above, the number of Fiight louds per
¢ hour which exceced the residual strongth at time t is
i "~ 4 o e : - . .
| Po[s(t] = A exp [ls(h“ l{lt) ) oot
s PofS(t] = A esp | b Sy - Ryt - ot)fat <t o<ty (279
v Pofs(e)] = A exp b Se s Reln oo ta)[at >ty 1
§ Adopting the same assumptions as Llnmdlaq1'g and ligg\y01~tz
! (Reference 18), the above cexpressions for the rosldun!
. strength cexceedance rate can be substituted for the risk
) function, A(t), in the reliability formula., Recall Drom
: Volume I tie reliability formula
:
: F(t) = 1 - oxp [- JI A(t) dt] (28
{
é 1] ] +
Making the abuove substitutions vields
1 :
. F(t) = | - oxpy - f Noexol hs - bt ebde), to- (29)
, ' u i -
# 0 ‘
{
3
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F(t) = 1 - exp

F(t) = 1 - exp

f?

T

)

1 e Ty
. df A exp [bbu : bR]t]dt

A exp [bs1 - bR, (t - cl)] dt}, (30)

- fl A exp[bsu - let]dt

A exp [bsl « bR, (t - tl)]dt (31)

- .f A exp [be - bRS(t . tz)]dtj , t v ot,

where F(t) is the probability of lailure before time t
of an aircraft structure which had a crack initiu-
tion ut time t=0,.

To calculate the predicted times to {ailure from uni-
formly distributed random numbers, cquate the random number
RN to F(t) and solve for t. For F(t) as expressed above,
and setting RN equal to 1 - F(t) for convenience, solving

for t ylelds

| bR, in (RN) .
L L B ST - ' tsty (5:2)
1 bR2 A exp (hSlj
t = - pR; | K Exp (65 ¥ BRGEL) In(RN) + ==
A exp (bsu) '
. BY; (exp (-bRyty) = 1)1 4 ty <t 5ty (33)
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When there is a second crack initiation, a new time to
failure 1s caleulated with t = 0 now corvesponding to the
time of second crack Initiation and $; now cqualing the
ultimate strength minus the loss of residual strenpth be-
cause of the tirst crack growth., The same procedure is
repéated if there is a third cryck initiation,
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5. Detailed Description of Block 5.0, Periodic Inspection
of Elements/Aircraft Delcted from 1lcet (sce Tigure 44) :
______ o
CInspecT -4
5,1 ]
CURRENT PERIODIC e e ]
_INSPECTION INTERVALS E
. li?
5.2 ,.__..._JL..____ —
NO___|  NEXT INSPECTION .
: AT OVERHAUL LEVEL |
YES ! 4
5.3 . / E
3 MODITICATION PENDING | YES <o 3
‘ ON THIS ELEMENT > INSTALL )
e e NO B
NO 59 »
5.l Y AIRCRAFT SERVICE LIFE | .o
EXPIRES PRIOR TO 2 S 14
1 e DEFECT INTERNAL : NEXT INSPECTION
| A E
3 5.5 ) 5.4 YES : i
" TIME TO NEXT INSPECTION 4
b INSPECTION COVERS | M0 o LESS THAN PREDICTED  f—-Y2, ¥
S TIME TO STRUCTURAL FALLURE i
YES ’iﬂ
5.6 5,7 H
. N INSPECTION FREQUENCY ;
] DEFECT FOUND  prromsime e ™ OF ELEMENT DECREASED [
- YES ¥
1
) i X
‘ REPAIR 5.1 1]
3 DELETE AIRCRAFT [ ? §
. FROM FLEET i)
: ]L: 4
4 : TE o
EVALUA 012 :
\ . NO LAST AIRCRAFT .
4 INSPECT =1 "IN FLEET 1
YES o
( ENTER ) )
r i3
. Figure 44. Detailed Flow Diagram - Periodic Inspection of .
! Elements/Ailrcraft Deleted from Fleet ,
60
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5.1 Current Periodic Inspection Tntcrvals

The inlitial inspection intervals wrve lnput parameters,
The inspection intervals can be those recommended by the
Maintenance Review Board (MRB) or those submitted by uan air
carrier as part of the Standard Operations Specification,
The simulation is designed to accept a standard ATA four-
level inspection program, The four levels, A through D, arce
defined as follows:

A Preflight: Visual inspection conducted Irom
ground level and primarily covering lower exterior
wing and fusclage surfaces,

B Service: Close visuul inspection of bottom of
wing, lower fuselage, top of wing, and known
problem areas, This also mav include the front of
the forward spar and rear of the at't spar in
readily accessible areas,

G Phase: Close visual inspection of ulreraft ex-
terior and easily accessible interior arcas, such
as bagguge compartments and door {rames., NDI of
selected treas ol the alreraft,

D Overhaul: Detailed inspection of entire aircralt.
This level may be conducted both on a sampling
hasis and during several separate inspections,

[t is assumed that cach higher-level inspection includes all
the lower-level dinspectioes down to the lowest lovel speci-
Ficd for a particular olement type.  Thevelore, i a D-level
inspection is being conducted and the lowest interval spoeci-
fled for that clement was a Belevel, then the current in:
spection would include the B-level, C-level, and b-lev:!
inspections.

Sampling inspections are accounted for in the b-level
inspection logic by reducing the probability of detect
detection,  The amount ot reduction is divectly proportional
to the size of the sample inspected, Bach time an aivarafly
is inspected at the D-ltevel, the probability of defoect do-
tection ts multiplicd by the fractional size of the sample,
This decimal fraction iIs an input parameter,

The Jopic that tollows in Block 7.1 automatically
increcases the frequency of dnspection at certain levels
depending upon the extent of the defocts heing found.  The
amount of increasce is an input function, These chanpes in
frequency are accounted tor in this function, and the new
intervals are used to schedule subscquent inspections,
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§.2 Next Inspection at Overhaul lLevel

This unction is a check of the inspection level being
scheduled., 1t is present because the instullation of modi-
fications is normally scheduled only during overhaul inspec-
tions, and the modificution installation takes precedence
over the inspection process,

5.3 Modification Pending on This Element

Once the decision is made to develop a modification, it
generally takes 3 to 6 months to design the modification,
procurce materials and/or parts, and set up the tooling
required for instullation. These lead times are input
parameters that depend on the element being considered,

Because SAIFE processes time in flipght hours, calendar
days or months must be converted to the equivalent simula-
tlon time by Lquation {35) or (30)

Calendar Days ® 8,2 = equivalent simulation time {35)

Calendar Months * 250'= equivalent simulation time (36)

Lf the modilficution lead tlime requirements are satis-
fied, the logic progresses to the dnstullation routine, and
it is assumed that existing defects are repaired during the
modification process. [f the lead time requirements have
not been satisfied, or if no decision has been made to
modify the element, the logic continues through the inspec-
tion subroutine.

5.4 Defect Internal or External

The Inspection level at which o defect will bhe detected
depends partly on whether the defect is Internal or cxter-
nal. Assuming that the occurrence of cracks or corroslon is
a statistical trial and that cach trial is independent of
all other trials, then the probahility of the corrosion
being external in a single occurrence is simply the number
of external occurrences divided by the total number of
occurrences., Based on the MRR/SDR data, the probability of

corrosion being external on cach element type is summarized
in Table 5.

To evaluate this function during the simulation, a
random number from a uniform distribution is selected for
eiach corrosion occurrerce. If the random number is hetween
zero and the probability established for the subject ele-
ment, the corrosion Is treated as being externul; otherwise,
1t 1s treated as being internal.
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TABLE 5. PROBABILITY OF A CORROSION DEFECT BEING LXTLRNAL

Probahility of

Total Lixternal vorrosion Being
Occurrences  Occurrences External
Fuselage
Door frame 13 8 0. 0615
Floor beum 17 0 0,352
Keel beam § 0 0. 000
Main frame 22 2 0,081
Stringer 257 184 0,710
Pressure web 0 0, 0.050%
Window fruame h 3 1. 000
Wing
Accoss frame 0 n n,615%
Rib 3 2 0,667
Spar 57 10 0,175
Stringer 43 25 n,R8l
Wing Center Sectlon
Rib 0 0 0n,175n
Spanwise beum 18 6 0,331
Stringer 92 32 0,348

* estimated

Grack deflects are trested in the same manner as cor-
rosion defects, with the probability of a c¢rack being ex-
“ernal, as summarized in Table 6.

TABLEE 6. PROBABILITY OF A CRACK DEPFLCT BLING LEXTERNAL

Probability of
Crack Being
odinternal

Total External
Oueurrences  Ucrurrences

Fuseluage

Noor frame M 10 (EIRC
loor heam Gl 22 0,20
Keel heam 10 2 H.0n0
Maln frame T35 20 TIRTY
Pressure web 0 1 0,011
Windaw [rame 50 28 0,560
Stringer 7650 M 0,320
Wing
Accoess frame 115 74 0,003
Rib 284 30 Uolio
Spur 67 and 0,540
Stringer 516 107 t, ten
Wing Center Section
Rih 2 0 tLono
Stringer 202 132 N, 0hH3
Spanwlso beam 118 63 Uy 534
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As was the case for corrosion, this function is eval-
uated by selecting a random number {rom a uniform distribu-
tion for cach crack occurrence. I the random number is
between zero and the probubility established for the subject
element, the crack is treuted as being external; otherwise,
it is treated as being internal., However, in the cuase of
cracks, SAIFL has the facility for cracks which initiate in-
ternally to become external, In general when a crack be-
comes external, there Is a higher probability of it heing
detected since the lowest level external inspection is nor-
mally lower than the lowest level internal inspection. The
point at which an internal crack becomes external 1s defined
as a percentage of the criticul crack length. This percent-
age is an input paramecter.

5.5 Inspection Covers Defect Arca

This function requires two program inputs: one input
to specify the most frequent inspection interval that covers
the internal portlon of the subject element, and a second
input to specifly the most frequent inspection interval that
covers the external portion of the subject element. It is
assumed that once the most  frequent interval is specified,
the element is covered during all higher-level inspections.
The simulatlon is set up to work with a four-level inspec-
tion program. The levels are those commonly referred to by
the ATA as A, DPreflipght; B, Service; C, Phase; and D, Over-
haul. The frequency of each level is also an input param-
eter, which can be varied to reflect the inspection progranm
of different air carriers,

5.6 Delect Found

506001 Grack Pefect Found

The probability of detecting a crack depends on
the defect size and the inspection level. The basic form of
the probubility cquntion is defined by Davidson in Reference
19, The cquation form is an exponential with three con-
stants: 1, By, and &, and onc variable, ¢, The proba-
bility P(v) for cach inspection level is delined as follows:

) ; ¢«
( for lo

PLe) = Cyfl-expl-gy(e-2 011 for 2 > &

(37)
0

whore

C1 = The maximum probability of detectling a cruck at a
given dinspection level. 1f, for instance, C1
= 0.9, then 1 out of 10 cracks would he missed
regardless of its length. 1 approaches 1.0 for
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overhaul and special inspections, but is sipnili-
cantly less than 1.0 for lower level inspections,
This parameter is determined From §IRR/ZSDR data In
comparing the nuwnber ol detects thut were tound at
a particular inspection level with the number of
delects thut should have been found, but werce
missed, ‘The number of defects that were missed
wits determined by the number of cracks that were
found on higher-level inspections but could huve
been detectad at the lower level becuuse of their
slze and locuation, The specific defect size and
location for cuach inspection - level wus determined
from the Inspector's Survey and {rom the inspec-
tion level definition, The g¢riteria for cuach
inspection level are as (ollows:

Preflipght - a1l ¢racks targer than 0,851 inch

and located on the lower, oxterior surlacoes of
the wing and fuscelage conld have heen detected at
thls level,

servive - all cracks larger than 0,400 jinch

and located on the exterior of the upper and lower
wing surfuaces, the lower fuselage surfoce, and the
fuselage neur the wing roet could have been detee-
tod at this level,

Phase - all crachs loveer than 0,206 inch and lo-
cated on the wing und fusclage exterior surlaces,
curgo compartuent, or accessible arcas of the wing
interior could have been detected ut this level,

Overhaul - all c¢racks lurger than 0,100 inch in all
locations could have been detectod at thls level,

Because ot the very few MER/SDR's that contained
infformation on corvosion size, it was assumed that
Cp for corrosion was cgual to € tor cracks at the
same level of dInspoectinn,

The shupe parvameter that determines how gquickly
the probability ol Jdetection approaches the max-
Lmum probability, ;. @y is also determined (ronm
MRR/SDR datua by plu%rinu the cumulatlive dlstrl-
bution of defects detected ut u given inspection
lovel,

The smallest detoct that will be detected.  This
parameter was Jdetermined from the Jdata in Volume
TLE, the Inspector's Survey, by taking the loga-
rithm of the responses at o given inspection level
and computing the mean value.  The meun of the
logurithms was uscd hecause o plot of the re-
sponscs Indivated that they closely {ollowed a
log-normal distvibntion,
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follows:

Preflight: A lLevel

I

P

Service: B lLevel

Pe)

Phasesr ¢ Level

0,273{1.,0

0,402{1.0

Pee) = 0,0643¢(1.0

The result of this development
each periodic inspection level,

is four equations;
The cquatlons are as

expl-0.312(k - 0,551)1)

oxp[=0,5813(¢ - 0.410))}

onc for

(38)

(39)

= exp[=0,686(% - 0,20606)]} (40)
{ Overhaul: D lLevel
Pee) = 0,990{1,0 - exp[-0,725(% - 0,144)]}) (41)
s These ecquations are Illustrated in Fipure 45,
‘ nmm ! ! ™ i
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i Figure 45, Probability of Crach woetecitdon During a Periodic
] Inspection
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Having determined the probability of Jdetection for a given
defect size, the determination of whether or not a detfect was
found is based on Monte Carlo methods. A random number is gen-
erated from a uniforin distribution and if that number is
less than or eoqual to the probability of detection, the
defect is considered to be detccted: otherwise, it is con-
sidered to be'undetected.

If the defect Iy detected, the cloment Is repalred ov
modified depending on previous simulatlon decislons, [1F the
defect remains undetected, the simuluation continues to
conduct inspections until the deteet is detected, o struc-
tural fallure occurs, or the aircraft is retired from the
fleet,

5.6.2 Corrosion Delect FPoun:l

The probability of detecting o corrosion defect is *
determined similarly us the probability of dotecting o crack
defect,  The basic equation Is the same, except that the
corrosion arca, a, is substituted for the crack length, o,
and the minlmum detectable arvea, uy, |s substituted for the
minimum crack length, 8y, The equations tor the probubility
of detection of corrosion then bhocome the following!

Preflight: A Level

Pia) = 0.273{1.0 « exp[-0.302(a ~ 0,000} (42

Service: B Level

Pla) = 0.402001,0 - oxpl=0.513(0 - 0,035} (45
Phase: ( level

Pra) = 0,043{1.0 - oxp[-0.080(0 - 0.563)]1 (44
Overhaul: D lLevel

Pla) = 0.900{1.,0 - exp[-0.728(a -~ 0,351)]} (45)

These cquatlons are [ltustrated in Figure do,
Again, a Monte Carlo methoad, using a uniformly

distributed random number, is employed to determine whother
4 defect is actunlly found or not,
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Periodlie Tnapection

b7 dnspection Freguency ol Blement Docreonsed

Inspection Intervals ave normally extended In structural
arcas where low delects have been found. As the overhaul and
phase Inspections are conducted on cach of the ten high-time
alveraft In the (lect, the time of detection and the number
of defocts detected are recorded,  If no defects are found on
any of the ten high-time airveratt during one D-level interval,
then the overhaul inspection interval Is extended. The amount
ol decrease depends on the particular element and is, theroe-
Ffore, nn input parametoer,

Inspection interval cstensions apply only to the phase
and overhaul inspections,

5.8 Time ro seat Inspection Less Than Tlme fo Element
Fallure

This Tunction compares the time to structural fallure

with tho time of the next perlodic inspection, I the tlwe
to the next inspection occurs irst and the alreralt 1s not
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scheduled for vetivement, then the inspection routine is
repeated, 1L the time to failure occurs fivst, the lopic
continues to Block 5.10,

5.9 Adrcruft Service Life Lxpires Prior to Next Inspection

This functlion simply comparces the service life of the
aircraft, as stated by the manufacturer or as determined by
the user from service experience, with the number of flight
hours that the alreraft has accumulated and the number of
Flight hours until the next periodic ipspection is sched-
uled, Il the acaumulated {1ight hours plus the hours to the
next inspection are cqual to or greater than the afreruft
service life, then the aircralft is retived from the Ilect,
If, however, the scrvice life has not expired, the lopic
returns to Block 5.1 and the inspection routine is repeated
until a defect by fownd, a structural fallure occurs, or the
afreraft s vetirved from service,

§.10 Delete Airveralt From Fleet

as their service

Atreratr are doeleted Drom the lecet
fatlures,  The

Tife expires or as thoey experience structural
alreraft sorvice Lite s an input purameter that can be

varied to determine the etfect on suloty of extending the
service Life with or without improving the desipn reguire-

ments,

Suil Last Alrervart in Vleet

This function siuply keeps track of the number of
aireraflt dedeted from the fleet and compares that number
with the number ol uireraft oviginally produced,  When the
last airveralft has bheen deleted, SALEE returns to Block 100
and repeats the stautation with the next celement.,

(§RY)




o, Detailed Description of klock 6,0, Repair Element to

Uriginnliﬁyyonﬁth {see Floure A7)

Ciii ) CINSTALL )

6.1 _ 6.7
MODIFICATION PENDING | _ YES | ACTUAL FATIAUE LIFE
ON THIS ELEMENT | OF MODIFIED ELEMENT

NO

6.3 \ :
REPAIRFD TO ORIGINAL $ CDEFECTS )

ACTUAL AVERAGE
FATIGUE LIFE

6.4

ACTUAL FATIGUE LIFE
OF REPATRED ELEMENT

Crerom )

Figwe 47. Detailed PFlow Diagram - Repair Llement to
Original Strength

6.1 Moditication Pending

As discassed in Secerion 5,3, i there is o structural
modification pending on o particular gircraft, the SATEFE
logic represents the instullation of the modification as
occurring during cither an overhaul inspection or the repair
of an in-scrvice detect,  1f there are future in-service
defects projected for the alreraft at the time of installa-
tion, Lhiese projections are cancelled and new ones are
gencrated {rom their —orrvesponding distributions as though
the aircratt were just entering service. If the inspection
intervals had beer previeusly decreased, they are returned
to their initial values ax cach airveraf’t is modified.

6.2 Actual Fatigue Life of Modificd Element

When o structural modificetion is installed on an
aircraflt, the actual fatigace Tife of the modificd clement is
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determined in the same manner as when the airceraft entered
service., The actual life is drawn from a statistical dis-
tribution of fatigue lives about the actual averape fatigue
life of the element type. If the modification has not been
fatigue tested, the actual average fatigue life of the
element type is statistically determined as it was at the
start of the simulation in Block 1.4, If the modilication
has beon fatigue tested, the actual average latigue Life of
the element type is assumed to be the same as that predicted
hy analysis,

6,3 Repuired to Original Actual Average Fatipue Lifge
eme o . - SRR = S VPR R Pl < s AT

When it has been determined that a repair is required
and i there is no modilication pending on the clement, the
clement is repairved before any more {light hours ave allowed
to accumulate on the aircraft.  All defects prosent at the
time of repairv, whether detected or not during the scheduled
inspection, arc assumed to be repairved at this time. 1t i3
ilso assumed that the clement strenpgth is restoved to its
original static strength,  However, in-service delocts
(fatigue cracks, service damage, and corrosion) predicted to
occur after the repuir is accomplished are not allected by
the repair process and they are allowed to occur at their
orviginally detormined times.

0.4 Actuul Fat

of Repair lilement

As discussed in Section 6.3, previously projected
fatigue cracks that have not been initiated at the time of
repair are unafltected and retain their original initiation
times.  Thosce c¢racks that nre repaired have new times to
crack initiation determined in the same manner as when the
alreraft entered service; that is, from a fatigue lifte
distribution reflecting basic fatipue scatter and load
environment variation, times are randomly drawn about the
clement averapge fatipgue lilo,
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7. Detailed Description of Block 7.0, Special Inspection
and Increased Tnspection Trequency (sce ligure 48)

EVALUATE 3
7.1 ;
INSPECTION FREQUENCY 3

OF ELEMENT INCREASED

%
7.2 i

SCHEDULE IMMEDIATE YES i
SPECIAL FLEET INSPECTION :
NO 3
; :
: FOR EACH A/C IN FLEET :
; ul nhutmbileleie it _
i | 7.3 | :
3 | DEFECT PRESENT | g
] | |
; | - pErect Founo |
] | |
: | YES |
3 l | i
1 | REPAIR | g
k!
| | f
.. J
4 l 7.5 Y : !
‘ | INSPECTION FREQUENCY
: | INCREASED DUE TO SPECIAL I
INSPECTION RESULTS |
. |
_ | |
‘ e o e —— o —— ——— ;
; Figure 48. Detailed Flow Diagram - Special Inspection and ;
é Increase Inspection Frequency 3
: 72
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7.1 Imspection Fregquency of Element Design Increased

The frequency at which certain inspections are con-
ducted is Increascd when it has been determined that the
present freyuency is not adequate., The percentage increase
in frequency is an input parameter that depends on the
safety criticality of the element, Three criteria are uscd
to determine whether o requency increasce is necessiary.,  If
any one ol the three are satistied, the frequency is in-
creased,  The three criteria arce as follows:

(1Y A crack greater than Fail-sale length is detected.,

(21 Lavge cracks nre detected in an individual cloe-
ment, such that the sum ol the lenpths of the
criachs present plus the projected growth ol the
Largest crack throupgh the next inspection interval
results in oo oone-hall reduction in the tall -safe
strongth,

(5)  small eracks are detected in the same element on
numerous aircraf+t, such that the total strength
reduction resulting rrom all ol the ceracks divided
by the number of alrcralt in the fleet cquals 20
percent ol the oripginal fail-sale strenpth of an
individual element,

The Tirst two crltoeria denl with delects that very
seldom occur, but when they do there is o high probability
of an aireraft aceident or of oextensive unscheduled mwain
toenance,

The third criterion deals with the potentiul satety
huzard resulting from the very small but Finite possibility
of the occurrende of o light load that exceods the desipn
strength alonpg with the wpreatly inereased prohability that
the strenpth ol the element has been slightly roduced be-
cause of a small ¢rack,

7.2 schedule Immediate Special Fleet Inspection

The criteria defined in Section 7.1 arce also used to
determine whother o special fleet-wide Inspection is re-
quired. Whoen a speclal dnspection is called for, the sab-
Ject clement is carclully inspected on every airveralt in the
Flect, 1 a special inspection is not called Tor, the lopic
continues to Block 8.0 whoere it is determined whoether or not
a modification to the viement is requirad,
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7.3 Defect P'resent

This function is 4 simple yes-or-no indicator that
determines whether a crachk detect has initiated on the
element being covered by the special inspection. If no
cracks are present, the logic continues immediately to
Block 8,0,

7.4 Defect Found

During a special inspection, the probability of finding
a defect is significantly improved over the probability of
finding a defect during a regularly scheduled inspection.
This is duc to the fact that the location and nature of the
defect are recasonably well specified before the inspection
is conducted. The probability of detecting a crack during a
special inspection is determined from the equation

P(e) = 0,999(1.0 -~ eoxp[-0.971(¢ - 0.102)]]} (46)
And the probability of detecting corrosion is
P(a) = 0,999{1.0 - exp[-0.971(a - 0,180)]! (47)

where

2 = length of the crack present
4 = arod of corrosion present

As was the cuse for the probability of detection curves in
Section 5.6, thesce equations were determined from the de-
fects reported in the MRR/SDR data and the Survey of Inspec-
tors; these equations are illustrated in lFigures 49 and 50.
The MRR/SDR duta are presented in Volume III of this report.
The defect is considered to be found when a random number
generated by the simulation is equal to or less than the
probability gencrated from the above cquations for cracks or
corrosion.

7.5 Inspection Frequency Increased Because of Special
Thspectlon Results

After u special fleet inspection is completed, the
magnitude of the defects Found is compared with the first
and second criteriu defined in Section 7.1, and a second
reduction in inspection lrequency may be instituted as a
result of the speclal inspection., For the inspection in-
terval required by the second c¢riterion in Section 7.1, the
interval most recently set by Block 7.1 is used,
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8. Detdiled Description of Block 8.0, Develop Modifications
Because of Service Lxperience (see Flpure 51)

YES

ELEMENT PREVIOUSLY MODIFIED

¢N0 .
b2

YES PRESENT SERVICE EXPERIENCE
WARRANTS MODIFICATION

LSuoiERd B

NO

;: NO
A 8.3

PRESENT SERVICE EXPERIENCE
WARRANTS AUDITIONAL MODIFICATION [w@———

1 YES
b 8,4

H MODIF1CATION YES

TESTED (INPUT)
. NO
. 4.5
b
' PREDICTEN AVERAGE
MODIFIED FATIGUE
LIKE
)
! ACTUAL AVERAGE
MODIFIED FATIGUE
LIFE
%ﬂ
: INSTALL
ﬁ’
8,7
ACTUAL AVERAGE MODIFIED
: FATIGUE LIFE SET EQUAL  [ell—
! 70 PREDICTEL LIFE
1
‘ Figure 51, Detailed TFlow Diagram - Develop Modification
i Becnuse of Service Lxperience
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8.1 lLlement Previously Modificd

As a simple variable, this function indicates whether
an element was previously modified, If the element was not
nodified, Rlock 8.2 examines present service experience and
makes a decision on the development of u first modification,
If the element was previoustly modificd, Block 8,5 examines
present service expericence und makes a decision on the
development of an additional modification,

ive lxperience Warrants Nevelopment of

8.2 Present Serv

a_Modillcation

The SALFE lople bases the decision on whether ov not to
deveolop a structural modification because of service exper-
ience solely on cconomic considerations,  Since the cconomic
parameters considered depend on element type and are subject
to change with time, they are necessarily part ol the input
data, Values for most of these parumeters arce related to
the Inspection level at which the maintenance action is
performed, This relationship is regquired becuause the com-
plexity of the elements generally increases with higher
inspection levels,  The cconomic purameteors identilicd and
the values currently usoed are tisted in Table 7. The values
shown in Table 7 weve determined trom o report (Relerence
20) given at the ATA Maintenance Conflervence held September
20 to 28, 1908, The estimated values arve basced on the
relative complexity of cach inspection level,

TABLE 7, LCONOMIC PARAMETERS REQUIRED FOR DEVELOPING A
SERVICE MODTETCATTON

L lnspection Level

A L e L
Man-Hrs/tnsp. 2k A7 Rols 1250
NDI Cost/Tnsp, - - YMEL Fod I
Man-lrs/Repalr Task o g 8.8 2.7
Material Cust/lepair Task dan fod FLaw $14
Man-tlrs/Mod Tash - . : (K
Material Cost/Mod Tash : $1340
Lithor + Overhead Rate FES/Ur ar all lovels

oestlmated values
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The decision to develop a modification is made by
comparing the cost per flight hour of the modification with
the repair cost per flipght plus the increasced inspection
cost per [light hour, The modification cost per {1ight hour
is found by dividing the total fleet modification cost by
the remaining service life of the fleet., The repair cost
per flight hour is found by dividing the total fleet repair
costs slnce the lust modification by the fleet flight time
since the last modilication, 'The incrcased inspection cost
per flight hour is found by dividing the projected increased
inspection costs by the remaining service life of the fleet,

A modification is justified when :
Cmon * “ripaIr * C1Nsp (48)
where Cyop = modjilication cost per flight hour

CRHPAIR = yepair cost per flight hour

Cingp increased inspection cost per flight hour

8.3 Present Service Lxperience Warrants Development of
Additionual Modification

The decision to develop an additional modification
because of service experience is hased on the same economic
purameters considered In Block 8.2, Currently the economic
parameter values used are the sume as those for the first
modification decision; these values are listed in Table 7.

8.4 Modification Tested

This Tunction indicates whether or not a modilication
has been tested before its Incorporation into the fleet. It
is an input parameter that is determined for each element.

8.5 DPredicted Averuge Modified Fatigue Life

If a decision has been made to develop a modification,
it 1s assumed that the modification is ngain designed to the
predicted average fatigue life of the original design as
defined in Block 1.3,

8.6 Actual Average Modified lFatlgue Life

If the modificution is not futigue tested, it is sub-
Ject to the same type of variation between uctual and pre-
dlcted fatigue 1ile as was the original design, To deter-
mine the actual averuge fatiguce life of the modification, a
random draw is once more miade from the log-normally dis-
tributed correction tactor described in Section 1.5, Al-
though the form of the correctlon factor distribution is the
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same as it was for the original desipn, it is assumed that
the accuracy of the modification design is improved. This
increased accuracy is dccounted for by Jdecreasing the stan-
dard deviation and increasing the mean in the above distri-
bution. The standard deviation 1is reduced by 15% und the
mean is increased by the quantity 0.15 (l.0-mean),

8.7 Actual Average Modified Fatigue [ilfe Set liquul to
Prodlctoch}tq

LI'" the decision was made to fatipuce test the modifi-
cation, it is assumed that the actual average latigue life
of the modification will attain its predicted Lifeo or be
redesipgned and retested until it does.
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1IT. SUMMARY

The implementuation of the SAIFL logic, as described in
Scction Il, required incorporating decision functions to
realistically simulate the evaluation process which es-
tablishes or modities the structural inspection intervals
for commercial jet transport aircraft., Some of these de-
cision functions were based on previous research as refer-
enced in this volume, and others were developed during the
current study. A partiul list of the latter include the
following: .

(1) Probability of a production defect occurring.
(2) Service damage occurrence rates,
(3) Corrosion occurrence rates,

(4) Probability of corrosion occurring in a stress
concentration,

(5) Probability of crack detection during a periodic
or a special insnection,

(6) Probability of corrosion detection during a per-
iodic or a special inspection,

(7) Pressurization load exceedances per flight hour,

The results of the demonstration computer runs indicate
that the implemented SAIFE logic can successfullﬁ simulate
and quantify the evaluation process for the establishment or

revision of the structural inspection intervals for commer-
cial jet transport aircraft.
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APPENDIX

SAIFE LOGIC FLOW DIAGRAMS
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ENTER

1.0

GENERATE FATIGUE

DEFECTS

3,

LIFES

DLFECTS

0 \
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L
_LIFE

It

REDUCE FATIGUE
LIFE BECAUSE OF
PRODUCTION, SERVICE
OR CORROSION

4,0

DEFECTS

STRENGTH
REDUCTION

REDUCE STRENGTH
BECAUSE OF
CRACK GROWTY

PROJECT TIME T0 FAILURE

llNSPECT
5.0

PERIOQIC
INSPECT ION
OF ELEMENTS

-

2.0 L
DEVELOP MOD
BECAUSE OF FATIGUE

TEST FAILURE

INSPECT

A/C DELETED FROM FLEET

REPAIR

6‘0

REPALR
ELEMENT TO

Figure 52.

ORIGINAL STRENGTH

. REPAIR

EVALUATE
7.0 Y

SPECIAL INSP. &
INCR, INSP. FREQ.

SMOD

8,0

DEVELOP MODS
BECAUSE OF SERVICE
EXPERIENCE
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Flow Diagram Showing Major Aspects of SAIFE Logic
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GTARD)
1,1 \
[NPUT AIRCRAFT
FLEET DATA EVTER
1.2 1.3
INPUT ELEMENT NO END OF
NATA "] [NPUT DATA
YES
1,4 \ \
; PREDICTED AVERAGE END
- FATIGUE LIFE OF
1 ELEMLNT
; 1.5
] ACTUAL AVERAGE
4 FATIGUE LIFE OF
" CLEMENT |
S
] 1.6
3 PRODUCTION
- MODTFICATION O e~ TV0D
! PENLING
k' YES ;
3 1.7 t
- MODIFICATION g
: INSTALLED [ {LMSTALL !
1 1.8 1
3 ACTUAL ELEMENT — '8
L FATIGUE LIFE [ G $
|
1.9 ] ';
AIRCRAFT i
ENTER SERVICE 1
! CDEFECTS ) !
Figure 53. Detailed Flow Diagram - Input Data/Gencrate
Fatigue Lives
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2

TMOD

l]

DECISION MADE TO
DEVELOP MODIFICATION

NO

2,

YES
2

INSPECTION FREQUENCY
INCREASED PENDING
MODIFICATION

2

l3

MODIFICATION TESTED
(INPUT)

YES

2.4

NO

Y

ACTUAL AVERAGE MODIFIED
FATIGUE LIFE

Figure

2.5

ACTUAL AVERAGE
MODIFIED FATIGUE LIFE
SET EQUAL TO
PREDICTED LIFE

INSTALL

54, Detailed Flow Diagram - Develop Modificution

Because of Fatigue Test Failure
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Figure 55,

YES

3'2

CCoereets )
Y

ELEMENT HAS
PRODUCTION DEFECT

ACTUAL FATIGUE
LIFE REDUCED

NO

1
M
1

S et

ELEMENT INCURS
SERVICE DAMAGE,
FATIGUE LIFE REDUCED

3.4
(CCRACK. GROWTH )et——~N0 | coanosxggcégémnw
YES

3.7

ACTUAL FATIGUE LIFE
REDUCED

NO

-

( STRENGTH REDUCTION )

CORROSION OCCURS IN
STRESS CONCENTRATION

YES
3.6

ACTUAL FATIGUE

89

LIFE REDUCED

Detailed Flow Diagram - Reduce Fuatigue Life
Because of Production, Service, or Corrosion Defocts
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( STRENGTH RLOUCTION )

4.1

PREDICTED CORROSION
GROWTH RATE FOR ELEMENT

.t

AVERAGE FATIGUE CRACK v
GROWTH RATE FOR ELEMENT CRACK GROWTH

e

ACTUAL ELEMENT CRACK
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