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S.

BACKGROUND AND DEFINITION OF PROBLEM

The structure of a commercial air triiisport is inspected periodi-

cally to detect defects or damaoe before such deficiencies become hazardous

and preferably before extensive repair is required. The Federal Aviation

A&inistration (FAA) requires that the inspection be performed in accordance

with an acceptable program. Initially, this inspection program is usually

developed by the manufacturer and submitted by the airline to the FAA for

acceptance and will specify the areas to be inspected and the frequency and

method of inspection. The initial program is invariably modified as service

experience is accumulated. The inspection is intensified in areas where

service problems" occur and is relaxed where none occur.

T'he airline airframe maintenance program is a massive and e:pensive

program. Typically, the airlines will spend as much on airframe maintenance

during the 20 year life of the airplane as the airplane initially cosc*.

This means that for the U. S. airline fleet of 2 to 3,000 aircrifc, costing

on the order of $5,t)0,0C3 each, th.- $500,000,000 is bi.g sp,.nt ,-,ch y.-xr

on airfrme mIli-,L,.n-nc,, ,':clun;ve of 'oiwti-ne costs. It is th,,r, fore

"et Opera, ng Data - B-707 .,nd B-727," Air Tr;nsrort 'r!4,
September, l'M ), pip. 31-32.



I
important that this program be optimized. The FAA policy statement I and

prevailing industry opinion would indicate that an "optimumt" program would

be a minimum cost program in which accident and repair costs are fully

accounted for. In general, as inspection frequency and/or intensity are

increased, thus increasing inspection costs, accident and repair costs are

decreased, and vice versa. There are, however, as discussed below,

indications or symptoms that present programs atr, not optimum.

While the airline safety record is conaidered good and has been

improving, there have still been accidents and incidents in recent years as

2
a result of failures from defects which were not detected . A 707 was torn

apart by a mountain wave over Mt. Fugi in Japan in 1970. The initial

failure appeared to have been the failure of the vertical tail through a

pre-existing fatigue crack which had reduced the original strength by

A 720 was lost in 1971 in a training accident. An engine was cut

during an approach, the pilot applied hard rudder to balance the airplane,

the rudder actuator broke through a pre-existing stress corrosion crack

resulting in loss of control. The part in normal service was not loaded

and the rudder was normally not needed except during such an engine out

condition.

1U. S. P ;.,rt.'nt of Trin,,-prt.itL-,n, red-kraL %vi.ttion .\cinistration.
Pol i,- " . ..v. ." , ' . ., ,':',ir lut'O.L ,' 5)

pp. 7-1J.

Great Btitiin, Civil .\,v.ilion '-'thority, ''rld Airl l, A' -i', nt

St,r-iry, (Chltnh.ii.i: Technical ublic iL i_,i,; Oi{ rt .CnL), 1). A/-.



i A British Vanguard was lost in 1971 because undetected corrosion

resulted in failure of the aft pressure bulkhead at the point where the

control cables pass through resulting in fouling of control cables.

An F-27 wing failure occurred in 1968 through a pre-existing

fatigue crack which appeared in x-rays of previous inspections but was not

detected.

A large hole was blown out of the side of a DC-6 cabin in 1967 due

to a fatigue crack which was initially detected ond repaired but whose

subsequent growth was not detected.

A large hole was blown out of the side of a 707 cabin in 1970

because of a large undetected fatigue crack.

A DC-3 wing failed in 1968 because of a large undetected fatigue

crack.

Two British Heralds were lost in 1965 because the pressure cabin

failed through an area of extensive undetected corrosion. One was being

used to transport pilgrims to Mecca. They had aboard their own animal

sacrifices whose wastes enroute contributed to the corrosion.

The above accidents and incidents indicate the potential benefits

frcm reliable deectt detection. Detecioa reliability is dependent upon:

(I) tho insp,.ctability of the structure; (2) the frequency of inpeCI.c'n;

(3) the offfcti'r.,s: -f th.- inspection rethod; anti (4) the compr,,on,i,,e-

ness of the inip, ction program. This pap *r wLl deal only wzth the in,.pc-

tion program and not the design of th, airplane. Consequefitly, thl tir-.t

j factor will not bo considered dirvcLly.



While the above may seem to indicate the need for more inspection,

it is the prevailing opinion of the operating personnel who are in charge

of structural inspection that much inspection is unnecessaryl. This opinion

is apparently the result of many inspections in which no damage or only

minor damage was found. Probably as a result, of this view and with little

other substantiating basis, inspection intervals have been steadily

lengthening and the inspection sample has been decreasing over the years.

For example, the overhaul interval for a mature DC-6 was approximately 6,000

hours with a 100% sample whereas a mature 727 has a 18,000 hour overhaul

interval with a 20% sample.

The present inspection programs were initially developed largely by

extrapolating from programs on past airplanes on an intuitive basis. While

the des .gn features were thoroughly reviewed, much available inform.ation on

the .: -s FurZh:. . .i1.bie matvhemit-i1 technirnews for

estimating the effectiveness of a given inspection program were not used.

Specifically, no attempt was made to show from a knowledge of the likelihood

of a defect occurring, its rate of degradation and the frequency of inspec-

tion, that the desired safety level would be attained.

Further signs that the existing inspection programs are not optimum,

especially from a safety standpoint, are: (1) from laboratory tests and

service experince it is known that a defect can develop and progress to

failure in less than the typical 4nspection period 2 ; (2) the frequuncy oC

IClarence A. Bo,, Principal F,.deral Aviation Administration Inspec-
tor for Dvlta ALrtinoi, Pe.rsonal Comunic.ation.

2 Memoranium trom Chi.ii of Envinerin- and Manufacturing Divis3ion to
Chief of .. iint.-n~inc, Division un thu ;ubj.,ct of Structural Maint,,r.ir.ce Pro-
grams, FederaL Avit iion A,.mnistration, N'ashin.con, D. C., b October 19').
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inspection is decreasing on new models while at the same time the structure

is being "optimized" by eliminating areas of extra strength.

The above symptoms indicate a gap between the present and "optimum6 "

inspection programs and indicate that perhaps the inspection program could

be optimized by using all available analytical techniques to estimate its

effectiveness and potential trade-offs for improvement.

A logical question is - What are the obstacles or causes for not

using such an approach? The first reason is that no one knows how, at

least on a practical basis. Further, many of the people involved do not

have the technical training for such a task. Such technical talent is

available in the FAA and the manufacturers engineering groups. The manufac-

turers', however, are motivated primarily only in the direction of lowering

inspection costs as they must bear directly only the "design defect" portion

0i LIM =dL( i. o Conuquzlliy, til. Cak OZ, d=Veiupi, a ,-, .

the broad approach fails primarily on FAA engineering, znd this paper will

address the problem from this latter viewpoint.

_ _ _ _ _ _ _ - -- -



DVE....'T .1 .. :OD FOR EVd.UATING

IUSPECTION t.G,:AM U.FFLCT .V:.S3

Objcctivv, and Obstacles

The effectiveness o! a structural inspection program i judg,.d by

the degrue to w:hich it fulfills its purpose, which is to prev..nt a.cid:nts

and major structural repairs. (The cost of conducting the inspecti.un

program is asearate consideration). Thus, the effectiveness of thc in-

spectio. program can be quantified by estimating the probabity of

major skructural repa.rs under the program. In the past there ha.3 been no

"lu-L bL1,1V~bVL U1_1 LUVJU1.LjL.Ub.

effectiveness of Lne inspecticn programs could be evaluatc2 ,nly after the

fact., The ratiot;J. mcthod of estimating these pr,:balilitie wou'ld ':.2 to

build. a rodei o the system and operate the model using apprcpriat inpuz

data "n the Inl Lpuctitnn pror'm. The obj':te' this

the pr .o . ,* ' .. 1 i, %LAi"  , ate .; ,+ , , . ,

thu.-,p .L- ',,' ; .', ,'rt ' Iu o '.he i., ,ct ,, ; ' n



The obstacles to reaching this objective are a lack of input data

and a valid model, The obstacles to obtaining such data and model are

primarily:

1. A great deal of hard-to-get-data is needed to define the

airplane and the inspection program adequately.

2. The "real" system is extremely complex and this mnnk-.s it

difficult to build a realistic model for the general case.

Possible w;ays of overcoming these obstacles are discussed in the

following pages.

Input Dita

The model of the system must be at least partially defined before

the needed input data can be identified. A scenario for such a model in

simple Lerms is:

A detectable defect occurs thereby degrading structural str Igth;

the defect either grows thus progressively reducing the strength,

or does not grow until either: (1) it is detected and repaired; or

(2) a load in excess of the degraded strength ic experienced thus

causing failure; or, (3) the airplane is retired from service.

Taking a leid from ;,rocceaiirts estal)!ished for reliabilitv ana!,'-i;

of electronics 'Ly;L,'i , it would appiar Lhat tht' -;_neral proe,,,-!tre f-:,r

solving this pro![ ., ,-ou!d ',,, a; f ll ow;:

I. Divide structuro, into eL!,nts.

2. Determine failure (dfect) rates for each Aiement for each

hazard.

lArinc ?. , rh (,r.-'' , . _ i :n ' - ,..rr
N. J.: Prentic,.-itltl Inc., t"',1 pp..v, ,.



3. Determine rate of strength degradation for each element for a

defect from each hazard.

4. Build a functional model of the entire structure in terms of

these elements and define catastrophic failure or major repair

in terms of these elements.

5. Determine rate of occurrence for each stress level for each

element.

6. Define frequency of inspection for each element.

7. Determine reliability of the inspection (given that an inspec-

tion is made) in terms of degree of degradation.

8. Use these data, the functional model, and probability theory and

estimate the probability of catastrophic failure and the

probability of major repairs.

From the foregoing initial cut at describing the scenario and the

procedures for solving the problem, it appears that the following input

data for a model is needed:

1. Failure rates for each element for each hazard.

2. Rate of strength degradation for each element for each hazard.

3. Rate of occurrence for each load level of each element.

4. Frequency of inspection for each element.

5. Reliability of inspection (given that an inspection is cade) in

terms of degree of degradation.



Division of Structure Into Elements

Ideally, the structure or system should be divided into elements in

auch a way that the structure is realistically represented, the system model

Is simplified, and the elements are such that their characteristics such as

failure rates can be easily defined. Electronic systems are quite ideal in

this respect. The elements of circuits such as resistors, capacitors,

transistors, etc., are easily identified and definable. They are used by

the aillion and because of this extensive service experience on essencially

identical parts under essentially the same envirorment, their failure rateb

can be rather accurately predicted. Further, failure or performance of the

system can be quite accurately defined in terms of complete failure of each

elemeut i.e.,. complete tailure of most any tube in a TV set will disable

the set.

De above situation is, to a lesser extent, also t=ae on the Black

ba& level of electronic systems. However, the situation urith aircraft

stmture is not so simple. The elements are not sa easily- identifiable

Swr are they repeated exactly frcm model to model. Further, &ecause of

tmtensive redundancy and because the load impos.4d is not constant (as is

aeatially the cae with electronic systems) failure cannot be easily

dafined in terms of failure of each part nor is failure of una part ind0c',en-

d an Qf the filur of an adjaccnt part.

revie~w of past structural inspection programs (C-6, rC-b, 707,

7Ati trpilnas) indicates that typically an aircraft is divided into worK

ama or zones. The structural clenents within each zone uh!ch are most

I



likely to fail and/or whose failure would significantly reduce Lhe overalL

strength, are identified and singled out for special emphasis iik inspection.

Such elements are customarily called "structurally significant items" and

the inspection program is defined for each item. The manufacturers, especial-

ly in recent years, have made extensive reviews of the design, design

analysis, tests, and service experience to identify such elements. A great

deal of additional effort wis expended on some recent airplanes in defining

the characteristics of each item in order to rate each item in terms of

need for inspection. This infoaraLion was presented in inspection rating

sheets such as shown in Sheet 2 of Figure 1, which were developed in accord-

ance with criteria shown in Sheet I of Figure 1. It is anticipated that

such information will be available on major aircraft programs in the future.

It is evident that manpower constraints on the project do not permit

generation of new information in this area and that existing information

will have to be used. Accordingly, the structure should be divided into

elements which are based on "structurally significant items". It would be

ideal if complete failure of any given element could be considered catas-

trophic as it would result in a simple chain model or series model. This

could be accomplished by defining the failure modelor path for each signi-

ficant structura'Acint for each hazard and by including in the clement

all adjacent ,tructurc in LhiS path uhose failure would assure failure ndvr

j the load J qza, , r e:tc.. j e-ach f iJ t. Thus, the failure of any -n

could be cun;i!_:. to lik ey bc catastrophic out some elements otill consi-t

11



Figure 1

(3 Sheets)

Tnspection Criticality Analysis
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of moft than one utructurally jsignificant items and failure of one element

could influence th' £. trlure of .nothor element.

Hazards

In order to define the input dat for each element for each hazard,

at least the primary 'zards must be defined. A brief Douglas Aircraft

study on inspection programs. categorizes the structural hazards as iatigue,

preload, and corrosion. An airline study of structural problems2 classifies

structural problems as corrosion, material, or fastener discrepancies.

Jensen, Chief Engineer of Sikosky Aircraft3 , indicates that structura!l

reliability La a function of variability in design, production, operation,

and maintenance.

For the purposes of this paper, the hazards or fiLlure cau3ca will

be classified as - fatigue and corrozion which are wear-out and aging

phenomena; birth defects such as production or design defects; and se.'ice

operational or maintenance damage which intuitively would seem to be random

with time. There is of course, the additional hazard of complete failure

due to overload but as this type of failure cannot be prevented by a

structural inspection, iL is riot gernaine to this paper.

lroui.,!, Alr,:rift Co., .ot-! PR,,,1ch, Calif. "Developing the OC-tO

tri turfl .' ~ .. n ir.r.i ',,,:ndx." E,.iper presenLed to tC-1) :ailn-

the I 1. _ "#l .

(Wash n,,,.,t ), , , i,..;',U %, L.1 itio'nf L L.l I "o 3)

511.orry T . .1, i - n "I ' lt- N;,p l et ti o1:, ol lt b l Vh lity ¢ o e t 3 a t ',

Load.dl I ' .. . n, .. :'.,
o t I w York: 1:er tc),i

Best Available Copy



All defects detected in service are noted and to the extent recore-d,

their frequency and description can be determined from service records.

Serwice records may not state the cause of the defect, although an educated

Snms ea many times be made from the description of the defect and cir-

emstauces. fY the manufacturer has issued corrective action in the form

d a service bulletin, the cause of the defect ay be obtained from the

vmice buLletin as the airlines require that it include a statement of the

ass.A brief description of each hazard follows.

Uls is a major hazard and failure mode which results from repeated

perattiual load& causing a crack to initiate at a high stress point (such

* c med by a hole, gauge, sharp radius, corrosion pit, etc.) and grow at

a VO pessiv ly faster rate until complete failure occurs. As the cumulative

aer of repeated loads increases with flight time, the probability of

ktdue defects increases with time. The resistance of a normal structural

e*.mat to fatigue cracks varies widely between apparently identical elements

IW the severity of the repeated loads varies widely between identical

axcraft. Coasequently, fat.gue cracking is a probabilistic phenomenon

m cannot be ruled out even when the structure is manufactured, operated,

Ian maintained as specified. The probability of cracking under the above

eandition.s, Ahich will be called "classical fatigue", can be

I pedicted fro a knowledge of diesign characteristics and the operating

(mevron,'ent. Hcw,?vor, fatlgue cracklrg under off-design conditions, such

I-

!(~



as initiated by production, maintenance or operational errors, cannot be

predicted directly from design conditions.

_Corrosion

This is also a major hazard and failure mode and occurs in different

gum such as surface corrosion, intergranular corrosion, and stress

corrosion1 . The susceptibility to corrosion varies for different portions

of the structure depending on the corrosion resistance of the material used,

the efficacy of the corrosion protection provided, and the severity of the

* ewiroient. Corrosion is a progressive failure mode. In the opinion of

mperienced aircraft maintenance personnel2 , the probability of co-rosion

increases with time, in spite of the learning curve on a given model.

Crrosion alone can grow to complete failure, however, it can be initiated

by birth defects or service damage which can, degrade the protection, lower

the resistance of the material, or iu..rease the saverity of the environment.

probability of a corrosion defect cannot be directly predicted from

dtsign characteristics except where drastic measures are taken to completely

ell-Inate a past problem. Due to normal design improvements, the probabili-

ty of corrosion can be conservatively predicted froM service experience on

past models.

- rth Defects

"Birth" defects can be caused by production errors or design errors.

Production errors such as gouges, inproper radii, surface finish, corrosion

protection, and heat treat are of interest. Design errors can include

lBritish Aircraft Corporation Ltd., Viscoitnc R8O/,10"qori- \ircri!.
JL:_nirj, 15 .\,,. 1,7. (1 ,ybridgc, Englind: Uriitij, Aircraft Corporation Ltd.
1967), pp. 2.12.1 - 2.12.6.

2Clarence A. Beale, Principal Fedral Aviation Administratio Inspec-
tor for Delta Airlines, Personal Convmunication.



% p r o duced frombst available copy.

j errors such as under-estimating loads, neglecting to stress check a critical

area, or to specify corrosion protection where protection was intended.

irrors can also be made in designing repairs and production modifications.

(By the definition given, classical fatigue design fatigue errors would be

Included under the fatigue hazard.) Birth defects are essentially one-time

occurrences and do not result in progressive failure except through the

action of the fatigue or corrosion phenomena which they may initiate. A

survey of the type certification records of major transports shows that all

have been designed under the fail safe structure design standards which

require extensive structural redundancy. Consequently, with the stringent

design and production quality control standards in effect, it is extremely

unlikely that birth defects, which would be detected by a service inspection

program, would affect enLough of the redundant members to result in a complete

failure in service. Such defects could result in complete service failures

o-mly Ltrv &i4 £-.iLL Ling v-e uZ Lhe Lw basic prugrea3ive Euili mu'; huni.:s

of fatiue or corrosion.

Service D'mage

SerrIce damage incLudes operational damage such as tearing skin with

a fork life; spillage of waste and other corrosive substances; and cainten-

auce daM-Z.. SUc1 as d~mi-..ng parts during disassembly or assembly, tearing

fuselage insulation blankets re.-ulting in moisture collection and corro.-.on.

It seems reJ L. .iq t)ar such service damage is random with time. As is the

case with birth defects, detectable service damage involves essentiall, One-

time occurrencus and could result in complete failure only through initia-

ting the bisic prozressive failure mechanism of fatigue or corrosion. There

would appear ti be no way of prodicting the probability of either service



diap or birth defects directly from a knowledge of design characteristics,

kowever, past service experience may provide a basis for such a prediction.

Selection and Deafiftion of Data Sources

2bere are only three possible basic sources for input data for this

prOblem - technical analysis, Laoratory tests, and service experience. As

aircraft developmetit programs are massivo programs and airline experience

U extensive, it would seem that thase, sc=.ces should be adequate. However,

ancb. of the informatiom developed vas cr recorded or is not available. In

some ases the only method of drmin, mm this background of information

fttd b bty Qiataining multipie o pinis of experts in the field.

An Wndicated by Stonet,. tacfixutod ana-ysis for structure consists

pztarttr of stress anatys.is of bo.ai dl and undamaged structure to

4ttermine faiting strength undler on* e hands, and of fatigue analysis to

4*t=Iu Wi- La in zi.a.l. era k =" Ue a U naL failure under repeaLed

ljed. t~l~ratory tests to- de.term'ine tm same information are performed

A Um ox or to- vatidate these wnynlyii. Repeated load tests will show

tbi xatv of strength. degradati-n, umtb= rn)e, ated. loads after a detectable

track Qr def-ect., Also' corrosion, tet undrh a severe corrosion environment

wi1tt indicat.e the resistance of: vanibz r ims- and finishes to resist

qatosion. he design charaater iatii ar dkined by these tests and analy-

tL. and by- a. design review are n aU sij=arized in the inspection

=trLicality rating sh-ets such as- & .r IL.

M. E.. Stone, "Pi'vtopin,- to-o, .cI'-Irr. Structural Insnection Prolrm,"
P'roc o d in,- o f t -, 171 r % T t - .... ior-,l Av i tln Mi nt 'na ne.' ' vn-no-; i t:-i,
O['I IIW-" CiLv, ': 1 . (,,. ,iin;Lon j U.. C..:; 1'dural Aviation AdminisrraLion,
1I971).
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There are four basic sources of information on service defects -

1IM mechanical reliability reports (IRR's),. National Transportation Safety

bard (NTSB) accident records, airline maintenance records, and the tnanu-

Excturers records of service problems. The airline is required by law to

sumit M I'"s to the FAA on all structural cracks, corrosion,. and deformation

vfrth art beyond acceptable limits. These reports have been categorized

and retained, since 1962 and are readily available.. They can be retrieved

b computer for the last two years and manually for the previous years.

Mhaussfous with knowledgeable airline personnel indicatel'Z that the air-

lra. retai service defect records only as long as legaLly- required (apprjxi-

mately- two' years) and because there is no system commoit t all airlines,

mtrievaL of information would be a monumental task.. CrsequentLy . airline

z uccra cam be eliminated as a useful source.

Sstructural accident records are readily available for all

In= of interest. As these accidents are thoroughly ravestigated,. the

m e and: derails on the structural descrepancies are usua:Lly kuown.. There

m ouL£r. smls number of such accidents so these records: would be of

lite., uxe for determining structural descrepancy rates hut may give a good

fImght to' actual failure modes and circumstances for catastrophic failures.

LE'dward L. Thoma-, Director of Engineering, Air Transport Association

of America,. Personal Communication.

ZEL. L.. GuLtickson, Airframe and Systems Engineering, Awerican Airlines.
Fersonal Commun it ionI

i
I
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It is airline practicel to report failures and to send failed parts

to manufacturers so that they can ,ec rmine causes and fixes. As there are

only two major U. S. manufacturers for transports of recent vintage, these

records are relatively concentrated. Also, in the last two years (e.g.,

Boeing 747) a real effort has been made to assemble such information into a

readily accessible data bank. The manufacturers records are likely to pro-

vide a better definition of failure causes than the MRR's because of the

failure investigaticn but have the disadvantage that they are generally not

automated and are not readily available to the FAA because of their pro-

prietary nature and the cost the manufacturer would incur in making them

available. However, manufacturers do issue service bulletins outlining

"fixes" for significant structural problems and at the airlines request,

these bulletins identify the cause of the problem. These service bulletins

are submitted to the FAA for approval and are therefore available. It

vould appear that the manufacturers records airectiy or through service

bulletins would be a good source for identifying the cause of the defects

for which the IRR's are not adequately definitive. At least one manufac-

turer.has indicated that he would provide information if formally requested

and the workload was not excessive2 .

The above discussion provides a general basis for the following

detailed definition and selection of data sources for input data for the

individual sySLt m varidbles.

1llenry J. Yo,'ng, "Aircrart Structure Rliability Progrims,"
Procee~din-. ni r%\ ,,iotonirco %. no- i,,n (Wqashington, D. C.: Federal
Aviation AulwiniL;cration, l'.u6), p. 5.

2 Richard 1rinort, Assistant Airworthiness Manager 707/727/737, The
I Boeing Co., Personal Communication.



jkfect Rate

As p eviously discussed under hazards, it cam=ot nec:essarily be

assumed that the rate of occurrence of a given type of defect remains con-

atant throughout an airplane's service life. Same hazards, such as fatigue

&W cQrrosion, increase with time in. service TA'hfl e other ham.ards, such as

serice damage and birth defects, tend to decrease with. time in service or

remai. constant. & surveyr of the I-RR's on a give= jet mcde.L for the period

of 1962 to 1972 is summarized in. Figure Z and confidnms the above trends.

UA data sources for the defect rates and their .at r with time for the

vrlq" hazards are discussed beow.

ClaasIcal Fatigue Defect Rate

2riaS the design. and certification of exrmii mxjar rm-w model, the

se fatigue tfe. of each significant structurali wUamermm fx determined by

&t ie te.st and'/or analy,.Tic for thp enertPd' spnr minr rf r-pnyea-d nals I

f imzent models, this in rmation. has heew, ava "--HI t tile; FAA in the

doctuntation: justifying the proposeA imspectiam Uaopar.. With this

W ma~tiorr, on: the desigrr and. the inrformatio=. Enun t:Iim U"tarature on the

x.. U n oE: fatgue life and Loading spectrxr bttfenx. L niiLidual airplanes,

u- ix possible by th, method descxibed by Andar- R? -  ir as'imate the

vQJkability of fat igue cracking as a. function of: t nurher off flights or

fi--ht h2urs ao.-pLte. Uzc of this mechod wouLD riL.. Lx a rate that ir-

cxeases with tho flight t1mu on the aircraft.

T t='ne,, "Developing the DC-10 Inspection Ptran,." pp. 4-5.

ZArnold E. Anderisli-t, ri h-,, t..tj i" tvr--.-odrr for cet.era

Aviition .\ircr,t nrc:,,:,,-.' r- i,. .. tw York: Socie:, or'1 uxLnuive Engtn ,r , :J'

,,% ,-



* Figure 2

Typical Defect Rate Trends
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If the probability estimates are based on a fatigue life determined

by fatigue-analysis in lieu of test, the possible errors of the fatigue

analysis would have to be accounted for as fatigue analysis is notoriously

inaccurate. This lack of reliability was documented in an extensive study

of the subject by the Royal Aeronautical Establishment1 . The probability

of the fatigue analysis under-estimating or over-e'timating the true rean

life by a given amount could be estimated by the results given in the above

study and a correction made on a probabilistic basis.

The classical fatigue defect rate could be estimated from service

experience but except for early problem areas, the rate could not be estab-

lished until late in the life of the fleet. With this approach, the inspec-

tion for a given problem area could not be established until after the fact

unless based on the experience of previous models. Fatigue tests2 show

that minor design changes can result in large changes in mean fatigue life

and the probability of a fatigue defect varies drastically with mean fatigue

life 3 . As most new models have an improved fatigue design, use of service

experience on past models have an improved "atigue design, use of service

experience on past models to predict the capability of new models would be

unrealistic. For these reasons, it is concluded that prediction of the

classical fatigue defect rate directly from design characteristics would be

more effective.

1K. D. Plitbhv, A Co-nrison of Prndicto-d and Achi.,v, : L vs
of Aircraft F',irj,7,ir caL N::, o. Structures 30L, (Firnooro'g.,
England: Roya. Aircraic EStaoLishrienL, 19b1).

2Stone, '"Dveloping the DC-10 Inspection Program," Fig. 3.

3Anderjkika, Fiti-t.o Slihstanti tion Proco.Iires.



VonClassical Fatieue Defect Occurrence Rate

This category of defect involves fatigue cracks which I'ai'tiate as a

result of other hazards such as birth defect:s, service damage and corrosion.

Rates for this type of defect cnn be established for a given type of

element on past models for the period subsequent to 1962 by reviewing the

MR's to determine the number and nature of defects and by referring to the

manufacturers service bulletins and records, as necessary, to identify the

cause of the defect. These rates would apply to similar new models except

An cases where a design change has been made to a new model to eliminate h

particular type of initiating hazard. Tn these cases, the rate could be

reduced by eliminating appropriate service defect reports from the rate

calculation. As there have been no analytial techniques developed to pre-

dict this category of defect directly frat design characteristics, use of

service experience is the only availabLe aterteative. The-design character-

istics as defined in the manufacturers i=sp=etfon criticality rating

avAlysis can be used to categorize element-s a=rdin:g to their susceptibility

to the b-azard of carrosion.

ara . Birth and Service Damage Defect Q=nurence Rate

M3der the ap.roach described above, <rly' crosion, birth, and

serice damage deracts, which had initiatett Z.igu- cracks at the time of

detoctioo. ir CL:_LECQ :iutd be i;n crihutating the non-classical

fatigue defe:t occurruncu r ite. Con:equara.1:,, such defects which were

reported in s rvicu but had nt.L ye iniJL.i±aX fatigue. cracks at the time

af detection (e.g., Loose fasC,!nc.rs) must b, at=aunted for separately.

Such defects could eventually cause fatigue aracks and thus. effectively

lower the mean f itiue life.

0[



Reproduced from

Uestl availablep.

The effect of the most common and significant types of these defects

(e~g,, fretting resulting from loose fasteners, corrosion pitting, rough

surface finish, etc.) on n an fatigue life can be obtained from fatigue

research reportsl,2,34',5,6,. If the defects occur in a high stress area,

such as a rivet bole, the effect on mean fatigue life would correspondingly

be greater. This type of defect could be accounted for by estimating the

rate for each element from service experience and by estimating its effect

an the mean fatigue life of the element.

Corrosion Defect Occurrence Rate

Carrosiont is a progressive failure mode which can result in complete

fall=ze F.ithout initiating a fatigue crack, especially if the corrosion

earoment is severe. Thus corrusion inarlves an additional hazard to the

Uzard of initiating a fatigue crack. The rate for occurrence of defects

&ae t r.; additional hazard za be estimated from service experience as in'

the prevcious paragraph. but should be categorized in terms of severity of the

tcsotcrm emzironment..

9ta-l Air Engineering Center, Aeronautical Materials Laboratory,
aresion and Faci-o .:."1.o of :'.-r Cr.n P-ocinons-fo ~'! .'ns

Report N.. .- -_ (PiiaieLpna: aval Air Engineering Center, 1967).

Z"S., Rosenald, Zlffr-cts -of (,>.rrr-.'ion on Fati-ue Life (Johnsville,
Penn.: Zaval Air Dvvelopmenc Gvnt.cr, i-v9).

h1erbert Hi. L-vboUl, lIF..'r F. ardr.th, Robert L. Moore - An Tn,!,-
t .o-tlorn c* .- '' 'r,,.rc Crrio.;,n on tht, Fnt Iil ; Cf

Al,-in---. .'..:uiLshu 4ton, 1). C.: Nationall Auvisory

Aearonautical Systems Divi-;ion. Fffct of Corro.fion on t1ie riti- ie
Behavior o- 2W-.-T' .-i. y V -i, 3,.D Technical Report 61-L2L. (Dayton,
Qhiz: Aeronautxical 6y: .. iS bLvii.on, 1Le6L).

ha ttr.-I Ie - I Ins t uto, F"re' Corrosion-Fati.*,, R,.hnvior

of Alt'ini- AIIoys, -"IC q .oraid,:r 2.1 (Columbus, Ohio: Battelle Memorial
Institude, 1170).

6Sikorsky Aircraft, rt,-iw P'-oorrio- aind An ,.-;i,, Report No.
SiR-505.,' (Str r Cn..: ... Li' -
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late of Strength Degradation

The occurrence of a detectable defect causes little reduction of

strength in a typical transport structure because of its extensive redun-

dancy and tolerance for damage. Such a defect must grow in size to cause .1

significant reduction in strength. As previously mentioned there are two

basic mechanisms of growth, fatigue or corrosion or a combination of the

two. The data sources for rates of strength degradation under these

mechanisms are discussed below.

Rate of Strength Degradation Due to Fatigue

As previously mentioned, for recent major transports, the manufac-

turers have rated the inspection criticality of each structurally signifi-

cant item in terms of major variables. As showa by HardrathI, two of these

variables, material crack propagation resistance and the degree of redun-

dancy in construction are the major variables in determining the ratp of

degradation due to fatigue. Consequently, these ratings provide a good

method of categorizing the various structural significant items. The rate

of degradation can then be determined for each category from the usual

- development tests of structure under repeated loads such as shown in Figure

3 for the DC-10 2 . It is understood that the degree of redundancy rating has

been based on the safety margins shown in the proof of strength with obvious

damage that is required by FAA regulaLions3 .

'Herbert F. Hardrath, F-: '. -rri:- P,., .i on and .%jil i! A, ,c
Strenf-th of ".Mi!lt-in °r"- . "' (l.'ihin;ton, D. C.
National Advisory Cot.,iLtee Or Aeror.aucics, t957).

2Stone, "Dovtopine, the nr-1O SLructitral lnspection Pro-rm," Fig. 7

3U. S. Departm.nc of TRLit.p.r!tiOn, F..!eral Aviation Administration,

Code of F.dril 'i _ Tit!- I's. Pirt _1, Jan., 1970. (Parhin..,toz ,
D. C.: GOoVcll,1, nt £rinting Oiiice, i4'O), paia. 25.371.

-'> , ,
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Figure 3
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i 1Typical Crack Propagation Test Result
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Service reports can also provide information on the rate of degrada-

tion. Service reports many times give the size of defect detected and the

time since the last, presumably negative, inspection. From this information,

the rate of growth can be deduced. Also, in some cases a detailed metaLlur-

itcal exam of the failureI is made under high magnificantion and the crack

powth rate can be conclusively established. While this service imformatLon

is directly applicable to the structure in service and is of IL-nited use on

ue supposedly improved models, well documented cases could he used as a

check on the rate of degradation as determined from laboratory tests on

slmilar structure on new models.

tate QE Strength Depradation. Due ta Cor=osion

Im the inspection criticality rating, each structuratly significant

It is. rated i, terms of resistance to corrosiorm taking, inte consideration

hth ezZ.-sure, protectiom and basic resistance of the, mate =_L-.. These

fac:Qrs are the major variables both for time to initiate and time for

prwtb Qf corrosion, defects. The resistance of the structure or the saveity

tb.1 corrosiorr environment can be affetted by birth defect or service

4matae which axe not anticipated in the rating. The severity- of the situa-

t is indicated by the time requirad to initiate corrosion.

4 indicatv,1 under rte of occurrence of corrosion defects, little

tkisic information on corrosion performance is available from laboratory

testm and therefor, service experience is the primary data source. As

c-pI:*ind undcr rate of degradation for fatigue, the rate o degradation for

lKoyal Aircr-aft Establishiment, A\ itlr,.¢. ' n~n o.= 'c-

Inc ,(, IIt - 24 -,.0) (".irnbutoiouh, LngLand, teoyail Aircraft Lstablisti-
mont,. 1470).



corrosion could be estimated'from servico reports of corrosion for structr,'

similar to each "structurally significant item". It uuld appear that the

rate of degradation could be expressed as a function of corrosion resistance

rating, which is primarily a function of material, location and time to

initiate corrosion. Well documented cases of service corrosion could be

used to define the functional relationship.

Rate of Load Occurrence

In order to estimate the probability of a degraded structare failing

due to the occurrence of a load in excess of its strength, the rate of

occurrence must be known for loads of various magnitude for eich e1oment.

For airplane structure, these loadings primarily result from gustL, maneuvers,

and cabin pressurizations. Fortunately much work has been done in this

area. NASA has, for many years, conducted a program on transports of

measurin" accelerations at the airplane center of gravity (C.G.) caused by

gusts and maneuvers. The speed, weight, and altitude associated .ith each

acceleration occurrence are also measured. The rate of equalling or exceed-

ing each magnitude of C.G.acceleration can be estimated for new tret.sports

from these data on past transport such as illustrated by the curves of

Figure 4 which are conventionally called a "loading spectra". 1oc:evcr, the

load on an individual element (except pressurization loads) varies not only

with C.G. acceleration but also with airplane speed, altitude, ,.iht, and

C.G. position. Derivation of the element loads from this basie dhato is

very involved and beyond the scope of the pcoject. llo.¢wr, ",ic

loads are normally derived by the manufacturer during his fatitue analysis

program. The detailed analysis is not directly available to the FAA as a



fatigue analysis is not required by the FAA for fail safe structures and the

.inanufacturers have been reluctant in the past to furnish the FAA with copies

of these analyses. Furthermore, as Larsen I indicates, the fatigue analysis

is usually computerized with the derivation of the element loading spectrum

an Intermcdiate step to obtaining the final output which is the mean fatigue

life of the element. As a result the loading spectrum for each element is

tot directly available from the computerized fatigue analysis. In view of

the resource constraints on this program it would not be feasible for the

FM to obtain element loading spectra from this analysis.

L kheed and Boeing, under a $250,000 FAA contract, have calculated

the gust lo ading spectra for major components, such as the wing, fuselage,

and tail, for several typical jet and piston aircraft2 . These spectra were

. expressed in terms of a ratio to design limit load and are illustrated in

Figure 5 Cr regulations require thaL the structure be capable of support-

Ing design limit load without detrimental deformation and 150 percent of

limlit a without failure). Design limit load as shown in this work is

reughity the maximum load an average airplane will experience in its lifetime.

As limit load on an element is defined as the most critical combination of

D.G. acceleration, speed, altitude, and cLnter-of-gravity position within7

the desiam ervveldpel, it will occur much less frequently than indicated for

the desn w.ti-rLrnum center-of-'rivity accelration in Figure 4.

1C. c L.rn :ini R. T. ':t;-. "-tate of the Art in _si-i -

Ing to En~lre C.'int~ini Air, ciz -. tri Lttir iaterrv, " Pr - --

__ I.kra I Avia ric'n rI ' -r I
Ues l'rtPT,.... r, i1 "' '0 .. ,, § . .. ; ,{ r . .. .- .,an~t.n,

D. C r, ... L L I. I A ,...lit Ii .- L A,, L'4-

3U. S. Departm~nt o1 lr.in-;jI.rtation, C,,',- of -',.*r 0i 'li - od
para. Z5.I0L -



Figure 4

Typical Airplane Loading Spectra

(Reference-Trends in Repeated Loads
On Transport AirplanCs, IMSA, Langley)

T-4
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If it is assumed that the loading spectra derived in t,.c above sL..(.y

are reasonable for the major components of new models, the lueiing specri'd

for individual elements of the major components can be estiatcd by adjust-

ing the loading spectra to account for any excess strength present in each

element. For example, if an element was capable of supporting 300 perc ...

of design limit load without failure in lieu of the 150 percenc required,

then design limit load would occur at the same frequency as in.licated for

the 150/300 or 50 percent of design lkait load in the above study. As it is

difficult to desicn a structure with exactly the required strength, there is

usually some excess strength available.

The above assumption is not unreasonable because current new models

(except for the supersonic transport) are flying at the same speeds and

altitudes, are of similar construction and used similar design praccices as

past models. Further N-1SA data shors- that for typical jet transports, the

loads resulting from maneuvers are insignificant compared to those resultin;

from gusts. So the above study is considered a reasonable flrst source of

input data for rate of load occurrence for gusts and maneuvers. Use of

loading spectra frem- the manufacturers' fatigu_ analysis may be feaibke at

a later date should the manufactucers indicate they would provide the Load'rc

spectra at no c".ir , - or ,owun"y bvc for

contracting the mtaulactuCtrs tu provide this data. PresstirYzItIon A1a,-

occur oncl plcr iljv and arc *-rl in term.s of cruisin$ aLL . Th'2

frequency oL occurr .nca o, th! ,ari. cruising altitudes c:, b.

obtaint.d frx : '.S\ ,.,ta vi tr ;ort.



Figure 5

Typical Variation of Load Level
With Frequency of Exceedance

(Reference-Development of a Power-Spectral Gust
Design Procedure for Civil Aircraft, FAA, Washington)

Lf
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The probability of detecting a defect during a scheduled inspection

depends upon how well the inspection is performed and on how obvious the

defect is during the inspection. The latter variable depends on the size

and type of defect and on other factors such as whether the defect causes a

fuel leak or whether adjacent structure holds the crack closed.

There are no analytical techniques for directly predicting the pro-

bability of detection of a given defect during an inspection and a review of

the literature does not reveal any significant laboratory studies on the

subject. During some laboratory fatigue testsl it has been noted that cracks

of a certain size are discernible by certain techniques. Further, during

most such tests, each crack detected is reported along with its size, loca-

tion, and the method of inspection. However, this same information along

with the time since last inspection is given in Mechanical Reliability Re-

ports on service aircraft. As service data is extensive and is much more

realistic than that from laboratory inspection, it is the best source of

dsta. The problem with such data is that while it indicates the size and

type of defect that can be detected, it does not report cracks that were

missed in Inspection. Such information could be deduced from a kncwledge of

crack growth rates and the time since the last inspection but it would be a

monumental task beyond the resources available for this project. Further, as

little crack growth data has been available for past models, it iwould be

IJ. Schijve, ,t iI. 1.,I 0 - i,' T,-:t ,:j- t f l' r I' - .," 'r- .. r I,-id
Sequenco, wit~h i- -, ', ,.t I',. .: .-" i- J q2 It-;. ,', I'. . ... _i'-
FuII-S,-1, - -.- , ,,,.crd,,,, l li noi: ":aLcurai A,'osp3c.

Laboratory, ) pp,,nd_), C.

.1



highly inaccurate. It would be possible to determine the size of the missed

defect for'a few well documented cases where crack growth data was readily

available either from laboratory tests or an examination of the fracture.

For example, in one case of an in-flight decompression, the fracture surface

vas examined under high magnificationl and the number of loading cycles (in

this case pressurization cycles, once per flight) were counted back to the

last inspection thus accurately establishing the size of the crack missed in

the last inspection. The probability of detection could not be established

from these few cases but they could be used as a guide.

Estimating the probability of detection of a defect during inspec-

tion is a very subjective matter which is difficult to judge directly from

a few completely defined cases and many relatively undefined cases without

actual inspection experience. As there are many inspectors who have had

many years of experience in precisely the area concerned, it would seem

appropriate to make a survey such experts to obtain a multiple opinion

estimate of the probability of detection for various size defects under

various circumstances and inspection methods. The experience of such ex-

perts encompasses much unrecorded and intangible information that would not

be available from any other source. The few well-documented cases of un-

detected as well as a summary of cases of detected defects could be furnished

to them to assist in their estimates.

lRoyal Aircroft Eztabih ent, A M.etallurgical F mxinario.i of Fr.i&Ot
Door Skinning and Frai:.

L.



The manufacturer's inspection criticality rating analysis can also

*rzovide some additional information on detectability. In this analysis,

each structurally significant item is rated on whether a defect could cause

a fuel leak, whether the item was ten feet or more from the ground, and

whether internal damage could be detected by an external inspection. These

ratings (as is apparent from the discussion under inspection frequency) are

In effect defining the levels of inspection in which a defect could but not

necessarily would be detected. This information can be used in development

of cases to be posed in the multiple opiuion survey.

Visual inspection is the primary inspection method used by the air-

lines and the primary type considered in this project. However, it would

be desirable if the model and multiple opinion survey would allow for con-

sideration of supplementing visual inspection by other inspection methods

such as x-ray, eddy current, and use of penetrant aids. The actual inspec-

tion with these alternate methods is more costly than a visual inspection

but the cost of gaining access (such as disassembly of parts) may be less

expensive and/or the probability of detecting smaller defects may be

increased.

Inspection Frn-,ninl

Any of an infinite number of inspection schemes and frequencies

could be chosen as input d-ita for the model but from a practical standpoint,

the evaluation has to be limited to typical inspection programs and alter-

nates thought to be feasible by experts in the field.

44 -



Li0
A "typical" inspection program as synthesized from descriptions

Hin various papers and documents ! ,2 ,3 and discu.:sions with knowledgeable

people is a multi-level program as follows:

A cursory walk-around inspection every 8 to 25 flight hours. Th,-&.

inspections are typically entitled - enroute service, turnarcund

Inspection, or terminating pre-flight check. Discrepancies such A

obvious fuel leaks could be detected in such inspections. Pre-fli;ht

inspections are also made but with modern docking sy-tems and night

flights, these are relatively ineffective.

A close walk-around inspection every 50 to 100 hours. These inspec-

tions are typically entitled - service checks, A or B checks or area

checks and involve 6 - 12 manhours, much of which is spent on

servicing systems. External defects in structure less than 10 feet

from the ground as well as significant fuel leaks could be detectea

-. nin this type of inspection.

A close walk-around inspection plus a close inspection of certain

external and oasy access areas every 500 to 1,000 hours. These

latter areas are selected because they are critical and casily

1C. A. An'ivitt, II. F. n:ap, and H. L. Storey, "Aircraft Str-rural

Sampling ln pe:t Lon Pro,,,, ami. " Pr ' n\ " f
(Washington, D. C.: Fvdcral .\vitLion M\diiinistrac~un, 1),,o).

2Feder. ':."n Adzinistr it ii,, 'i, * . .
Boeinp 747 (Wasiington, D. C.: Fderal Aviation .,dLr,,.rdt n .

3Fcderal Aviti n A 'Mniqtrat ion, "l[itt . ,'r r,:,'v4  ' -:1_ " 'rt,
McDonnell Dou,'; DC-I-!0 (W),hin,tun, D. C.: Licd.-ral Avi,1Lii
Administdtiu&.

a'.



The manufacturer's inspection criticality rating analysis can also

provide some additional information on detectability. In this analysis,

each structurally significant item is rated on whether a defect could cause

a fuel leak, whether the item was ten feet or more from the ground, and

whether internal damage could be detected by an external inspection. These

ratings (as is apparent from the discussion under inspection frequency) are

In effect defining the levels of inspection in which a defect could but not

necessarily would be detected. This information can be used in development

of cases to be posed in the multiple opinion survey.

Visual inspection is the primary inspection method used by the air-

lines and the primary type considered in this project. However, it would

be desirable if the model and multiple opinion survey would allow for con-

sideration of supplementing visual inspection by other inspection methods

such as x-ray, eddy current, and use of penetrant aids. The actual inspec-

tion with these alternate methods is more costly than a visual inspection

but the cost of gaining access (such as disassembly of parts) may be less

expensive and/o- the probability of detecting smaller defects may be

increased.

Inspection Froiunncy

Any of an infinite number of inspection schemes and frequenciesI•
could be chosen as input data for the modei but from a practical standpoint,

the evaluation hon to be limited to typical inspection programs and alter-

nates thought to be' feasible by experts in the field.I
I .



accessible and usually involve control surfaces and hings, -Aie~l

wells, and fixed structure surrounding major doors. Th , inspec-

tions are typically entitled maintenance checks, C checks or area

checks and require 400 to 500 manhours most of which are spent on

powered or mechanical systems and not on fixed structure. From the

standpoint of fixed primary structure, this level of inspection

differs from the previous lower level in that access is gained by

weans of stands, etc., to structure surrounding control hinges and

major doors which are more than ten feet from the ground. Conse-

quently, defects could be detected in this additional structure in

this inspection.

A close inspection of the complete exterior of the airplame every

2,000 - 8,000 hours. Access to these areas is gained by use of

wrk stands, "cherry pickers", etc. Any external defect could bc

detected in this inspection.

A close sampling inspection of a certain percent of airaraft ever7

76000 to 16,000 hours of internal structure to which access is

Sained thrcu-h access doors, draining of fuel, remov-ing cabin Lizers,

etc. At certain points, sealant, fasteners, etc., may be rem.oved

aud inspection aids used. Structural defects in iuternaL areas

couid be detected in this level of inspection.

Develor-.ont of Modol

r. S. Quadut , defines a model as "a simplified, stylized rerreenta-

tion of the real !,.rld that abstracts the cause-and-effect reLationships

K. S. Quad%!, A',n,, .naivs1- Tohniquos forP!ni-rvn-i-

Budh-eting. (S nLi Mnica, Cilif.: RLind Corporation, L9'*,).
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essential to the question studied." He indicates that the means of reprs -

tation may range from a set of mathematical equations or a coirptter prorarl-

to a purely verbal description of the situation in which intuition alene ii

used to predict the consequences of various choices.

It is apparent that an infinite number of different models could be

developed for any situation. The dilemma faced in developing a model is

that to make the model realistic in all respects, it tends to be comple:- and

yet the more complex it is, the more difficult it is to evaluate. A corzoin

method used to simplify the model is to consider only the primary relation-

ships affecting the problem being analyzed. The objective is to develop a

model which is as realistic as necessary to solve the problem and yet c..n be

evaluated within the constraint of the resources available. The general

problem of estimating the probability of aircraft failure, which is the

purpose of this mndel, has bpon ntudied from two diverse approaches. Een-

wertzI, in his study of inspection intervals for fail-safe structures,

predicted the probability of failure of a typical small section of a wing

under various simple inspection schemes by means of a rigorous manual

mathematical analysis supplemented by a computer analysis of some of the

more complex aspects using Monte Carlo and Step Integration procedures.

From this study, certain conclusions were drawn for the entire structure

under the operational ;ituation.

ISigge Egg-oertz and Goran Lindsje, Sr, dy -f Tw.ctior, -' nr'_fir C
Fail-Safe *tructure. (Stokholm, Sweden: Aeronautical. Research institut ci
Sweden, 1970).
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&4tult different approach was planned for the fault tree analysis

of the Doing Supersonic Transport 1 . It wag planned that the entire air-

Ame would be analyzed for all accident causes and the probability of catas-

trolhiQ accident be estimated using the fault tree analysis technique

rtvalat.ed by computer simulation. A fault tree is essentially a logic dia-

gra, $.imulation was planned because the analytical approach was considered

tQ kiwe-cqnsuming,. laborious, and error prone for evaluating fault trees of

%1* cwplex.ity envisioned. While admittedly a much more ambitious problem

vi lmija sQlved.. the magnitude of effort planned was much greater than

eRen4deA by Egwemtz in his study.

Z M. cuae.,. a small but typical part of the problem was evaluated

ho , t ctus matejmatical analysis of a simplistic model and the results of

t)L tvextuatimh was extrapolated to draw conclusions about the whole problem.

k e h e mu z.,. :Lt was planned that the whole problem be analyzed by use

k xe,4iA91& q Large and involved model which could be evaluated only by

empute. siml'rA1ian-. In the first case, conceptually the model was simple

ku .ti% ra h e~rt solution would not be easily understood by someone not

w&it 1 verjad: ih mathematics. However, in the second case, the basic element

qk t"xh model. i a logic diagram which along with the simulation method of

& j.tJon.can. bc eily understood by a layman.

For. the, projcct being planned in this paper to be effective, the

Smclusions must. be reatistic and valid and accepted as such by the

1 Bloeing Co.,. SsT FIt Tr,, An-ivs.s, Documient No. D(Al07F4-1
(IpatLlo,, lash. :Boing Co., '.



operational personnel who establish and carry out the inspection program.

The situation being modeled is an exceedingly complex one involving many

relationships essential to the question being studied. The conclusions will

not be accepted if the model is not understood and/or if it is apparent thiat

there are important factors affecting the effectiveness of the inspection

program which are not considered in the model. The large apparent dis-

crepancies between actual practice and inspection programs indicated by

simple models have been discussed extensively by the author with operational

personnel. Their reactions are:

1. The model was not realistic as it does not account for important

factors such as corrective action and supplemental inspections;

or,

2. The complex, flexible, multi-level actual inspection programs

may be euivalent to the simple periodic inspection indicated to

be necessary by the model; or,

3. The model must be wrong because service experience is the real

proof and based on their limited view of it, service experience

has been good.

It is apparent fro the foregoing, that the model used should be realistic

and easily understood. It appears that approach planned for the supersonic

transport fiult tree inalyi; of using a logic dIiagrim evaluat, by

computer simulation would be most effective for the problem at hind. Th,.

actual modul could be restrict, , in size to stav within rs-, ,c- c-r,'-

by analyzing only part of the itructure.



Definition of Structural Elements

This topic has been discussed previously in a general way under a

similar heading. However, it now is desirable to be more specific. It

would be ideal if each structurally significant iten defined in the

criticality analysis (Figure 1) were homogenous, independent, and not re-

dundant (i.e., its failure would be catastrophic). If this were the case,

each structurally significant item could be considered an element.

Unfortunately, this is not the case with an airplane structure.

This study is concerned ,,ith only the more important or primary

structure of the airplane whose failure is likely to be catastrophic. On a

typical airplane this structure consists of the fuselage shell (skin,

stringers, and frames), the box beams In the wing and empennage surfaces,

and the attachments of empennage and wing to the fusclage. The fuselage

shell acts as a beam carrying the flight loads imposed by the cabin payload,

as supported and guided by the wings and empennage. The wing and empennage

box beams carry the flight loads to the fuselage as beams to support and

guide tho fuselage through the fuselage attachments. Experience has shown

that the loss of capability of these structures to carry flight loads is

normally catastrophic. The fuselage shell also acts as the cabin pressure

vessel. While loss of pressure containment capability is not usually

catastrophic, massive failures resulting from explosive decompression may

be catastrophic becjuj of loss of vital systen, in the fuselage hell or

because the flight load carrying capability of the fuselage has been

destroyed.



The flight loads produce internal bending, shear, and torsion on the

"wing, empennage, and fuselage beams. A cross section of a typical wing box

bea is shown in Figure 6. Failure of such a chordwise section would be

catastrophic. Typically, the bending loads are carried by the top and

bottom covers (skin, stringers, and spar caps), the shear by the vertical

webs of the spars, and the torsion by the boxes formed by the skins and spar

webs. As bending and torsion are carried by essentially the same structure

and a bending failure will typically occur with less structure failed, the

bending mode of failure could be considered to control. Service and test

failures show that wing bending is by far the most common failure mode. A

pure shear failure under normal flight loads would probably involve all

three of the vertical webs which are physically separated. As defects which

grow fore and aft (i.e., chordwise which is normal to the principal stress)

are the primary concern here, a defect in one spar web would normally have

to grow through an adjacent cover to reach an adjacent spar web. Conse-

quently, a pure shear failure is not too likely.

In view of the above situation, to obtain an element which is not

redundant and is independent, tha element would have to include a chordwise

slice of the complete wing box as shown in Figure 6. This would include

typical failure paths and is necessary for independence because failure in

one part of th, cross section affect.; adjacent members. Fortunately, except

as discussed later, one chordwiso slice of structure is relatively indepen-

dent of defects in adjacent inboard and outbiard slices, and encom. s the

most common wing failure path. However, to ensure that the strength degra-

dation of multiple defects in the clement are additive, the chordwise slice

AB~



Figure 6

Cross Section of Typical Wing Box Beam

(Reference -Boeing 747 Structures Brochure)



0
4 X

cl ui C
MJCL

LLU
CLU

_e <

co 0 U

L LJ
U- c

U)

CL -I

LIt ca co z

LL5
Id) 0~

6*&.. LUz

7:

LU . ,.- l

.



mustbe rather narrow. A review of service and test failures indicates that

a vidth of five inches might be appropriate. Again fortunately, research

wvk has indicated that effects of chordwise defects in any of the chordwise

tlements are additive both from a residual strength and crack growth

atawpctintl.

element defined above is still not satisfactory because it is

not homogenous. Typically, the lower cover is more critical in fatigue

Samthe upper cover or the spar webs and typically the stresses increase

I a&t Qne transverses through the cross section from the front to the rear. A

" v.iw. o. typicaL designs indicates that to obtain homogenity, top and

lbkt om covexs ot thee element defined above should be divided into quarters

4nd etar. spar web- ahauld be treated separately. Thus, the old element

w i4'. le t. in' ePv-eear new elements. The new elements would be redundant,

but under- the concep.t shovn later in the sample logic diaoram, this problem

m]Ld. bhe handled by,- mnsidering all elements of the cross section to be

-- ac~n element s.."'

TJD this point, only chordwise defects in the wing have been con-

%ier.ed. Spanwise, defects, especially cracks, do occur in service but have

lLtle effect: on the uing except on its torsion carrying capability and

appear to be independent of chordwise defects. However, extremely long

d.Dfec.ts at,. ncess.iry to significantly effect the torsional strength.

(Aracks as long as si; to ten feet have been experienced in service without

%Lauronce Snide.r, Franklin L. Reedcr, and illiam Dirkin,

Re'-i'hw,1 S'r-n I i a , Ci -':1 Prti irion T,lt.C on C-1 I) .\irnl in.o Cnter
Wit,"- wil h :,.i"'.. , i, 'i" ' - (Langley, Va.: NationaL
Aeronauticb and Spac,, ,uiLnoLraUton, I)72).



vin failure). Consequently, it may not be necessary to evaluate spanwisc

defects but if it is, spanwise and chordwise defects could be evaluated

independently using corresponding spanwise and chordwise strips of the wing

box. The same approach could be used on the fuselage where bending is the

primary flight load failure mode and is affected primarily by circumferen-

tial defects whereas pressure loads are primarily affected by longitudinal

defects. The above approach assumes that failure in one principal direc-

tion of stress are independent of failures in the other principal direction

of stress and that failures in adjacent parzllel elements are independent.

Sample Logic Diagram

Based on the foregoing discussions, the author developed a sample

logic diagram which is described in detail and shown in Figure 9 in the

Appendix. This diagram illustrates the life of a structural element as it

progresses through development and production phases, enters service, and

repetitively progresses through flight and post-flight phases. The element

either develops defects or not in any one of these phases and the defects

are ei ther catastrophic or not and are either found or not found in post-

flight inspections. The discovery of these defects either results in

modifications of the element and/or inspection program or does not. The

service portion of the logic diagram is repeated until the airplane crashes

or is retired from service.

This element logic diagram could provide the basic building block

for a computer prog;ram for evaluating the effectiveness of .a given in,3puc-

tion program for a fleet of airplanes of a given design which is devolopv.d

I



and operated under a given set of policies. By use of computer simulation

techniques, as shown in the flowchart of Figure 7, each element of each

airplane could be run through the development and production phases of the

diagram as each airplane enters service and then repetitively "flown"

through the service phase of the logic diagram on a flight-by-flight basis

until retirement or failure with the inspection program and/or structure

modified as indicated by the logic diagram after each "element flight" and

each "fleet flight" (i.e., a "fleet flight is completed when all elements

of all airplanes in the service fleet have been "flown" through one flight).

It is anticipated that the computer program would account for the fact that

all airplanes of a given design do not enter service at the same time and

that the entire fleet would be "floin" through the program on a flight-by-

flight basis. That is, no element of any service airplane would embark on

another flight until all elements of all service airplanes had completed

the prcvious fltg-it. Thin approach ha the advantage in that it reflects

reality wherein test and service experience on any airplane affects subse-

quent actions on all production and service airplanes. It is also antici-

pated that to simplify the program, all calendar flight times and fatigue

lives would be expressed in terms of the number of flights that an average

6irplane would havp made during the number of days or flight hours involved.

This is based on the assumption that all airplanes will make the same number

of flight. ,rr hour and per day.

The expected results for a given situation could be obtainJ by re-

peated fleet trials of "flying" a fleet through the program from introduc-

tion of the iesign into service to retirement of all aircraft of the given



I design with the results recorded for each trial and averaged for many

..triols to obtain the expected results.



Figure 7

(3 Sheets)

Computer Simulation Flow Chart
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DEVELOP, -NT OF METHOD FOR SYSTEM COST EVALUATION

Objective and Obstacles

As indicated in the definition of the problem, the ideal structural

inspection program would be a minimum cost program in which all significant

related costs are fully accounted for. Consequently, it is the objective

of the system cost evaluation to identify all significant costs and within
.4

the constraints on the study, to estimate these cost for poss.ible variations

in the system.' The major problem is to realistically estimate the costs

for the system variations. The major obstacles are that a great deal of

data is needed to determine the costs and the system is extremely complex.

Fortunately, the system model described in the preceding chapter and in Lhe

Appendix can provide the necessary cost information as discussed below.

Significant Costs

As previsouly mentioned in the definition of the problem, as the

inspection effort increases, defects are found before they become large

and result in major repairs or accidents. Likewise, if modifications are

incorporated, defcts nre prevented. Further if a full scale'fatigue test

of the entire airplane is performd, hidden defic .encies can be discovered

prior to service, spocial inspections instituted, and modifications incor-

porated to prevent service defects. Consequently, it is apparent that

inspection costs, repair costs, accilent costs, modification costs and full

scale fatlgu, teot costs are significant costs related to the structural

inspection program. Airplane down time costs are also a major cost, having

been estimated to be 39,000 dollars a day for the Boeing 747. However, if



JL

typical maintenance practices aud situations are assumed, down time can bL

accounted for by applying an historical factor to inspection, modification

and repair costs. In the case of planned activity such as inspections, the

down time costs should be prorated between structural inspection and the

other maintenance being concurrently performed.

Estimation of Individual Cost Components

Ingpection and Repair Costs

The model described in the Appendix would accumulate the inspection

and repair (including down: time) costs for each inspection level as part of

the determination in operation DSI6 of whether a modification should be

developed. By totalling these costs, the inspection and the repair costs

can be determined for th- complete life of the structure being evaluated.

The cost input tac the model can be obtained from historical data on past

airplanes by multiplying the total cost for the percent of the total effort

per visisapplicd to strutural i-sPection or repair of a particulnr e1cent.

The'resulting cost shou.lc be corrected to the size of the airplane being

evaluated by the ratio of airplane empty weights. The maintenance costs for

operational airplanes are published periodically in trade magazines such as

"Aviation Week".. Me manhours for first and second level of inspection

(which is the major expense) for the past narrow body jet transports were

given in the section on "Inspection Frequency". Repairs made for defects

found in the first level of inspect.ion may result in flight cancellation and

down time which should be addeJ to the cost of the repair. A review of presnL

jet transport experitnce t indicates that they average 2.6 days aorn tlu per

I
1J. M. WoI.list, "Structural Character of the Jet Age." Proce'dii-s

of the 116 ATA E' ir'- "ilr-nire- rn',,r,nco, Phoni:, Nriz.
(Washing6on, 0. C.: Air Lxaaniport Assuciacion oi America, L'Q ).



year for 2.5 such cancellations. Wolgast's review also indicated that for

a Block Overhaul visit, which is essentially a third level inspection plus

ow-fourth of a fourth level inspectionl , the typical airplane required:

1250 manhours for structural inspection plus

942 dollars for outside services;

1933 manhours for structural repairs plus

1375 dollars for materials for 15Z discrepancies; and

2050 manhours for structural modification plus

1375 dollars for materials.

Wolgast's review also shows that structural maintenance typically

represents eight to ten percent of airline direct maintenance cost and

accounts for twelve to fifteen days of down time per year of which a large

part could be eliminated, if all structuraL maintenance were to be eliminated.

It is believed that with these sources of information available, adequate

timates can be made of structural maintenance costs.

Eodification Costs

The model in the Appendix also estimates the modification cost in

aperation DS16 for each modification developed. This value could be

accumulated to give total modification costs. The input data could be

obtained in the same manne. as for inspection and repair costs except that

the cost of cvsting the no.ification would have to be estimated from

historical data. Tha model covers only fatigue modification costs.

t Ansvitt, "Aircraft Structural Sampling Inspection Programs," p. '.



Corrosion modification costs were not covered as no practical way could be

found to estimate the unmodified corrosion defect occurrence rate. As a

review of reported defects for the Boeing 720 indicates that approximately

25 fatigue defects occur for every corrosion defect, this lack of evaluati..,.

of corrosion modification policies should not be critical. The model also

does not account for costs of modifications developed from thv full scale

fatigue test because different criteria would be used to decide whether

such modifications should be developed. The model simulation would record

such modifications and could be easily changed to account for their costs.

Also the model does not accoint for the lower cost of incorporating modifi-

tattons before rather than after delivery. Military experience indicates

that a production modification costs approximately thirty percent of that

of a modification made after delivery. Such a factor could be applied to

production modifications.

Accident Costs

This study is limited to vital primary metal structure (fuselage

shell, wing and empennage box beams, and fuselage attachments). Accident

mords indicate that failure of such structure is either catastrophic re-

suiting in loss of airplane and occup nts or resulting in a repair propor-

tiQual to the size of the failure. Such failures rarely result in non-fatal

accidents wherein tnh airnlane is further damaged or destroyed. The costs

of non-catastcophic failure s is covered under repair costs. The model

dascrtbeJ in t-U ?endi' ";itl ,:ti-ita tho expected number of cata.ttrophic

failures for thi! tifetLme of a fLeot for a given situation. The acci.knt

cos~t cam be obtained by multCip[yin the valuation of airplane and occupants

!



times this expected number. The value of the airplane can be easily esL.-

mated from original or depreciated cost. The cost of a Boein6 747 is

approximately 20,000,000 dollars1 . The economic value of human life is of

course, a very emotional and controversial subject. However, a study of

the subject 2 suggests a value on the order of 500,000 dollars for an

passenger in 1975 based primarily on present value of expected future

earnings.

Full Scale Fatieue Test Cost

A full scale fatigue test is not always performed, or continued co

its maximum length, in a development program as it is extremely expensive.

(The Boeing 747 fatigue test was estimated to cost 25,000,000 dollars for

60,000 accelerated flights.) Yet the existence and length of the full

scale fatigue test effects structural maintenance costs. The cost of such

a test can be estimated from a report by Harpur and Throughton3 as a func-

tion of size of airplane and length of test.

Costs Not Considered

Neither the costs of corrosion modfications nor the cost of lost

business because of a bad accident record have been considered. The first

cost is not considered to be vital to optimization of structural inspection

and the latter cost is considered to be too nebulous.

1D. L. Grecr ind W. E. Knapton, Co.t ..... , .' p ,,,:jo of l:'¢, , r ti'

Cra-h R. -iqtnt T' T~i w) n r, i -., TI b t rri 'v r: \rc r !t iSI n iC -,
Calif.: Convair .ivLsion or G..neral ,vn.tnrcS, P.,/u).

2Gary Frnin, Economic r-it-rii for F,-dtral A,-iation A:,oncv ENnondi-
tures (Cambridegb, Mass. : Unit.ed Peoseirch Corp., 1 "6).

3N. F. Ilarpur and A. J. Trou,:ht,-n, "The Vai,, of Full Scale Fatiue
Testing," Pro,-,.ii',, (f Tn, rnnt ionsl Cornmi ttoe on Aircraft Fiti -.e, unich,
1q65. (Oxford, England: PorgJinen [lres, Ioj). Fig. 14.
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SIMMARY

Ihis paper presents a plan for FAA development of a method for

establishing aircraft structurdl inspection programs on a rational basis and

a Justification for such development. As a plan must define the tasks

ecessary to achieve the objective, the definition of these tasks has

anturally resulted in a preliminary development of the actual method.

- The motivating force for this development is the belief that present

structural inspection programs, which represent a massive effo-t, are far

frm optimum. To date these programs have been largely developed a judgemen-

tal basis from past e.mterience with no attempt to use existing analytical

techniques and data to estimate whether the resulting safety level would be

adequate. The result has been a trend of ever-decreasing inspection effort.

Service history was reviewed and it was found that seven fatal accidents

Jzzolving transports of U. S. or British design, have occurred in the last

seven years because the inspection did not detect structural defects.

Further, laboratory testing has indicated that structural defects could

initiate and grow to failure within some of the current inspection intervals.

Coiversely, inspection personnel were contacted and their reaction was that

much of the present inspection effort is unnecessary. It was concluded that

FA development of a method for establishing structural inspection programs

an a more rational, scientific basis than presently used might provide real

benefits.



Rational development required a model which would permit an aprio;i

.evaluation of the effectiveness of an inspectlin program. Tle effectiveness

is measured by the degree to which defects, resulting from various hazards,

are detected prior to their causing accidents or major repairs. Recognizin,

the "garbage in, garbage out" problem as a major obstacle, considerable

effort was made, even prior to developing a preliminary model, to assure

that valid data could be obtained from available sources for the input re-

quired by the model.

A preliminary scenario of the model identified the major input data

raquirements as - (1) defect occurrence r"tes for each hazard, (2) strength

degradation rates for fatigue and corrosion defects, and (3) inspecLion

frequency and reliability. A search of the literature and service experience

identified initial fatigue, corrosion, birth defects, and service damages as

the primary hazards which could be minimized by inspection. The available

sources for input data were evaluated. It was concluded that items (I) and

(2) above could be obtained from a review of airline mechanical reliability

reports, the manufacturers design data, and the literature on struct~ire and

that inspection reliability estimates could be obtained from a survey of

maintenance experts.

p

The modeling approach selected was of using computer simulation to

evaluate a relatively complex model covering a major portion of the primary

structure of the airplane and accounting for most of the major varial,les of

service usage and inspection. This approach was selected over using a

j rigorous mathematical analysis to evaluate a simple, idealized model bccause

it was considered to be more realistic and more easily understood by the

layman.



6~7
A great deal of effort was expended in the definition of the planacG

computer simulation by the simulation flow chart of Figure 7 and the log2c

diagram in the Appendix to assure that the simulation would be reasonably

valid and realistic. A procedure for dividing the structure into elements

was outlined. The logic diagram illustrates the life of such an elenICnL ..s

it progresses through developmental and production into service and repet!'

tively through flight and post-flight phases with defects occurring, being

detected or resulting in failure thus causing changes in inspection and/or

structure. The logic diagram and flow chart defining the simulation were

submitted to Control Data Corporation who advised that the approach was

feasible from a computing standpoint and provided a cost estimate for the

simulation.

Rational development of an inspection program also required an

apriori evaluation of the associated inspection, repair, modification, and

accident costs. An approach was outlined for estimating these costs from

the information generated in the computer simulation of the inspection

effectiveness model. Accident costs were based on aircraft losses plus the

estimated future earnings of the occupants. Minimization of the above costs

was selected as the optimization criteria. At this point a major conclusion

of the paper was reached - that a valid rational method of establishing an

airplane structural inspection program was feasible.

To determine whether F.AA development of the rational method was

desirable, estimates were made of the benefits and of the costs of develo.p-

ment and application. The cost of development and aplicacion to a hypoche-

iUcal fleet was estimated to be $316,000. The benefita were predicted from



the changes in the present accident rates and inspection intervals indic'.C.;

by previous studies of the problem primarily by EgWertzI. The net benefit,

after deduction of increased inspection costs, was estimated to be equiva~l:.

to $20,000,000 for the hypothetical fleet. This resulted in the second -aj.-

conclusion of the paper - that development and application of the rationa,

method would pay for itself many times over and therefore FAA development

was desirable.

The tasks, schedules, and required manpower were then defined for

FAM development of the rational method and the demonstration to industry.

It was concluded that outside assistance would be necessary to develop an.

run the computer simulation and that presentations of the results at malzr

technical and trade meetings would provide an appropriate demonstration.

1Eggwerts, Study of Insoection Intervals for Fail-Safe Structures.



APPENDIX

LOGIC DTAGRAM AND SYMBOLOGY

The logic diagram outlined in the body of this study is further

defined in this Appendix by showing the diagram in more detail in Figure 9

and by describing the functional relationships and their basis.

As original symbology was used in the logic diagram, it will be

described. Each horizontal line segment between intersections with circles

and/or vertical lines,, indicates a state, a range of states or an event. A

chain of these horizontal line segments gives the life history of a given

element in a given airplane.. Each circle indicates a functional relation-

ship which determines what event or state will follow. The letters in the

circle indicates the type of function as follows:

First Letter -

C - indicates that a simple constant, which does not change

throughcut the 3-uilatian, is applied.

D - tndl,:,t t.aL :ur,_,tinal ruljtionship is deterministic.

P - inuicate3 titt finzctual relationship is probdbil~i;tic.

Second Lttvr -

D - indicatt Lh ir fiun, Linal rlatiorhLip is deped:nid1t only on

information g.-ni2atcd in the developmental or production

phases.

jS - indicates thiat funtional relation-,hip is dependunt on

inforwation ,enIr d, tho _crvice philo.



The numbers in the circles identify the particular furccional reb -

tionship. -The vertical lines indicate that the logic diagram chat follows

applies to each of the states or events whose horizontal line is fntersected.

2he arrows indicate that the state or event which it points to, automaticazj

follows..

It is suggested that the multiple sheets of the logic diagram be

Kemoved from the report and taped together to make the diagram easier to

LQo.I Q..

Functional Relationshis

7hafunctional relatiunships identified on sample logic diagrams are

dkftnad. im the folLawing paragraphs which are identified by the functional

tationship symbol.. The:X symbols and associated numbers ident'fy

vuriabtea which. may- change during simulation of a given situatorr..

M -t 'MTm Prpdicated- average fatigue life of element by analysias"" s a con-

stwt number o average flights which can be obtained from x. surmmary of

ta .tSiue anarysist for the pertinent area of structure.. E must be

omrimted for- the- size effect involved in going from the test: specimerr

whiah the analysis is based to a structure the size of- the. elemenJ " .

This orrection. is. based on the concept that the probability of a

fAttgue crack not initiating in a large structure is equal to the

tSuch. as given in Boeing Co. brochure, Bocing 747 r.-Ititoe Tntorerj

rotram, - Document N;o. D6 - 13050-773 (Seattle, Wash.: Boeing Co., 1d,,70).

Zikorsky Aircraft, Fitigue Properties And Analysis, p. 36..



pzod=t of the probabilities of each part not initiating a crack. 6a

this basis, the probability of failure of a structure four times chQ

size of another structure is approximately four times greater, all

other things being equal. With the relative probabilities Hown, the

atm=rticoa may be made by obtaining a fatigue life distribution

(tically log-rormal)l and a standard deviation from the literature

SA inxterjecting the relative failure probabilities.

1DI A-A fatigae analysis is notoriously inaccurate, the actual average

Latiguut life, of elements of a given design (X2) will usually be differ-

nt tlhan predicted by analysis. The probability of the actual life

h a given percentage greater or less than predicted could be ob-

klIned frort a British study of the subject 2 . By plotting this proba-

b Jiti as. a cumulative frequency curve and by use of Monte Carlo

wwpu± zechniques3 the percentage correction factor (Xl) can be

atmhIished for a given fleet trial. The value of Xl would change

vith eacJ! fleet trial but would have to be calculated only once for

ft st element to enter service on each fleet trial and then only

on= for a l elements (reeardless of location in the airplane) of the

um design with the samo general loading. The same cumulative

tzveien Yc- curve can be used for all clement design.

E. Di-t-r and R. F. M,?hl, T'v.-ti • iti ni of th,, qr itI' 1La 1 •.,r
oyf thv2 Fai- L. C. N ,ia

Advisory Cv. ox ~v.4~)

2 aajitlir", A r i- rio 0? Pr-cc-!-rjj It.'~ Fit i.eT lve-

41aurice .- ;ieni, Arthur Yas;p in, and Lauronce Friedmin, O.,r, ,tr _
Rese~irch - "-i,;' (:.2w York: John ',ih, y & Sohz;, Inc., '),

IA.



DSl - This functional relationship is a simple variable (X3) which indicates

for a given fleet trial whether any previous decision has been made to

develop a fatigue modification for a given element design in a given

airplane location. The logic diagram assumes that if a previous servi,

fatigue failure has instigated a design modification, a fatigue test

failure will not instigate an additional modification.

DDl - This function for determining whether the airplane fatigue test has

exceeded the average design fatigue life of an element before a given

element enters service is a direct arithmetic relationship to:

(X4) the production number of the airplane being evaluated (entering

service).

(C2) the number oi airplanes produced per unit of time.

(M5) the time since first airplane entered service.

(X6) the time between (plus or minus) first airplane delivery and start

of the fatigue test (would be infinite if never started).

(C3) the number of accelerated flights on fatigue test per unit of time.

(C4) the acceleration factor on fatigue test.

(X2) the actual average fatigue life of element design; and

(C5) maximum number of accelerated flights to be imposed in fatigue

test.

The logic diairim assumus that a fatigue test failure of the element

will occur when the number of simulated flights on the fatiguc test

times C4 exceeds X2. It is alsc assumed that production test rates are

constant,

i
'-,



DD2 - It is assumed that decision whether or not to install a modificatio. o.

a given element in a given location will depend only on whether the

average fatigue life of the unmodified design (X2), as reClected by tht

test failure, exceeds a pre-selected level (C6).

DD3 - This functional relationship reflects the policy assumed for the 'j."fn

situation. Experience on the Boeing 747 indicates1 that the policl

be adequately defined by the percentage (C7) of test failure life C"2

at which increased inspections become effective and by the factor (C6}

by which the close external inspection frequency is increased and by

the factor (C9) by which the sample size of internal inspections would

be increased.

ClO - This is a constant which reflects the policy assumed on whether or not

modifications are to be tested before installation. The logic diagram

assumes that it tescea, clle mitication wi.i have a louger luau L±Lt.%

but the average modified fatigue life (X7) will be the same as predict.-

for the original design. Eowever, if not tested, there is a possibility

rof the fatigue life being different than prLdicted.

DS2 - Whether modification is available for production incorporation is a

direct arithmetic function of:

(X8) the time betwecn fir.r. tiirplane delivery and the decision to

develop modification;

(Cll) the lead tine to produc,_- rodification3;

iBoelng Co., 747 rucr~r Tnj tctionPro0.rim Rev icn, F -3
(Seattle, ash.: Boein6 o., 19d%).



(C12) the lead time to incorporate modification in production; and

(X4) and (C2) which, can be used to determine rime betweet, delivery )L

this airplane and the first airplane delivered.

The logic diagram assumes chat if a modification has be': .- lop,

a given element and it is available for production incor,.ration 10

delivery, it will be installed. It also assumos that .-Aificati

not available at the time the aucision is made to develop a modifi

DD4 - The inspection coverage of each cLnent will 'e defined when the first

airplane of a given design enters s,- rvice anA wout. not have to bt

re-defined for any subsequeat s'2ulations. It may bt, de--rable to

perform DD4 through C17 manually for each evia.eaL prior to comput:r

simulation.

C13 thru C 17 - These are ....-- ' =tr,,t,,r.1 iemenL and

inspection covecage as indicatvd and can ic obtainud from ingpection

criticality analysi.& (See Fireur I). Tne inspection covezage indlcatud

byv the logic diagrac. is ba.cd on prcvious discus. ions in the body of

this report under "Inipccti, Frt-lp.ncy" and "Insfpection Reizaolity".

The logic dj gram aLues thaAt the. is no ig;,.i i,.t chance of

detecting dfcts in in,;puctioa w 1ich do rt covc '.. , -a,

fatigiu Ji,

PD2 - The servict, 1Vadin; envLr,m)iviIn varies ccu;.id,.rably b.twc,,n irdj.LVdual

airplantic. The purj..i:e of thi 'inct , rcLatior.ip -. o , tabli- h

iAndrja ' . , V i ''u ' j ti "; :: ri' -, P. 2.



a correction factor (X9) to multiply times the actual average fatig.

life (X2 or X7) for a mean load environment to obtain the actual

average fatigue life of the element for the loading environment of a

given airplane. By assuming a distribution for the variation of t>

rate of flight load occurrence between airplanes (typically log-I,. ,a

and a standard deviation for the distribution, the ratio of the rate ,f

load occurrence to the mean can be obtained for an individual airpiaa.

by the previously discussed Monte Carlo methods. The inverse of thi:

ratio to the mean will equal X9. A separate correction factor (XlO)

would have to be obtained by similar means for elemcnts loaded by cabin

pressure loads. It should be noted that the average fatigue life for

an individual element with the latest modification (X7) and the average

fatigue life for an individual element with the previous (or no) modifl-

cation (X2) varies as the element goes through its life, experiences a

loadenviion~cenz differe-nt froM Lh ; LL,-i, ;riv : !-u=i4n 2ani'1-

service damage, corrodes, is repaired and sc on.

DD5 - The predicted crack growth rate for the type of construction and

material and a test loading environment can be obtained from manufac-

turers test data (such as shown in Figure 3) as discussed under "ate

of Strength Degradation Due to Fatigue". It is anticipaLvd that tni:

variable rate can be approximated by two constant rates, one rvprL-..n-

ing the earlier slower crack growth period (C18) and a higher rat..

(C19) starting when the crack reaches the critical crack length (C20).

iDieter, 1nvv,;tiv-ition of the Stris~ical Nature of Fatigue of Nta]-.

.



DD6 - The predicted fatigue crack growth rate for the element c ,a be -b,'-

by multiplying the crack growth rates of DD5 by cork -,.Lill f',:.

account for differences between the load environment v.L thlci p-:rtiuIar

element in the particular airplane and the test and for differences

between the corrosive environment of the test and thu element "n L.--

airplane. The correction factor for the load enviror'1 nt would be ti-

inverse of the product of X9 or X1O and the ratio (XII) of the tes

rate of load occurrence to the mean service rate of load occurr:., • cr

a given element. The severity of the corrosion environment of tat

element in the airplane is defined the corrosion raLing factoz in the

manufacturer's Inspection Criticality Analysis Figure 1. The culciply-

ing factor (C21) by which the corrosive environment (represented by the

rating) accelerates fatigue crack grou'th can be obtained from eneraliz-d

fatigue tests under such environmentl . The critical crack length (C20)

of bD5 shuuld Lje expra~sad in, tErms of reaeot L.2

cent of design limit load) that would be caused by a crack of that

length in the section defined by the element and "adjacent" ele..nts.

To be most useful the crack growth rates should also he in thesZe terms.

DD7 - The corrosion degradation rate, as previously discu!..,:d under thi.s

general heading, could be obtained from well docurI..:'ILL. Cases of corro-

sion in service and expressed as straight line function3 of the

corrosion resistance rating of the element (C22) anAl te timc to iL-

tiate corrosion (X12). The generalized degradation ' !e should be

expressed in terms of cross sectional area loqt per P Thik

1J. Schij,,e, -2imuiat_ P h : Pr kr _ r_ A iror ._ "? f ! -_t , .
Materials (,tt~la;, Holland: .ationaL Aeruspu.c LaboLatcJ', 1'vOu), ,,. 1.1/
25.



functional relationship could hold for all elements in th. :nrplane .

with it the corrosion degradation rate established for thc vt. i.nt

function of time to initiate corrosion.

DD8 - This function changes the corrosion degradation rate functin of DD

a strength degradation rate by multiplying the rate by a factor rear,-

senting the strength (in per cent of design limit load) lost in the

section (defined by the element and "adjacent" elements) pcr unit of

cross sectional area lost. This function can be defined as a strziia.,t

line function of X12 by slope (C23) and intercept (C24).

PD3 - The probability that an element will enter service with a prod,3ction

defect involves an "either or" or binomial probability distribution.

The probability of there being a defect (C25) in a given el.ment can be

obtained from the "Birth Defect Occurrence Rate" which can b- obtained

from service experience as discussed under that heading. Tit; outcome

for a given element on a given airplane in a given computer trial can i

be determined by Monte Carlo techniques as discussed under PD1.

DD9 - This functional relationship involves reducing the average fatigue life

of an elemeny with a production defect by a constant factor (C26). Thi:

factor, as discussed under "Birth Defect Occurrence Rate" could be ob-

tained by reviewing service experience to identify the mo. prevalent

type of birth defect and th n reviewing fatigue test litVr.4tur to de-

termine what is the effect -in fatigue life. It 1: .ItcinLII.O thnt the

se factor would apply to all elements In the airplane udv ... rervico

experience indicated that some other type of damage was most prevalent

in a particular typu of structure.



DDIO - This function for determining whether a given airplane enters service

is a direct relationship to (X4) the production number of the airplane,

(C2) the production rate and (X5) the time since the first airplane

entered service.

DS3 - This functional relationship is a simple variable (X12) which indicatL.

whether a corrosion defect has previously occurred in the element and

the flight time on the airplane when the defect initiated and whether ic

was initially internal or external.

PD4 - This is a probabilistic function which is based on an exponential

probability density function. As previously discussed, the Monte Carlo

methods can be used to determine whether a corrosion defect occurs in

the element on a given flight. The rate of occurrence (X13) can be

obtained from service experience as discussed under "Input Data" and is

anticipated to increase lineirily with time since first airplane

delivery (X5)

PD5 - This is a probabilistic function which is based on an "either, or"

binomial probability density function, with Monte Carlo =ethods used to

determine whether corrosion initiates in a stress concentration given

that corrosion is initiated on a given flight. The probability of

corrosion occurKing in a stress concentration (C27) could be obtained

by analysis of service corrosion cases for the type of structure

involved. The type of structure could be categorizcd by tne corros~in

resistance rating.



DD1l and DD12 - In these operations, the actual average fatigue life of c.i

element (X2 or X7 as applicable) is reduced by multiplying factors (C.

and (C29) for corrosion in a stress concentration and not in a stress

concentration respectively. This reduction factor can b, obtained

generalized fatigue tests under corrosive conditions. Such test..-

indicate that i life reduction factor on the order of .15 to .25 fol

C28 and .50 for C29 might be appropriate.

PD6 - This is the same type of functional relationship as PD5 but involves t.he

conditional, probability of corrosion initiating in an external part

(C30) given that corrosion is initiated on a given flight. This proba-

bility can also be obtained from service experience for the type and

location of structure involved. If corrosion has previously occurred,

this outcome was previously determined.

DS4 - In this operation, the previous strength reduction of the section (X14)

due to this defect is increased by the strength degradation due to

corrosion in one flight which is determined by entering X12 (the time

for corrosion to initiate in the element) into the degradation function

determined in DDS. The present strength of the section (X15) aio

reduced by 01e amount corrosion grew in the flight. X15 uas originally

lNaval ttir En,.ineering Center, Corrorion ind Fnti-ue fv-uritin ,of 1'1"

2 po.setfeld, Fff _s nf r,-rr,'-L'n on Fitt.tue Life.

3Leybold, In.ustigation of the Eff t, of Ati~cqpheric (rr, -)r.

yI



the viroin strength of the section k,:31). it should be L. that -

has been reduced by previcus defecU; in the elements and .-i other

elements in the section. The logic dlagram assumes thaL t.;y one corr4-

sion defect will be present in the section at a time.

DS5 - Whether internal corrosion become: external depends on wl,,th Xl'

exceeds a previous selected level (C32) which is based on the amount

material that must be eaten away for corrosion to become external.

PD7 - This functional relationship is the same as PD4 except it applies Lo

service damage in lieu of corrosion and che rate of occurrence (C33) is

a constant which can be obtained from service experience. The logic

diagram assumes that the only affect a service damage or production de-

fect has is to reduce fatig~e life.

DD13 - In this operation, the actual average fatigue life of the elem.ent (X2

or X7 as applicable) is reduced by a multiplying factor (C24) which can

be obtained from the results of generalized fatigue tests uith and with-

out typical service defects.

DS6 - This functional relationship involves evaluating a simple variable (X15)

which indicaLes whether a fat..igue crack has previously occurred in the

element, the flight ti7v on the airplane when the defect Initiated and

whether th,. it-'cct w.i niti lilv InternAl or external. Additional

variable.; C-:i6 hrtjui XU) :.,uI.! be provided for the stLuation when

Multiple f[JLliUL cracks occurt.d In a -ven element.



DS7 - This function involves further evaluation of X16 through X19 to dete,-

mineowhether crack- are internal or external.

D68 - In this opL ratior, the previous strength reductions (X20 through X22)

due to cracks (Xii< through X19) are increased to the crack growth in

one flight. The crack growth rate (expressed in rate of strength

reduction) is obtained from DD6 by determining whether the crack

length (X20 through X22) exceeds the critical length (C21) above which

the high crack growth rate applies.

DS9 - This operation is the same as DS5 except it is applied to defects X20

through X22 where applicable.

Pi8 - This is a probabilistic function which is based on a log-normal

probability density functic whose variable is element fatigue life

viti a mean equal to the actual average fatigue life (X2 or X7 is

appliclable) and whose standard deviation (C35) from literature ts on

the order of .151. The probability of a classical fatigue crack

occurring on a given flight is equal to the probability of the elemtnt

having a fatigue life equal to th, number of flights accumulated 4t

the time of the given flight. This probabhlity can be obtained fic:n.

the probability density function. The .-ccuraulateU Liu,beL of f[Ig, Lb

can be obtained from (X5) the time since first airplane delivery, (X;

the product:' n nunber oi the airplane being evaluated, and ("2) thy

nonber of a rplanc'- L'in. produced per unit t iue. '.ith the ahove

g -



probability determined for a given flight, the outcome for that fli,:L

can be determined by inserting this probability into a binomial diszri-

bution and evaluating by Monte Carlo techniques. The logic diagram

assumes that there is a possibility of a classical fatigue crack occ,,

ring in an element on every flight even though one has previousl)

occurred.

PD9 - This is the same type of functional relationship as PD6 except it in-

volves fatigue cracking instead of corrosion and has a different

conditional probability (C36).

PD10- This functional relationship is the same as PD4 except it applies to

non-classical fatigue cracks in lieu of corrosion and has a different

rate of occurrence (X23).

DS-10 - This operation is a simple determination of whether X12, or X16

through X19 indicate the presence of a detectable corrosion or fatigue

defect. The logic diagram does not provide for evaluation of the

probability of structural failure with no defect present. Production

defects and service damage defetcts zre assumed to be initially unimpor-

tant from a strcngth reduction stanJpoint.

PDII - Th±ia func ion tr.voLvos a or.bb Hi tic detnnination of tiv. j.-,-

I:hhf I~o ol uh n c.abin , -nerinced by the k', plane in 4 -1v- n

flt;Qid t~ z ultUh (X15) the scruntl oi t.h

sectiori to, t- t.A-'r i i1ire occurs. The citnulati,'e U£iVu-

tion funct1-,n ,-'1 Pr pob Lt V :. of various ma.ir'un I"oid lervelI- can

be expresies 'y a u for iliht loads and a curve for cabin

C'It I



pressure loads. As discussed under "Rate of Load Occurrcnce" these

curves can be obtained from research literature. The maximum fli.::.

and pressure load for a given airplane on a given flight can be ob-

tained by Monte Carlo methods from the cumulative distribution funct:'..

This determination would have to be made only once for each airp!..

for each flight.

PD12 - This functional relationship involves the conditional probability of

the failure either being catastrophic or not given that a failure o"

the section occurs. The conditional probability of catastrophy for

massive failures of flight (C37) and pressure structure (C38) can be

obtained from past experience. The outcome for a particular failure

can be obtained by Monte Carlo Methods by using these constants in a

binomial distribution. These constants would hold for all elements.

DS11 - This operation is a simple determination ot whether (X7) indicates

that the element has been previously modified.

DS12 - Whether an inspection is scheduled or not is a direct function of

whether (X5) the time since first airplane delivery is a multiple of

(C39) the first level inspection internal (cursory walk around) and

whether (X24) indicates that an immediate inspection of this element

was specified as a result of discovery of a defect on the previous

flight.

DS13 - Whether the inspection covers the defect area is a function of whethur

the defect is now external or internal and whoether the level of

inspection scheduled covers the element and the defect location. The

riot.



level of inspection scheduled chIn be determincd from (Xx..., (X4) L.

production number of the airplane., (XS) time since fir:., airplane

delivery, and the inspection intervals for the variou; I. .Is of in.,-..-

tion in terms of multiples of (C39) - (C40, second level - area

inspection), (C41, third level or close external inspecti ,a), (L

fourth level or internal inspection) and (C41, fourth ; .el Inspe- .i

sample).

PSI - Whether a defect is found by the inspectiwn which covors the Jic::..

area involves probabilistic "either, or" b.nomial function, frcu whict;

the outcome for a given defect and a given inspection ca.- be deter-

mined by Monte Carlo methods if the probability of de-c.c:ion is known.

The probability of detection is considered to be a function of the

level of inspection, the type of defect (fatigue crack or corrosion),

the. size of defect (X14, X20 through X22) the general type -f structure.

(wing, fuselage, or fittings), and whether defect would involve fuel

leak (C14). It is anticipated, as discussed under "Inspccticn Reli-

ability," that discrete values of probability of detection wouio be

obtained through a survey of maintenance experts for discrete SlLuatLi

defined by the above variables. The logic diagram assumes that procuc-

tion defects and service damage are never found unilse., thcy have

initiated with fatigue cric's and that when such cracks are ,eu:i, they

are repaired prior to furti.r itight wIth Lhe repair rorexoving all

effects of the prosu,-t on .:ft't or .Servico damagc. It also iss.tve,.

that repairs restore errfmnnt (-.xcpt for other defeet:i pr%.svnt) to thi.,

.3



QrLginal predicted life an. rcmovu the. Ltrngth de.gradat .-n An the

sectioin due to the defect t11t was repaired. It i N .ed the rV

VaIrs are not fatigue tested.

DS14 - Whether a special imidiate fleet inspection of the g,.., oiee. i.

specified as a result of finding a defect depends on whettea :,.

defect indicates that it is too hazardous to depend on bcheduled

inspections. A large defect indicates that the inspectivn syste= i

not effective and a defect with an insp-cion interval iarge "wI

rwpect to strength degradation rate, also in.dic'aes a hazardous

situation. Consequently, criteria for specifying an izm-ediate inspec-

ion. can be expressed in terms limits of strength reduction (C"4) for

initial defects and ratio of inspection interval (lowest effective

Level.) to crack growth (C46) or strength reduction (C45) for subsequer.t

dt-. ects not found in special inspections. With the above constants

ap .ying to structure supportinn flight loads additioral constants are

nueded for cabin pressure loaded structure (C47), (C48), (C49). These-

cnstants would apply to all elements in all airplanes in a given

e£mulation. The strength Ja-radation rate :,o,,lo be based on (CIS),

(.Z9) and the infor.at.on u.:d in DD7 and the inspection inter.fi

w4uLd be the loi:esC Ievei of close inspection of :, z,2fcCL area.

DDLS - t1ether the frequency of the lowest level of close inspection of the

eletment i% Lncreased as -i result of finding a defect depends on

whether the probability of ,.1etection needs to be increased to pro;vidc

adequate safety. Such an incrca.se is indicated Oien large and/or



numerous defects have been found in a given configuration of the

elcment with a defect is long with respect to the rate of strength

degradatiou. Consequently, criteria could be specified as requiring

ai increase in the close inspection frequency of element by a multi-

plying factor (C50) (or some portion of the strength degradation U:-w)

when:

1. The strength reduction of the defect found excteds (C51), or

1'. The strength reduction of the defect found exceels (C52) ., :.

the ratio of the lowest level close inspection interval to

the strength degradation rate exceeds (53), or

3. Th defect is found in a special immediate inspection and

the ratio of the lowest level close inspection interval to

atrength degradation fate exceeds (C53), or

4. The- cumulative scrength degradation of defects found (includ-

k g failures) in a giveT element (X25) of one configuration

1.aZL a irplanes exceeds (C54).

The above constants apply to structure supporting flight loads, addi-

ttcnal constants (C53), (C56), (C57) and (C58) are needed for cabin

pressure loaded. structure. The inspection program changes of DDI5

anc. DDI4 appLy to external inspections if the defect extends to .-xter-

nal areas, othervise they apply ro internal inspvctton". Sc"-.. ,l ,-,:.

or the num,i,!r of minimm ti., between inspection frequency c1,nn:0s to

prevent e::ct;:; v, chang.'s.

TIM6 - Whether a ducision is wide to develop a retrofit fatigue modification

for delivered nLrplnnes as a result of finding a service atL.vte

enr



defect depends on whether the cost of repair per flight plus the co.A

Qf added inspections per flight exceeds the cost of modification p.r

flight.. The cost of repairs per airplane flight can be estimated by

accumulating the cost of repairs for each type of defect (fatigue

OM6) or corrosion (X27)) and dividing by the accumulated number of

fligh.ts.. The cost of each repair could be estimated from the weight

or-volume of material added by multiplying cost per volume (C59) tiit.s

the Length, width and thickness of repair. The dimensions of the

xep4atr would be a function of average thickness of the element (C60),

the reduction of strength due to the defect (X14 or X16 thruugh X19),

whethe the reduction in strength exceeds some value (C61) which would

ueCLuixe. cociplete r-placement for heavy structures. The actual cost of

mepai' would have to be multiplied by a downtime factor (C62) and a

£actar (,C63) which xJould be the airline's acknowledgement that defects

mrf. t.ti-e .ccidents. This later fctn ::o,.id " cd ... ..

whether to develop a modification and would not be included in accumu-

lta&teid' repair costs. (C59) could be initially based on production

oexpetence but should be normalized so that simulation of a typical

a tuation will result in average cost per repair that agrees with

mrv.tce experience.

The. cost per element inspection for each level of inspection can be

estimited by dividing the cost of inspecting the entire airplane (in-

ajouding dom time) among the elements, then the cost for each level of

inspection can be accumulated (X28, first level), (X29, second lv,,l),

.0,. third level), (X31, fourth level) and (X32, special inspections).

0



The cost of the added inspections per ailplane flight c-i, be deter-

mined by muLtiplying the cost ;.r ele:i;cnt inspection (C64) ur (C65)

(for the third or fourth level inspection involved) time., (X33) or

(X34) the accumulated inspection frequency increascs dut. Lo applici:

of (C50) to third or f'urth level inspections. Divihii.g this .

by the present inspcction interval would give added costL per airpi;,..

flight. The logic diagram assumes that modification will reduce

inspection frequency to original values. The cost of each ui'A:_i

could be estimated on the same basis as repairs (cost per volume of

material added). The volume added for a typical case could be ex~e .

in terms of percent (C66) of material in the element. The product of

(C59, cost per volume) (C60, average thickness) (C67 width of clement),

(C62, downtime factor) and (C66) would give the cost per modification.

This value plus the prorated tesL: cost divided by the average number

of flights remaining before retirement would give the modification

cost per flight. The average number of flights remaining would be a

function of (C68) number of airplanes in the fleet, (C69) the airplane

service life, modification lead time (CII plus one-half of the inspec-

tion interval of the level of inspection at which medification is

incorporated).

The logte !ii,-ranm assumes thait modii cations are not made for coxro-

sion defvcc3. This is not unr,,alistic as the corrosion detect occur-

rctwe r.te i;a bn-jcd on service u:perience which includes th,' eifct

of a typical mudification program.

#C



D617 - Whether the modification is available for incorporation is a direct

function of (X8) tue time between first airplane delivery and the de-

cision to develop the modification, (Ctl) the lead time to produce

the modification and the time since decision to develop the modifica-

tion (function of X4 and C2).

D618 - Whether the modification is installed or not depends on whether the

level of inspection being made equals or exceeds the lowest inspection

level at which modifications are planned (C70) and whether the fii, 1

time on the airplane exceeds the (C71) percentage of the lowest flliht

time at which a fatigue defect found in test or service (X35).

DS19 - Same as DSI except it applies to additional fatigue modification.

DS20 - It is assumed that.no additional modifications are developed until

the previous modification is installed on 311 aircraft.

DS21, DS22, DS23- ame as DS16 through DS18 except they apply to additional

modifications

-J



Figure 9

(13 Sheets)

Sample Logic Diagram
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