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16. Abetrac'

'To assist in the evaluation of proposed structural inspection programs for
commercial jet transport aircraft, a logic was developed to simulate structural
defects, failures, and inspections. This logic was incorporated In a computer
program entitled Structural Area Inspection Frequency Evaluation (SAIFE). With the
objective of quantifying the evaluation process currently used to establish and
modify inspection intervals, SAIFE accounts for the following factors: (1) aircraft
design analysis; (2) fatigue testing; (3) production, service, and corrosion de-
fects; (4) probability of crack or corrosion detection; and (5) aircraft modifica-
tion economics. As a five-volume document, this report covers Lhe initial contract
effort plus a subsequent parametric analysis as follows: Volume I (entitled Execu-
tive Summary) presents the SAIFE logic and documents the methodology for the de-
cision-making processes in the simulation logic, Volume II details the SAIFE sim-
ulation logic, presents the background data for the analytical functions and de-
cision-making processes, and includes data for a typical simulation problem. Vol-
ume III (entitled Demonstration Input, Inspection Survey, and MRR Data) presents
data tabulations derived from historical trends and design input data for a SAIFE
demonstration problem, As the user's manual for the SAIFE computer program, Vol-
ume IV,(entitled Software Documentation and User's Manual) contains detailed com-
puter logic flow diagrams and a complete listing of the program which is written in
SIMSCRIPT 11.5. Volume V (entitled Results of Model Demonstration) presents the
results of the program application to a hypothetical aircraft and compares these
results with the service experience of operational aircraft,
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1. INTRODUCTION

It is1 t he0 11 l'tL1 Ia gON I ()f til 10 1AA , 'I i rý Il'ume11 IIIinIn I Q- tui'r
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 beon 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
relics heavily on reliability analyses of the new dosign anid
on operational experience of similar aircraft,

process, a computer simulation of all Critical a~ircraft
service life aspiects was judged the most rational moans for
quantifying the process more exactly. As a five-volume
document, this report documetits the resul tant S truLC tarn' I
Area inspection Frequency liva 1 a~t ion (SAl PI) simulaltionl
logic. SAIHT accounts for the fol lowing factors: ( I1) air-1
craft des i.gn anal ysis ; (2) component and f 1.1- scaleo fat iguo

testing; (3) productlon, service, and corrosi on defects';
(4) probability of crack orcorrosion detection; and (31; air-
Craft modification oconlomics . 'it treat.% those factors in a
logical sequencoe that rca listi cal iy represents th0 p~rCodure I
currently used to os tab) ish and modify inspection intervals,
SAl FF is designed to provide a repeatable methiod for ovalu -

intended to supplant the Maintonance Reuviewq loardL or the ai~r

carrier uISe Of' the S ta ada rd Opett i t ions Spec ific ation -

Alircr aft Ma iatenance .

I n add it ion to present 1 ag tilie SA IF l1ogic. applIi.cablec to
l.a .it~i a deo aols t iat i onl, this ropor t documents thle rosca r ch
conducted to es tub 1i sh the quantitative functions, irequ ired
for decision logic ill the simulation, SMane o1' t1he d0C111oumo-
tat ion for these functions, sLIcIhil as ft i gue life SCa't tel',
are taken from work cond~ucted inl oth~ei studies. uth1eLr1
functioens, such ais the prinbahi Ii ty Of defeCOt detecHion, are'C
the result of work, conducted as p)art of thiis contract,
Whatever the source, all ana lyti~cal informaition Is refer-
enced thrTou~ghout thle rep1ort. '1lie lOg i L.ap)ia to thle
parametric study is given in VoIlume IV, Book 2 of this
report.

Figure I Milustrates the data sour-ces anld anai'lytical
funtios tatare intogra ted into the SAl LB logic., As

Volume 11, this volumii presenlts the deta illed simulation
logic incorporated in SMAITI and all the b~ackgroun1d daita
rMquli~rod f'or the anl.Jytical functions and decision-mak-ing
processes4. I t also includes muchi of' the daita reqnuirck f'or a
typical simulation program.
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II. DISCUSSION OF DETAILED SIMULATION LOGIC

The eight blocks in FigurC 2 rcpresent the major as-
pects of the SAIFE ývnulation logic which was originally

S... LIFES T 'EST FAILURE
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REDUCTION

4.0
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7 0
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INCR. INSP, REQJ
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Figure 2. Flow Diagram Showing Major Aspects of SAIFE Logic



4
developed by Andc'r aska in Refeurence I k flock, 0. (Iaccepts

inp JuIt daýit a 1'or' t he L'a i I- C a 'l t fI' LC! t r id~ 'o r Lac ]I s,ýt ri I t I a 1-i
01C 111011 t i 11 t he1 Q a i rc vailIt . A ft Le , (1 e1t e v1 I iI)h , whet her Ul1ue
mea1t 110di Ci icat uin01sý0 ýU V( ar1 e in I- L'd 1) cmt e N ofS( ( th taL'l'it ine le IIU St
results in Block 2.0, Block I . (I a ss i gns a fa t ig ue J. i f e t o
each cl.emnent inl ecach a ircra ft 11. Bo ck, 3 ,) ci dotvi'rm Ins whether
Production, sorvice, or corrosion defects will occur; if it
is determlined thadt SUCh defectS Will OCCUr, Block 3.0)
predictS thle ti.111cS When they Will, occurV. After comparing
the fliight loads wi th the st. n'ngth of' cach element , Block
4. 0 predicts the thime to struc tural fa ilure for erich al r -
craft, Block 5.0 conducts the peviodic inspect ions of cacti1
element. If a StruLctUrlU] CallUV 11ire hsOCCrirlcd , Bl~oLk 1
deletes the corresponding aircraft from the leet . Ilowevcr
if aii cleirent lins a defect that is detected, B lock, 0 .
repali-s the cl ement. Deperdin g on thle iraga i tudC of thle
detected defects, spec.ial Linspections and inc c e rspoc -I
t ion freCJLQuencieS may be cal led for in B lock 71.0 and mod i fI
Cat 1io1S rrr11) be inSt it~tOLd in Mlock H, .t, Wheni aI thle 11i'-
cra ft have been del eted from the fleet eit-her throughi re -
t.i rerrint fromr seiv Ice or as a neosnit of, an Structnrl:n 1 failiuve I
the sirmulat ion Is cortiplote.

AS deta led1 *in thle Ccl lowing sections, each i ocmk Is

broken down into several sinbblocks which contain tho fualc-I
t ions and decis ion logic Ceuie or' the si tin fat ionn. la ch1
subbloek roi, a part icular b,1lock brearkdown 11.,- represoented by,
thO Unit Ilnumbr .iderit i ying tile block inl lir -1v m aid by) a I
decimal nlumber donot inrg thle stibbl ock sequ~ence ; tar exaimjr I,
the subb lock rep resented by 2 . 3 correlates wi th Hlc I.1 Uin

FI gure 2 a11d i S thlird in the S11111 1 oclk sequelnce. BY des 1 n I
tl sninet gssenthe sub sect ion 111.1ab1[10' aginl t. li .1 S('~t i.1 on Vcur I a t (IS W thI

4



1. Detailed Description of Block 1.0. Input Data/Generate

[IPUT AIRCRAFT

I NUT ELEMENT - NO END OF

1.41

[11E1I1T11 AVERAGE
rFATIGUE LIFE OF

[ACTUAL'AVERAGE

FATIGUE LIvE OF"
I :- -LELEMENT

M'O D IF ICAT ION ,tic.,i--

S| ACTUAL ELE'MENT =F-

Figure 3. Detailed Flow Diagram -Input Data/Generate

Fatigue Lives



1.1 Input Aircraft Fleet Dlata

This block i itroduc:, t he toI lowing input datI wliCli iS
constant: 1,or , li, clement s t hrotnllýlott tile simulat.ion.

(1) Aircraft type (two.,eloment array).

(2) The size of' fleet to be simulated,

(3) Service life of the ai, rcraft (flight hours),

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

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

(6) Second aircraft production rate (fl:ight hours
between aiircra ft )

(7) Time at which second production rate takes effect
(flight hours after start of production),

(8) rime at which fatigue test is started (m.wight
hours af'ter start of si.mulati.on),

(9) Fatigue test acceleration f1actor,

(10) Corrosion area growth rate ( squire i1nche10 peI
flight hour).

(11) Percentage of fatigue .tfe at which inspect ion
frequency I 1i1 ZincresL eIdI because of a fat igue test
fallure,

(12) Factor to reduce fat igue 111e when corrosion oc-
curs in a stress concentration.

(13) Factor to reduce fatigue life when corrosion oc-
curs outside a stress concentration,

(14) Mean (I. ) and standard dev kit ion (WR) For the log-
normal i st rIbut ion of t:he ratio of the I ctua .1
averag~e fatIgue. life, to tho prodicted nvoragc
fat Igue I lfe.

(15) 1 tina t ion c nn-tants (two rocli i red) for gi st and
maneuver load distrIbut.ion.,

(16) Initi1al inspect ion intervals (four requ ired)
(f ight hours)

(17 Cost of each le ul of inspection (four required)
(do llars).



(18) D-level sampling percentage.

(19) A "YES" or "NO" switch used to implement the long
list output option.

(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 data which is
unique to each element (therefore, each element must have a
complete set of data specific to the given element):

(1) Ulement identification (four-element array).

(2) Predicted average fatigue life (flight hours).

(3) Actual average fatigue life (flight hours).

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

(5) Average fast crack growth rate (inches pot, flight
hour)

(6) Crack length to structural failure (inches),

(7) Critical crack length (inches).

(8) Fall .safe crack length (inches)

(9) Probability of production defect (occurrences per
aircraft).

(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 fatigue test failure (applied to "C"
and "D" level inspections only).

(14) Factor by which inspection intervals are decreased
because of unfavorable service experience (applies
to "C" and "D" level inspections only),

7



(15) Factor by wh:ich inspection intervals are increased
because of favorable service experience (applics
to "TC" and "I.)' level inspect ions oil])'),

(16) Probability of. fatigue crack initiating internally,

(17) Probability of' corrosion initiating internally.

(18) Lowest internal inspection level.

(19) Lowest external inspection level.

(20) Repair costs for each level of .inspection (four
constants required) (dollars).

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

(22) Pirst modification tooling cost (dollars) .

(23) Additional modification tool Ing cost (dollars).

C 2 4 Firs•t modif ication in.stallation cost (dollars),

C25) Additional modification installation cost (dollars) .

(26) Repair cost fcr defect f'ound during speci al. IIn-
spection (dollars)

(27) Probability of ex:l.sting corrosion being in a
stress concentration,

(28) Initial corrosion occurrence rate (occurrences per
flIght hour).

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

(30) Air frame tIine at whi ch second r'ate takes efCfect
(flight hours).

A total of 30 input cOnstants are required for this.
data block.

Each element to be evaluated by the simulation Is
ident ifled by thlree g roups of alpha characters and by one
group of numeric charactcrs. Th, alpha characters define
the basic element type and the gencral location on the
aircraft, while the numeric characters define the spoc.il'Ic
location of the element by identifying the wing or fuselage
station number. For example, an element IdentiCled as "I'Us-
MFR-TOP-400" would be a frame located in the fuselage crown
with the attaching structure extending from station 39o to
station 410.

"". -- ,..........v-t'-. ,.,.- .,.'.r''



The simulation is designed to handil as many individual
elements in each aircraft as is necessary. Accordingly, the
size of cach wing or fuscinge lcflemnt LdepeCrlds (Mly on natur-
ally occuri ing design points such as rib ur framuu spacing
Therefore, thL element identified at fuselage station 400)
includes all structure and attaching parts between fuselage
stations 390 and 410. In this example the 'uselage frame
element would also include all the attachcd skin as shown in
Figure 4. This figure also shows a typical wing stringer
element 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 applicable to a typical
narrow-body aircraft and is used throughout this report to
analyze service history data from narrow-body aircraft. The
identification system is the same as that used to process
the MRR/SDR historical data (Volume III). It offers a great
deal of flexibility in laying out the elements on any par-
ticular aircraft and permits an easy comparison of the
simulation output and the historical information.

HOOP STRESS

PRESSURE

uielagca lFrame Illament

Wing Stringor E lement

Figure 4. Typical Airframe lElements Used in the SAIFMi
Simulation
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TABLE I L LEMIiNT D[iPIN 11TION AND DISTRIBUJTION FOR
TYPICAL NARROW-BOI)Y JET TRANSPoRT

No, Elements in
Basic ' Each Aircraft

WNG (wing) I
STR (stringer) - 1IV1 (forward) 33

CfN (centevr) 33
-AFT (itf t 33"

RIB (rib) - FWI) (forward) 33
- C FN (center) 33
- AFT (uaft) 33

SPR (spar) - IWI) (forward) 33
CEN (center) 33 ,

- Apr (aft) 33

ACC (access) FRM (frname) 50

WSC (wing center section)

SWB (spanwise heAm) FIVW1) (forward) 7
( CEN (center) 7

-' APT (aft) 7

RIB (rib) FWD (forwalrd) 7

CIN (center) 7
* AFT (aft) 7

STR (stringer.) . PV) (forward) 7
SCEN (center) 7

* AFT (ifrt) 7

PUS (fuselage):

MFR (main frame) riTOI (top) 60
SII) (sIde) 60
BOT (bottom) 60

STR (stringer) - TOP (top) 0
- ) (sI de) IC.O6

BOT (bottom) 60

FLR (floor) o 1BlM (heam) 00

KXI1 (keel) i (hI (bea11) 6fl

WIN (window) F AIM (frame) 50

DOR (door) I'RM (frame) 10

PRS (pressure) WI,B (web) 60

1.3 E~nd of Data[
This function simply monitors the input data for the

end of data card. When the appropriate end of data code is
encountered, the simulation is concluded.

10



1.4 Predicted Average Fatigue Life

A program input, this vari ai e is the average fat igue
life analytically predicted for each clcment design.

As used in this report, fatigue life is defined as the
accumulated operational time when a crack initiates, SAIFE I
uses the following three types of fatigue Ilivcs which are
used throughout this report:

(1) Predicted average fat igue lI.if the fleet ;verage
fatigue life for an element'determined from the
manufacturer's design analysis.

(2) Actual average Fatigue life - the fleet average
fatigue life for an element determined from ex-
tensive service experience.

(3) Actual element fatigue life - the fatigue life of
an element on an indlvidual aircraft in the fleet.

The primary source of data for this variable is the
manufacturer's design analysis. When such data is not
available directly from the manufacturer, it can be obtalinud
in a less detailed format from a Maintenance Review Boardreport or a Fatigue Integrity Illrogramn rleport. It is allso
possible to calculate the fatigue life from service oxperi-
ence by using the method presented in Reference 2. If none
of these sources arie available, the averageL I'altigtl. lf
must be approx imated on the has is o f the design service 1i fe

for the current aircraft or from1 a preyi Oks a i rcr ft of the
same manufacturer.

1.5 Actual hvora~_.t kt.eU qj l ,.iý fe

Since fatigue phenomena are not com pletoly defined, the
fatigue life prediction analysis should he performed statis-
tically. Since in practice a stati.stical approach is not
used, the actual fatigue life O: Il structure of a given
design will usually differ from that analytically predicted.
The probability of the actual life being greater or less
than that predicted was studied by the Royal Aircraft s s-
tablishment (Reference 3), In Reference 3, fatigue lives
based on full-scale structural fatigue tests on the wings of
British military and civLI aircraft were compared with those
based on average fatigue performance In laboratory tests of
typical aircraft joints, In each type of fatigue life
derivation, the estimated life was based on ave rage f t i gue I
performance and, as necessary, on Miner's linear cuma lotive i
damage method. As showmn In Figure 5, the results of this
comparison indicate th:it the actual 1.1ie may frequently le
overest imated if the calculated fatigue pQerVformance Is not
statistically interpreted. To determine the distribution
shown in Figure 5, a computer program was used to fit the

11 •



'ol lowing stta i st i cal (log gno r- a n ) di st r i but ion to the data

Actuun Life (1)

I = 0.841

l 0.695

The parameters vql (distribution mean) and OR (distri-
bution standard deviation) are input variables. These pa-
rameters enable SAIFE to account for improvements in fatigue

analysis techniques. An example of the relati.onship result-
ing from improved analysis techniques is shown in Figure 5,
where PR * 1.000 and oR - 0.695.

LIFE OVERESTI'MATED LIFE UNDERESTIMATED

~100
LEGEND RAITHBY

S-----CURRENT
•0 <ANALYSIS

At

~20

01 1.0 10
(ACTUAL LIFE

RPREDICTED LIFE)

Figure 5. Comparison of Predicted and Actual Fatigue Lire
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With the application of Monte Carlo computer tech-
niques, a log-normally distributed correction factor for the
predicted average f'atgue tI ife (Block 1 .4, : igtr' 3) 1'r
generated for each elemcnt design. This correction factor
(R) yields the actual average fatigue life (Block 1,4, N
Figure 3) and is calculated for each element. The same
statistical model is used for all the elements making up an
aircraft model.

1.6 Production Modification Pending

When each aircraft enters servic6, this function deter-
mines whether previous simulation logic has instituted a
modification because of operat.ional experience on a ircraft
already in service or because of a previous fatigue test
failure. If a modification is pending, the logic proceeds
to Block 1.7 to determine whether the modification is avail-
able for installation. If a mod i ficat i on is not pend -i g,
the logic goes to the routine '[MOD. It is assumed that if
previous unfavorable operational experience has caused the
development of an element modification, a subsequent f'at. igue
test failure will, not cause further modification of' that
element.

1.7 Modification Installed

This function indicates whether or not a prescribed
structural modification has been Instal. led in an a ircraft
before it enters service. The modif ication has been in-
stalled if

Xl C2 > N8 + til1 + L:12 (2)

where X4 - production numhbe r of aircraft

C2 - production rate of aircraft

X8 - time between the delivery of the first air-
craft and the time of the decision to develop
a structural modification for a given element

Cll - lead time to develop a structural modifi ca-
tion for a given element type

C12 * load time from the development to the produc-
tion-line incorporat Ion of the structural..,
modification for a given element type

Items C2, (ll, and ('12 are program inputs. Item C2
depends on the aircraft type being consIdered, while (11 and
C12 depend on the parti cular element being considered. Any 14

13



data a nyui lihi onily ill termls of caIlelndar days mrust hC Cori-
VL 'rt i'd to0 t 110 0(1U i VJ leCInt S i mllu I I ' I i M t i mlle (t' f ght 110111-s

C~alendar days * 8.4 equivalent simulation time (3)1

Th is convorsion is based on the average yearly aircraft

util izat ion of 3000 flight hours por 365 days.

The mlod ificit ion will lie iis tal lod on a ircra ft that are
already in servico when the aircraft are out of service for
repairs or for normally scheduled overhaul inspections if it
has been determined that retrofit modifications are economi-
cally feasible or required for safety-of-flight reasons,

The validity of this function depends on the accuracy
of CII and Cl2. 'Ihe best estimation of lead times4 should
come from the aircraft manufacturer or from the air carrier
if the carrier performs the modific~ation. The lead time for
a critical item that precedes the modification may be pro-

vided by a vendor or .11ndopenident supplieir.

1.8 Actual Flilment__Fatj. u LifeI
If identical fatigue tests are performed on several

nominally idelt ical te.,t. specimenis, the resulting fat igue
lives will not be identical . Thlils basic fatigeC life Scat-
ter is a fuinct ion of the mater i al propert~ies, manufacturing
quality, and process variations of the test specimens.

Also, no two aircra ft within the same fleet experience
ident ical load spect en. This load cniv ironment variation
mItlrodUCes add I.tlional. fat igue life scat ter among ikeC St ruIc-
tural olement s within the same fleet.

1. Clearly then, the fatigue life of aircraft structures
maust be treated as a stochastic vari[able whose frequency
distribution reflects both the basic fatigue scatter and the
load environmient variat ion. HoBcause, in the analys is of
aircraft structLureOs, onlyý asni SITI sLIMple Can he tested and
th0 fail ureO of even1 a sinlgle str'ucture may be catastrophic,
the expected time to fir.st failL ure is a much more s ignifi -
cant measure than the mean time to failure. A method for
the ostii;ate of the expected time to first failure is out-
1. [neil by Vreudent ha 1 (Re ference 4)1. In hi s paper, Freuden -I
thal. shows that the cumulative distribut ion function has the
form of the two-parameter We ibu i:

[It) =I - exp I- (t/0) h](4)

Ivhere t =timei to Crack Initiation
(J Characteristic value
1) shape warametocrI 1.4



Rl IBy pooling the results from various sources (Figure 6),
Freudenthal makes an estimate of fatigue life scatter based
on the representation of test data by the log-normal dis-
tribution, li0 con1cIludes. that a Value0 Of thle St,1dard devi a-,
tion a(loglON) * 0.15 - 0.20 is representative of~ most
results in the long-life range (N >106 cycles). Thesc
values are consistent with the work done by Abelkis (Recf-
erence 5) in which hie concludes that a value of o = 0.14
would describe the basic fatigue life scatter and that a
value of a - 0.20 would account for basic scatter rind the
additional scatter introduced by load onvironinont variation,
Using the actual average fatigue lifo,(_f) gcneratcd 1by Block
1.5 and assuming a value for cy, the values of 0 and 1h can be
determined from the following relationship:

b 7t/(2.303 a /'¶ (5)

e -f/rn + 1/b) (6)

where r *the gamma functi~on

.3-01

*AUSTRALIAN AIRORAFVF WING TESTS

02 COLUMBIA UNIVERSITY RANDOM LOAD TESTS - ___

o COLUMBIA UNIVERSITY CONSTANT LOAD TESTS
SNILL AMSTERDAM PROGRAM LOAD TESTS lo

20

(T 0

00

3.0 35 40 45 5 55 .0 65 AA
C\0K U 0N

Figure 6. Relation Between 6 c5(logl 0 N) aiid log



The Monte Carlo technique can now be appi Led to genernte a
two - parameteer Wei bull di st rVIhuti.0o of fa t. Igu lives by
replacing I 1 - F ( t') I In Lquat i on (d ) w i.tt i a random number 'or
cau;h aircraft in the simiulatud .fle:t;

t o 0[ln(l/RN)]1/b (7)

where 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. khe
times to subsequent crack initiations arc 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 Fl(t) be the cumulative
distribution function of time to crack initiation. Make a
random draw fromt F 1 (t) which yields tl (time to first crack
initiation), Now runcate the lower end of the distribution
at t 1 and make a random draw from the new conditional dis-
tribution F,,(t) to yield t, (time to second crack initia-
tion) where•

plft) P1 (tl)
P'2 (t) Fl(tlt > tl) " - - 1TE' - (8)

and l1::(tlt t 1 ) - probability of crack initiation before
time t with the condition that crack
initiation occurs after time t

pl(t) - probability of crack initiation before
t ime t

:IC(tI) - probability of crack initiation before
time t1.

I - F1 (t 1 ) - probability of no crack initiation berore
time t 1

Now truncate the lower end of F2 (t) at t2 and make a
random draw from the new conditional distribution F3 (t) to
yield tj (time to third crack initiation) where

F2 (t) - 2 (t 2 )111 1 t ) r l 12 t ! t :' t 2 ) Is " -2-- (2)
2 (tt~ 2))

How the three probability density functions fl(t),
tf2(t), and f1(t) arc related can be determined from their
definitions. FProm probability theory,

16



dF1 Ct)
(10)

Likewise,

dF 2 (t) d Fl(t) Fl(t 1 )

2dt 1 - Fl (t1

or Eli(t),
f 2 (t) - F1 "(t') C12)

Similarly,

f3 2(ft) £ 1 (t) (3

3(t) 14 F 2 (t 2) [11-.F(tl)][,1-F 2 (t2TF

If we let Ki a 1/(l-Fl(tl)) and K2 * 1/[1-Fl(tl)][1-F2 (t 2 )J we
can then write f 2 (t) Kif 1 (t), fM(t) ; K2f 1 ( t' Thus f2(t)and fj(t) can be formed Erom fl t} by truncating the lower
end at t1 and t 2 and by rniiltiplying all values of £1 (t) by
the constants K1 and K2 , respectively. This process is
demonstrated in Figure 7.

f Ct)

-

0 t
i / fCt) \

/\

I t

Figure 7. Truncated Fatigue Life Dlistribution for First,
Second, and Third Cracks in an individual E~lemnent
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Ill FigUiro 8 , thO 1111 cun.Itt ivc di St I- uLt iOl 01" timeC to]
crack initI att i on 1 ,;hown for i, ach o t' the tli roc ci-acý s on
thle i nd ivi I] tin 1 .oilnc t (nrti. t s CoI.,t'it d am-01 the 1.0,IIIts o f a
sa~iflp I C 1111 a ti it o n1) r 1 1) 1 I1 i i Il(>( d i t bi ut i oil -;io, o d i
t i 1. t Wc hu 1)111 1( I11 I I I iii I- tlu en V . v I C r I I Ii ýc i r I tC r -iSt i.C

d Iscussed above.
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Figure 8 ('UMUlrt~IVO Distribution or Fatigue Lives for

F-rs, ocnd tndThrdCr8k



LI

1.9 Aircraft Enters Service
This function causes aircraft to enter service at a

roduction 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.

191
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2. Detailed IDescri.tion of Block 2.0, I)evelop Modification
Ilecausc o Faigu TestFur_(e 17a F-TT1

TMOD2_c u___c3q.1 -•- _ g __ ,-es______F i ur.__( e Fi u e.).

SDECISION MAETO NO
DEVELOP MODIFICATION

YES

2.2

INSPECTION FREQUENCY
INCREASED PENDING

MODIFICATION

2.3
MODIFICATION 'TESTED YES

(INPUT)

NO 
2.5

2.4 i ACTUAL AVERAGE
IF MODIFIED FATIGUE LIFEACTUAL AVERAGE MODIFIED SET EQUAL TO

FATIGUE LIFE PREDICTED LIFE

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

2.1 Decision Made to Dve1Iop Modification

This function deteoiilnes whether a modification to an
element is 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, ai goal of two times the service life
is commonly used. If this goal is achieved, the fatiguetest may be discontinued or it may be continued to determine
what additional margin of safety is present.

20
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To determine whether the flatigue test goal has been

achieved, the hours of tC esting' arC mul t I plied C s follow!;
by a fat igue tC!t accC lerat ion1 fctom to UIrr ive atL th
equivalent flight hours:

Test Flours * Fatigue Test Acceleration Factor

- Plight Hlours (14)

The criteria for developing a modil'ication are then as

follows:

(1) If

flight hours > 2 • service life (15)

a mod Lf ication is not developed.

(2) If

flight hours < 2 service life (16)

a modification is developud and it is in-
stalled at production w10'a Jit becomes
evailable

Because ei" the signi ficantly hilgher cost of Installing
a modification on an aircraft already In service, retrofit
modiflcations are not Liistal1ed 1.nlI ess the fatigue test
failure occurred in less than oneL se,'Vice li le. .1f the fa-
tigue test failure occurred In less than one service life,
the modification is required Cor safety-of-'l.ght and is
installed on all aircrt.ft.

2.2 Inspection lruquenc.jcead Mendjj Modification

When it has been determined that ii mod iH cation must
be installed, there is o lead time required to design and
fabricate the modi' Ication and to awn it the airc.raft's being

scheduled for an out-of-service period. Dluring this lead
time, it may be necessary to Increase 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 fatigue test specimen represenL,..'
an average of all elements, and that a scatter factor is
required to account for all the elements In a typical fa-
tigue life distribution, Tlhlerefore, when the flight hours
on oay particular aircraft roach some percentage of the
fatigue test failure 1 i1'U, either that aircraft must be
modified or the Inspect.ion i'requency must he increased until
the mod If Icat i on I s I ns ta I. edI. 'The percentage of fat igue
test failure life at which the :Inspection frequency is

21
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increased is; an input plralmeter; in add it ion, the factor
which increa.s s the inspection 17r1equecy [ for both the close
exter na l and t'e ' CIose in teimi l1 i Lspecti.( in is also an input
-:*,raumoter s ince -t K r'eiquired change depends on the element
.,'"ni considered.

Mod if icat ion ''e[se; 1oJ

When Block 2,1. Indicates that a modification is re-
quired, it is assumed that the modification is designed to
the element'Is original predi cted a'verage Eatigue life, This
function indicates whether a modification Is fatigue tested
before Its incurpuration :into the Illect. It is an input
parameter for each element type,

2,4 Actual Averaize Modified Fatitgue .l, fe

1,his ['unctionl repeats tile logiLc establi~shed in Block
1.5. It :is based on the assumpttion that the design analysis
of the modi CicatIon is similar to that of the original
element but has an increased probabil.lity ofl being accurate.
Therefore, the analysis for the modification results in an
actual nverage fatigue . f,e closer to the required life
becausu of' experience gained during opurational usage, This s
increased probability of being accurate is accounted for in
SAIFYi by decreasing the standard deviation and increasing
the mean of the log-normally distributed correction factor
discussed in Section 1.5. The standard deviation is de-
creased by 15% and the mean is l.ncreased by 1571 of the quan-

It , (l. mean).

lonte Carlo techniques 1re ain7j used aong with the
distlr ibut ion established in Figure 5 to determine the actualaverage fatigue l i'e of' them udif.Led uL~ele

2.,5 Act~ual A~veragec Mod i C ied Fat i. le L~itf e Set !iqual1 to

If the result ouF Block 2. 3 was to fatl.gue test the
modi fled e.l ement , then -it I.s assumiied that thc modified
elemont wil I attain its predicted life or be redesigned and
retested until It does. Therefore, the average life pro-
dicted by Block 1.4 becom1eus the actual average fatigue life
of the modified element . The logic then returns to Block
1.8 where a Fat I•ue lItfte is assigned to each modl fled ele-
ment as the modi I'lcat lon is installed on each aircraft, As
was done lfor the original element, the individual fatigue
lives are determined by using a Monte Carlo technique,
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3. Detailed Description of Block 3.0, Reduce T'at.•kll ],i.e
Tecause 61- Proqduction,' Suric_ or 2ii:oroi0_l721.DoroCC't _

SDEFE=CTS

3.1

YES ELEMENT HAS . NO
PRDUCTION DEFECT

IG ELEMENT INCURS
IFE EDUCD go SERVICE DAMAGE,

LF RFATIGUE I.IFE REDUCED

3.4 if

ýCCýCK OWTH NO__ CORROSION INITIATION
OCCURS

YES

3.7 3.5

ACTUAL FATIGUE LIFE L NO CORROSION OCCURS IN
REDUCED {STRESS CONCENTRATION

6 
ES

___NTEUTO_ ACTUAL FATIGUE
SRD TLIFE REDUCED

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

3.1 Element Has Production 0efect

As one-time occurrences, production defects 1o04.1t 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;
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improper sufa rice f inish and heat t roa tmertt and II Ls sing or

improperly installed fa stenors a ad shim~s. The probab ility
of'a gve~n(Iemnt havingapouto efc ooeetr

each Str'uctulracl elment. type were obta i nd froml the Mvedhan-
ical Reliab~ility Reports (NIRR 's) aind Service D~iffi cul ty
Reports (SIMts) in con'j unct:ion with the service bullet ins
issued periodically by the airframe manufticturers and Air-
worthiiness fl1irectilvos issued by the FA-A. Because of the
1 unlited regulatory1 requirement H imposed on the alir carriers
in document ing the natu ic of a s t.ruc tural die fec t, the de -
scription of a defect occurrence Iin NRR/SDR data is gen-
orally less thorough than the description of a potential
S truICturt-1, failuro in the portinent scorvice bulletin,
A repo rted fantigue crack is c .1ass i fid as hatving been in-
dIUCOLI by a production defect only, If a recognizable pro-
duction error either -is explicitly stated in the MRR/SDR
data t~o be the cause of the i'i lure or, is Implied to be the
cause by) relferencc to the applicable ser-vice bal letin or
Airworthiness 1)1roc tive,

F'rom it revijew or thc WIR/5IM' s saibmit ted to the FAA
during the peCr'iod l963 to 197.3, a totail of 59 fatigue fail-
LireS werc ident iJ.i.ied Which couIld he attr ibuted to product ion
defcCOtS With 11111ost 11ll 01' these fall Lrcs resultinmg from
U 15 Hing or Lmp roperlIy tins t. a11ed Ca MtenCr s aiid shas The
numberhol of' pr-oduction1 dOfl'Ctr- hounld in1 ea1Ch tyvp of struc -
tural (.le01en1t thlroughiout the lee0t , 1101ng wit. t lie ave rage
number of' indi1vidualI clement s in each aircraft typeIL, are
presented Iin TIablIc 2 . The MM/ SIMRS , an1d COnlse(IucInt. >
lablie 2, 1:ons .1dor only I yp od tic ti On dO fOCt s that res ult in
cracks or :ovroslIon. ihose defects that do not affect the
a ircraft structural integrity, are not consklered to be
sign.if1icant ini the SA I Ph 1 og,-c.

rato f il .L)IILl of' I)OIIH le f' .Ccts (17)ece de

For th0 pu, loscs 01f t it se calcuilationls, it Is assumed that
tithe leet size is 1400 aircraf~t, the largest number of
perthinent eiircrah:'t registered to certlified route air car-
i'Hors Ini any given yoear durling' the pet' Lod 19~63 to 19Q75.

24



These data are from Reference 6, the FAA Statistical Hand-
book, 1973. As shown in Table 2, the largest number of
production defects were found in the fuselage stringers,
although the fuselage main frames have the greatest proba-
bility of entering service with such a defect. Since it is
assumed that any given element has a small finite probabil-
it> of' a production defect occurrence, the smallest calcu-
lated probability (l.19x10"S) 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 DEFLICT OCCURRING

No, of Ave. No. Probability of
Production IH1emonts Production Defect

Element Type Defects Per A C in Indiv. iement

Fuselage
Door frame 0 10 1,19 x 10"6*
Window frame 0 s0 1.19 x 10"1*
Main frame 17 10 6.72 x I0"%
Floor beom 1 60 1,19 x l0""
Keel beam 2 60 2,17 x 10"Pressure web 4 00 4,74 x 1(}"
Stringer 24 150 9.48 x 10-"

Wing

Access frame 0 50 1.19 x 10'5*
Rib 2 101)0 1.42 x 10 "
Spar 3 100 2.13 x 10-s
Stringers 3 100 2.13 x Io0'

Wing Center Section

Rib 1 21 3,39 x 10-1Spanwise beam 0 21 1.19 x lo"**
Stringer 1 21 .3, 11 x .O0"

* ostimated

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 loss
than or equal to the appropriate production defect occur-
rence probability, the element is said to have a production
defect; otherwise, the element is assumed to be free of such
defects.

3.2 Actual ratigue lil'e Reduced

As previously stated, a production defect results in
structural damage only when it initiates the progressive
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fatigue failure mechanism. Fatigue crack i nitiation result-
ing from a production dc roct genoral I>y occur's early in the
life atf an aircraft.. 1or the I)urposCs of this simul ation,
it is assumed th"It the ef t[ct oF :ti product ion 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 as-
sumptions regarding crack growth rate and crack size at
detection, this distribution may be approximated from the
available MRR/SDLR data.

Of the 59 fatigue cracks attributed to production
defects, only 30 are documented with both the measured crack
length and the aircraft flight hours. Since for three
fatigue cracks of known length no detection time was re-
ported, a time was assigned to each on the basis of the
aircraft's year or 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
fatigue defects, it was assumed that the distribution of
lengths for these 26 cracks was the same as that reportedI
for the 313 cracks.

For each of the 59 fatigue cracks initiated by produc-
tion defects, the crack length is plotted as a function of
the crack detection time in Figure 11. Then a crack growth
rate was postulated by constructing a line between theorl•:ln and onoe of' tihe data points such that parallel growth

rate lines passing through each of the other data points
yield no negative times to crack initiation.

Assuming that this crack growth rate Is constant for
all fatigue failures lnitiated by production defects, the
time to crack in itiation can be computed from the reported
crack detection time and crack length by the following
equation:

t.o - tl.)lv + (.Ilog 0.l t - Log t C 11I K C R (

where to0  time to crack initiation (flight hours)

tDli.r ' crack detection time (flight hours)

2 CR - crack length tt detection (inches)

KCR - crack growth constant

KCR 1575 for production damaged elements

26



-. . .. . . . . .L~..j.i .... .....

0 IM

S IO I 14.II V:

'20 7(

I 1.4



Figure 12 is a histogram of times to crack initiation
dettermined by appllying Iiqutition (IS) to each of the 59
fat igue cracks init iated h)" proJuction defects. Several
btaadard 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 a production defect, the time to
first crack initiation is drawn from the above Weibull dis-
tribution rather 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.

4O" H t Wllu( t H 8fl01) Rnl.IU)0 ) L 2100J 14000 1600L0 18000 2000

FII[I T rlS1: I' CRACN INITIATION (O1t010 )

Aigure 1?. Histogram of Crack Occurrences on Production-
Damaged Elements

3.3 l ement Incurs Service Damage, Fatigue Life Reduced

Like production defects, service defects result in
structural degradation because they initiate the progressive
Fatigue failure mechanism. Typical examples of service
damage include defects occurring during normal ground
service operations, such aL: tears and dents in the air-
crart's skin or cargo floor, and defects occurring durin6
regultar mai.ntenance operations, such as damage to parts
during installation or removal. Data available from MRR/
SI :; show that the scrvice damage occurrence rate is
constant over the . ifc of the aircraft.

A fatigue crack is classified as having been induced by
service 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 hoth the nuasiircd crack
length and the ai.rtC raft IfIiight hours, No crack dctect ion
time was reported for five fatigue cracks oI known length.,
and the measured crack length was not reported for 32 other
fatigue defects; for the one remaining occurrence, ne-ither
the crack length nor the crack detection time was recorded.
As was done for production defects, a craick detection time,
based on the aircraft's time in service and an assumed
average number of flight hours per year, was assigned as
required. In addition, it vas assumei that the di-stribution
of lengths for the 32 reports where crack length was not
recorded was the same ai; that for the 23 c nc ks where tie
length was reported,

For each of the cracks initiated by sorviice damage, the
crack length is plotted in Figure 13 as a funct ion of' the
crack detection time. A crack growth rate is then postu-
lated such that no negative tlmnes to crack Initiation re-
stilt. Assuming that this crack growth rate is the samie for
all fatigue rai.lLre: ini.tiatoed by Cerv ice damage, the thiie
to crack Lnitiation can hV comulted roain the reported cralck
detection t t.lne and c rack ength by the foil owing equat ion:

tL t i + (.log I 0,1 log .R I .. I (o )g

where r1 .1 i ,31) for S V i'ce-dallllged c.i c nIlt s

Assuming that service damage and crack iniitlat ion
occur almost simultaneously, the t,,lnes determined f1'ro11M
1:quat.on (1.9) can be used[ to construc.t a histogrami o f
times to service damage. As indicate d I.n Figure 14, the,
service damage occUl'rece rate is .indepLen dent of. air-
c-raft service time.

The proha hi I ity ol s ,crvi.ce danllage cculrri aIi all
element of a given tyvpe . is equal to the numbl1er oi" occur..
rencell recorded in MlUV/Sfl '. d d i.))ied by t he p1 r id l c tl o)1 th ,,
number of Fli .,Iht hours In the data and' the iumle r of indil.-
vidual element:s in each aircra ft. ThIe VquaLtion for c'al i'-
lat ing the service damage prohabhility is

No. ol' lefects * I KS1" , - ..- - , . .. ... . .. .1 . .. .. . 2 0 )

where Ks adJUStIllClIt facto' .11 scusSOed eL I oW

45,791,114 total I'light hours n MRlR/SlR dkhta base

(I
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U !tt hLL Jitft T itttTN
Figure .14, iHistogram ofC Sorvice Damage Occurrences

The approprinte occurronco nato ror easch structural
el e me n t ty1)O c al ong %v I t h t hIo n um 1 ,o r o t: ocu I, Ic n c o s aIn d t ho L
number ot inldiv Idual . cloments In oach a I rc. rn rt I s g I vein In
Table 3. T'he ~4ol'v Cric d".11,111 OOCCU?-'011Lcc IratO IS aIdklstod bV
Ii lactor 01F two hocnilse 0o tho results oF, the Mu il atonace
In spectors Survoy (.Volume 111I) which li d .1catos t hat scniw ce

dam111age -is twice 1.01 p~rcvalent aIs actually i'cpo'tod. T] I
dif- cernce between t hoe survuoy rusul t s and sQ r vi :co Jamlage
reported biy HRR/SZ ~I,,; i a tt r 1.hut cd to t ho0 .111111 to d (10 CL!ct
doscript [on In thr(: MIM/S1)R report tng Fol-mit, T Ih1 , ,Co r C,~ thL
NIRR/SI)R daIt.a dr VCuSOd to0 dOtO111 Ina the 'OUlat i V, 'a t C of 1Sur -
V I.C e d 1.1 Inca c U 0 -ý . ,I 1 o C. v h)e t w 0 I t ho ha1 , s i C 0 ,II c ion t t y 1)L,,s andI
tile SUrvVy dalti ;1' arc SO( tO adJUSt tllosc ra4teaS to whalt h,
Celt, to ho 11101c roa I ISti IcOCCur rCl,.Onc rat s.

1No 1,Itji.gLc c aksatt rihUtohIU to Sc'v icc damaILgo iarC
reopertced ror Ptoui cl ement tos.it i S assumeod thant tilh'
wing cente r so t ion IiIILan StHri ngCiS dO n10t OXpo rio ac
service damago . Al though no soerv ice damage Occurvenc as I n
the fuselage p rcisuve wcbsi or w Ing accoss Fui'11Io sW0 rc docaI
mented , Lt IS Ussume11d thalt 111d IV iu LIIl 1i o101101t S 0 C t hoQSC
types have a F In Ito p'obaibility' of Oxpurio iccIný, scrW ico
damage dur:ing thei.1r liv es and tHint t he Oc!cAII'roICC lv'tO CO Ior
thle foregoing are' tile Samei us those Far the C11so 111a1o whidow
f ram es aIn d w n g s t I-i I ag)om I,,, res 1 ,c t i v L I

I iiag Nit)a L u Ca ii L) t uc.n I 1 (1 ouc Cin .1 , Qdii s I Lnc I -11LA~ L,
turvai cloment Is tcsted whon an at rcrai-Lt cntev Iserv1icc to
determ ino whetleic rSUrV icO damaige Is 11IIncu rcd a11d, 1 so It

.. ...... .



what t 1i1e the resultant fat i gue crack in i tiates . The gov-
crning cquIat ion which, in conIJ uct inn with the sel CctCd
un i fOrIIl I y i S t r i biuted random nt)II he r, dct 1 rm i, es th.i s tim1e to
crack initiation is

t ln(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,

TABLE 3. SERVICE DAMAGE OCCURRENCE RATES

No, of Service Ave, No. Adj. Service
Damage Occurrences IElements Dainage Occurrence

Hlemont Typ.e Before 11040 11t 1ir PertA Ratc Locc,/f1t,h~r)

Fuselaigo

Door frome 7 10 3.06 x 10-"
Window fratme a SO 6,9) x 1n'-
Main frone 21 18n 5.10 x 10-'
Floor beam 1 60 2.43 x 10"10
Keel beom 1 60 2,,13 x 10"11
Pressure web 0 60 2.45 x 10"10*
Stringer 14 180 .3.40 x 10-1

lyingl
Access frame 0 s0 1,31 X 10"1*

Rib 1 100 4.36 x 10"11
Spar 1 100 4,36 x 10-11
Stringer 3 100 1.31 x 1[1"

Wing Center Section

II b 0 21 0
Spanwise beam 4 21 8,32 x 10"'
Stringer 0 21 0

t estimated

3.4 Corrosion Initiation Occurs

Each individual structural element has a finite prob-
ability of experiencing corrosion during its service life.

The corrosion occurrence rate for each 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 is 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
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do cumented Wit)h both the corros 1 )n do pt hi an d ;I i rck I'aI ft I i fC
Fur thermore~c, in 1 15 0 1' the0,Se (ICCI.C Lr 1' ce 1*1'U, 11 he ' 1-0 iS i Oin

nt i tI at fasI tnr h11oVc1s'ý ill theV ; I' S i Ig Is iC U the1
corrosion depth igrowth r~ate may he rolated to the state of
stress ,the .111stan,1ces :1 nwhI W1h11 Cci''ro Si on occurre1d ill a
stress concentration are eXCludeCd dlll'i ni. theL- initial an ilv'ly
sis.

Peor eiach of thce t-ena1 il nji n L 21 car pan i occi, a ron e" t the
reported COrro-Sion1 depIthl JS plottedk as" ti fnnllc ionI W.' the

N.corros ion detection time. (see P I 1l ar 15)j. A ccro i. asin
growth rate is then p)ostula ted by con,ýtiruct. i jig a .1 inc he -
tween the oi'lg~in and one or the datal J)0ilItS suIch thaitpal-
lei growth rate lines pa[ss Ing thlrOUgh achI1 01 HI teOther d ta't"I points yield no negative times to cc rrosonl .ini tiati.0ni
This is a somewhat cons erva t.ive a pproaich -in that i t assumus
corrosion may hin thiate oa soonl as aila .iirc raft enter~s Se01
vicC. 'I'llC clcla I .Uted r lte C~ I S ~ 100X 1.0 5 ince Ie I C S1 ' Ig'1itI hour,.
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Figure 15. Time of' Defect 1)etoct ion vs. Depth of' Coi-ros~iol,
for Corros Ion- Damaged Eilemen~ts



Now the t Line to corrosion in it Iat ioan may he determined
tor each occurrenc.e of known depth and detect i0n1 t ime From
the follow ilng equation:il:

ot c0 (22)
CC0

where t0 = time to corrosion initiation (flight hours)

t corrosion dotuction time (flight hours)

de corrosion depth at detection (inches)

k Co corrosion growLh rate (.inches per flight hourr)

For those corrosion occurrences of unreported detection

time, a value of tee 1,; assigned Oil the basis of the air-
craft's time in service and an aISSuLlmed average number of
flight hours per year., For those corrosion occurrences of
unrecorded depth, a value equal to the mean of the 21 pre-
viously plotted corrosion 6ccurrences is assigned. The
corrosion Initiation 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,

It should be noted that the same corrosion depth growth
rate 'Is used to determine the t line to corrosion initiation
for all occurrences regardless of whether the corrosion is
located in a stress concentration. This procedure was found
acceptable ar-ter analyi:ng the data for corrosion coincident
with stress concentrations. iýor the 15 fully documented
occurrences LII the ITC-9 wing center section stringers, the
previously established techniques were then aipplied to these
data to postulate a new corrosion depth growth rate. This
rate was found to he very close to 1.0U9 x 10"5 in, per
flight hour. Since this rate was similar to that previously
calculated, the original growth rate was chosen to conserva-
tively deflne time to corrosion initiation for all occur-
rences.

For each structural element type, a curve of cumulative
corrosion occurrences throughout the fleet 'is plotted as a
function of time to corrosion initiation. [lic h plot ex-
hibits either a constant corrosion occurrence rate or two
constant but unequal rates. The occurrence rate during the
initial service life of the at:lrcraft is frequently lower hee-
cause protective finishes and coatings are Intact and have
not deteriorated or been scratched and gouged. As the
rotectivo finishes break down, the rate increases. At the
igh-occurrence rates, the data shows that a time is reached

when the number of high,.ttm le aircraft in the fleet decreases
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and accordingly the occurrence rate, alIso dcc reilscs 'I'l i..,
decrease is ignriard -illi the10 '; nial a1 t i~l on si C ill I HI t i t i Iýlill't

1n th tic e[V smLate'd a 1,0 f [ols' to t hul 1 ratiieumcit
lives. These corrosion occurrence curves are showil Inl
Figures 16 through 27, The occurrence rate, or aI fleet al
1406 aircrat Iste drvd from this data by us ing EI.qUat Ion
(23) .The fleet size data were obtained from thec FAA stat is-

tialhadbokof aviaition for 197(1 and 1 97.1 (Re ferncievs6

p ~~~A c cu r revn c s3

3, 5 Cor1ros I lo Okce II~ Inl S tres s ConcenltratAion

The fat igue . 'Q CevdI.. I LIon 0C II stN uLIVrtlrdc Cu-lolnt
resul ting rrom cerras onV11 damage111 dep. d upV 1) li t1101HI State ofC
stress f h en 'taded reg I oi, 1ha it I I oci fiint s at.

part iculaor st run ' raý 1. type, the p rabaL).)i 1. 1 .1 Ity o I en zuos ion"
occurring w itI in it strecss concont rat~ioil is aISSUIiicd to he
cons8tAnt over tilt' I i CL' of r the , aircraftit, troliiard~s ()I of lad I-
vidual lirýCANfit 0r i' til PC 10 i typeC
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Figure 17. Corrosion Occurrence Rate for Fuselnge Keel Beams
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a window frame is assumed to be the same. ProbabilityI

values assigned in this manner are inkridcatod by in ristor.i sL
i~n Talahe 4.

TABLE 4. PROBABILITY OF CORROSION OCCURRENCEý IN A
STRESS CONCENTRATION

No. of No, of Probabi~lity of
Structural Corrosion Occuirronces in Corros ion Occur,.

E-lement Type occurrenc~es stre.ss Concen - inl Stress Conicenl,

Fuselg

D~oor frames 13 5 0.,385
Manfruino'; 23 3 :.130

Window framnes 3 2 (1 -185
Floor beams 59 1 0,017
Keel beams 5 0007
Pressure wehs 1 0 0.1316*
Stringers 257 35 0,136

fing

Access frames 0 0 0.385*
Ri bs 9 1.f.5 II
Spars 57 30.5
Stringers 46 3 0 106 5

Ribs 0 0 0.056*

SpanwisL. heams lBI01056
Stringers ti2 21 0 . 2 8

*estimated

Using M1onte Carlo methods, each incident a F corrosion
i.s tes;ted at the time it occur,, to dctLcrmine whoether it 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 assumied to be located In a
stress concentration; otherw~ise, the corrosion Is aIssuImed to
occur in a uniform -;tress field.

3.6 Actual Fatig~ue Life Reduced Because of Corrosion in a
Srt7regConcentraio

The presence of corrosion on a structural element
contributes to the potential f ailure of the element 1)y
reducing the original fatigue life of the element. je sts
conducted on spar caps taken from Iii- 16 aircraft and docu-I
mented in R1cfere-nce 8 show that severe cxfollatlon corrosion
reduces fatigue.1 life significantly, but that surface pitting
or very mild oxfoliation has only a minor effect on I'at igue
life.
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When IL t has 5 I tc l d t r 1 i ( 111 l Cd I t hat C C)rI' P' 11 IIJ C (C.'I IY I'(
in a stress con cent rattion, the a t i ge. i[fe Cn v tI c iclemcjeLnt
is reduced by a factor that is an input variah i in 1 Rlock1i.I. Reference 6 shows th~at when corrosion Otccurs ill I

stress concentration, it generally manifests itself as
exfoliation. The reference indicates th,'At fatiguic tests
conducted on I11J-16 spar caps showed that severe cxt-ol tation
corrosion results ini a fatigue life reduction of tIp to 70,,,
However, since the tests were conducted on specimens that
had previously uxperieinced service rat.igue damae, it wa:s
felt that approximat eL y 30'o of the ireduction was 1ecaiisI of
such damage . Ihereforo, 40W olf thle fat.iguii life1 r'ldact i oi
was attributed to cxfuoliation corrosion aid te, suggested
simulation Input for fatigue life reduction kyhen c!orrosion
occurs in a stress concentration is 0.40.

3.7 Actual fati.ine Li fe Reduced Because ofrC or ,o!; ioIn

CoVVrosion O atlIs' i .d al St. russ cOllt:ic llifr i ll m al ;o I' F C :t-;

the fatigue 1ife of the Celement , huit the f1atigue 1 I CL'edac-
tion is less severe than when the corrosion is in I stress
concentration, Re0ference I ild i cates that the QFnt igac, i 'I.
reduction blectatulSe of col roN s .iSon oitside Na St PC SS C-O liCe Itt.ii-
tion is approxiimatcoly one I If of? thv fatI gue Iire rei o cilionl
when the corrosion isll ,I st mess Concont reat i on. lie I'c, Iol'e
the suggested s imulat i on input For at faigue ii re reduc t ion
whon corvOs ion iS otide' a st1 P05 aonctnt ratll CiOI1 Oi ( 0. >1
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4. Detailed DescrL4t ion of Block 4 0 Reduce Strength BCcnIsco f C r r i , io-l T J o d V _ 1_ n• t T or _. . U .ore

4.1 .........T....TR..

PREDICTED CORROSION
GROWTH RATE FOR ELEMENT

4,2

A VERAGE FATIGUE CRACK
G'ROWTH RATE FOR ELEMENT ------ CRACK GROWT

4.j • . .....

ACTUAL ELEMENT CRACK
GRO WT H RATE

CORROSION EFFECTS

ON STRENGTH
[R5 AFE RC

4 RESIDUAL 
STRENGTH

AFTER CRACK
INITIATION

4,6 ___

LOAD EXCtEDS REDUCED STRENGTH

INPECT-
,igure 28. Detailed Flow l)iagram - Reduce Strength Because

of Crack/Corrosion Growth/Predict Time to Failure

4.1 Predicted Corrosion (;rowth Rate

If, as a result of' Block .14, it has been determined
that corrosion is present on mn element, th.1s function
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d defines the rate at which the a rea and depth of the cor -
rosion wi.l I grow. The growth rates )resented are the result
of an analysis of' NIRR/i )IR da , a. hec;Lu of the smaill I nuimher
of usable data pointsI thu growth rates p'usontud .iru do-
termined from data for different element. typos and are
assumed to represent a nominal condition. This nominal
growth rate is modified 1)y applying a correct ion factor to
each element type based on the corrosion resistance rating
(CRR) as determined by the MSG-2 confle|rence convened for the
certification of each aLrcraft type. The CRI has a range of
1 through 4 with 4 representing the elements that are most
resistant to corrosion, The growth rate for each element
then becomes

Actual Rate Nominal Rute x Adjustment Pactor (24)
where

2 1. .,SO

3 i,. 00
4 O0.75

4I

Nominal depth rate 1.0 x 10 'in./.Ct hr

Nominal. areoa rate .2.0 x .1-3 sq. 1n./flt hr

The corrosion depth growth rate wLis dklrivod in Block
3.4 from the data pres; ente.. in Figure 15. The ccorrosion
area growth rate was also doterm-. ned froam the NIRR/SI0R data.

4. 2 Averajg Crack Growth Rate

r The simulation program uses two constant crack growth
rates to approximate the normally non-constant fatigue crack
growth rate. Those two constant rates aCe Inputs for each
element type. The fi.rst constiant rate represents the crack
growth from crack In itirt.i on until the cr.itican crack length
is reached, This is the slow growth rate pcriod.

The second constant rate represents the fast growth
rate and accounts for the crack g1rowth from critical. crack
length to structural failure, . Taken from References 9 and 10,
Figures 29 through 31 are typic;.O. crack growth curves for
selected Components or a I):..8 a-ld 1DU-I0, I)rawln over the
crack growth curves in each of tile figures are tihe two
constant approximations used In the SAII! program. For
those very few elements (Fliguac 35) whose crack growth
curves do not conform to the general shape d i.scussed above,
a single constant approximation is used, To determine the
input parameters recquired 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 thoconstant rate from crack initiation to critical crack
length. The fast growth port ion of the crack growth cuirve
starts at the critical crack length and is appliod until
structural failure.

12/I

FAILSAf L/
i PANEL DEVELOPMENT TESTS AND"

PROJECTED AIRCRAFT UTILIZATION N
INITIAL DAMAGE CONSISTS OF
A SEVERED STRINGER AND A
I INCH SKIN CRACK

CTACK C - - /
LENGTH 

i II,(INCHES)PAST GROWTH

/ RAT IE

AITICAL CRACK ~lLIINCH

~K...SO~cROWi.I2024 7351 SKIN
__~________ "fRAE T 7075. T5 STRINCERS 303

0 10 1I 20 25 30 35
300,0001 HOURS •SERVICE LIFE IFLIOHT HOURSM

IFATIOUE)

Figure 29, Two-Bay Longitudinal Crack Propagation Rate for
Typical Lower Surface Wing Stringers

HOOP STRESS

TOTAL PE UE•\i:
LENGTH TOCENTER CRACK •t:CRACK PRi-- ~j5~;Rc K /F

STOPPER A
CENTER CRACK STOPPE AT
CENTER FRAME SAW CUT ":.:

0t

0 10 20 30 40 50 60 70
15, 000 HR FLI G HT HOUR S (1000)IFATI GUE) i

Figure 30. Crack Propagation Rate for Typical Fuselage

Main Frames
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Figure 31. Crack Propagat.ion Ratc for Typ-i cal 1tts'Cllug0
String or
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4.3 Actual hlolmont Crack Growth Rate

Crack growth rate , li~ke fat iguLe .1i fe is I pvohah b is -
tic variah le, and must be t reated stat is ti. cl ly, The scat ter'
p resent in the grow'th vate di~st i-ihut ion r.eflects both thce
basic charctr stics of the fatigue process, the corrosion
environmeiit variation, and the load environmecnt variatoion of'
typical aircraft structures. On tile basis of the reSUltS
from full-scale testing, figgwortz (Reference 11) has deter-
mined that the itandaird deviation for the crack growthi rate
is approximately one-halr that of the f at igue life. Ta k vn
from Reference 12, F~igure .37 chnractoili~zes the variabil ity
of crack initiation and growth in distributional forms, In
the simulation both thle slow and fast crack growth rates arc
assumed to be normally distributed with moans equal to thec
slow and fast growth rates determined In Sect ion 4.2. Tfhe
.4tandard deviation Is set equal to one half that used In thu
time to crack initiation distribution, Both of these paramn-
eters. the mean slow and mean Faist growth rates, are ro-
quired as SAIFL3 input.

. Ivv c I hi ltI21, divil

N riitI LI 14 t v it ti t

t uL o**~ I to' ,iI I t y i I t I a l ll

Wi1 1 xPO I i d t I all, t U 0ni 1 1

cgrac 37InyiitirckIntatontdiootnRt
Wi b~ I i!itI' i stibt ion)s

teFtigure li7e syilo Crowth rntate, n and fatGrowth rate a

an Individual element all reflect a consistant material scat-
ter and load environment,

4.4 Corrosion Effects onl St renitt h

References 83 13, Land .1.4 present test results which
show that the reduction In static strength because ot' cor-
rosion is negligible until the loss of cross-sectional a o
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be comes anl extremely s ia if I rcant port ionl of* t he (IIeml ImoI
Cross secti1on. A p~ape'r presenlted lt. il( 1 9/2 Tl-i-Se r ice
Conlefrenic on ( tor'Oi'Oll n(R uetc e tedI ';t daIt
oil thl e tucta col-res ion oil static st rungth 'Ii fl dl Ita
scatter was so large that 1-t musLIt be concluded that tile
effect of Corros ion oil s tnt i c ,t rengt h Cannot he men asured
accurately by) present standard(Is,

An exam ination of' thle g rowth in tc s def i.ned .IIa B.Luck .1.1I
and t he dot cc t: i on 1 rohab j li t .i Ls, do0 J'1in II 1. 11 SUc C, in 0 11 5 id i -
cute s that coi a ion w Ii 1 ccit a in I y he deUtectvkd he flo :11) An

4 ~ detectable reductIon InI stat Ic strengthi has taken r lace.
Reforence 9 supports this FLinding Ivi.ttt regaird to deteckt i oil

Refe7renice 1 0 oxamnines the , Cc k:ts alf ~ovrros~i xcy Civ vo I
111n1ts on Ol atiguC If I VOf' a1 11 u10)u a UILI I o1 nd 1HII [teave '
spec trum .1 adiiag The test rosulIt s showyed that in geneira~l
tll thle a IlumIIlam1a 11.0>' p1 alte mate 1 I a 0.1 I11s t- st od v~c' i L-11k:
S ign11f ican11t a 11d pI) Iess I- yeS redacQkILI0t 10n fS maIi týtaIII t i go 1 i C
rorv in1 ,cras 1,lag I soV oeIerv C.Lr -o as ye V n. 1v ir t)uti I s IjlL III L1 I Ia tgoT
cr'ack r'oa tIon rt c asap MIS NIIIO tin ~tel h\- pldbt:he
static and evei! crrosul Ion evL'(i roninent. I Ilee MY U thLeI 1
e f f uct Iv vt ciak:kI.u legth as meaUred1 I ' L after1'S)Q speci10en fal lur I 2I
al)1 ca r ed t o bco u na 1*feoc teod by Y njV I r~olliont 'I iS stiggeS t
th1at. t he v f foc ts on111 ! 1'e 1 Cla cake 0strIenIg1,th Iof01 te I 'VarIou J 0LS
c or ros 1.ve v ! Iv raitet o. neg li oII ,, 1ug.ibe 'Ir got 1 1 although
iLt maly he li'ttuLI-1t vel' rLfelt thalt corros0!ion 1111,tis have an1
effect onl static: strongth, H* thedata presently)11 aL lbIidoeS
1n0t Supp~lort that. oplinion. It Is i'tI so apparenCjt thatt stalte-
ofI-tlc-urt mlateriahl slct.1 Ion an Md pre-VenIt: lye coalt tag pp
ct.. IIonls have .olImin Inated cot' ro si on as aI lma Ior, 1'ct 1' III

'tasroplc 'c H-ealts.

IIIh 11.Q cotru's ionl kdooes pni a I' 'cc~t t th Il) Ik I it I ot Ish I1p he -
twooen crack length anid vos Iduial sttn ,it does accleraC-Lte
L rn-lgtlh degi-adli tionl by 1.t s elfcect onl Crc ck pl-opaga t ionl

r;aite o When cc) ''0 s ion i.s p resetiit, thu craock piropapa til I otIat:e
is Incl-LSL 11Vse Hy the 1 sam fatorIs uISed to dctes aiu
1Ic as derfined Ini Sec~t lns ,o miad 3.7.

4. 5 S t IV Ithk11 IWMt Ii Q BelLcaI.;!Ue C (I. Vra I. ranIt)IVt h

PoIr t he s itIam It ed st rut:tu ra I L, nien t if t Is assumed
thla t the or,1g inal" u.I . t 1Iitate strength, L11 t1 S1 Is Conltant alt: tit
thie t line oF' craick ilnit ait ionl, t 0, and tha11t a I ft' 0 r L'ýICrk
in 111t L 11.ti10o th IIV WISubse1q1ent t I 0S I duntII t I tt I Igt , H, kii be I11L
0x rse Xs 1) 1-0SS iIn IIICt 1 O1t at t Ln I f0 f . 1.igh11t ho1 r .lI As d I s
cus sed in.1 SVC t.ion -1 . 2, t he twVo-par I't tII'llraX.lit1i1t lonl to the
growth ralte Of a;sI nglý, IA ft i gH Crakit the' gene lril I con
fi7guratiLon shownqi i a1 1 I guru1- '15 I t IV i 11 als he aO sie tha~t
the rolat lomsh I1) betweenoi c:rack I length1 aNdI t'S idtlil ISt intl11
S, I Is a 8S hown 111.n I 1.gu1re o , wVI th1 S go 0La1g to 1.L. i 1at t he
c r ack Ie n gt1 c o rre sp1ondi n t.o Ieve F. c i gh lt rL 1.ut L.1



the curves in Figure 38 and Figure 39 are combined, the
resultant composite curve Illustrates tile functional rela-
tionship between time (flight hourl) and Sht), where S(t)
is the residual strength of the elemint at tilus tafter

crack initiation. Such a curve for a typical elemeont is

shown in Figure 40. Approximately 10 percent of the
structural elements under consideration have no change in
catigue crack growth rate at the crstical crack length.
For these elements the functional relationship between
flight hours and residual strength, S(t), is ithustrated by
the two-part curve shown in gigure 41.uApproximately 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 critical
crack length can be reached in the aircraft's service life,
For these elements the functional relationship between
flight hours and residual strength, S~t), is tile linear
curve shown in Figure 42.

4)
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I. IGflIT HOURS AIFTE'R CRACK INITIATION (I000 hutl:ii )

Figure 38. Linoarized Crack Length vs. rime RelILi.on Used
in SAIFE
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Figure 41. Strength vs. Time Relation for a Crack With

Ulchangina Growth Rate
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FigUre 42. Strength vs. Time ikelation for a Crack 0l .119n to
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If there" is a second c roick inl i t ut il n,I two-p ia rt
app rox ilia t. i oil to t.he g, rowyt h1 raLte (If t he S1.111 of' tihe tWO C I' I C:

CII legth 1 s c A Cula 11td. 0 l~ slo Iti lou Y 1 ' )Wt 1i 0 1 th U
S Ulilil11 e c I,'dIlC I" l )1 1 ) xi Ii a at 10 1 i S de CCIIIOi 1) K tw po I I t: 1
first point is the length of.- the first crUCk- when th fCseCOndLI
crack initiates , anld thC seCOnld p)O mt 1S thC SUM 01f thI
crack lengths when tile f irst cr~ack reachies ci r it i ca Ick r-ack:
Ileng th. 'I'he fasl ;t g l'owtlIi p oi rt i o n of 11t lie app) 1 ni~x i m iat .1 il [5L
deterImined~ by' a. OleaSt - sqI11Iuare F I it UCi te 1 um o11110F the kc Yack:
leOng ths whcnl thIe sceonld C rack i1 nit i u1tes whlen t.he Ueconl.l
crack reaches cr iIt i cal1010 t 1eutlilad when1 te aW i 'cr f' It is
ret ired, A new S ( t )3-1 -Cue 1.S 10 now dt evIill ad a1s- he f o V,
except that t-0C now represents, the tinie of thli second cr~ack
initiation, S ( t 01) is now e qualt to Su~ ni nus t he l oss, of'
ysIdun SIC11 t-reng th h bcause of thle fir St Crack g roCw tl h hefc ye
thle. second cr.iack Initiaition. It, a thi rid Crack inlitiates,

4.6 t Loud lixceeds Roduced Stireng thI

lbI i CUlI t !il on IV n vo 1 s a pl'oha hi Ii. st i Lc d L I 'ill 1 11;ti u1 on of
thle ma1lximum rl I ght I oid veSxper1 Iienced by an a111,1 it rj lan an1d lhe
comparisonl of th Is, Lold wi1th1 the strength ofC the oil emenolt s tI u
11roj1V ct. t kItel to0 Ill .11 tire aM or 0 c' ra cl'k Il nIt i at* Ian.) The10 :tal
presvnted Ill IRlerence 1 7 was,' usedI to du' i.11e the IVLi StL i hLI
t.11 0o rl I)S i t 1 Ve andk ne~ga t I VC n 111'1;ai IC o V'i acceý Le Xa 1) L, I'p I -
clnced by two a .~ki ic raft oequ Ippec withi NASA V GI I reco Cd 0V L S
WhiLch pro-vide3 coa1t'inu1ocis time 1- hi story 1teo rd s ný 1' i id i ca-1t 0 d
ir.ped nI rIia accC ar t ton an pesurat it. Lde The

dallta were C 10o:t ledt~ overv a 2 -ya petv )Cr l od onl tw %i 1dvnti CalI
Cour1,-en,11gintic t ur I- ),. t t Iaii s pov it a 1,i'l ip lanes kil - 1 rin 1'0 Lut in11c
canlile tc C 1 1a (1 C.Ipe rat. ion o 0 a' N 11 i C Ic a i- 11 Q. i te th ciat a coVe red(

lgt S IlloS, t: 1 0 oveI th 1VCalS teCIll1 inh I 1' 0 C th CotiM t i 11en ta I
Ulii1 tecd S ta t LS ait1d a Iew% t L] the1 WV St (Coas!t ad I lto0 n0 Vt- l10 1-1

o uat Il Ame 0 c 1. 1.he" da It a c ,on II s te ofIl 3 7 0 0 1'.1 i li11t. hI I C, I a'
L1)operuat L onan1ilýii !ii maeverii iind gus iceS d oraU1V 11tin and.1 1 I 2 11). CI I ght
hours u]f Check- CI1 ight 1maneuiver, iC.Colorat ionls. ThIle.sek daýltai
L:o lnpl C, ,d clIoseL, withI t bas tot'( L 01 ana10t leI, t ype o I o I I v Leag I lie
t u rb)ojeAt t rat iis1)orIt 1,1e opera I' t on111.. manever opeIV I' ra0l't I Mill I
gust, and c heck.- I' I i ght maneu1CLver, ak(1Icctrat.1 ins, hoth 1)~ si t icveL
and1 k t n ga1t IVeC , Wer C om i' C )Ile) 1d , a tIdIý t Ie 10 e \ VC c da ic I lieC S ) I'I I i IJh t
hour wereo callcullated a I iM CLCIe dLi at ion i I'V11 eLve- I, I i gh t in
0. ig incremen01ts. A LaNst -qae curvc'0 li t caIIIpLtite' pilto)I'aii
Was thenl Used to I' It Lin 0xp)onen1t 1.i alcurve to the eXCeeOd-
ances. Thel CCI t1,1t io f 1IoV theC eXponent I l. cur-ve is as, I I -
lows:

wher 0 (ý0 1 Si ) i S t l10 1111ii11 1' 0 C I' I I gilt I 00di S ~I) V' 1101 r is IClh
exceedI th loa101d lee C a anISI tld A mnd h) a- iJ .i pit pa alue11 toe I'S,
A plot or tliio oiiset''ve exceeclaticos is PreosentedI, vinHgura~
43. Thc .oi est -square~s cm rye it iý okij us ted to g .1 y the
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closest fit at the high ''g" 1oILI por't ionl ilICC th iS .is Wh1CIt
the element fnilI uros ai re most I c h I v t c 11wcn V

I> .. . .

0 0I

F igulr 43. 1P1. ight LOad 1:xCeeda aICeS

IiatigUc fU!IuI'e o0L' thO Str'UCture' OCcUrs1 W'hen the -Ii I" u~t
load excloeds the res idtna strength. 'Th110 w f a
residual strength, S(t) , as 1 ltu.tlýt rate .il aFi gklve 10, !are
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St S U t

S(t) S1  R.,(t. t 1 ) t1  t tj } 026

wh ere t. t ini at whIdch c rack I-tchus C ri L i Ca I I tI ý

t t I 111L at IVh ich c vatck i'eac hcs 4fa i I - ca 10. n i? t Ii

k St r'2ilgth1 dograda t ion nate ['or t t

S t ien1gth (IegIinua t. i Oi Irate 0..r t t, 1*

S strength kdeg radat ion1 ra t o C'o r .

Su LU .1 t i ItIt I , t Q e~. t h'01

ILI

I S LI1 Ie t . ' 1ý't1

Wi[th1 5t ) as o~x i) e S oed a hove, the nube 1hoI, ol !I i vhI t I oa 1 (1 S)C, I

P ~t A exp [ )(S 1  R R.t ) t -. it

P St. A [x p K1t Stpjt< t 27)

Alop I: tug the same as sumpt 10 11.1; as, , I-Iindbr anI- d Ild w I r 't Z
(Re fecrence 18) thu above epesions Cor t h 0 -Q- res KIu

r t rng t 1 excecdancc raýto c.an1 he suls t i totd Cor filte Hi
functi~on, (.t ), -in tile re 1, la 1ili 1ty fo rmulla. Rcca1 Ci 1 011
V011111i0 I t I e c 0.1 1 a h) il 11t ', o riml I ai

I

: (t ) I-CXI) A \cvn hS - hL% ti dt1 t t I

r?
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F (t) I - xp i A exp bS- bR t dt

-tt A exp [bs1 - bR2 (t -tl)] 4t (30)
ti

t. < t ,_ t2
1 2

F(t) I 1 ex) j-61 A exp bSI1  bitt] dt

ti

- A ex s hR 2(t - ti)l]d} t

where F(t) is the probability of failure before timic t
of an aircraft structure which had a crack initia-
tion at time t-O.

To calculate the predicted times to fnAilure from uril-
formly distributed random numbers, equate the random num1ber
RN to P(t) and solve for t, For .(t) as expressed above,

and setting RN equal to I - F(t) for convenience, solving
for t yields

1 J bR 1 ;n (RN)
t X n -+ It t

1 11 bR2 Zn RN A exp (1.',Sl)

t A7 Ax exp R .1

t ex (bS1Aep ~S+bt~Li(N

A exp (bu) (exp (-bRltl. - i I < t K t2 (33)
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3n Zn (bf(RRt 1 \3 N p(

A exp (bS~ \
~exp -bR~t -R t

jqhen1 t110110 ij LL SLecond Crck- in iti at.ionl, aI nCW t 111W tO
F ailu11r e s caIc ulat ed IVi thI t 1 nowI c o pIn, d in I I o t hu
t. 1110 of soconlb c.rack InIvt; Iation and SII 11OW Cqta Ii thu

ui t imite strvingth ml iws thle Ionsý of res, 1-du I ;t I, , Ith Ihe
c~us ofthe ti-;t crac~k trowý-t). '[ho samo pr c daiu rIsre.2UStc if therc Is a third crVNIk. initiation.



. Detailed Lqscri'Y1ýAtion of Block 5.5 O Periodic Inspection
-T1i-T-nts.-! ile rcTi• - - ])I •- - tcj m ct se••t- g u re 4 4 _

CURRNr, PERIODIC
N INSPECTION INTERVALS

N__INEXT INSPECTION
[ AT OVERHAUL LEVEL

5,3

MODIFICATION PENDING . YES.-
ON THIS ELEMENT NT. ALL N

5.4 A_.. IRCRAFT SERVICE LIFE YES

- -~{:~;FETINTERNA;L NEX INPRCIORNO YS

5, 4 5.8 IYES

INSPECTION COVERS NO TIME TO NEXT INSPECTION NoINS FECTO A OVE RS ..A,• .. .. . ._ LESS TIAN PREDICTED -' '
DEFECT AREA .TIME TO STRUCTURAL. FAILURE

N.O b.7 I5, YES I,
'DEFECT FOUND INSPECTION FREQUENCY

OF ELEMENT DECREASED

R E P AI RL 5 .1 1_ _ _ _
SDELETE AIRCRAFT • ..

FROM FLEET

(EVALUATE

"Q•P cT NO LAST AIRCRAFT
IN FLEET

EN=TERYE

Figure 44. Detailed Flow Diagram - Poriodic Inspection of

Elements/Aircraft Deleted from Fleet
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5. 1 Current Peri-odic 1 '.Jspe t ion Intei'val1s

The initial linspec tin inut cry a s~ UV inpuLt palaluueLe i'Ss
The inspection intervals can be those recommended by theu
Naintenance Review lBoard (MRB) or those submitted by an a ir
carrier as part of the Standard Operations Specification.
The simulation is designed to accept n standard ATA rcnr -
level inspect ion programn. The four lovels, A throughi ), ,1r L
defined as fol~lows:

A Pref'light: Visual. inspect ion c-onducted I'row
ground lovel and primarily cover i~ng Lower ext c nri.
wing and fusol1age sur faces,

B Service: Close visual inspection of bottom of
Wing, lowerl fUSC1lage, tolp of wing, and knIOWnl
probleým areans. TIbis aliso may 1ncfludo thefrt
t~l he 'MIL fr1[i1 ; d s ar a d rcaO aI' 11 1-e1 a ftk spatr inl

Pha'l 'Se0: ClOSO Vi-sulM inlspect ion1 of' dlClraft CX-
tenor~l and 0,1_11i l CCLSSibi.I. inlterior1 ares, cnh

:As baggalge comlparltmlenits Iand door. frames. NI) I of'

1)U i a : Uc'tuiled inlSpcion 101O t'i iealrrlt-
Tis level 111,1 hC COMIUc ted both Onl a0ap.

anIiSWd dun ta SLIe\*cl OII'ý

insp1ectI'- LVL io lo i. h1 reducing PS Lli PW roha 1 1 ýT, I defevcI
C Ldetect A 1 inn I'[h amCoat. :1 r'V edac1l t I)on T Is L d * (.)c IL'v pipn I' w1 1 VI

size)C- o01 I)V th 11nap 1 e inspected. Lach V I OW'A an ai i' I )c 'af
iN odinspete ault the 'Ineit wlevel-I VCI, thep Oba i it ofk defec1L'It do1

dtect .1 onil. Th mull ut Ipldhoi v'Ie frCt ilIS dn v plor I. ofte ump I.

Tb'l is docc tinm I troct ionl is all inaputitp ltt

ch I oc.,Ic that f'oli o. s 'in MIock 7.1 automait i cal I \

eSeCS tHe fijeiV 0of nlSpec~tI ion t ce'tain le1 0Vels1
depen 011d I liQ Ii11)0i1 th 1 e C~ O Nt ofi t 0 'HILe d fct bC I'CtS ng0 il!', an~d , lIeI
atn1ounlt 01 in o' M. :111 it ilntit funcM .i on 1. The 1 o chan' es L'
f 1- 0 a(e a1 Qc 1in Ci to klIV ikiý U t hi I 'A t Il 1C t i onl , :11nd the 11 , s
i nter valIs a Ie tse0d to sclt: t Ic 1 110SuIIb.sequenL C11t i 1) eC t i0ns.
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5,2 Next In Sect i on at Over hutil leveI

Th i s Iilict ioll is a check Of thU inspect ion leve 1 being
schdi I IJd. It is; I)present bel c ausv thI instullat ion oef iod.i -
fications is normally scheduled only during overhaul inspec-
t ions, and the modification inst liat .inn takes precedence
over the inspection process,

5.3 ModiicationPmodificoationE -mitOnce, the decision is made to deeLOV p1 a IlodifiCation, it
generally takes 3 to 6 moniths to desi~gn the modi fication,
procure materfials and/or parts, and set up the tool ing
required fo1r ins taillation. These lead times are input
parameters that depend on the element being considered,

Because SAlVE processes time in Flight hours, calendar
days or months must be converted to the equivalent simula-
t ion t11ne byr Equation (35) or (3(1)

Calendar lays 14 8.2 -e quivalent simulation time (35)

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

It' the modification l.ead ti'me requirements are s.tis-
fled, the logic progresses to the i.nstrillat ion routine, and
i.t .s assumed that existing defects are repaired during the
modification process. If the lead time recquirements have
not been satisfied, or ir no decision has been made to
modify the element, the logic continues through the Inspec-
t ion subroutine.

5.4 Detfect internal or External

The :Inspect ion level at which a defect will be detected
depends part I y on whether the de fect is .lnterna 1. or exter-
na l . ASsumIing that the occurrence of cracks or corros ion is
a stat Istical trial and that each t r ial is independent of
all other trials, then the probabtli ty of the corrosion
being external in a single occurrencu is simply the number
of external occurrences divIded by the total, number of
occurrences. Based on the MRR/SI1R data, the probability of
corrosion being external on each element type is summarizedin Table 5.

To evM lua to this function dLuri, ng the simu.l1 ation, a
random number from a uni., foorm dJistt'lbutl.on is selected for
each corrosion occurrerce. If the random number is between
zero and the probabi lity establishcd for the subject elo-
ment, the coryrosion is trcated as being external; otherwise,
It is treated as bebing internaJ,
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T'ABLE 5. PROBABILTTY OF A CORROSION DEFECT BEING, HXTJINAL

P robahi I ity o I
TO ta I lI~x t C inn1 ()orrosion Builig

Occurrences Occurrences E~xternal

Fusol ago

Door frame 13 8 0o015
Floor boam 17 0. 352
Keel bearm 5 o (). 0
Main frame 22 2 n. 091
Stringer 257 184 0.710
Pressure web 0 0 o0)0*
Window frame 3 3 I oo0

Wing

Access frame 0 0 r1L6150
Rib 3 2 0.067
Spar 57 11) 11, 175
Stringer 43 25 l tS1

Wing Center Section

Rib 0 0 {) n1750
Spanwise beam 1.8 6 0. 33.,
Stringer 92 32 0.348

* estimated

C ,ra k d e rcc t s a 'e treated in th he same maii nnr ,as c o1' -

roslonl defects, with the probability of a crack being ex..
ternal, as sumlmuar:ized in Trlol 0.

TABLE 6. PROBAB1IL ITY OF A CRACK DI.i TECT BEIN N r EXTERNAL
Prohub II t, of

Totit Oxterna I Crack toi Ing
O..tirrence' Occurrences P i I

Fosola ge

Door frane 82 1 9 {1232
'Io r I;Floor 104 111)

Keel beam 4,0 0 0O
Ma in 'r'l llt 735 29 . flM'

,I'i 'uS uIu WV) 90 1 (I, I 1
Willdow fr ame 20 110
St r ingCr "50 ,4 1, 325

Wing

ACCLM 1. ' ranme I 15 74 C 45
I~ h214 S 0. 1 (16

Ri) ,,607 340 5 .1 (1
S t r in, gor 102 (197 .(h'

Wring Cll e al SUct I 53

Itlh 2 0 {', I 00

Str inlger 2012 132 (1,.h
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As was the case for corrosion, this fLCt io] is eV l- I
Uated bIy selC ectinl a random nud b r from a 1n i form di st r i h u-
t io01 1'0 ea'chl Ca';ICk )CCIIl'1'0rren 'c. If th11C ranILdOmll num111lbelr is
between zero alld tlIC probability established for thu subject
element, the crack is treated as being external; otherwise,
it is treated as heing internal .lowever, in the case ofcracks, SAIIT. has the facility for cracks which initiate in-
ternal.ly to become external, In general when m crack be-
comes exterenal, there .1.s a higher probability o r it being
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 is defined
as a percentage o C the critical crack length. This percent-
age is an input pa rameter.

S.5 inspection Covers Defect Area

This function requires two program inputs: one input
to specify the most frequent inspection interval that covers
the internal portion of the subject element, and a second
input to specify the most frequent .inspectiun interval that
covers the external portion of the suhjecut element. It is
assumed that once the most ,frequent interval is specified,
the element l.s covered during till higher-level inspections,
The simulation is set up to work with a four-level inspec-
tion program. The levels are those commonly referred to bythe ATA as A, Preflight; B, Service; C, Phase; and 1, Over-
hanul . The frequency of each level is also an inp1ut laranl-
cter, whilch can be varied to rerlect the insp~ection program
of different ali, carriers.

5.6 D1efect Found

5. o. 1 Crack Dofect Found

The probabil it), of detecting a crack depends on
the defect sine and the inspection level. The basic form of
the pirohab ill ty equation is def ined by Davidson in Reference
I P, Thhe e(ltittion form is an exponential with three con-
stants: (:I, ýi~ , and Qo, and one variahlie, 9.. The proba-
hil i~tv P(%') for each in.Apectlon level is defined as follows:

P(Q.) for V ,

' = . " , (.,-2o) } for P. "' (37)

where

C. The maximum rI)i robalility of detect,.lmug a crack at a
given inspection level. If, for instance, C1

0.9, then I out of 10 cracks would he missed
regardless of its length. C1 approaclhes 1,0 for
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overhanqIII and( wp C'C ;I I ils pect i~ons , I)I t s i L;-,al i fi -

liii L; pat tllit' te r i S d t C t CI']l it 1) iC tt I ~ C70IlIl S 1)tR' d ; ti I

a palt iCLular ins I)ct t 1int levoI with tlic numnbe r of
de fec ts that shLoul.d hiave ho i'n ruitnid, hut wer o
mtissed, The number of dofo'ct s that wore' Il SSCLd
was do term itned by) thet noiiibof 101cra~c ks that wereL
fou1-nd Oi h-i.ii1101- levC1i itlSIeCCt i otis hit, coUL.d haVe
beon detected at the lower level Wecnitio of the ir
size and locat ion, '11o spedi fi. duf'uct s ize and
loccation fo r each inspect: i on'1eve 1Icas dot ertit. od
fromt the Inspector's Survoy and fromt the hispec -
t ion level dIci.,in it ion, [The Criteria far oeach
inspect ion level are as follows:

Pro f. I ght - allI cracks lairger than (). 551 hi ci
anld I Located 0on thilowe IM , UXt 'i or Sulrl'aC0 usOf
thle w ing and fulso Iage con id have Iweut dloteccted at
this level.

SOW CO - al I c ~ I oV I'hiat 0.(1 0 . 1it ncl
an 0lcatedlOi tie Xtol'1.io o tile upperC' and lowe~r

wVi n g SuLr faIICeUS, theI' 10 wI'V L' s 1ý agIc iL surfII'a ce, an Id theic
rusclagc¶ near the winl) root COUld have!L been doLteC -
ted at thiS level.

Phase~ - all . craick K Ia rer t han 0-1o.2()6 itch and lo -
ClatOd On thle aing 1iRIlre1.aCIgC eX terir 1 oy F faI'lCCeS
cargo Cotttpartttenlt at oraccess lb 1e area'Qs o f thle w Inlg
i.1ntei'l or cou I d haeeboo detected at thIi s I evoil.

Ctvo rhlaul] - a I I ta I;c k".. [a r-ger t haui1 (1 . 1i 1 tic Itc in all
locat 0ios LI cold ha;.Ve been0 detected ait t 11 SI QV leve

BecauISe f' the Vc~rv loCw M'ARk/SDRS tha,'t C Cn1t a indc
InCL -111an t i C)n1 on car t> to) I. I, Z o i t was as 'I"Sowe1 cd tha1rlt

C, Ie i'o I, cuars I onl wasi ehitqi I to CI 'o r croc ks at t ho
s attic 1 eve of F I a h'4: iii,

T* J '[hshapeQ p~araItte to t hatit e tin 111IL leshok(tii quk I
the prohnbiIi ty A dotect ion app~roaches thu tiiax-
littlutil praohab1.1 ty, iS Iq 4 It V~ln()*10

MRR/SDRI data by pklit lgý ttihe cmul ut(ved ~ytVtl-
huitiOnl Of defecLtS de0tUcted at a i ,Ven In1SPect Ion
1 (evo1

to Thesa '1.1 olst d~tO bc t :hat W i I1 ) be eteck teCd 'Ib i S
])II o1 l t' wa V:IS Je L'I rtIlit I ned I* r() It the1 d a t a i.n1 Vo( ILI tIie

] I. I , the1 I 1.;1 tis 0e V ta ' S LI rIf 0 , b)yý ta01\ingl, the1 I o ga
r 1 th11n o ,t the resp 1)onseIs a ; t I gi ven inlspec t !ion I VeC.l

(Ind coMtitpoir g th0e ine0al V a I tIe . The tH0 u 1011 (oh' thle
8 I)MISCS I1 nIl i C'ltA.Pd t hai t t hey' C losC 1 4*' olloWed al
log no nria I d i st t I hi it i mln
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T'he result of' th~is development is four equattions: one for
ell.Ch JO i Od ic inlSpeCt: .i on 1V oi, ThC Oq~N t1IonS trlD Is
folIlows:

1P iye C' I i h t A LeV e I

4W 0.273H1.0 - xpj O,312(Z 0.551)J1) (38)

So rv 1cc B 13 ieve I

1-ZI-0.,4 2H.1 .0 c xp-0 . 51 (1 0 .4.10) ii (39)

1' .1 0 . 64 3H .0 - xpl -0 680Q 0 0.166) C (40)

Ovo rha I 1: 1) .evelI

Pt ) . 9 90(1I .0 - xp -0. 725( ý. - 0.144)]) (4 1

T 1hLS ce quat Lonls arc I ha tN i ted i I iiFturo 45

[it I Ii T11M I A
1' IN H L I NSRrC.T 1'N 0W viA 1UL

Hi!: 17 7 ;
7 .... ....

.. .. . . . ,

N: 1;~~ igUro 4.9 Prohab-1ill t y o f CraeX , te c liou During a Pe cr iodi c
f.n spo ct 1 io
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-Ell

Having determined the pro h iah iity of d otect:ion Ior t i g ivoii
defect size, the decrm'inat.ioi of whethelr or not a dofo•ct was

found is based on Monte Carlo methods, A random number is gen-
erated from a uniform distribution and if that number is
less than or equal to the pronbility of detection, the
defect is considered to le detected; otherwise, it is con-
sidered to be'undetected.

Itf the defect Is de tectOd, the element Is repa I rOd oi'
modified depend.ing on previous snimultit on decis-lons. I F the
defect rema lns undetected, the s i nulatlon conthlnues to
conduct :inspectIons uwtil the delu':ct .is detected, a stlrc'-
tural failure occurs, or the ai ircraft is rethire'ld f'ro the
fleet.

S. 6.2 Co r ro s .o1 De fec t ,otin J

'Ihe p roa hi lit) o1 detect ig a corr Os ion de fec t is
deterlnhlied si ml 1atly as the probabil ity of detecting a crack
do fec t , The basic equation .Is tile saille, excopt that the
corrosion area, a, Is suL.St:ituted for the crack length, t .,an d t h oe I ln nl u I dIe11 l tec ta bl e 1 0 1rea'I, 1IL), I S S U I ,;t It LIte0d fo V t I IU
minimum crack Iength, ,o. The equations for the probahlity
on detectinon odf cotrosion then bacome tiue followfiog

Pre I'ltIgh t, A Level

1 (a 0. 2173(1 .0 ( ex j -0.312(a n 0. (j) (42

Service: , B leve I

I (al = C ,4(2 .12 ],O expl-0.513 1(n - .,o3S) 1 11,

Phase: (s C Level

P(a -, 0. ,14 3) . - e.xl 0. (I t ( a .( 0, 3) . 1,3 1

Overhaul I) level

P(a) - 990(1 .0 - exp [ - 0.725) (a 1 - ,351 ] } (45)

These equntl ons are I laltstlrated In Figtl'Or 40•

Aga i11, a Monte (a rIo method , us i ng a tin I fo iii I vy
dis tr ihutOd randuli num1ber, ..s 01111).1 0yed to det eri Inc whet her
a de fect i. s ac tuJl I y found or not
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1I: 1V,,u e 1C (1 ProbnP l,0) . Lt) o. CtorrOSiol I)VtOCt ion luring a
I'ov tod i c I nl pc t ion

. 7 1 l. )l'.Ct..2It I i ' qI ) ' V r. ll : o 1. 1 ('!_vil.t Ilec •, io_•s d

I n1SIp ct ioil ntrtO I'•V I. arc 11'L l o 1 111.111 )nd'd Q il St ructurn tl-V,1,'LI. VV WhOPO V low dr Vcc t S have bV o fo0 u nCOUld. As thc,• oveli'ht--l 111nd
phu1 c IS S1 Ct( 11 1 S 'I 'Lac cond uc ted on ec0ch of the teol high, t I11C
a. I rc iaft it, th flcut, tho time of11t diote ltlon 11nd the nIlilibOr
oC deChHts dotoctod are rvcord'd, If no dorects livre ound oilaIy o f tho t ell hIgh- t ill v ai c-ia ft duIin1g onc I)- - evc l lntOrVtll,tholln tho ive ihiuL In.spection I nt'rvai .1•s extended, ''ho anilount1o" LIC a'01I.Q d c'pc nlti. on1 thc )Irt' ict I lar' v'lIl.'lilno t alld Is• there..I'010 • ,111 ill) t p•ll ravIL'ter ',

II•speCt inn i \ tO vI Va I c,' t cl l. ol s a pp I v o01.1 v to t ht ic ip iso
and ov r, 1110111 n111 c't i0ns,

S.I v'm t o Vxct lisl okjc.t.!•! o ~ s• il ;:1 '1 1111 tO 1 LIMll c t

with tho t ii o t t hc nex t pc It I odlc I !( . pi cti, I o lIr tt e _ I ill t o
to tho, next I nspction occurs II 's't lid the ait rc rl 'ft Is lint
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S L: Iled C1. 1 I 0' ret i V1'ei(211t ,thon tile 1i 151) e Ct111 to 1. Inc
t~)~td Il.te timeý to0C~ Ia H lI'i' 0I Cui';VES i- t 1, Lh' Iu iC

Cofllt ifltes to Block, 5.10.

S. 9 Aircraft Service Life I)p ie rior to N ext Insinct ion

Th is f LllCt i Oil S iflpl 1> COMI re s theC S Q 1 I CC '11 Ic 0 f ti) L'
a irc raf t, as statod Me the 111,1ufLICdtIrev 01' RS dc~tcrIinhied by
tile User from Service Cxporcricncc, With the num11ber. Of flight
hours~ t int th i a l. rcrafI.t 11"I lasaC CLIIIUi 1ted arId th0 111,1111101 of
flight hIourIS 1,tin1t ilte Ilext. per lodich inspcct ionl Is 'Chod.
uI.c d, I r th 11Q;IQCcuuii1 cti Uted 171 ,gh)t'1 brItI 's 1.1 S tI 'ICV1 h1w I'S t () t h('
110X t fInSp1e0C t 10u 1111 rC (I Lla 1 o I, g v La t v I t 11 n t he0 a i I, rafCt
s arv i C 11. fL , t hell th1e HL' VVI'l, '~1t I., VOt IrVC fi'0oin th 11 L'et
I f, ho0weLV ('r,, the10 seLrvic v 1. ,1.12 r oi rio" t 0 x ) 1.r Cd , t IIe .log ic
1, '.t urnIs toC1 $toC)Ck F. , 1 ad thIe L 1 11spec t [oil rout In 11 I s rv 0a t Q d
Li1t .1.1 It de 0IC t i. S I'oun1d , a St ructural Fa 1 1.11re occlirs , )r t 1.
'I I rcru NfIt i S IVU t I iIAO f V 0 111 i'v 0 VVi C

5 *10 1) uI v t c A iI, c aI't 1: rum0 1VI CL' t

Al I' Pal ),, a' ,I de I et vd r 1'011 tilie H' ICCt As t he iI' r Se 'V 1 co'
'IHeLXp).1 re', s 01 as t hey VXpC r' I e uc c s t ruct a ral' I .fa I I Ic' T1hIe

tilicru ft MC rv Ic co 1 1 Ie 1 S in1 1 IiII)t pa INlall'te 11' thaIt ch
Var'led to dotoerm 11112 t 11 el [okt anI 511 fty or CXtolld I ng the
scriv.it cc .1* wou~ithI o. wiat: oUt hI up rnV in,' theIO I'0 I gnre l re-

5. 1i [Las't Ailcra It hil Hout p~ q Polii.l

Th .1 s Cum:e t 1 on s h. p.1 v keekp S L rack k (I r 110 11 1ilibO P I'of

Withi'r Ith OIr1 tCI liliv I a' ulit' i M IC 1 1)i IT dp P12 C ( aI d 'olt~iI) LIh

I -,thIt ai c va It has hvldeIC .1 lMIIT eun t o
I'L I)U! t h t I hf. 111i l at' i n 0 1 a ith t h1 II 1t
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* ( eta d t I)eC I't io , 1,, 1 och o .0,1 RILI i r 1LUi CIluit t(D

RE ID NS ALL)

6.1 __ 6.2FMODIFICATION PENDINJG LYES ACTUAL FATINU LI F E
ON THIS ELEMENT I OF MODIFIED EýLEMENT

6.3---------T

REPAIRED TO ORIGINAL CDEFE CTS
ACTUAL AVERAGE _j

AC[JLFATIGUJE LIFE
OF REPAIRED ELEMENT

Itig irco ~7 D et a i I PlIIo w 1) ia r ain Re )air elm e nt t:o

rj, 1 Mod i 1:wa t i -on-i 1-c-i- Pod~in

A Sl di C~ isd i t io 11 3,i .1* the1Cr-e i S 0S t IU c tural ,
11)d C It i t i) 1) 1) ndk i oný pal : J I-t L 1.11,11 a i reraft , t he SA I FL
Logic r epr u.s ellts tieL i iL; t jjI ,Idt1jofl ()I tile mo1dif Ication as
OCCarr ing durjing, e it )lot- a1n0V ovehalldL inlspection or the repair
ofI anl in-serviceQ deflvct I I: thiee are future i n - s cvv ice
detefCCt S1 proj 0C t d 1for1 t hLe a i rc raf t a t t he t imeI Of ilSt~tll I I
t ioll , L liese pi'o. Cc ct i ons 'I re c aticel led and new ones, are
goncrated from thle i r :ori'espOnd Hig U istrihut ions as thOu~gh
t hO aJilrC--ikft w C I' 's 1At ClIt 'll-y seiv. icJý e. If the inspect ion
in11tral 0a 1' .3 . P11 r)O '' I otsil. dccrea svd, they are returned
to their in it ial vaf Wie as eachI a ire ia ;ft is mod (I f-ied

*2 Ac t ma I );a, t i iu i .c, Cc 0 f 1 ( M d if i.i ed 1 1 I l~e 11 t

W1h0n a st "tic 1t ma ",1 1 11d ifC i c,!t ionl is1 i ns ta 1. led onl In

a'I r rC ft, the a 1Ct tN1 I falt i P,(W I i fof the 111d 1 [te d C I ~Civent i .1
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det ernf ld ill thC ;s t 111 ~:1111 1' '1 S W eIIt he0 :1iI.I:I I Cy { n: t.0 -j

life of the element type. If the modif ication has not been
fatigue tested, the actual average fatigue 1life of thc
element type is statistically determined as it was at the
start of thle simulat ion inl Block 1.4 . If t he modiF i cat ion
haS been1 fa,'tigLe tOSted, the aIctual aVCeragý Cati. igu IiL 0c 1'

the cl emen t t ype i s ats sumeid to be the same a s t int pierd 1 i ctd

3 ]ýi ired to Or i inal. Ac tan I Ave race Fiat i imel L,1 Fe

Mihen i.t has been det ermi:1 nd thait aN'cp i is I'r c(I I i 1'ed(
an11d i C the1r?' i S no1 Mod i Fi cat 101 cIWpemd ill, Ogcil 1 hO c'I emnent ,t hu
CIelement i I.L'1)ai1re('d be C o0re0 any 110 1or 1 Fi gh1t hI r ar0 a1 V LdV 10WULo I
t o a cc am 1 al Iýiteo onI tIIUic a i lrc' ai F Ct A Ii dI Fc 0 c t S 1) I'e'S ..a 1 t 'I't1e

tinlo ol" I'Cj wlic t. kher~I det CC.ted or' no0t due(- SI iiJI1C

inspection, it re assuinied to be repa il-ed :it this timle. it is
a'I SO asae U ~ m 01;1 the 01121110tst1rSgt I' Sreto red a it",

t ri i no1sa C S t meapt1 i Ilcev 10t'OVI-, Inl- S I'V i02 doCvccts
fI at ig u0C1 c : ik Ks, s er v I Ce da il IgeL , anitd Cco r rocs 1 (. I p 1 red k ic: t cd it L

o C CurI af ter1 th I ep 10 is Uc),1oiVnp ! i C 11 Ishe d N I- no1 Gt alf ec-CteCd b)yN
te re 1 C"pa I 1 )1, 1) CC U ani 1d the are N a1.0' .1 .10 owed to0 ocu itI t 1:t hi ! i I'
on1 1 inli 1v dI t L' t'0Ilin i.n1edL t Jin11eS

6 . 4 Ac: ta [I.InU P:t i LýUQ 1, Li fe 0i 1ýYcIar :I C111011 t

AS c11 SCasqed in 11SOct in tl . 3, pre-v iiosIyN p1rojeOct-ed
,Ia ti1 gac c rae ks thla t haNve not been11 in1 i t i at CL'd at the t 1 iMV D 1'

rc pa I. r a rvIic aC a Fcc t cii aid re to a i a tie 1 r or, i g i nai 1 11111 ti a t i oli
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7. Detailed Description of' 3.ock 7.,OSpeial Inspection

• ~OF ELEMENT INCREASED

SCHD1 L IMMEDITE YE

•,., ~SPECIAL FLrET INSPECTION •.

FOR EACH A/C IN FLEET 1

O F D E F E C T P R E SE N T

,I

YE S 
I

SPECILFECT IPETOUNo

,NO 
DEFECT FOUNDRE I

57,5

INSPECTION FREQUENCY
INCREASED DUE TO SPECIAL

INSPECTION RESULTS

Figure 4B. Detailed Flow Diagram - Special Inspection and

Increase Inspection Frequency
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The frequency at which cer'tain inspect ions are con-
ducted is 1ICNcreSed When it haIS been1 de~termlind thai't the
present freqiuency .is not adequate, The porcentage -increase
in frequency is an input parailiter that depends cn the
safety critical i ty C HIC t 0h0111011ot . Th-rot Cl'i~t orI-I arV uiScd
to dotCV11l10icWl l'I ~~i\ iM]C; r1Cao i s nOC oS Ur I C

fll'011C 01' thoC thro'L' 10 s t I i( oIt S il, t-1i0 IF,(i~iC 1s i
Croase(.l ThO thvooC io CIIQ',i a io'L a.S C0 IOWS:

(1 1" \ ca~. k ,iQ r "Ii t: c r t hI 11 k i .1 - S a Ce I oar, 1'. 1 hI et Ict

ti 2) LI i'Z C' ra C I YCS U ' LI 0 -'t Oct L I. ill il) [ild i V I d 11 .1 L I
111011 t , SLI~h t hN t I SUo 0~li C1 t 1W1 I 10 i 1g 0i C f

I i'l L' Is L' VIA Ca 1 k l t 1Iý0 it), pI I' t 11 LI. 11 U ~ X ti 1) I) t i (1 1tLI'V

3 I-ii I I. c rockso ri IIiU dIoii, iV I i' Xd 11 : h C Sd Ill 1 C ~ 1 CII It U 11
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7.3 Defect Present

is flInCt ion i. a snimple yes-or- no indicator that
dctern11lillCes; whetherl' 'I (1 A feet h .1 initiated Oil 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 due to the fact that the location and nature of the
defect are reasonably well specified belfore the inspection
is conducted. The probability of detecting a crack during a
special inspection is determined from the equation

P(Z) - 0,999(1.0 - exp[-0.971(9. - 0.102)]) (46)

And the probability of detectiug corrosion is

Pt(a) = 0.999 1.0 - exp[-O.971(a - 0.180) .11 (47)

where

.. = length of the crack present
a * area of corrosion present

As was the case for the probability of detection curves in
Section 5.6, these equations were determined from the de-
lects reported in the MRR/SDR data and the Survey of Inspec-
tors; these equations are illustrated in Figures 49 and 50.
The t'IRR/SDR data are presented in Volume III of this report.
The defect is considered to be found when a random number
generated by the simu.lati.on is equal to or less than the
probability generated from the above equations for cracks or
corrosion.

7.5 InsLJoction Fre uencv [ncr'eased Because of Spectial]aspect zn-Kests

After a special fleet inspection is completed, the
magnitude of the defects found is compared with the first
and second criteria defined in Section 7.1, and a second
reduction in insi)ection frequency may be tnstituted as a
result of the special inspection. For the inspection in-
terval required by the second criterion in Section 7.1, the
interval most recently set by), Block 7.1 is used.
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8. Detailed Description of Block 8. ), Develop Modifications
Because of-s iree-- )T n se ure e.

IELEMENT PREVIOUSLY morE YES

I,, YES PRESENT SERVICE EXPERIENCE I
WARRANTS MODI)F ICATION

NO

8, 3 NO

PRESENT SERVICE EXPERIENCE
WARRANTS ADODIINLDF ICATION

I YES

.. _ MODIFICATION YES

"-JTESTED (INPHIT)

B, 5 NO

APREICTEUA AVERAGE
MODIFIED FATIGUE

I. TFE

ACTUAL AVERAGE

ODIFIED FATIGUE
LIFE

B.7

L ACTUAL AVERAGE MODIFIEDi•

FATIGUE LIFE SET EQUAL -

TO PREDICTEu LIFE

Figure 51, Deetailed Flow il[rirn.m - oevelnp Modification
Because or Service Lxperience
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e. III 1n ent Prey ion1 s L v Mod!if ie0d

As a s imple var Iiribl e, this; 1Funlcton.indicu Whether
an el1ement was p rev iousl Iy modi -lHed. Ir the clement was not
modi f ied, 11 loc k 8. 2 examin e s 1) re s nt SerIv~i~ce ex per I-1enccŽ and
makes a dec is ion on t he devel oiapmnt of ii first mod.i f .Icat !on,

tf the cleme01nc .1t wa is 1)reCvio 0US 11 iv Coi 'jd , B~ 10 Ck 8,3 0xa X I e SA
p~resent. ser'vic C0 Xper i -IICe 0 n1d waMkeS I (dCci S in oll01 t ho
d ev el.opminenIlt o f an a ýd di1t ioinal inoi d i f~i.c ,t ion.i

8. 2 Present Sorv~i.ce l~xpcir i nceWa ntslv

The SAI IT I og 1.c bases thle ducci s 1nm onl iýdie liei or iinl(t to
develop a strit.Ua1 1110( ifC i cat ionl beca use o F s erv 1 c ?]C epr -
i ence O1 Vol Oil on 111 ecni iC COnIs Uidert MIoS , Si 1 ICV t lie Lec01onaii ic
paramneturs conideed eped Oni 01men01t t.)'pe( itid IreC SUhj ct.
tu c:hange with t.ime , they' a1' iILC cceS sa iiN 1 pat 01' t110 i nIII)
data . Va hlie., forI flos t o f thlese para'mleter Is a i re Ic a"t ed to
thle Inispect ionl I 'cv atI whii ch t.hle ma Hit etia mc act 1 )1i on
performed. Thiiis rhiclat:ion ship i s requinIred becaiuse, the' L onl-
plexity of' the ceincmnts; generally' inc~r'asos, w ith hi ghe(!r

inlSpect ionl i.e~ U V sI'. The Icolonomic parminlute is i denit. i ed aInd

sh on in, '908, Th7 e medetilmi nted U oiite, [IL riiepot t(eK then

TIA131LF 7 , ICON(1HC 1( lAgZANIIy1'1)s RlýqtI I RE lFoR LV PVlO! )IIN; A
SI: mulT MOD~ P1 'CAl I ON

I ijOt I UU SI

rNI I a o i t /I I (s I S 8h 3~.

N I s/ivp I. I CL I T l i t s 1. 3 3. 9~I

1,iut 1) 1 + OYLI, r Ih L, it R I~It. v s' ~ ~ A$ '

I~ ~ ~ ~ ~ ~I (iS I, I, 1v itii Ii t I s15IIa aII~v
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The docis.ion to develop a modification is made by
comparing the cost p or fli.ght hour of' t:he modif ication with
the repa i r cos t. per f I i ,ht p1 lus the i ticreased inspection
Cost Let' F li i ht ho(.kll'. 1,h1V hlod ific:itiofl cost per flight hour
is fonMd by dividilrig t he tuthilI fleUt. 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 since the Last modification by the fleet flight time
since the last modification. The increased inspection cost
per flight hour is found by dividing the projected increased
Inspection costs by the reriraining service life of the fleet.
A modification is just i fled when

C C+ CIN, (48)

where C lOl) ` modi ication cost per fliight hour

CRBIA ' repair cost per flight hour

IINSp 1 i.ncreased inspection cost per flight hour

8.3 Present Service 1.`xperience Warrants Development of
KFdi.Mf * ao n-57 o mT-c a-t L o11

The decision to develop an additional modification
because of service experience. Is based on the same economic
parameters cons:idered in Block 8.2. Currently the economic
parameter values used are the same as those for the first
modif'ication decision; thcse values are listed in Table 7.

8.4 Modi ficat Ion Tested

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

8.5 Pred.icted Aver~Lge MOCI.diCied Fatigue Life

If a dec ision has been made to develop a modi fication,
l.t is IssuMrIed that the modifti cation is again designed to the
predicted average fatigueol i.fe o f the original desi gn as
defined in Block 1.3,

8.6 Actual Ave , ra,_ Mod i Fi ed Fatigue L,.ife

Ir the inod.lfIHcatiori i not fatigue tested, it is sub-
ject to the same type of variation between actual and pre-
dicted fatigue life as was the original design. To deter-
mine the actual avOeage fatigue life of the modification, a
random draw is once more made from the log-normally dis -
tributed correction factor descr.ibed in Section 1,5. Al -
though the form of the correct ion factor distribution is the
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same as it was for the orig:i.nla cIC i ý,i it is IsSIumed tht fU
t the accuracy oI. the mod i fi cation de:ign i imp roved, T Ih is
increased accuroccy is accounted 0or Ly IecreatsiC 1IN thI taII -

a dard uv i at iOn and i1 11 c ruas intg the m iea n i t Iic u, , to i L
but ion. 'The standard deviation is reduced by 15':, and the
mean is inc reased by the quantity 0.15 (1 .0-mean),

" 8.7 Actua l Average Mg odi fied Iat i e 1' i. Set 1.ii.. 1 to

I i' the dCciS ion wMs made to fat.Ai I.tU test the Mod FI -
cat on, it Is asSumed thalt th1e actual averaJge t'attigue l itfe
of the modi f icat1o% will tta in its pred icted i fe FO he)
redes .gnOd and retes ted unt .I it does.
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III. SUMMARY

The implemnentation of the SAIlI logic, as described in
Se~ction II , requiredi 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 partial list of the hatter 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 stressconcentration.

(5) Probability of crack detection during a periodic
or a special insilectlon.

(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 successfully simulatn
and quantify the evaluation process for the establishment or
revision of the structural inspection intervals for commer-
cial jet transport nircraft.
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APPENDIX

SAIFE LOGIC FLOW DIAGRAMS
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1 .0 TMOO 2.0
I NPU I•• A IAA DEVELOP MUD

ENTER GENERATE FATIGUE LIFE BECAUSE OF FATIGUE
LIFLS TEST FAILURE

DLFECTS

3,0 ____

REDUCE FATIGUE

LIFE BECAUSE OF
DEFECTS PRODUCTION, SERVICE

OR CORROSIONDEFECTS
STRENGTH

4,0 •IREDUCTION

REDUCE STRENGTH
CRACK (6H1WI"I

PROJECT TIME TU FAILURE

5,0 '__ INSPECT

PERIODIC INSPECTS~INSPECTION
OF ELEMENTS

A/C DELETED FROM FLEET

6,0 

iREPAIR

REPAIR REPAIR
ELEMENT TO

ORIGINAL STRENGTH

EVALUATE

S &
8.0 - O

DEVELOP MODS
BECAUSE OF SERVICE

EXPERIENCE

Figure 52. Flow Diagram Showing Major Aspects of SAIFE Logic

86



START

LNUT AIRCRAFT

INPUT ELEMENT NO EDO

FATIGU INU DT

FATIGUE LIFE0F ~ G

ACTUAL AVE RAGL

FATIGUE LIFE0

1.96____

AIRORACTIO 1 O
PENTEDSRICE

1.87



TMOD

2.1 _____
DECISION MLADE TO NO

DEVELOP MODIFICATION

2,2 IYES

2.2 if __ _

INSPECTION FREQUENCY
INCREASED PENDING

MODIFICATION

2.3 if

MODIFICATION TESTED YES(INPUT)

NO 2.5
2.4 Ir ACTUAL AVERAGE

ACTUAL AVERAGE MODIFIED MODIFIED FATIGUE LIFE
FATIGUE LIFE SET EQUAL TO

PREDICTED LIFE

I NSTALDL--ýý

Figure 54. Detailed Flow Diagram -Develop ModificationBecause of Fatigue Test Failure
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SDEFECTS

3.1

YES ELEMENT HAS NO
PRODUCTION DEFECT

3.2 .. IF '

ACUA FAIU ELEMENT INCURS
ACULF REDIUCED. SERVICE DAMAGE.

LIFE RDUCEDFATIGUE LIFE REDUCED

3.4

•C•CGROWH,"•,d~r NO iCORROSION INITIATION__ OCR

3.7 '3.5

ACTUAL FATIGUE LIFE , NO t ORROSION OCCURS IN

REDUCED SRESS CONCENTRATION

3.6
ýTRENGTACTUAL FATIGUE]

(STRNGTHREDCTIO • LIFE REDUCED

Figure 55. Detailed Flow Diagram -Reduce Faltiguc LLfc
Because of Production, Service, or C~orrosion Duofcts
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QSTRENGTH RLDUCTION

4.1

PREDICTED CORROSION
GROWTH RATE FOR ELEMENT

4.2

AVERAGE FATIGUE CRACK
GROWTH RATE FOR ELEMENT CRACK GROWTH

4.3 _ _ _

ACTUAL ELEMENT CRACK
GROWTH RATE

4,4 _( CORROSION EFFECTS
ON STRENGTH

4.5
RESIDUAL STRENGTH

AFTER CRACKINITIATION

4.6

LOAD EXCEEDS REDUCED STRENGTH

Figure 56. Detailed Flow Diagram Reduce Strength IBocause
of Crack/]('orrosion Growth/Predict Time to Failure
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CURRENT PERIODIC
INSPECTION I LNTERVLS

5.2 -i

ND_- NEXT INSPECTION
AT OVERHAUL LEVEL

5.3 iYj s

MODIFICATION PENDING .. .gLNSTAL) I
ON THIS ELEMENT I

NO jNO

5, 4-_.I L AIRCRAFT SERVICE LI[FE L
EXPIRES PRIOR TO

DEFECT INTERNAL NEXT sPC•TcrION

5,5 5,8 YES

INPCT R NO TIME TO NEXT INSPECTION NO
INSPECTION COVERS LESS THAN PREDICTED

DEFECT AREA TIME TO STRUCTURAL FAIL11R[W
5, YEs 5,] ELEM.... NT. DE. ... ..A.....

S". .. .. ....NO INSP[CT )ION rRFI• UFNCY

._ { .. . : .......

YESnl

REPAIRD b.11AT

NO ELASTE AIRCRAFT
QNSPECJFROM FLEET

PI 
TI
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I REPAIR QINSTALL

6.1 i62 6.2

MODIFICATION PENDING YES ACTUAL FATIGUE LIFE

ON THIS ELEMENT OF MODIFIED ELEMENT

REPAIED T ORIINALCIDEFECTSDFATIGUE LIFE

6.4 1

ACTUAL FATIGUE LIFE
OF REPAIRED ELEMENT

Figure 58. Detailed Flow Diagram Repair Biemont to
Original Strength
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7,1

INSPECTIOfl FREQUENCY
OF ELEMENT INCREASED

7.2
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NO

IISMOD
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_ -J
._• ' IN EFECTIO FOEUEND
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INSPECTION RESULTS

Figure S9. ijett' il d Hlow Di)1agram - Speci.al 1lnspection und
Increase Inspecti.on FrO(Iuefncy
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