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This paper presents a plan for FAA development of a method to establish : :
aircraft structural inspection programs on a more rational scientific basis. |
The structure of a commercial air transport is inspected periodically to
detect defects or damage before such deficiencies become haze rdous and
preferably before extensive repair is required. WVhile the airli.ie safety record
is considered good and has been improving, there have still bevn accidents
and incidents in recent years as a result of failures from def~cts which were
not detected. Hazards or failure causes for this paper are c.ussified as ¢
fatigue and corrosion; birth defects as production or design detects; and ser-
vice operational or maintenance damage.

Rational development requires a model which would permit a priori evalua-
tion of the effectivencss of an inspection program.
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The modeling approach

-selected uses computer simulation to evaluate a relatively complex model
covering a major portion of the primary structure of the airplane and account-
ing for most of the major variables of service usage and inspection. Estimates
of the benefits and cost of development show cost of development and application
to a hypothetical fleet to be $316, 000. Benefits were predicted as changes in the
present accident rates and inspection intervals.
of increased inspection costs are estimated to be equivalent to $20, 060, 000 for

Tasks, schedules, and reouired manpower are defined,

The net benefits after deduction

[7. Key Words

Inspection; Fatigue,

Structural analysis; Airworthiness;
Simulation; Computers; Accident
prevention; Design criteria; Models;

19, Sevunty Class A, (of hs tegert)

IInclassified

e et - s, gt tmn 4 W e . A . O ot ]

Form DOY F i700.7 271

20, Secunty Clasyitf, (o) thiy poje

Unclassificed

Repeoduciion of completed page vuthortend

- T A—— A - n it 1R =

18, Distnbution Stotement

Availability is unlimited. Document may 3
be released to the National Technical
Information Service, Springfield, Vir-
giniz 224151, for sale to the publie,

Tt *r'lo Ne. of Pogas T Fhee T

| <

1 e

e e s A N el A iekian

e




La

Dt

*
P——
-

BACKGROUND AMD DEFINITION OF PROBLEM

The structure of a commercial air truhsport is inspected periodi-

N

cally to detect defects or dumage before such deficiencies become hazardous

and preferably before extemsive repair is required, The Federal Aviation )
Adiinistration (FAA) requires that the inspection be performed in accordance

with an acceptable program. Initially, this inspection program is usuaily
developed by the manufacturer and submitted by the airline to the FAA for

method of inspection. The initial program 15 invariably mocdificd as service
cxperiené? is accumulated, The inspectioa is intensified in areas where

acceptance and will specify the areas tc be inspected and the frequency and
scrvice preblems occur and is reiaxed where mone occur. ‘

Tae airline airfrume maintenance program is a massive and expensive
. 1

program. Typically, the airlines will spend as much on airframe maintenaace 3

during the Z0 year life of the airplane as the airplane initially cosel, i
This means that for the U, S. airline fleet of 2 to 3,000 aircraic, costing
on the order of $3,000,00) cach, that $500,000,000 is beiny sp.nt sach year

¢
‘v

on airframe aintonance, »uclusive of downtime costs., 1t is therefore

lagae Cpera 1ng Data - 8-707 and B-727," Air Transport ‘>rld,
September, 1Y9u), pp. 31-32.
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important that this program be optimized. The FAA policy statement! and
prevailing industry opinion would indicate that an "optimum" program would
be a minimum cost program in which accident and repair costs are fully
accounted for. In gencral, 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 dre not optimum.

While the airiine safety record is considered gocd and has been
improving, there have still been accidents and incidents in recent years as
a result of failures from defects which were not detectedz. 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

npnethivd,

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

condition.

1U. S. Departsent of Transportation, Fedoral Aviation Meinistration,

Policy gt - o v e, 7 sl et ot e Cedar OGO, L (19D)

pp. 7-1o.

2Great Brituin, Clivil Aviation ‘athority, 'Hrld Airlire Accid nt
Surmary, (Cheltepham: Technical Publicaiions fepirtment), p. AF2.
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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 and 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 iecca. They had aboard their own animal

sacrifices whose wastes enroute contributed to the corrosion.
/ \

‘.

The above accidents and incidents indicate the potential benefits
frem reiiable dalact detection. Detection reliability is dependent upon:
(1) the inspectability of the structure; (2) the frequency of inspection;
(3) the »ficctiveness af the ipspection method; and (4) the comprehensive-
ness of the inspvction prozram.  This pap:r will deal only with the inspec-

tion program and not the desipgn of the airplane. Consequently, the tirst

factor will not be considered directly.

U
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While the above may seem to indicate the neced for more inspection,
it 1is the prevailing opinion of the operating personnel who are in charge
of structural inspection that much inspection is unnecessaryl. This opinion
i8 apparently the result of many inspections in which no damage or only
ninor damage was found. Probably as a resul” of this view and with little
other substantiating basis, inspection intervals have been steadily
lengthening and the inspection sawple has been decreasing over the years.
For example, the overhaul interval for a mature DC-6 was approximately 6,000
hours with a 1007 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 desl!gn features were thoroughly reviewed, much available information on

the #28 nst ou wrthe~, available mathematrical techniaues for

¥ . b, -
AUV wUL .

\n

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 experionce it is known that a defect can develop and progress to

failure in less than the typical iunspection periodz; (2) the frequency of

lolarence A. Beale, Principal Federal Aviation Administration Inspec-
tor for Delta Alrlines, Personal Communication.

ZNQmorandum trom Chizt of Engineering and Manufacturing Division to
Chief of Miint-n.unce Divis ion on the subject of Structural Maintenince Pro-
grams, Federal Aviition Awninistration, Washingscon, B. C., b October 1959,

P
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inspection is decreasing on new modeis while at the same time the structure

is being "optimized'" by eliminating areas of extra strength,
g g

The above symptoms indicate a gap between the present and "optimum"
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 1s that no one knows how, at
least on a practical basis. Further, many of the people invelved 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
of the accideni c¢osis. Consequently, the Task vl develupllly aud prowoeting
the broad approach falls primarily on FAA engineering, and this paper will

address the problem from this latter viewpsoint,
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DEVELQLUENT OF MLilioD FOR EVALUATING
IMSPECTION PROGR EFFECTIVIUESS

Objectives and Obstacles

—— e S

The effectiveness of a structural inspection program i judpod by

the degrue to vhich it fulfills its purpose, which is to prev.nt azcidents

and rajor structural repairs. (The cost of conducting the inspectiun

C A e G 2

dea

program is a senarate congideration). Thus, the effectiveness of the in-

A aridihsr

v

spection progrem can be quantified by estimating the probability of

In the past there has been no

major struqtural repalrs under the program.
. ) . !
arieupic Lu mes ualuil wslimceed UL SULL PLUDALILIILIED.  LUdsunduittly , g H
effectiveness of tne inspecticn programs could ba evaluatcl cnly a2fter the }

fact. The rationzl method of estimating these probabtilitics weu'ld h2 to

r E
/i!
build a model of the system and operate the model using apprepriaso input i
[}
}
data on the ciztlase anl wnspectien presram. The objeetive of this fame oo i
i
the prof zo vlll Voo woae verlistic ostimates o the ool olllite !
wwooa W Lert cnlu Lion of the dspection protom. :
)
]

thu- p Lo o .
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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 nceded to define the

a2irplane and the inspection program adequately.

2. The '"real" system is extremely complex and this makes it

difficult to build a realistic model for the genecral case.

Possible wvays of overcoming these obstacles are discussed in the

following pages.

Jnput Data

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

e

simple terms is:

A detectable defect occurs thereby degrading structural str agth;
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 lead from proceanres established for reliabilitv analvsis
of electronics uy;Lrnsl, it would appear that the saeneral procedure (or
solving this problia woutd Lo as follows:

1. Divide structure into elements.

2. Determine failure (defoct) rates for each slement for ecach

hazard,

Wrine ®o corcl Cornar i, B 19 iry v sieoerine, (Bnalewood,
NH. J.: Prentice=ilall Inc., L96)) pp. Jsi=24,
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Determine rate of strength degradation for each element for a

- defect from each hazard.

B;ild a functional model of the entire structure in terms of
these elements and define catastrophic failure or major repair
in terms of these elements.

Determine rate of occurrence for each stress level for each
element,

Define frequency of inspection for each element.

Determine reliability of the imspection (given that an inspec-
tion is made) in terms of degree of degradation.

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 inmput

data for a model is needed:

1.

Failure rates for each element for each hazard.

Rate of strength degradation for each element for each hazard.
Rate of occurrence for each load level of each e%emeat.
Frequency of inspection for each element,

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

terms of degree of degradation.

o
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Division of Structure Into Elements

Ideally, the structure or system should be divided into elements in
such 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 idemntified and definable. They are used by
the million and because of this extensive service axperience on essentially
identical parts under essentially the same enviromment, their failure ratel
¢an be rather accurately predicted, Further, failure or performance of the
system can be quite accurately defined in terms of complete failure of each
@lement, i.e., complete tailure of most any tube in a& TV set will disable

the set,

Tre ahove situation is, to a lesser extent, #lsc true on the Black
box level of electronic systems. However, the situation with aircraft
structure is not so simple. The elements are not sa easily identifiable
gRr are they repeated exactly frem model to model. Further, because af
extensive redundancy and because the load impos:d is nmat constant (as is
esgentially the cqgg.with electronic systems) failure camnmot be easily
dafined in temms of failure of each part nor is failure of une part indcpen-

deat of tha foilnre of an adjucent part.

& ruview of past structural inspection programs (DC-6, [C-5, 707,
Tl airplaves) indicates that typically an aircraft i3 divided into work

&teags or zones. The structural elements withia each zone which are most

9

ﬁ*’
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likely to fail and/or whose failure would significantly reduce the overal:
strength, are ideantified and singled out for special emphasis iu inspection.
éuch elements are customarily called "structuraliy 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 recznt airplanes in defining
the characteristics of each item in order to rate each item in terms of
need for ingpection. This inform..ion was presented in inspection rating
sheets such as shown in Sheet 2 of Figure 1, which were deveioped in accord-
ance with criteria shown in Sheet 1 of Figure 1, It is anticipated that
such information will be available on major aircrart programs in the future.
It is evident that wmanpower 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 basad on "structurally significant items", It would be
ideal if complete failure of any given element <ould be considered cazas-
trophic as it would result in a simple chain model or series model. This
could be accomplisned by defining the failure modelor path for eacnh signi-
ficant structurak'ﬁiencnt for each hazard and by including in the clement
all adjacent structure in Lhis path vhose failure would assure failure uncder
the load cqualil vy excec oy cach flijhe,  Thus, the faillure of aay ole- inc

could be cunmsiior.d to likely be catastrophic obut some elements woull consi-:

v
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Figure 1

(3 Sheets)

Inspection Criticality Analysis
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of more than onc structurally sipgniiicant {tems and failure of one element

could Influence the Lrilure of anvther slement.
Hazards

In order to definc the i{nput data for c¢ach element for cach hazard,
at least the primary hazﬁrds must be defined. A brief Douglas Afrcraft
study on inspection programs.1 categorizes the structural hazards as fatfgue,
preload, and corrosion. An airline study of structural problemsz classifies
structural problems as corrosion, material, or fastener discrepancies.
Jensen, Chief Enginecr of Sikoshy Aircraftj, indicates that structurcl

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

and maintenance.

For the purposes of this paper, the hazards or fallure causes will
be élassificd as - fatizue and corrosion which are wear-out and aging
phenomena; birth defects such as production or design defects; and service
operational or maintenance damage which intuitively would seem to be random
with time. There is of course, the additional hazard of complete failure
~duc to overload but as this type of failure cannot be prevented by a

structural ingpection, it is not germaine to this paper.

.

lnoualas aircrift Co., Lone Goach, Calif, "Developing the 24-10
~trvcturtl I+ oL eection brocram - Sroendiz, ! (Piper presented to (C-10 laine

tensnce Jroor o Stocring Cormittee),

zraclusvl Lietiae, Tne, "Vitirame Srevetuces Reaers " Tras o allacae o4
-~ -~ - > S e SRR
the 172 L7% Te

Lthe | } -“‘q ' ‘f" A\ it s oeve (.‘4"', "-:ECO‘J‘ 5‘-,‘,..‘“!, .
(Washin, i, U, €0 il ivanipuct a0 0iaton ol ahieticd, L),

e
RPSURAN e e Bn . ek e B s w4 e O e i

arry T. feacon, "The Application ot roliability Coneepts =3 Matigne

Loaded H:lfcoyr. r tovageture,* Prove s ipen o Seaejegn oslbecanar 2o fvee §ooh
Anrvind _Fopee, e it BN G i e ot v York: Amerieanaiclicopeor

§ociaty, Lunl),

Best Available Copy
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A1} dafects detected in service are noted and to the extent recorcad,
their frequency and description can be determined from service records.
Sexvice records may not state the cause of the defect, although an educated
gmuess can uany times be made from the description of the defect and cir-
cmmstances. If the manufacturer has issued corrective action in the form
of a service bulletin, the cause of the defect may be obtained from the
sexvice bdulletin as the airlines require that {t include & statement of the

eswse . A drief description of each hazard follows.

Patigue

This is a major hazard and failure mode which results from repeated
eperational loads causing a crack to initiate at a high ureoi poinc (such
as caused by a hole, gauge, sharp radius, corrosion pit, etc.) and grow at
8 progressively faster rate until complete failure occurs. As the cunulative
umber 2{ repestsd loads increases with flight time, the probability of
fatigue defects increases with time. The resistance of a normal structural
elemnt to fatigue cracks varies widely between apparently identical elements
and the severity of the repeated loads varies widely between identical
afrcraft. Comsequently, fatigue cracking is a probabilistic phenomenon
en? cannot be ruled out even when the structure is mnufactut:ed, operatecd,
amxt waintained as specified. The probability of cracking under the above
ecnditions, which will be called "elassical fatigue", can be
predicted from a knowledge of design characteristics and the operating

eavironrent. Hewever, fatigue cracking uader ofi-design conditions, such

i
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as ipitfated by production, maintenance or operational errors, cannot be

predicted directly from design conditions.

Gorrosion

This is also a major hazard and failure mode and occurs in different
forms such as surface corrosion, intergranular corrosion, and stress
corrosionl. The susceptibility to corrosion varies for different portions
of the gtructure depending on the corrosion resistance of the material used,
the efficacy of the corrosion protection provided, and the severity of the
enviromment. Corrosion is a progressive faflure mode. In the opinion of
experienced aircraft maintenance personnelz, the probability of co~rosion
increases with time, in spite of the learming curve on a given model.
Corrosion 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 increase the severity of the enviromment.
The probability of a corrosion defect caunot be directly predicted from
design characteristics except where drastic measures are taken to completely
clﬁuin;te a past problem., Due to normal design improvements, the probabili-
ty of corrosion can be conservatively predicted from service experience on

past models.

Birth Defects
"Birth" defects can be caused by production errors or design errocs.
Production errors such as gouges, improper radii, surface finish, corrosion

pratection, and heat treat are of intercst. Design errors can include

Laritish Aircrafe Corporation Ltd., Vigcount 800/310 Serics Mirsraf:

Manual, 15 \us, 1907, (Weybridge, Englind: British Aircraft Corporation Ltd.
1967), pp. 2.12.1 - 2.12,6.

2Clarcncc A. Beale, Principal Federal Aviation Administration Inspec-
gexr for Delta Airlines, Personal Commumication.

17
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best available copy.

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

_greé, or to specify corrosion protection where protection was intended.
Errors can also be made in designing repairs and production modifications.
(By the definition given, classical fatigue design fatigue errors would be
focluded 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
bave 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 tbat birth defects, which would be detected by a service inspection
program, wauld affect eaough of the redundant wembers to result in a complete
fatlure im service. Such defects could cesult in complete service failures
ouly thruugk fmitiualing vme of the two basic progressive fuilure mechanisos

of fatigue or corrosionm.

§ervicé Drmage
Servfce damage includes operational damage such as tearing skin with

8 fork life; spillage of waste and other corrosive substances; and wainten-

7~ '
’

ance damcs. suca as damazing parts during disassembly or assembly, tearing

fuselage insulatior blankets vemulting in moisture collection and corros.on.

It scems reaconaLle that such service damage is random with time. As is the
case with birth defects, detectable service damage involves essentfally sne-
time occurrencus and eould result in complete faflure only through initia-

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

would appear t2 be no way of predicting the probability of either service

M =
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damage or birth defects directly from a kmowledge of design characteristics,

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

Selection and Definftion of Data Sources

There are only three possible basic sources for input data for this
prodlem « technical analysis, laboratory tests, and service experience. As
afrcraft developmert programs are massive programs and airline experience
{8 extensive, it would seem that these sources should be adequate. However,
auch of the information developed was mat wecorded or is not available. 1In
gome cases the only method of drawing am this background of information

weuld be by cbtaining multipie opiniions af experts in the field.

4s indicated by Stoner", techwaiicall analysis for structure consists
peimarily of stress amalysis af batih damaged: and undamaged structure to
Seternine failing strength. under ame tiwe Loads and of fatigue analysis to
datetmiue Clue to inicial cracic or Wame wo finai failure under repeaied
leads. Laboratory tests to determine tie same information are performed
2 lteu of or to validate these amallysiis.. Repeated load tests will show
the rate af strength, degradatiom umilnr repeated. loads after a detectable
anack ar defect. Alsa corrosiom tashs umder a severe corrosion environment
willk indicate the resistance of vaniimus metals and finishes to resist
eaxrosion. The design characteristiics; as dafined by these test.:s and analy-
ges and by a. design :ev;'.ew are nowmalllyy swoaarized in the inspection

eefiticality rating sheets such as Bpurn L.

By, B.. Store, "Pavolopine the D0 Structural Inspection Proecam,™

Procendineg of the 171 YV fat -weccjorr] Aviittion Majntonance Sveposium,
Okl hewa City, ¢ 11, Guuninston,, U. G federal Aviation Adminiscration,
us7L).
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There are four basic sources of information on serwice defects -
FAA mechanical reliability reports (MRR's), National Transportation Safety
Board (NTSB) accident records, airline maintenance records, and the manu-
fiacturers records of service problems. The airline {s required by law to
submit MRR"s to the FAA on all structural cracks, corroaion, and deformation
which are beyond acceptable limits. These reports have been categorized
aad retained since 1962 and are readily available.. They can be retrieved
&y computer for the last two years and manually for the previous years.
Diiscussious with knowledgeable airline personnel indiczter"z that the air-
Lline retain service defect records only as long as legally required (appruxi-
mstely twa years) and because there is no system commom ta all airlinmes,
setrieval of information would be a monumental task. Camsequently, airline

mecords can Be eliminated as a useful source.

BISE structural accident records are readily available for all
yuars af interest. As these accidents are thoroughly investigated, the
csuse and details on the structural descrepancies are usually krnown. There
aze only & small number of such accidents so these records would be of
Ligle use for determining structural descrepancy rates but may give a good

fmsight to actual failure modes and circumstances for catastrophic failures.

Yedward 1. Thomas, Dircctor of Engineering, Air Tramsport Association
of America, Personal Communication.

Ig. r. Gullickson, Airframe and Systems Engincering, Awerican Airlines.
Personal Communic.ation
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It is airline practice1 to report failures and to send failed pdrts
to manufacturers so that they can Jdetormine causes and fixes. As there are
only two majbr U. 3. manufacturers f£or 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 rocords 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 gencrally 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 FA& for approval and are therefore available. It
would apbeat that the manuiacturers records cirectly or tirough service
bulletins would-be a good source for identifying the cause of the defects
for which the MRR'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 excessivez.

The above discussion provides a general basis for the following
detailed definition and sclection of data sources for input data for the

individual system variables.

lﬂenry J. Youne, "Ajrcraft Structure Reliability Progroms,"
Procecdin~s a1 7'\ "riateninee M. no:ivm (Kashington, D. C.: Federal
Aviation Administration, luwun), p. 5.

2Richard Mrinert, Assistant Airworthiness Manager 707/727/737, The
Boeing Co., Personal Communication.
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Defect Rate

As picviously discussed under hazards, it carmot necessarily be
l‘.‘.smed that the rate of occurrence af a given type of defect remains con-
stant throughout an airplanme’s service life. Same Bazards, such as fatigue
and corrosion, increase with time in gervice while other hazards, such as
service damage and birth defects, tend to decreasa with. time in service or
remain constant. A survey of the MRR's on a givem jet medel for the period
ef 1962 to 1972 is summarized in Figure Z and confirmg the above trends.
The data sources for the defect rates and their wariztiom with time for the

various hazards are discussed below.

Classical Fatigue Dafect Rate

uring the designm and certification of emrdh majar mew model, the
wean fatigue Life of each significant structurall ellament: s determined by
fatfgue test and/or analysis for the expectad spomtrum af repeatad laadsl
Q@ zecent models, this informationm has heemr avaiilafille tr the FAN in the
dxumentation justifying the proposed inspectfom grogram. With this
fnfarmmation om the desigm and the informatiom. frowm the Litsrature on the
variatton of fatigue life and Loading spectra bettwemm individual airplanes,
fitt #is possible by tja/a methad described by Anderijrmfia® tor estimate the
pealability of fa::'ig;xe cracking as a. function af the mucherr of flights or
grizht hours completed.  Use of this method would) enault. irra rate that ir-

exeases with the flizht time on the aircraft.

IES:tere,. "Developing the DC-10 Inspection Program,! pp. 4-5.

zkunOId E. Anderijask:, F!”l‘un Cnnat"h*\lf o Pr~reduyes for Cenaral
Avittion Mrer it Sureemu:os, San b opurt che obe oot York: Svcie:y of
Autonotive Lngineers, :‘):L).
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Figure 2

Typical Defect Rate Trends
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If the probability estimates are based on a fatigue life determined
by fatigue-znalysis in lieu of test, the possible errors of the fatigue
analysis woul& 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 Establishment!. The probability
of the fatigue analysis under-estimating or over-estimating 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
efperience 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 tests?

show
that minor design changes can result in large changes in mean fatigue life
and the probabi{ity of a fatigue defect varies drastically with mean fatigue
1ife3. As most new models have an improved fatigue design, use of service
experience on past models have an improved ‘atigue design, use of service
experi;nce on past models to predict the capability of new models would be
unrealistic. For these reasonms, it is concluded that prediction of the

classical fatigue defect rate directly from design characteristics would be

more effective.

IK. D. Rrithby, A Co-narisan of Predicted and Achioved Tasjeus [ivsg
of Afrcraft St rorarss, Technical None No, Structures 301, (furnoerousa,

England: Roya. \ircrarc Estaolishnent, 1vel),
2Stone, "Maveloping the DC-10 Inspection Program,'' Fig, 3.

3Anderjn;ka, Fitime Suhstantition Procodnres,
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Nou=Classical Fatigue Defect Occurrence Rate

This category of defect involves fatigue cracks which inrtiate as a
;esult of other hazards such as birth defects, scrvice damage and corrosion.
Rates for this type of defect can be established for a given type of
element on past models E9r the period subsequent to 1962 by reviewing the
MRR's to determine the number and nature of defects and by referring to the
wanufacturers service bulletins and records, 4s necessary, to identify the
caugse of the defect. These rates would apply to similar new models except
4n cases wvhere a design charnge has been wade te a new model to eliminate a
particular type of iritiating hazird. In these cases, the rate could be
reduced by eliminating appropriate service defect zeports from the rate
caleulation. As there have been no analytical techmiques developed to pre-
dict this category of defect directly fror design characteristics, use of
sexvice experience is the only available alltermative. The design character-
istics as defined in the manufacturers fmspectiom criticality rating
avalysis can be used to categorize elements accarding to their susceptibility

to the be2zard of corrosiom.

Corraesion. Dirth and Service Damage Dafact xxurremce Rate

Under the :iwroach described abgve, arly corresion, birth, and
service damage defacts which had initiatad farigus cracks at the tima of
detaction in cucvice wruld be eunsicered Lin rloulating the non-classical
fatigue defeat occurvence rate. Consequentdly,, such defects which were
reported in scrvice but had nut yor iniciated fatijgue cracks at the time
af detection (e.g., loose fastuncers) must bw avcounted for separately.
Such. defects could eventually cause fatigue aracks and thus effectively

Lower tho mean fitirue Life.




Reprc;duced from {
best available copy. ‘

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

(e.g., fretting resulting from loose fastenmers, corrosion pitting, rough
surface finisﬁ, etc.) on ti.an fatigue life can be obtained from fatigue
Tesearch reportsl'2-354,5,5,. If the defects occur in a high stress area,
suchk as a rivet hole, 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

ou the mean fatigue Iife of the element.

Corxosfaon Defect Qccurrence Rate

Carrosion is a progressive failure mode which can result in complete
failure without initiating a fatigue crack, especially if the corrosion
eovirooment fs severe. Thus corrusion invwolves an additional hazard to the
wazard of inftiating a fatigue crack. The rate for occurrence of defects
due to tki;_additianal hazard cam be estimated from service experience as in
the previaqus paragraph but shauld be categarized in terms of severity of the

~

cerresfon exviromment.

lﬂtwat Air Enginecring Center, Aeronautical Materials Laboratory,
Corresicor aad FTagi-wo Nealvation af Sn-p Can Snecimens from HU-16 Wi

X !ZS ¥

Report o, UATC-AN~.> ¢ (Pallacelpnia: Naval Air Engineering Center, 1967),

Zs, s. Bosenfald, Zffcets of Correaion on Fatiaue Life (Johnsville,
Feon.: Yaval Air Development Cuenter, Lo ov),

: x 3Kerhert: H, Lovbold, Horbore F. Hardrath, Robert L. Moore - An Tnves-
Lipation or b O oswe of Greceniberae Corrosion on the Fatfoue Lid: of
ATuminees Qe o e Tt o0 daushoinglon, DL €L National duvisory
Qompitton DI Acvonmiules, L -%),

4seronautical Svstoms Division, Fffect of Corrosion en the Titi~ue
Behavior o 247%4-TL M« -jprer A1~ 03D Technical Report 6l-121 (Dayton,
@hiq: Aeronautical systeas Division, Lusl).

sﬁattﬁlle Merorial Institutoe, Fovirornepzal Corvosion=Fatioue Rehavior
of Aluminu~ Allovs, ™IC Mo~orandum 2.9 (Columbus, Ohio: Battelle Memorial
Institude, L:70).

f:\’ﬂ’
L (3 ol » . . H'
8gikorsky Aireraft, Faiticun Pronarties_and Analvsis, Report No.

SER-305%. (Str.tivrd, Comu.: Suiivan? aacctari b
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Rate of Strength Decradation

The occurrence of a detectable defect causes little reduction of
strength in a typical transport structure because of its extemsive redun-
dancy and tolerance for damage. Such a defect must grow in size to cause u
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 shown by Hardrathl, two of these
variables, material crack propagation resistance and the degree of redun-
dancy in construction are the major variables in determining the rate 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

“vdevelopment tests of structure under repecated loads such as shown in Figure

3 for the DC-102. It is understood that the degree of redundancy rating aas
been based on the safety margins shown in the proof of strength with obvious

damage that is required by FAA regulaLions3.

1Herbcrt F. tazdrath, Fiti weeCprack Prasasition and Moesido gl nr ¢ ie

»

Strength of Ouilt=i'n Seyeetas o, 0ocamon] e 012 (Washingeen, D, L.
National Advisory Comuittee Lor deronauties, LYi7).

2Stone, "Developine the NC-10 Structural Tnseection Pro~rvam,' Fig, 7

3U. S. Department of Transportation, Foederal Aviation Administration,
Code of Toderal N wijations, Tielo 1, Pace 25, Jan,, 1970, (Washinton,
D. C.: Guovermient frinting Uitice, b/0), pasa. 25,5371,

o0 -~
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Figure 3

Typical Crack Propagation Test Result
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Service roports can also provide information on the rate of degrada-
tion. Service repoerts many ticmes give the size of defect detocted 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-
gical exam of the failurel is made under high magnificantion and the cruck
growth rate cam be conciusively established. While this service informatisn
is divectly applicable to the structure in service and is of limited use on
vew supposedly improved models, well documented cases could be used as a

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

sinilar structure on rew madels.

Bate of Strength Degradation Due to Corrasion
In the ipspection criticality rating, each structurally gignificant

ftem fs rated io temms of rasistance te corrovsion taking inta consideration

beth exposure, protection and basic resistance of the material. These

factaers are the major variables both for time ta irmitiate aud time for
grwth af corrosion defects., The resistance of the structure or the saverity
of the carrosion enviromment cam be affected by birth dafects or service
damage whicn axe not anticipated in the rating, The severity of the situa-
tfon £s indicated by the time required to initiate corrosiom.

8g fadicatud under rate of occurrence of corrogion defects, little
realistic information o; corresion perfomaance is available from laboratsry
tesks and thevefore service exparicnce is the primary data source. As

«splained under rate of degradation faor fatigue, the rate of degradation for

LR’oyal Aircraft Establishment, \ Motallrreical Mmipation of “faces
OF F!“i“lt Py 3 jesime oy T, Ypes S S S A S S ="

ne
1

(Incadint = 24 sent,, !+d) (Farnburough, England, Royal Aircrart Lstablish-

went, L970).
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corrosion could be estimated from service reports of corrosion for structure
similar to cach "structurally significant item'". It would appear that the
rate of degfadation could be expressed as a function of corrosion vesistance
rating, which is primarily a function of material, location and time to
initiate corresion. Well documented cases of service corrosion could be

used to define the functional relationship.

Rate of Load Ozcurrence

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 element,
For airplane structure, these lo;dings primarily result from gustsy, maneuvers,
and cabin pressurizations. Fortunately much work has been done in this
area. NASA has, for many years, conducted a program on transports of
measuring accelerations at the airplane center of gravity (C.G.) cdused by
gusts and maneuvers. The speed, weight, and altitude associated with each
acceleration occurrence are also measured. The rate of equalling or exceed-
ing each magnitude of C.G,acceleration can be estimated for new transports
from these data on past transport such as illustrated by the curves of
Pigure 4 which are conventionally called a '"loading spectra". MHowever, the
load on an individual element (except pressurization loads) varies not only
with C.G. acceleration but also with airplane speed, altitude, weicht, and
C.G. position. Derivation of the element loads from this basic .lata is
very Involved and beyond the scope of the pcoject. However, such < lement
loads are normally derived by the manufacturer during his fati;uc analysis

program. The detailed analysis is not directly available to the FAA as a
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fatigue analysis is not required by the FAA for fail safe structures and the

-manufacturers have been reluctant in the past to furnish the FAA with copies

X

Bt these analyses. Furthermore, as Larsenl indicates, the fatigue analysis
45 usually computerized with the derivation of the element loading spectrum
en intermcdiate step to obtaining the final outpué which is the mean fatigue
1ife of the element. A; a result the loading spectrum for each element is
pot directly available from the computerized fatigue analysis. In view of
the resaurce constraints on this program it would not be feasible for the

FAA to obtain element loading spectra from this analysis,

Lockheed and Boeing, under a $250,000 FAA contract, have calculated
the gust loading spectra for major components, such as the wing, fuselage,
sud tatl, for several typical jet and piston aircraft?. These spectra were
expressed fn terms of a ratio to design limit load and are illustrated io
Figure 3 (TAL vegulations require that the structure be capable of support-
ing design Limit load without detrimental deformation and 150 percent of
lmit Load without failure). Design limit load as shown in this work is
toughl} the maximum load an average airplane will expericnce in its lifetize.
As limit lcad on an element is dofined as the most critical ccmbiration of
D.G. accelerationzl§peed, altitude, and center-of-gravity position within

3

the design enveldpe’, it will occur much less frequently than indicated for

the desizn wavimum center-of=--ravity acceleration in Fipure 4,

R&. C. Lyrsen ant R, L. Wdaon, “Jtate of the Art in 0rsioac

I Toste
- x D
Ing to Ensure dontineed Advocrrt strocturtd dutepraty,™ Proe -y 87 TR
Maintenapes s—~aqpo~ (Wiashinton, O, Cosfcderal Aviation ) ra., Lo,
ZFaderal Aviation \Wramistriton, Mool et gl 3 Do arale sl Seow
Dosien Trmv o apn op €ovyd aveovvr % g e vt et = 50 o 3angten,
Do € o toocrat AvLalaon & it ~biabion, 3 o)
3y, 5. Departmont or lransportation, Cole af Ted vl Vool ot ans,
para. 23.301. ~n
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Figure 4
Typical Airplane Loading Spectra

(Reference-Trends in Repeated Loads
On Transport Airplanes, NASA, Langley)
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If it is assumed that the loading spectra derived in tie above sut..g
are reasonable for the major ccmponents of new models, the loading spectia
for individual elements of the major components can be estimated 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 percent required,
then design limit load would occur at the same frequency as inlicated for

the 150/300 or 50 percent of design limit lcad in the above study. As it

re
(2]

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

usually some excess strength available.

The above assumption is rot unreasorable because current new nodels
(except for the supersonic transport) are flying at the same speeds and
altitudes, are of similar construction and used similar design practices as
past models. Further NASA data shows that for typical jet transports, the
loads resulting from maneuvers are insignificant compared to those resulting
from gusts. So the ahave study is ccmsidered a reasomable first scurce of
input data for rate of load cccurrence for gusts and mancuvers. Use of
loading spectra from the manufacturers' fatigus anmalysis may be feasible at
a later date should the marulacturers indicate they weuld provide the loadirg

. J/ « . Y M -

spectra at no ck rlr or should additiona] money become avail-hle for
contracting the nanuiactusers to arovide this data. Pressurizition poads
occur once poer Lli at and are Jdeidped In teras of cruising altizade.  The
frequency oi oceurrvnea a0 thr warious cruisine altitudes cin ba ocasiiv

obtainud from US\ JdLuta on transyorts.




Figure 5

Typical Variation of Load Level
With Frequency of Exceedance

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

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 arc no analytical techniques for directly predicting the pro-
bability of detection of a given defact 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
;} 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 methcd of {aspection. 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 éhat from laboratory inspection, it is the best source of
@daga, The problem with such data Is that while it indicates the size and
type éf defect that can be detected, it does not report cracks that were
missed in inspection. Such information could be deduced from a kuncwledge of
crack growth ratces and the time since the last inspection but it would be a

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

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

13, Schijve, ot 11, Eotd e Tosrz vith Roplon ard 2oasps=.d foad

Sequences with =1 athong e sietsedgy O glpa, e mrti o - on
Full-Seal. "“fne ot s s 7 etivag, westerdan, doliandg: Naticrai decospaca

Laboratory, ;):3), Appundin G,
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highly inaccurate. It would be possible to determine the size of the misscd

[r——

defect for-a few well documented cases where crack growth data was readily
available either from laboratory tests or an examination of the fracture.

E ' 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) ware counted back to the
last inspection thus accurately establishing the size of the crack missed in
1 the last inspection. The probability of detection could nor 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 Q?ke a survey such experts to obtain a multiple copinion
estimate of the probability of detection for various size defects under
various circumstances and inspection methods. The experience of such ex-
perts enccmpasses 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

K to them to assist in their estimates.

1Royal Alrcralt Establishwant, A Metallurgical Fxamination of Freicht
Door Skinning and Frares.

o
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The manufacturer's inspection criticality rating analysis can also

‘wrovide some additional information on detectability. In this analysis,

' ;ach structuraliy significant item is rated on whether a defect could cause
8 fuel leak, whether the item was ten feet or more from the ground, and
vhether 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 opiunion survey.

Visual inspection is the primary inspection method used by the air-
lines and the primary type considered in this project. Kowever, 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.

7
Inspection Fronuowsy
&

Any of an iniinite number of inspection schemes and frequencies

could be chosen as irput data for the model but from a practical standpoint,
the cvaluation has to be limited to typical inspection proprams and alter-

nates thought to be feasible by experts in the field.
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A "“typical™ inspection program as synthesized from descriptions
in various papers and documentsr2:3 and discuesions with knowledgeasble

people is a multi-level program as follows:

A cursory walk-around inspection every 8 to 25 flight hours. Thee
inspections are typically encitled - enroute service, turnarcund
inspection, or terminating pre~flight check. Discrepancies such as
obvious fuel leaks could be detected in such inspections. Pre-flizht

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 1s spent on
servicing syscams: External defects in structure less than 10 feet

from the ground as well as significant fuel leaks could bhe detected

in this type of inspection.

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

external and casy access areas every 500 te 1,000 hours. These

latter areas are selected because they are critical and easily

1c. A. Ansvite, H. F. fieap, and H. L. Storev, "Aireraft Sctreztural

-

T

Sampling Iaspectien Prosrams.' Proac.odjn:s of ﬁ}\‘[;qﬁ-“~'ﬁ:‘f_:jr* LD,
- (Washingeon, D. C.: Federal Aviition Ad ainlstrac.on, |smo),
2Federal Aviation Advinistration, "Dintengnes Do P 250 ee

— - ——

Boeine 747 (Washinb on, 2. C.: Fuderal Aviation SEALUL ertxxﬂ, REVERE N

IFederal Aviation Alministration, Milnteainsry Revivw ivaped U onsre
McDonnell Dourlas DE-19-10 (Wshangton, L. Cos Federal Aviation
- Administatiou.
a2y .
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The manufacturer's inspection criticality rating analysis can also
provide some adcitional information on detectability. In this analysis,
sach structurally significant item is rated on whether a defect could cause
& fuel leak, whether the item was ten feet or more from the ground, and
vhether 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 ac 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/ov the probability of detecting smaller defects may be

increased.

Inspection Fraauency

Any of an inilnite number of inspection schemes and frequencies
could be chosen as input data for the model but from a practical standpoint,
the evaluation hos to be limlted to typical inspection proprams and alter-

nates thonght to br feasible by experts in the field.
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accessible and usually involve control surfaces and hinges, wheal
wells, and fixed structure surrounding major doors. These i{nspec-
tions are typically entitled maintenance checks, C checks or area
checks and require 400 to 500 manhours most of which are spent on
powcred or mechapical systems and not on fixed structure. From the
standpoint of fixed primary structure, this level of inspectioa
differs from the previous lower level in that access is gained by
oeans of stands, etc., to structure surrounding control hinzes and
wajor doors which are more than ten feet from the ground. Comse-
guenily, defects could be detected in this additional structure im

this inspection.

A close inspection of the complete exterior of the airplane every
2,000 -~ 8,000 hours. Access to these areas is gafned by uge of
work stands, "cherry pickers", etc. Any external Jefect could be

detected in this inspection,

A close sampling inspection of a certain percent of aircraft everzy
2,00Q to 1&,000 hours of internal structure to which access is
gained thrcush access doors, draining of fuel, removing cabim Liners,
etc. At certaip points, sealant, fasteners, etc., may be removed
and inspection aids used. Structural defects in iuternal areas

eould be detected in this level of inspection.

Devolor~nnt of Modal

1

E. §. Quade~, defines a model as "a simplified, stylized representa-

gfon of the real world that abstracts the causec-and-effect relationsiips

IE. S. Quade, Svrtem Analysis Tochniques for Plannip~-Pro-~ra-mina-

Budeeting, (S .ty Munica, Cilif,.: Rund Corpuraiion, lIun), %




i
esgsential to the question studied." He indicates that the means of represor-
tation may range from a set of mathematical equations or a cowputer prozram-

to a purely verbal description of the situation in which intuition alcue is

used to predict the consequences of various choices,

It is apparent that an infinite number of different models could be
deézloped for any situation. The dilemma faced in developing a model is
that to make the model realistic in all respects, it tends to be complex and
yet the more complex it is, the more difficult it is to evaluate. A compon
method used to simplify the model is to consider only the primavy 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 cun be
evaluated within the constraint of the resources available. The general
problem of estimating the probability of aireraft failure, which is the
purpose of this mndel, has been studied from two diverse apprcaches. Ega-

wertzl

» In his study of inspection intervals for fail-safe structures,
predicted the probabilfry of failure of a typical small section of a wing
under various simple inspection schemes by means of a rigorous manual
mathematical analysis supplemented Sy a computer analysis of some of the
more complex aspects using Monte Carlo and Step Integration procedures.

From this study, certain conclusicns were drawn for the entirve structurc

under the operational situationm.

1Sigge Egguertz and Coran Lindsje, Studv of Tn-nection 10t weeals (o

xn - s o

Fail-Safe Structurcs (Stokholm, Sweden: Aeronautical Research :nstitute of

Sweden, 1370).
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A quite different approach was planned for the fault trce analysis
of the Bocing Supersonic Transportl. It was planned that the entire afr-
p"lane would be analyzed for all accideni causes and the probability of catas-
trophiq accident be estimated using the fault tree analysis technique
evaluated by computer simulation. A fault tree is essentially a logic dia-
gram. Simulation wss plénned because the analytical approach was considercd
teQ time~consuming, laborious, and error prone for evaluating fault trees of
the complexity envisioned. While admittedly a much more ambitious problem
war heing selved, the magnitude of effort planned was much greater than

espanded by Eggwextz in his study.

Dn ane: case,, a small but typical part of che problem was evaluated
Ry & nigaxaus; mathematical analysis of a simplistic model and the results of
this evaluation: was extrapolated to draw conclusions about the whole problen.
In. the ather case,. it was planned that the whole problem be analyzed by use
of xealistie hut: large and involved model which could be evaluated only by
epuber: gimulation. In the first case, conceptually the model was simple
111 tha rathematical. solution would not be easily understood by someone not
walll versed: in.mathematics. However, in the second case, the basic element
of the model is- & logic diagram which along with the simulati|on method of
salution, can, be ea§§ly understood by a layman.

Far: the prajcct being planned in this paper to be effective, the

eanclusions must be realistic and valid and accepted as such by the

Lgocing Co.,. SST Fault Tree Analvsis, Document Mo. DHALO7S4-1
(Qeattle,, Hash, :: Boeing Co., LvuY),




operational personnel who establish and carry out the inspection program.

Y
.

‘The situation being modeled is an exceedingly complex one involving many

relationships essential to the question being studied. The concludions will

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

there are important factors affecting the effectiveness of the inspection

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

erepancies between actual practice and inspection programs indicated by

simple models have been discussed extensively by the author with operational

personnel.

10

Their reactions are:

The model was not rcalistic as it does not account for important
factors such as corrective action and supplemental inspections;
or, |

The complex, flexible, multi-level actual inspection programs
may be eyuivalent to the simple periodic inspection indicatcd to
be necessary by the model; or,

The model must be wrong because service experience is the real
proof and based on their limited view of it, service expericnce

has been good.

It {s apparent from the foregoing, that the wmodel used should be realistiz
d

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

transport fault tree anmalysis of using a logic diagram evaluatel by

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

actual model could be restrict.ud in size to stay within reswie s ¢ itraias-

by analyzing only part of the structure.

oy L,




Definition of Structural Elements

This topic has been discusscd previously in a general wity 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
eriticality analysis (Figure 1) were homogenous, independent, and not re-
dundant ({.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 vith only the more important or primary
structure of the airplane whose failure is likely to be catastrophic. On a
£yPICi1 airplane this structure consists of the fuselage shell (skin,
etringers, 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 empunnage
box beams carry‘the flight loads to the fuselage as beams to support and
gulde th. fuselage through the fuselage attachments. Experience has shown
that the loss of capability of these structures to carry flight loads is
nommally 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 becuuse of loss of vital systems In the fuselage shell or
because the flirht luad carrying capability of the fuselage has been

destroyed.




The flight loads produce internal bending, shear, and torsion on the
fwing, empennage, and fuselage beams. A cross section of a typical wing box
.bean 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
vebs. 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 mcst 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
grov fore and aft (i.e., chordwise which is normal to the principal stress)
sre the primary concern herz, 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 comgigte wing box as shown in Figure 6. This would include
typical failure ?a;hs and is necessary for independence because failure in
one part of tih> cross section affects adjacent members. Fortunately, except
as discussed later, one chordwise slice of structure is relatively indepen-
dent of defects in adjacent inbosrd and outbuard slices, and encomp.iss the
most coomon wing failure path. llowever, to ensure that the strength degra-

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

LI o WY
a“rs




T

rmv-. YWY T A

PR
)

Figure 6
Cross Section of Typical Wing Box Beam

(Reference - Boeing 747 Structures Brochure)
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wust de rather nmavrow. A re;icw of service and test failures indicates that
& vidth of five inches might be appropriate. Again fortunately, research
voxk hag indicated that effects of chordwise defects in any of the chordwise
¢lements are additive both from a residual strength and crack growth

ttandpqmtlh

The element defined above is still not satisfactory because it is
gnt homogenous. Typically, the lower cover is more critical in fatigue
than the upper cover or the spar webs and typically the stresses increase
&4 qQne transverses through the cross section from the front to the rear. A
review of typical designs indicates that to obtain homogenity, top and
hattom covers of the element defined above should be divided into quarters

and each: spar web shoulld be treated separately. Thus, the old element

oY

wald xesult. in: elevem new elements. The new elements would be redundant,

but. under the conceptt showm later in the sample logic diagram, this problem
amuld. be: handled by considering all elements of the cross section to be

- Madjacent elements..'

o thig points,, only chordwise defects in the wing have been con-

. aidered., Spanvise defects, especially cracks, do occur in service but have
little effect on the uwing except on its torsion carrying capability and
appear to be independent of chordwise defects. However, extremely long
dixfects ave nocessary to significantly effect the torsional strength.

(Qracks as lony as six to ten feet have been experienced in service without

1H“. Laurence Snider, Franklin L. Reeder, and William Dirkin,
B_Qi_i:hml Srrenctyy ang Croel Prowasarion Tests on C-130 Aivrnline Conter
HWines with Sopvie =venacog Sition Mimaes (Langley, Va.: National
Acerondutics and Spuace aaminletration, Ls72).
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o wing failure). Consequently, it may not be necessary to evaluate spanwisc

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

K : 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 parallel elements are independent.

4 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 either catastrophic or not and are either found or not found in post-
fligﬂt inspections. The discovery of these defects either results in -
modifications of the element and/or inspection program or does not. The
service portion gf/;he 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 prejranm for ovaluating the effectiveness of a given inspec-

tion program for a fleet of airplanes of a given design waich is developed

i
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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

sirplane cculd 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 flizht" and
each "fleet fiight" (i.e., a "fleet flight is completed when all elenents
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 "flown' through the program on a flight-by-
flight basis. That i{s, no element of any service airplane would exmbark on
another flight until all elements of all service airplanes had coxnpieted
the previous flight. This approach has the adwantage in that it reflects
reality vherein 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
sirplane would hagp made during the number of days or {light hours involved.
This is based on'the assumption that all airplanes will make the same number

of flights p:ir hour and per day.

The expected results for a given situation could be obtain:d by re-
peated fleet trials of "flying" a fleet through the program from introduc-

tion of the design into service to retirecment of all aircraft of the given




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

| ~trials to obtain the expected results.
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Figure 7

(3 Sheets)

Computer Simulation Flow Chart
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DEVELOPMENY OF METHOD FOR SYSTEM COST EVALUATION

Obiective 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

S p—_ e N o . ot e e e
‘ . - -
.

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

the constraints on the study, to estimate these cost for possible variations

—— ——

e in the systemf The major problem is to realistically estimate the costs
T 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 che

? 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, defects are prevented. Further if a full scale 'fatigue test
of the entire airplane is performed, hidden deficlencies can be discovered
prior to service, special inspections instituted, and modifications incor-
porated to prevent sorvice defects. Consequently, it is apparent that
inspection costs, repair costs, accident costs, modification costs and full
L scale fatipun tost costs are signiflcant costs related to the structural
ingpection propram. Alrplane down time costs are also a major cost, havinp

been estimated to be 39,000 dollars a day for the Boeing 747. However, if
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;ypical maintenagcc practices and situations are assumed, down time can be

accounted for by applyiug an historical factor to inspection, modification

and repair'cogts. In the case of planned activity such as inspections, the
down time costs should be prorated between structural inspecticn 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 dowm time) costs for each inspection level as part of
the determination in operation DS16 of whether a modification should be
developed. By tatalling these costs, the inspection and the repair costs
can be determined for the complete life of the structure being evaluated.
The cost input ta the modal can be obtained from historical data on past
airplanes by multiplying the total cost for the percent of the total effort
per visit’'appliod to structural inspaction or repair of a particular elcoment,
The resulting cost should be carrected to the size of the airplane being
evaluated by the ratio aof airplane empty weights. The maintenance costs for
operational airplanes are published periodically in trade magazines such as
"Aviation Week'". The mamliours for first and second level of inspection
(which is the major expense) for the past narrow body jet transports were
glven in the section on "Inspection Frequency". Repairs made for defects
found in the first level of inspection may result in flight cancellation ard
dowm time which should be added to the cost of the repair. A review of prescnt
I

jet transport experiunce” indicates that they average 2.6 days aown time per

1y, M. Wolgast, "Structural Character of the Jet Age.' Proceedines
of the 17A8 AT\ Eni=sorise pd inronipes Canfarance, Phoepis, Ariz.

(Washington, D, C.: Alr wcansport Association of America, lvus).
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year for 2.5 such cancellations. Wolgast's reviaw also indicated that for
& Block Oierhaul visit, which is essentially a third level inspection plus
eae~-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 152 discrepancies; and

2050 manhours for structural modificatiom plus

1375 dollars for materials.

Wolgast's review also shows that gtructural maintenance typically
represents eight to ten percent of airline direct maintenance cost and
sccounts for twelve to fiftsen days of down time per year of which a large
part could be eliminated.if all structural maintenance were to be eliminated.
It i3 believed that with these sources af informatiom available, adequate

estimates can be made of structural maintenance costs.

.

Modification Costs

The model in the Appendix alsa egstimates the modification cost in
aqperation DS16 for each modificatioa developed. This value could be
accumulated to give total modification costs. The input data could be
abtained in the same mannc. as for inspection and repair costs except that
the cost of testing the nosification would have ta be estimated from

Bistorical data, The model covers only fatigue modification costs.,

1Ansvitt, “Aircraft Structural Sampling Inspection Programs," p. °,




Corresion medification 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 fatiguc defects occur for every corrosion defect, this lack of evaluati..
of corrosion modification policies should not be critical. The model aiso
does not account for co;ts of modifications developed from the 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 account for the lower cost of incorporating modifi-
gations before rather than after delivery. Military experience indicates
that a production mocification costs approximately thirty percent of that
of a modification made after delivery. Such a factor could be applied to

preduction modifications.

Accident Costs

This study is limited to vital primary metal structure (fuselage
shell, viag and empennage box beams, and fuselage attachments). Accident
records indicate that failure of such structure is either catastrophic re-
gulting in loss oE/airplane and occup nts or resulting in a repair propor-
tional to the sf;; of the failure. Such failures rarely result in non-fatal
accidents wherain tnz airmlane is further damaged or destroyed. The costs
eof non-catastceophic failures is coveraed under repair costs. The model
described in tha dmpendix ill e:ti~ita the expected aumber of cataatrophic
failures for tha lifetime of a fleit for a given situation. The accilent

¢esls can be odtained by multiplying the valuation of airplane and occupants




YITRE

WP

o,
e ¢

times this expected number. The value of the airplane can be casily est.-
mated from original or depreciated cost. The cost of a Boeing 747 is
approximately 20,000,000 dollars!, The economic value of human life is of
course, a very emotional and controversial subject. However, a study of
the subjectz suggests a value on the order of 500,000 dollars for an ci1: ..

passenger in 1975 based primarily on present value of expected future

earnings.

Full Scale Faticue 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 af lpst
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.

1p, L. Greer and W. E. Fnapton, Coct/Rewofjt Analveje of fnevranrat{:
Crash R -istopc Fexl Tonts in 3 Ciwvil Tt froae peet Afrerart San Dicaw,
Calif.: Convair wvivision ot Genetal uynamics, Lusv).

2Gary Fremm, Economic Crit-rii for Federal Aviation Aroncy Evpendi-
tures {(Cambridge, Mass.: United Eescarch Corp., 1'62),

IN. F. Warpur and A. J. Troushton, "The Value of Full Scale Fatisue
Testing," Prosnedinss of Internaticnal Cormittee on Adrcraft Fati-ue, Yunich,
1965. (Oxford, England: Pevgamen Press, L)), Fig. l4.
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Yhis paper presents a plan for FAA development of a method for
establishing aircraft structural inspection programs on a rational basis and
a justification for such development. As a plan must define the tasks
mecessary to achieve the objective, the defimition of these tasks has

saturally resulted in a preliminary development of the actual methed.

- The motivating farce for this development is the belief that present
structural iunspection programs, which represent a massive effort, are Iar
from optimum. To date these programs have been largely developed a judgemen-
tal basis from past expcrieuce with no attempt to use existing analytical
tecbniqueé'and data to estimate whether the resulting safety level would be
ldeéuate. The result has been a trend of ever-decreasing inspection effort.
Service histary was reviawed and it was found that seven fatal accidents
involving tranmsports 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 defécts could
initiate and grow to failure within some of the current imspection intervals.
Conversely, inspection personnel were contacted and their reaction was that
much of the present inspection effort is unpecessary. It was concluded that
YAA development of a wethod for establishing structural inspection programs
on a more rational, scientific basis than presently used might provide real

benefits.
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Rational development required a model which would permit an apriori
.evaluation of the effectiveness of an inspection program. The effectiveness
is measured by the degree to which defects, resulting from various hazards,
are detected prior to their causing accidents or major repairs. Recognizir,
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
equirements as - (1) defect occurrence rutes for each hazard, (2) strength

degradation rates for fatigue and corrosion defects, and (3) inspection

frequency and reliability. A search of the literature and service cxperience
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 (1) and

(2) above could be obtained from a review of airline mechanical reliability
reports, the manufacturers design data, and the literature on structure and

that inspection reliability estimates could be obtained from a survey of
maintenance experts.

’

The modeling approach selected was of using computer simulation to
evaluate a relatively complex model covering a major portion of the primary 3
structure of the airplane and accounting for most of the major varianles of

service usage and inspection. This approach was selected over using a

I rigorous mathematical analysis to evaluate a simple, idealized model Lecause

it was considered to be more realistic and more easily understood by the

! layman,

A%,
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L great deal of effort was expended in the definition of the planaca
computer simulation by the simulation flow chart of Figure 7 and the logic
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 element .s
it progresses through developmental and production into service and repet::
tively through flight and post-fligiht 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

sinmulation.

Rational development of an inspection program also required an
apriori eyaluation of the assnciated inspection, repair, modification, and
acc?dent costs, An approach was outlined for estimating these costs from
the information éenerated in the computer simulation of the inspection
effectiveness model. dccident costs were based on aircraft losses plus the
estimated future earnings of the occupants. Minimization of the above costs
va; selected as the optimization criteria., At this point a major conclusion
of the paper was reached - that a valid rational method of establishing an

alrplane structural inspection program was feasible,

To determine whether FAA development of the rational method was
desirable, estimates were made of the benefits and of the costs of develop-
ment and application. The cost of development and apylication to a hypoeche-

tical fleet was estimated to be $316,000. The benefits were predicted from




the changes in the present accident rates and inspection intervals indice.ca

by previous studies of the problem primarily by Eggwertzl. The net benefit,

after deduction of increased inspection costs, was estimated to be equivala:nt
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
FAA 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 maior

technical and trade meetings would provide an appropriate demonstration,

1Eggwert:s, Studv of Inspection Intervals for Fail-Safe Structures.
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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 3

and by describing the functional relationships and their basis.

As original symbology was used in the logic diagram, it will be
d;scribed. 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 ;p a given airpIane.. Each circle indicates a functional relation-
ship which determines what event or state will follow. The letters in the
circle indicate§ the type of function as follows:

First Letter —

C ~ indicates that a simple constant, which does not change
througheut the sizulation, is applied.
D = indizates tiat runctional relationship i1s deterministic.

P - inaicates that furctivual relationship is probubilistic.

Second Letter -

D - indicates that functional relationship is depeudunt only on
information genocated in the developmental or preoduction
phases.

5 - indxgacUa taat fun.tional relatfon~hip {s dependent on

information pencraied i the aervice phiwe,
s
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The numbeérs in the circles identify the particular funccional rela-
tfonship. -The vertical lines indicate that the logic diagram cthat follows
spplies to each of the states or events whose horizontal line ias fntersected.
The arrows fndicate that the state or event which it points to, automatici:

fellows.

It £s suggested that the multiple sheets of the logic diagram be

removed from the report and taped together to make the diagram easier to

follaw.

Functional Relationships

The functional relatiunships identified on sample logic diagrams are
defined in the following paragraphs which are identified by the functional
relationship symbal. The: X symbols and associated numbers identify
wariables which.may-chang; during simulation of a given situatiom..

QL ~ '"The predicated average fatigue life of element by analysis'" is a con-
gtanf number-cf'avefage flights which can be obtained from & summary of
the £atdigue anal:ysi‘st for the pertinent area of structure. It must be
aanrected for the size effect involved in going from the test specimem
am whichh the analysis is based to a structure the size of :he.elemencz.
This correction. is based on the concept that the probability of a

fatfgue crack not initiating in a large structure is equil to the

tSuch.as given in Boeing Co. brochure, Bocing 747 TFatisie Inteority
Brogram, Documant No. D6 - 13050-773 (Seattle, Wash.: Boeing Co., 1970).

zsikoxsky Afreraft, Fatigue Propecrties and Analysis, p. 36..




pxoduct of the probabilities of each part not initiating a crack. un
this bagis, the probability of failure of a structure four times the
size of another structure is approximately four times greater, all
ather things being equal. With the relative probabilities k+own, the
ecrrection may be made by obtaining a fatigue life distribution
{typically Iog-r-ormal)1 and a standard deviation from the literature

aod tnterjecting the relative failure probabilities.

YOL ~ &3 fatigue analysis is notoriously inaccurate, the actual average
fatigue Life of elements of a given design (X2) will usually be differ~
et thao predicted by analysis. The probability of the actual life
detng a given percentage greater or less than predicted could be ob-
tatned from a British study of the subjectz. By plotting this proba-
hilifty as a cumulative frequency curve and by use of Monte Carlo
cmaputern techniques3 the percertage correction factor (X1) can be
estalilished for a given fleet trial. The value of X1 would change
with: eacly fleet trial but would have to be calculated only once for
the £irst element to enter service on each fleet trial and then only
anza far all elements (repardless of location in the airplane) of the
sne destgn‘:}th the sams general loading. The same cumulative

trequeney curve can be used for all clement design.

1 nGL E. Dicter and R, F. Mehl, Tovesti atis=e of the Statisrical »Mirare
] af tho Fati =+ " ocaf 7 oobee-nt 0 0l usaanton, DGl babeoial
A:dVi.SOIZ)' Cul wellcn a0l aulCaulivico .

ZKaixhhy, A Comparison ot Predicted and Acaioee U Fatdi e T v

IMaurice $iiieni, Arthur Yaspin, and Laurence Friedman, Dyt iong

Besearch = ' ~% ‘3 =i 'ronlosg (Gew York: John Uiley & Sons, Inmc., 10o4),
p. 39,
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DSl -

DDl -

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 tesc

failure will not instigate an additional modification.

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). i

(C2) the number o1 airplanes produced per unit of time.

(X5) 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 cn 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 nuzber of accelerated flights to be imposed in fatigue

rd
-’

test. ’
The logic diaerram assumes that a fatigue test failure of the elemeat
will occur when the number of simulated flights on the fatiguv test
times C4 exceuds X2, It is alsc assumed that production test rates are

constant.
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pb2 -

bD3 -

Ci0 -

DS2 -

It is assumed that decision whether or not to install a wodification «.
8 given element in a given lccation will depend only on whether the
average fatigue life of the unmodified design (X2), as rellected by the

test failure, exceeds a pre-selected level (C6).

This functional relationship reflects the policy assumed for the ...n
situation. Experience on the Boeing 747 indicatesl thac the polic:
be adequately defined by the percentage (C7) of test rfailure life il
at which increased inspections become effcctive and by the facter (Ci)
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.

This is a constant which reflects the policy assumed on whether or mcc
modifications are to be tested before installation. The logic diagranm
assumes that ir rescea, the moaitication wiirl have a longer lead Liwe
but the average modified fatigue life (X7) will be the same as predicted
for the original design. Lowevuer, if not tested, there is a possibilicy

of the fatigue life being different than predicted.

Whether modification iz available for production incorporation is a

direct arithmetic function of:

(X8) the time between first airplane delivery and the decision to
develop modification;

(C11) the lead time to produce modifications;

lBoeing Co., 747 Strusturid Jn-pection Progsram Revision, Fes, 7-3

(Seattle, Wash.: Boeing vo., 197.).
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{C12) the lead time to incorporate modification in producc.on; and
(X4) and (C2) which, can be uscd to determine time betweern delivery oi

this airplane and the first airplane delivered.

The logic diagram assumes that if a modification has bee: .velop:
8 given element and it is available for production incor,vration b. o
delivery, it will be installed. It also assumes that o wodificati.

not available at the time the accision is made to develop 1 modifi

The inspection coverage of each ¢lement will ve defined when tne first
airplane of a given design entecs service and woul. not have to be
re-defined for any subsequeat slaulations. It may be dew:rable to
perform DD4 through C1l7 manually for eacn eleweac prior te computer

simulation.

C13 thru CI7 - Thuese are Luuocants whiszh 2:Fipa ehe crrucrnral element and

PD2 -

inspection coverage as indicated and can Lo obtained {rom inspection
criticality amalysis (Sce Fliure 1). Tae inspection coverage indicated
by the logic diagrac. 15 based on previous discussicns in the body of
this report under "“Ia.pection Frequency” and "Incpection Reliavality".
The logic digram assumes that thece is no sipniiicaot chance or
detecting defects in inspuction which do rot cover dolwal T o

fatigue lite,

The service leading enviroumont varies conaiderably between individual

airplancal. The purpone of th.s tunctional relationuhip {- to o tablish

1Andcrjan§4, Tityvw “uberoantyrien cpooedere ey 2
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DD5 -

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 variavion of t:

rate of flight load occurrence between airplanes (typically log-u.. ui,-
and a standard deviation for the distribution, the ratio of the rate .f
load occurrence to the mean can be obtained for an individual airp.ia .
by the previously discussed Monte Carlo methods. The inverse of this
ratio to the mean will equal X9. A separate correction factor (X10)
would have to be obtained by similar means for elemcnts loaded by cabin
pressure loads., It should be ncted 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) nodiri-
cation (X2) varies as the element goes through its life, experiences a
load "environient different from Lliv tiai, tecsives produsticon anid'/s-

service damage, corrodes, is repaired and sc on.

The predicted crack growth rate for the type of construction aund
ﬁ;terial and a test loading environment can be obtained from manufac-
turers test data (such as shown in Figure 3) as discussed under "late
of Strength Depradation Due to Fatigue". It is anticipated that taic
variagble rate can be approximated by two constant rates, onue Iepre.ont-
ing the earlier slower crack growth period (C18) and a higher rate

(C19) starting when the crack reaches the critical crack length (C29).

lpjeter, Investication of the Statistical Nature of Fatigue of Matals,

St
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DD6 - The predicted fatigue crack growth rate for the elemeut cu.a be obial ..
by myltiplying the crack growth rates of DDS by cortectiva fuctors to
nccount‘for differences between the load environment ui the particular
elerent in the particular airplane and the test and for differences
between the corrosive environment of the test and the element in t ..
airplane. The correction factor for the load environnent would be ti -
inverse of the product of X9 or X10 and the ratio (X11) of the tesc
rate of load occurrence to the mean service rate of lvad occurrence lcr
a given element. The severity of the corrosion environment ¢i tae

. element in the airplane is defined the corrosion rating factor 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 grovth can be obtained from generalized
fatigue tests under‘such environmentl., The critical crack length (C20)

L [ S ~ * sy /a3 -
redaction us wileugenn val pod

n

of DD5 shuuld e expressed in cerms o
cent of design limit load) that would be caused by a crack of that
length in the section defined by the element and "adjacent" elezents.

To be most useful the crack growth rates should also be in theze terms.

DD7 ~ The corrosion degradation rate, as previously dlscus~vd under this

general heading, could be obtained from well docup:nicd cases of corro-

Lt $

sion in service and expressed as straight line functions of the

corrosion resistance rating of the element (C22) ani the time to ine~

tiate corrosion (X12). The generalized degradation r-te should be

expressed in terms of cross sectional arca lost per til. ut. This

15, Schijve, Cumulative D ~ive Problurs fv Aireraft Crrastocee ond
Materials (Amatuxlan. Holland: JJELUHIL Aerquuvu LdbuLuLgl\, lﬂoﬂ) RIS O Vi
25.
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functional relationship could hold for all elements iu th. alrplane o«
with it the corrosion degradation rate established for tic¢ clument .o

function of time to initiate corrosion.

DD8 -~ This function changes the corrosion degradation rate function of LDV
a strength degradation rate by multiplying the rate by a factor repr -
senting the strength (in per cent of design limit load) lost in the
section (defined by the element and "adjacent" elements) per unit of
cross sectional area lost. This function can be defined as o straigit

line function of X12 by slope (C23) and intercept (C24).

PD3 - The probability that an element will enter service with a production
defect involves an "either or" or binomial probabiliéy distriburion.
The probability of there being a defect (C25) in a given clement can be
obtained from the "Birth Defect Occurrence Rate" which can be obtained é
from service experience as discussed under that heading. ‘it outcome §

for a given element on a given airplane in a given computer trial can

‘be determined by Monte Carlo techniques as discussed under PD1.

DD9 - This functional relationship involves reducing the average fatigue lifc
of an elemeq},with a production defect by a constant factor (£26). Thi:
factor, as higcussed under "Birth Defect Occurrence Rate" could he ob-
tained by reviewing service cxpericnce to identify the mos' prevalent
type of birth defect and th n reviewing fatigue test literuture to de-
termine what {s the effeet on fatigue life. Tt {s anticip.tad that the
sane factor would apply to all elements in the airplane unlers service
experience indicated that some other type of damage vas poxt prevalent

in a particular type of structure,

ey ,
¢



DD10 ~ This function for determining whether a given airplane enters service
18 a direct relation§hip to (X4) the production rumber of the airplane,

(C2) the producticn rate and (X5) the time since the first airplane

entered service.

DS3 - This functional relationship is a simple variable (X12) which indicate:
whether a corrosion defect has previously occurred in the element and
the flight time on the airplane when the deféct initiated and whether it

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 linearily with time since f£irst sirplane

delivery (X5)

PD5 - This is a probabilistic function which is based on an "either, or"
binamial probability density function, with Monte Carlo methods used to
determine whether corrosion initiates in a stress conccqc:ation given
that corrosion is initiated on a given flight. The probairility of
corrosion occurring in a stress concentration (C27) could be cbtained
by analysis of service corrosion cases for the type of structure
involved. The type of structure could be categorized by tne corrosicn

resistance ratiag.




DD11 and DD12 - In these operations, the actual average fatigue life of c.-

PD6 -

Ds4 -

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 be obtained -
generalized fatigue tests under corrosive conditions. Such test.- -»~
indicate that a li%e reduction factor on the order of .15 to .25 fa:

C28 and .50 for C29 might be appropriate.

This is the same type of functional relationship as PD5 but invoives the
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 f;om service experience for the type and

location of structure involved. If corrosion has previously occurred,

this outcome was previously determined.

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 {unction
determined in DD3. The present strength of the section (X13) also

reduced by the amount corrosion grew in the flight. X15 was originally

14

lNaval air Ensincering Ceater, Corrorion and Fativue Fvaweition of nar

Cap Specinmens.,

znosenfcld, Effcets of Corrcsion on Fatiaue Life.

3Leybold, Investipgation of the Ef” 2ts of Atnospheric Corro ior.




the viraln strength of the scction (U31). it should be o..ec that o .
has been reduced by previcus defects in the clements andé ...i other
elements in the section. The logic dfagram assumes that :.iiy one corrc-

sion defect will be present in the section at a time.

DS5 - Whether internal corrosion become: external depends on wi:ther X1'
exceeds a previous selected level (C32) which is based on the amourt .°

material that must be caten away for corrosion to becomc external.

PDf ~ This functional relationship is the same as PD4 except it applies o ' 'E
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 cperation, the actual average fatigue life of the element (X2

or X7 as applicable) is reduced by a multiplying factor (C24) which can
be obtained from the results of generalized fatigue tests with and with-

out typical service Jefects.

DS6 - This functional relationmship involves evaluating a simple variable (X15)
which indicutes whether a fatigue crack has previously occurred in the
element, the flight time oa the airplane when the defect initiated and -~
whethier the aebect was fnitially {nternal or external. Additional

varlables (¥1% through X18) could be previded for the situation when

multiple fatigue cracks occurred (na 3iven element,

65C-
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DS? -

DS9 -

PD8 -

'

This function involves further evaluation of X16 through X19 to detec-

nine - whether cracke are internal or external.

In this opuratior, the previous strength reductions (X20 through X22)
due to cracks (Xi¢ chrough X19) are increased to the crack growth in
one flight. The crack growth rate (expressed in rate of strength
reduction) is obcafned from DD6 by determining whether the crack
length (X20 through X22) exceeds the critical length (C21) above which

the high crack growth rate applies.

This operation is the same as DS5 except it is applied to defects X20

through X22 where applicable.

This is a probabilistic function which is based on a log-normal
probability density functic whose variable is element fatigue life
with a mean equal to the actual average fatigue life (X2 or X7 is
applicable) and whose standard deviation (C35) from ifterature is on
the order of .151. The probability of a classical fatigue crack
occurring on 2 given flight is equal to the probability of the elemcnt
having a fatigue life equal to th2 number of flights accumulated at
the time of the given flight. This probzability can be obtained from
the probability density functionm. The xccumulated wunber of [1iguts
can be obtained ifrom (X5) the time since first alrplane delivery, (XV©
the production oumber of the airplane being evaluated, and (€2) the

puober of adrplanes boing produced per unit time. Lith the ahove

lﬁndel‘jot,ka, Farisue “ahatanaiitiog Procedares,




: |
probability determined for a given flight, the outcome for that fli_::¢
can be determined by inserting this probability into a tinomial distri-
bution and evaluating by Monte Carlo techniques. The logic diagram
agsumes that there is a possibility of a classical fatigue crack oco:
ring in an element on every flight even though one has previousls

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 whetuer 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 defucts cre assumed to be iaitially urnimpor-

tant from a strength reduction standpoint,

PDLY ~ Thiz functrion wnvalves a prababiltstic detennination =0 rie  ani=es.
Fafght lowd wnd cavin procsurs o wnericnced by the s« plane 1o 1 Jrwn
flight a0 2> acezom o of 1o foad with (X17) the strength of the
section te Jooe, dia o shetoer tailure occurs. The cumulative aizirvibu-
tion functirn fovr fhe probabilile of vacious masirum load levelw can

be expresicd By a curve for [light loads and a curve for cabin




pressure loads. As discussed under "Rate of Load Occurreace” these
curves can be obtained from rescarch literature. The maximum fligic
and pressure load for a given airplane on a given flight can be oh-
tained by Monte Carlo methods from the cumulative distribution funct?! - ..
This determination would have to be made only once for each airpia..

for each flight.

PD12 - This functional relationship involves the conditional probability of
the failure either being catastrophiec or not given that a failure ol
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. t

DS1l - This opecration is a simple determinaticn 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 nmultiple of

(C39) the fﬁ;st level inspection internal (cursory walk around) and

wvhether (x245 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 whether

the defect is now external or internal and whether the level of

inspection scheduled covers the element and the defecet location. The




level of inspection scheduled can be determined from (Xo-s, (X&) t.
production number of the uirplane, (XS5) time since [ir:a airplane
delivery, and the inspection intervals for the varlous !- «is of in-
tion in tcrﬁs of multiples of (C39) - (C4C, sccond level .o area
inspection), (C41, third level or close external inspectica), (€,
fourth level or internal inspection) and (C42, fourth . .cl insper: 2

sanple).

PS1 - Whether a defect is found by the inspectiun which covers the dere o
area involves probabilistic "either, or" b.nomial function, frcwu whickh
the outcome for a given defect and a given inspection ca be deter-
mined by Monte Carlo methods il the probabiiity of detcetion 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 structurs
(wing, fusclage, or fittings), and whether defect would involve fuel
leak (Cl&{. It is anticipated, as discussed under "Inspecticn Rell-
ability,"” that discrete values of probability of detection wouid de
;btained through a survey of maintenance experts for discrete situatic
definecd by the above variables. The logic diagrum assumes that procuc-
tion defects and service damage are never found uniless they have
initiated with fatipue cruces aund that when such cracks are iound, they
are repaired prior to furtiher tlight with the repair venoving all
effects of the procuction Jdefect or service damage. It alse assumes

that repalrs restore element (uxcept for other defects present) to tiw

9
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eriginal predicted lifec anu remove the stroength degradat..n in the
section due to the defeectl that was repaired., It is udssuied the 1o

pairs are not fatigue tested.

@Sl4 - Whether a épecial immediate flecet inspcction of the giviu elemern: 1.
specified as a result of rinding a defect depends on whether thic
defect indicates that it is too hazardous to depend on scheduled
inspections. A large defect indicates that the inspecziun svstem .,
nat: effective and a defect with an inspection interval large wit .
raspect to strength degradaticon rate, alsc indicates a hazarcous
sttuation. Consequently, criteria for specifying an immediate inspec~
tiaﬁ.can be expressed in terms-limits of strength reduction (C44) for
fnttial defects and ratio of inspection interval (lowest effective
level) to crack growth (C46) or strength reduction {C45) for subsequent
defects not found in special inspections. With the zbove counstants
agplying to structure supporting flight loads additioral constants arte
needed for cabin pressure loaded structure (C47), (C48), (C4v). These
eanstants would apply to all elements in all airplanes in a given
gimulation. The strength Jegradation rate wouvle be based on (Cl3),
(CL9) and the iniormation u.2d in DD7 and the inspuction intervai
wauld be the lowest levei orf close inspection of :the wefect area.

DDLS = Whether the frequency of the lowest level of close inspectisn of the
clement is Ilncreased as o result of finding a defect depends on
whather the probability of dutection needs to be increased to provide

adequate safety, Such an increase is indicated when large and/or

o L ORI AN



mumerous defects bave been found in a given configuration of the
element with a defect is long with respect to the rate of strength
degradation. Consequently, criteria could be specified as requiring
an increase in the close inspection {requency of element by a multi-
plying factor (C50) (or some portion of the strength degradation tinw)
vhen:
1. The strength reduction of the defect found exceeds (C51), or
2. The strength reduction of the defect found exceeds (C52) unc
the ratio of the lowest lovel close inspection interval to
the strength degradation rate exceeds (£53), or
3. The defect is found in a special immediate inspection and
the ratia of the lowest level close inspection interval to
strength degradation fate exceeds (C53). or
4. The cumulative scrength degradation of defects found (includ-
tng failures) in a given element (X25) of one configuration

fim all atrplancs exceeds (C54).

The above constants apply to structure supporting flight loads, adgi-
t#onal constants (C53), (C36), (C57) and (CS58) are needed for cabin
pressure Loadeg.struc:ure. The inspection program chanzes of D15

..
and DDl4 apply to external inspections if the defect extends Lo exter-
nal areas, otheorvise they apply ro internal inspections. Some olemen:
or the numoer of minimum time boetween inspection frequency chances to

prevent cices:ive chang:s,

DS16 - Whether a decision Ls made to develop a retrofit fatigue modification

for duliverced alirplanes as a result of finding a service fatipue



defect depends on whether the cost of repair per flight plus the cout
of aned inspections per flight excecds the cost of modiflication pcr
flight. The cost of repairs per airplane flight can be estimated by
accumulating ﬁhe cost of repairs for each type of defect (fatigue
(X26) or corrosion (X27)) and dividing by the accumulated number of
£lights. The cost of each repair could be estimated from the weight
or volume of materfal added by multiplying cost per volume (C59) tiuws
the length, width and thickness of repair. The dimensions of the
repair would be a function of avecrage thickness of the element (C60),
the reduction of strength due to the defect (X14 or X16 through X19),
whether the reduction in strgngth exceeds some value (C61) which would
nequire complete rcplacement for heavy structures. The actual cost of
repair would have to be multiplied by a downtime factor (C62) and a
factaor (C63) which would be the airline's acknowledgement that defects
may canae accidents. This later factor would he used only In 2eclding
whether to develop a modification and would not be included in accumu-
Lated repair costs. (C59) could be initially based on production
o*ge:ience but should be normalized so that simulation of a typical
gftuation will result in average cost per repair that agrees with

service experience.

The cost per element inspection for cach level of inspection cam be
astimaited by dividing the cost of inspecting the entire aivplane (in-
cluding dovn time) among the clements, then the cost for cach level of
fnspection can be accumulated (X28, first level), (X29, sccond level),

(X30,. third level), (X31, fourth level) and (X32, special ingpections).




The cost of the added inspections per airplane flight can be deter-
mined by multiplying the cost ;.r element inspection (CO%) or (C65)
(for the third or fourth level inspection involved) timae: (X33) or
(X34) the accumulated inspection frequency increuscs due (o applicit
of (C50) to third or fsurth leve) inspections. bividing this vecw.

by the present insﬁcction interval would give added costy per afrpliac.
flight. The logic diagram assumes that modification wiii reduce
inspection frequency to original values. The cost of cach meslficati -
could be estimated on the same basis as repairs (cost per volume of
material added). The volume added for a typical case could be expresse:
in terms of percent (C66) of material in the element. The product of
(C53, cost per volume) (C60, average thickness) (C67 width of element),
(C62, downtime factor) and (C66) would give the cost per wmodification.
This value plus the prorated test 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 3
function of (C68) number of airplanes in the fleet, (C69) the airplane
service life, modification lecad time (Cll plus one-half of the inspuce

tion interval of the leve!l of inspection at which medification is

incorporated)s

The logic diigram assumes that modifications .are not made for cotro-
sion delcces., This is not unrealistic as the corrosion detect occurs
tence rate is based on gervice cxpericnce vhich fncludes the eifect

of a typical modification program.

wh
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D617 - Whether the modification is available for incorporation is a direct
function of (X8) tie time between first airplane delivery and the ce-
cision to develop the modification, (Cll) the lead time to produce
the modification and the time since decision to develop thte modifica-

tion (function of X4 and C2).

DS18 - 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, ¢
time on the airplane axceeds the (C71) percentage of the lowest flight

time at which a fatigue defect found in test or service (X35).

DS19 - Same as DSl except it applies to additional fatigue modification,

DS20 - It is assumed that.no additional modiflications are developed until

the previous modification is installed on all aircraft,

DS21, DS22, DS23.- ame as DS16 through DS18 except they apply to additional

modifications

o -
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Figure 9

(13 Sheets)

Sample Logic Diagram
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