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ABSTRACT

loratory research, needed to develop quantitative structural design
criteria for aerospace vehicles, has been conducted to relaste the probabilistic
nature of design, operational, and environmental experiences to the structural
performance of aerospace vehicles. Volume I presente a critique of present
and proposed approachss to structural design criteria. Volume I1I presents the
philosophy and implementation of the new procedure. Volume III formulates two
computer programs for the procedure and presents the user's instructions for
the programs.

Volums II develops the phllosophy of a statistically-based, deterministic
system. This aystem forms the foundation of the recommended new procedure,
which is 2 modification of the Present (Factor of Safety) Structural Design
System, not & completely different approach. The concept that the structural
system is expected to have the capability to survive both overload and under-
etrength situations is propounded. Requirements for providing these two
capabilitiee are identified separately and explicitly. These requirements are
based on statisticsl considerations, but the resulting design conditions are
established as deterministic requirements. This is the key to making the rew 1
procedure practical and administrable. A one page summary of the procedurc is
presented on page 122. An application of the procedure to the F-100 airplane
demonstrates how to use the technique. Problems that may be encountered in
implementing the procedure are discussed.

This document is subject to special export controls and each transmitial
to foreign nations or foreign governments may be made only with prior
approval of the Air Force Flight Dynamics Laboratory (FDTR), Wright-Patterson
AFB, Ohlo 45433,
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Meters per second per second

Wing (tail) bending moment, about x-axis
Fuselage side bending moment, about z-axis

Msan of normal strength distribution
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Mo Mean strength (theorstical)
. N Number of load (stress} exceedances
] fys ”&' g
load factors along longitudinal, lateral, and normal axes
respactively

Nx, NY’ NZ

PE Probabllity of axceeding load
L

Pp (xi) Load distribution function
L

PE Probability of excesding the omega condition
4}

PEU Probability of exceeding ultimate locad (strength)
LT

PF Probability of failure during a finite time period
K

P Probability of failure at limit condition or less
LIM

PF Total probability of failure
T0T

PRS Residual strength probability function during a finite time period

Ps Probability of survival

PSX Probability of eurvival during a finite time period

pl(xi » X J) Probabllity density function for a structural system whose
wean is x

J
p3(x j) Probability density function of analytical arror
qQ, Q Dynamic pressure
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R/t
SCF
sDC
SPU
S.R.

S'R'GOAL

STRREL

Rolling pullout mansuver
Ratic of radius to skin thickness of a shell structure

Stress concentration factor = KT

Structural design criteria
Symnetrical pullup maneuver
Structural reliability

Structural reliability goal

Static strength, time independent, structural reliability
computer program

Scatter factor on fatigue life

Residual strength stress

Standard deviaticn in strength

Ultimate stress

Standard dsviation in strength
Test factor of safaty
Bquivalent airspssad

Velocity, load factor, altitude recorder

Level flight high speed
Design limit airspeed

Landing sink speed




WJ landing gear jig drop test wsight

xdp The design point

3 Integration or step intervals in load or strength distributions




The International System of Units (SI) was adopted by the Eleventh
Gensral Conference on Weights and Measures, Paris, October, 1960, in
Resolution No. 12, Refarence (32). Conversion factors for the units used
hsrein are given in the following table:

CONVERSION FACTCRS

To Convert from U.S. Multiply By To Obtain SI Units
Customary Units

Degree 0.017453292519943 radian

Foot 0.3048 meter

Foot? 0.09290304 meter<

Foo'(./.Sec:2 0,3048 mct,er'/second2

Free fall, Standard(g) 9.80665 meter‘/second2

Inch 0.0254 meter
Inch~pound 0.01152..746198 meter-kilograms
Knot 0. S1LLdlilililid, meter/second
Pound force 4.044,82216152605 newton

psf 47.880258 newton/meter2

psi 6894.7572 newton/meter2

pei 6.8947572 mega.newton/meterz




SECTION I

INTRODUCTION

The development cof a new procedure for defining quantitative structural
design criteria by statiatical methods is described in this report. This
procedure is intended to overcome the problems associated with other
structural design criteria procedures. These other systems were evaluated
and the problems discussed in Volume I of this report. Volume II1I formlates
and describes two computer programs used in this volume for conducting
parametric studies of the effect of various parameters on structurdl
relisbility.

In order to develop a rational prccedure, it is necessary to have &
clear undsrstanding of what the procedure is expected to accomplieh. 7This
understanding involves recognition that structural design criteria (SDC} does
net stand i1solated from all considerations except those explicitly affecting
the structural system. SDC is only one part of the structural design system
that produces s new structural system. This structural system is one of many
subsystems which are part of & vshicle system. Many of these other subsystems
interact with the structural system. These interactions constitute part of
the environment of the structural system. The vehicle system becomes part of
an cperational system which provides another part of the structural system
environment,

The baslc philcsophy of the new procedure is presonted in Section I1I of
this report. It is noted that the making of decisions is the key element in
the prccedure. There must bte a decision ag to what the structural system is
expacted tc do, This must be followed by a decision as to whether the
structural system will accomplish what it is intended to accomplish. These
decisions becoms part of a decision network ocutlined in Section IV of this
volume.

The various decislons mist be based on information quantitacvively defiring.
what it is desired for the state of the structural ayateg and what thg actualng

stats of the systam 13. This method of presentation is based on a concept
presented by Draper.~ Application of Draper's concept to the definition of a
structural design system is described at length in Volume 1,

This new procedure represents a modificstior. of the Present (Factor of
Safety) Structural Design System which was dascrived and evaluated in
Volume I. The procedure is a statistically-based, deterministic syatem in
contrast to the Purely Statistical Structural Relistility Systems described
and evaluated in Volums I. The design conditions in the new system ars defined
with the intent that they satisfy specified statistical considerations,
However, once ths decision is mede, the design conditions become discrotae
conditions that define the structural requirements explicitly. These discrete
conditions also define the interfaces with other systems. The areas of
responsibility and nonresponsibllity for both the structural and nonsiructural
systems can be established unequivocally.




The choloce of thess design conditions is based on a prediction of wnat
is axpected to happen in the future from knowledge of what has happened in
aimilar circumstances in the past togsther with an analysis of expected
modification of theee past statistics. Where sufficient statistics are not
available, engineering judgemsnt is accepted as a form of prediction. The
new procedure recognizes that the future rasults can be influenced or even
controlied sc that the statistics of actual futurs operations of the new

vehicle can be forced to be consistent with the initial predictions in most
cases.

Whether the structural environmsat can be controlled or whether it is
noncontrollabvle, the results of the vshicle operations in the environment can
bs mcnitored. This information bescomss part of the structural design asystem
and is used to decide whather the operations and structural reliability
attained are satisfactory. If not, a deciesion can be made either to change
the actual cperations to match the specifisd capability of the structural

system or to changs the spacified structural capability o maten the actual
cperations.

Sacticn II develops the philosophy and rationaie behind the new procedure,
Ssction III presents the technical approach of the procedure. Section IV
contains flow diagrams to illustrate the interaction of the various functions
involved. Saction V contains a synopsis of the procedure for quick assimila-
tion of the =alient features of the new approach. Application of the new
procedure is demonstrated on the F-100 airplane in Section VI by comparing
the output of the ccmputer program with actual service records. JSome of the
advantages and sames of the potential problems that may be encountered in
implementing the new p.~cedure are discussed in Section VII. Conclusions
and recommendations are presented in Section VIII.

It is possible that the reader may desire an overview of the new
procsdure prior to starting to follow the development in Section II of the
philosophy behind the new procedure. If so, it may be advantageous to resad
the brief etep-by-step outline of the procedure in Section III or the synopsis
in Sestion V., A one-page summary is presented on page 122.




SECTION Il

THE PHILOSOPHY OF STRUCTURAL DESIGN CRITERIA

2.1 GENFRAL

The purpose of the study, reported in this volums, is tc accomplish the
research needed to develop cuantitetive structural design criteria for aero-
spacs vehicles. The criteria are expacted to relate the probabilistic nature
of deaign, operational, and environmental experiinces to the structural
psrformance.

In order to formulate a new procedure for structural design criteria
(sSDC), it is necessary to have a clear understanding of what the procedure
is expected to accomplish. This section of the report will be devoted to
that task.

The firat step in the process of defining the purpose of SDC is to
understand the relationship of SDC to the total structural design system.
This question was teken up at length in Volume I of this report, but soms of
it bvears repeating in order to establish the framework for the formulation of
the new procedure., A structural design system 1s defined very broadly in
this report. It includes far more than just the structural design criteria.
It includes the state of the art affecting strength and loads analysis. It
includes the drafting rcom procedures that affesct the checking of the
structural drawings. It includes the government material specifications and
it also includes the know-how of materials producers., It includes fabrica-
tion techniques in the shop and it includes maintenance techniques in the
fisld. It includes the pilot's flight handbcok and it includes everything
that haes an interface with the structural system (commonly called the
airframe or the hardware), and everything that has a bearing cn whether the
structure survives in the performance of itas stated mission.

It is recognized that such a troad definition of the structural design
system ia not universally accepted. It i3 acknowledged that there are
jurisdictional problems in any organlzation that inhiblt control by the
structures organization of all things that affect the structural system.
Nevertheless, it is nacessary in any evaluation of a structural design system
to reccgrize the existance of these problems. One measure of the effective-
ness of a systemw is how well it copes with these interface problems. There-
fore, the approach developed in this report will not bs limited by any
preconceived ideas limlting the preacribed field of responsibility for the
structures organization.

The philosophy to be followed in the development of the proposed new
structurel design criteria is described in several steps. First, the
objectives to be accomplished by the SDC are defined. Thls corresponds to
establishing the Desired State shown on Figure 1. Then, procedures to
implement these objectives will be dsescribed. Finally, a discussion of what
constitutes proof of compliance with the objectives will be pressnted. This
corresponds to a determination of the Actual State as shown on Figure 1.°

-3~




RILSKS NOISEQ TVHALONYLIS = WVHOVIQ TYNOILONNE TEZIIVHINAD

sBpaTaAcTy 27ITIUITIS
patrddy

uatladxy TVNPTATPUI
Idusisadxy 1030933000
Jouatladxy JWOLEND

JHY 993 JO ILVLIS

JNTHNOMTANT

°T 3UNdId

.‘(ll)-\ll'r\ur\l"l\')\l}\’l)‘l)\!\f\‘} gy N o e v

SIINEIN

WI\n\..‘I‘\i‘l e, o A M

i

>

wIrsLg
TeIm3onIyg

] r

w84S

Teuo13esado

©I8kg
STSTURA

[
FEX S -TELE 2
oI T8aq
em3dnIg

339

¢ gwwaSodd
I39ndmo)

¢ gfuiIaINn
‘galTAI

¢ 9XCOQPUeH
* gBnyanaqg

r

!

¢ -o9dg ‘oas

aso

ITOAIJOS

@ 84hg

TeIN3IINIIG=TWOK

/ (Texsua0)

we 843
uByeag

7041PO) WALSAS

QoT3Y
FuImISwuwy

t I 1099923300
'‘1s
&

w384
UO}IVWIOJUT
23933 TNV

y 14
29mo3In)

-3 S ETN ¢

JuameemeN| |

r-uououunoo pueamo) Tox3mo)=

SOILZINSOLNL

wei8kg
UOTIWEIO U]

‘,1

AW
\Y
SUOIVIGPTINO)
aay30afqng

f.,—~

i e o T ™ e —

2w
PoITe8g




Although the basic philoscphy set forth in this report is universal in
its application, it 1s convenlent to develcp and discuss the philosophy first
in terms of the simpler time-independent (static) strength situation. Then,
it is extended to inzlude the time-dependent situations such as fatigue, hot
structure and erosion.

2.2 FUNCTIONS OF A STRUCTURAL DESIGN SYSTEM

A gensralized functional diagram of a structural design system was
presented in Volume I of this report. This diagram is reproduced as Figure 1
in this volume.

The fundamental purpose of any structural design system is the creation
of an operational structural system that will enable the vehicle to satis-
factorily perform its mission. The desired structure is not wished into
axistence. It is the result of many management decislons that trigger
actions in many processes leading to the final product. The making of
decisions is the key element in the procedure.

It should be noted from Figure 1 that Structural Design Criteries (5DC)
1s only one of the many functions that compose the structursl design system.
This serves to emphasize the fact that SDC, in and of itself, cannot
guarantee 3 high level of structural integrity or structural reliability in
any structural system. Many other considerations enter into the picture. As
noted above, the purpose of a structural design system im the creation of an
operational structural system that will enable the vehicle tov satisfactorily
perforr its missicn. This definition requires the specification of a number
of functions vefore it is meaningful. It indicates that the vehicle has a
nission to perform which, in turn, indicates that the structural system, as
a vehicle gubsystem, has a mission to perform. In order to determine if
the structural systom is performing its mission satisfactorily, the miasion
must be carefully defined and a quantitative definition of what constitutes
satisfactory performance must be established. However, the simple act of
defining the requirements for the structural system is not sufficlent. As
Coutinho? says, "Thare are individuals who believe that the apecificetion is
the end product; they are not concermed with hardware.... There waa no
appreciation either of what had to be done in the design and development
cycle to oblain this level of relisbility, or what reasonable level of
reliability was needed to accomplish a mission.”

The making of decisions at various times in the design procedure is the
Key slement. The standard for judging the valus of any structural design
system must be the considerstion of how effectively decisions are made and

implemented. * In Volume I the decisions to be made are grouped in three
categoriee:

1. How effectively does the structural design system define the
Desired State of the structural system?

2. How accurately can the Actual State of the atructural system
be determined?




3. How early in the design and deployment c¢ycle of the operational
system will any discreparicies batween the Desired State and
Actual Stats be disclosed?

Aithough the three questions above ars phrased in the language used by
Draper® (partially reproduced in Volume 1), the questions are simply common
sense. If a quantitative SDC is to be developed, one mst declide what the
structure is axpected to do. This includes what the structure is not expected
to do in terms of tolerating and surviving malfunctions, errors, and extreme
or abnormal opserational situations impoaed on the structural system by non-
structural systems. The decision on what the structural system is expectad
to do must be followed by & decision as to whether the structural eystem
will accomplish what it ia intended to accomplish. To make this decision it
must be possible to mesdsurs or determine some function numerically in order
to compars it with the desired value. If the number is equal to or “Setter
than the desired value of the parameter, the structural system is acceptable.
1f not, the atructural system is unaccsptable and changes mist be made.
Finally, the declsion to accept or change the structural system must be made
as early as possible in the design and deployment cycle. It is always more
economical to change a prototype structure than to make changes during the
producticn phase. The most unacceptable changes that can occur are those
that occur aftsr the vehicle has bean accepted for operational usage. Thus,
the concern indicated by the last of the thres questions posed above.

Volume I of this report has evaluated the Present (Factor of Safety)
Structural Design System, a Purely Statistical Structural Heliability System,
and the individual approaches recommended by 14 different authors. It is
shown that all of these procedures are deficient either in defining the
Desired State of the atructural system or in determining the Actual State.
The procedure developed during this study is intended to remedy the
deficiencies noted in Volume I,

Volume I concludes that "The fundamental problem area in the Present System
resides in the fact that there is no clearly identifiable, guantitative cbjective
that the Present System is expecied to satisfy."” A factor of safety (F3), such
as the commonly used 1.5 value, does not provide any consistent level of
performance for the structural system. Due to non=linearities and other
considerations, one vehicle with a 1.5 factor of safety might be able to
attain 1.75 times the 1imit operational condition and another vehicle with
the same factor of safety might attain only 1.25 times the limit operational
condition. Such a situation is discussed in Reference 3. Even if a given
FS results in the same operational capability relative to the specified
limit conditions, the frequency with which cperations exceed the available
structural capability mey vary grossly from one vehicle system to another.

The differance in failurs rates assoclated with thess possible situations
might be orders of magnitude. It is difficult to accept the rationality of
a system that would permit such divergent performances for vehicles expscted
to perforan the same mission.

Most of ths authors of the papers svaluated in Volume I of this report have
adopted a system where a structural reliability number would be established as the
requirement. The evaluation in Sections 11l and IV of Volume I has made
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clear that such systems ars nct practical for the design of aerospace
vehicles. The principal deterrent to the adopticn of a Purely Stalistical
Structural Reilability System is the fact Lhat there is no procedure for
accurately determining the actual structural reliability of a particular
structural design. As a result there is no proof of compliance technique
that would bs satisfactorjy for demonstration that a contractual requirement
has been fulfillad.

2.3 TIME-INDEFENDENT (STATIC) STRENGTH SITUATIONS

The approach suggested in this report is intended to overcome the
problems noted in Section 2.2. The logic of a very rudimentary system is
dsveloped in this section and then expanded step-by-step until it includes
all of the elements of the real problem. This initial developmsnt of the
approach has most of ths attributes of the final system but the principles
involved should be easier to comprehend in this simpler form. The complete
approach is considered to be a modification of the Present (Factor of Safety)
Structural Design System. The modifications will not require a radical
departure from present standards for designing the structural system of an
aerospace vehlcle. However, some detail changes will be necessary to
implement the new procedurs. These changes will be noted as the development
of the procedure unfolds.

The first simpliflcation used in the presentation of the new procedure
is to consider oniy situations where the strength of the structural system
does not vary significantly during the 1life of the vehicle. This is the
basis on which most of the present SDC have evolved. The functional model
reprasenting this type of structural system is obviocusly much simpler than
the model for a system with a time-dependent strength, However, the basic
principles involved in the develorment of the phiiosophy are not affected by

i the question of the time-deperdency of the strength.

a. Rudimentary System
(1) Criteria

The pnhilosophy on which the new procedure is based starts with recogni-
tion of the underlying desire to have no failures, ever, in the structural
system, It is a verity which many authors have pointed out that a "no-failure-
ever®” requirement would result in an infinitely strong and infinitely heavy
structure. Something leas must be accepted. This could be called a "no-
failure-unless' requirement. It simply is not feasible to require that a
structural system support any conceivabls load that might be imposed on it.

Nor is it feasible to require that a structural system retain sufficient
strength to survive with the understrength resulting from any conceivable
error in design, fatrication or maintenance.

Following this line of reasoning, the first qualification to the "no-
failure-ever" reguirsment is that no failures will be tolerated unlees the
vehicle 1s operated ouiside the defined and expected boundaries of the
prescrived miassion by a significant increment. Ocviously, this requires a
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caraful definition of the mission and of these boundaries. It also requiras
a definition of what consitutes a significant increment beyond these
boundaries. It should be noted that structural failurss are never “acceptable”

but may be tolerated as an unavoidable result of obtaining a minimum weight
and, thus, a useful vehicle.

This suggests that the Desired State for the structural syst-em could be
qualitatively defined as follows:

No stractural failure will be tolerated while the

vehicle is performing normally but failures during
abnormal opsrations will be tolerated.

A more preclse definition of normal and abnormal operations will be given

later. Assoclated with this definition of when structural failure will or

will not be tolerated should be a determination of who will be responsible in
case a failure does cccur. If responsibility can be assigned after a failure
occurs, certainly responsibility for preventing failure can be allocated before a
failure sver occurs. It is considered that thls explicit assignment of
responsibility is a vital element in the new procedure, It is something

that is missing from the present prccedures and from those procedures

evaluated in Volume I.

As a specific example of the mezning of this principle of the allocation
of responsibility for the prevention of structural fallures, the definition of
the Desired State given above can be expanded to include a definition of
responsibility, The structural system and those concernad with its deslgn,
fabrication and maintenance are responsible for the prevention of structural
failures while the vehicle is operating normally. On the other hand, they
are not responsible for failures that occur while the vehicle is operating
abnormally. Since structural failures will be tolerated if they occur in
the range cf operations considered to be abnormal, it mst be the respon-
sibility qf the non-structural systems to prevent fallures in this range by
avoiding the abnormal situation.

To develop a definition of the normal range of operations where the
structure 1s expected to never fail and the abncrmal range of operations
wihere structural failure will btse tolerated, the capability tc distinguish
between a normal and an abnormal operation must be devaloped. It does not
appear to be reasonable to consider that operations at some particular level i
of severity are normal whereas operations at an infinitesimslly more severs '
condition are abnormal. However, it does appear reascnable to designate

one level of operation as normel and ancther at a discretely higher level aa !
abnormal. :

If the structural system had characteristics, such that it "never"
failed at the operational level desigrnated normal, but "always" failed
exactly at the level designated abnormal, the system would meet the defini-
tion for the Desired State of the structural aystem given above, This
hypothetical system has soms interesting attributes. If the structural
system "always" failed at the level designated as abnormal, it would "never"
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fail at the level designated as ncrmal. This would fulfill the responsibility
of the structural system to prevent failures under normal operational condi-
tions. Failures would occur whenever the level designated as abnormal was
esxccesded. However, responsibility for preventing such fallures is outsids
the purview of the structural aystem. Failures would occur only if the
abnormal operation is encountered. Responsibility for presvention of such
abnormal operations and thus prevention of structural failures as a result of
such operations rests with those responsibie for the vehicle operation.

This description of the proposed structural design system is essentially
a description of the Present System that has evolved in the design of aero-
space vehicles during the yearas past. The normal operating conditions have
been called 1imlt conditions. These 1imit conditions have been convejed to
operating personnel by handbooks describing operational limitations for the
vehicle, by placards and by other means. Operations up to the limit conditions
are permissive and, thus, must be conasidered normal. Any siructural failure
at limit condition or less is not considered tolerable and structures that
fail in such circumstences are almost automatically strengthened. Operations
beyond limit are not spproved so any substantial vioclation of the operatiocnal
limitations must be considered an abnormal operation. Most failures of past
structural systems, aside from those caused by correctable errors in the
structure, have come from operations well beyond limlt conditions. Such
failures have to be the responsibility of the vehicle user and not the
responsibility of the structural system. As long as such abnormial usage does
not occur more often than is considered reasonable for the class of vehicle
in question, the structural system is considered to be satisfactory.

This willingness to tolerate the relatively rare, infrequent structural
failures that are the result of operating the vehicle abnormally— well beyond
the limits of the prescribed normal operation-represente a qualification of
the dasirs for a no-failure-ever situaticn. On this basis, the Desired State
could be radefined as:

No structural failure will be tolerated unless
the failure is caused by an abnormal operation
of the vehicle and provided that the abnormal
operation occurs infrequently at a rate that is
compatible with the misaion of the vehicle.

At this stage in the unfolding of the philosophy guiding the development
of the proposed new procedure, the model of the structural design system
qualitatively has all the elements of a realistic, practical system. However,
further qualifications will he added as the development prcceeds. It will
eclarify this future development if the significance of the development to
this point is restated. Two operational conditions are definsd — a normsl
and an abnormal condition. The structure is expected always to survive the
normal condition. Failure at the abnormal condition will bs tolerated. The
failure rate of the vehicle will correspond to the frequency of attaining the
abnormal condition. The probabllity of structural failure will be equal to
the probability of exceeding the designated abnormal condition. If a parti-
cular valus of structural rellability is designated as the minimm acceptable,
the complement of this structural reiiability value represents the maximum
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probability of failure that will be tolerated. In turn, this means that the
probability of attaining the abnormal condition where the structure is
expected to fail must be no more than the cocmplement of the desired structural
reliability value. Then, it fcllows that, if the operetional condition that
is designated as abnormal is chosen initlally so that its probability of
exceedance 1s equal to the complement of the desired structural reliability
and if the structure is designed so it will always fall at or above this
condition designated as abnormal, the desirsd structural reliability will be
attained automatically,

(2) Responsibility and Administrability

The responeibility for implementing the requirement just stated can be
divided into two separate, identifiable raquirements. One would be the
responaibility of the structural aystem and the other would be the respon-
sibilivy of the operationral, or nonstructural, system. In effect, this
procedure decouples the two systems and permits the requirements for each to
bs spscified separately. A pair of numbers representing the definition of
the normal and abnormal condition would be common to the requirements for
sach system, Once these numbers were established, they would not be
dependent on the procedure by which they were established. They woulid stand
by themselves with the effect of a specification requirement.

The structural system would have tha obligation to fulfill two require-
ments, One would be to provide the operational vehicle with a structural
system that would always fail exactly at the operational condition designated
as abnormel. (Remamber that this discussion is etill for a hypothetical
design, much simplified from the true situation.; The second structural
requiremsent would be to never fail at the condition designated as normal.
Thie second requirsment is met automatically if the first requiremsnt is met.
So the structural requirement at this point reduces to a requirement to
survive the "abnormal'" condition. It is pertinent to note that this require-
ment is very similar to but not identical with the requirement in the Present
(Factor of Safety) Structural Design System. In the Present System the
structure is required to survive ultimate loads, defined as limit loads
miltiplied by the factor of safety. In the new procedure the structure is
required to survive the operational condition designated as abnormal. This
means that the structure mst survive the loads associated with the abnormal
condition. So both procedures require that the structure survive a single,
discrete set of loads, although the loads may be differant in the two systems.

Such a requirement is an administrable requirement. If a contract 1s
written on the basis of this procedure, the requirements can be defined
essily. The contractor must provide a structural system capable of surviving
the condition designated abnormal. This condition is a discrste condition,
identifiable by a number (a set of numbers), If the structural system fails
at less than this specified conditicn, ths contractor has not fulfilled his
c¢bligation. On the other hand, the contractor has no obligation to provide
any more structural capability than the sbsolute minimum neceasary to
survive the specified condition. Thus, the contractor's obligations are
specific but limited which is the basis for an administrable requirement.
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The decoupling of the structural and operational requirements imposes
some obligaticns on the operational system and the vehicle user. The
definition of the two operational conditions, nermal and abnormal, delineates
thess obligations of the vehicle user. The normal conditicn is by definition
Just that., The user should be free to operate up Lo this condition since the
structural system has the absclute responsibility for preventing structural
fallures in chis opsrational range. Beyond this specified riormal condition,
crerations are not cunsidered to be necessary +o tue performance of the
vehicle mission. It is recognized that occasional operaticns beyond ths
condltion designated as normal may occur. However, if any operation is sc
far beyond the normal condition that the cordition designated abnormal is
exceeded, the structural system may fail, The responsibility for this
operation and the subsequent. failure mmst be accepted by the vehicle user.

As with the requirements for the structural system, Lhe requirements for
the operational system are similar to but not identical with those in the
Present (Factor of Sai‘ety) System. The rresent System establishes a limit
condition that is comparctlez Lo the condition designated normal in this
dicussion., It is a condition representing the upper limit of the permissibls
operational range in both procedures and one that is high enough so that all
normal operations required by the mission can be performed without exceeding
the specified condition. In this respect the two procedures are identical.
There is no comparable condition in the Present System to the condition
designated as sbnormal in the proposed system. However, the actions of the
authorities in past situations where the operational limitations have been
grossly exceedsd have been an implicit recognition that such operations are
abnormal. There has been no explicit level where such a determination is made
in advance. Neverthelsss, it 1s inconceivable that, in any accident where
the aircraft was known to exceed the operational limitation by 4O or 5C
percent, the cause of failure would not be attributed to the user. The
structursl system almost certainly would be considered adequate in such a
aituation. The spacification in advance of the operational level at which
the structural system has no responsibility for survivael and where the user
is considered to have grossly overloaded the vehicle does not really charge
what has always been recognized after the fact. Therefere, the concept is
not as radical a departure from past practice as it might seem to be.

To summarize, the structural system is expected to always survive the
normal condition. If it dossn't,scle responsibility for the failure rests
with the structural system since operations to this level are permissible.
The structure is not expected to survive beyond the designated sbnormal
condition. If a failure does occur due to vehicle operation in this region,
sole responsibility for the failure rests with the operating system.

With some additional definition of the exact meaning of some of the
words used to describe the proposed procedure and with some additicnal minor
qualifications on some of the requirements, the structural design system
just described can serve as a rational, practical prccedurs for deciding what
is required of tho structural system and for administsring compliance with
the requirement.
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(3) Criteria Terminology

The first term that muet be defined mors precisely is an
operational condition, Generally, an operational condition is some parameter
or combination of parameters that represents the state of the vehicle as a
whole. An operational condition should be something physically meaningful
to the vehicle user and generally controllable by the user. It should
represant a definable interface betwean the engineer or vehicle designer and
the vehicle user, Such functions as load factci-, waight and velocity are
certalnly operational conditions. So also are control surface position and
vehicle attitude. Typically, in aircraft practice they are functions ‘he
pilot can sensea quelitatively even if instrumsntation i3 needed Lo determine
the function quancitatively.

Ordinarily, functions that are local to the structural system, such as
wing root bending moment or the stress at the corner of a fuselage window,
are not operationsl conditions. However, in certain instances, paramaters
of this type can be transformed into an operational condition by preoviding
the pilot with instrumentation sc he can monitor the value of the paramster
at all tizss,

User-controlled conditions define most of the environment to which the
structural system is exposcd. However, there are some conditions imposed on
the structural system by other vehicle subsystems. For instance, the
pressure in a tank may be controlled routinely by an automatic regulating
system with additional regulation against overicads provided by a preasure
relief valve. The pressures as controlled by the regulating subgystem can be
considered as operational conditionas for the structural system. In ths same
vein, the mass and velocity of metsorcids impacting on & space vehicle are
considered as operational conditions, even though they are not controllable
by the uaer or by & non-structural subsystem. From here on in this papsr,
the term opsrational condition will include any environment or input imposed
on the structural system by a non-structural system.

In establishing a requirement for the structural system to survive a
particular operational condition, it 1s understood that failure occurs when
the local load on the structure exceeds Lhe local strength. The transfer
function that transforms an axternal vehicle condition into an internal
vehicles load may involve personnel from many disciplines, such as dynamicists,
aerodynamicists and weights enginaeers. Thess are &ll included whon speaking
of the structural system. The basic interface 1s considered to be between
the vehicle user and the vehicle designers.

iu® verm load is interpreted very breoadly in this discussion. It
ircludes those functions that are conventionally thought of as loads, such
a3 shacr, bending moment and torqus. It also includea local temperatures,
vibration amplitudes and corrosive influences where they affect the fallure
potential of the structural system.

Another usage that needs defining is the concept of error. In the
context of this paper. an error is anything where the final result is not as
initially predicted. The reason for the discrepancy and the blame, if any,
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are immaterial. An arithmetical blunder such as a decimal pcint error or
transposing nunbers is less defensible but has the same result as a dis-
crepancy due to ignorance. The ignorance itself may be that of an individual
who lacks some vital knowledge even though other knowledgsabla individuals
possass the requisite knowledge. Or the ignorance mey represent the curront
state of the art with no one knowing the correct scluticn to some problem.
The single term "arror" covers all these considerations.

One final definition is needad in the discussion and development of a
quantitative structural design criteria. This is the name of the operational
conditions heretofore designated as normal and abnormal. The upper limit of
the normal copera. nal conditions has been considered to be a limit condition
for many years, A limit condition may actually represent a combination of
two or more parameters such as aircraft load factor and speed. Wave height,
wave slope, wind velocity, and vertical impact velocity in combination might
define a limit condition for the water landing of a space capsule. This meaning
of a limit condition is consistent with the meaning currently attributed to the
limit condition in the Present (Factor of Safety) Structural Design System,

The condition previously aescribed as an abnormal operating condition
has a new meaning. This condition corrusponds to what some* have called an
ultimate condition in the past. The term ultimate condition could be adopted
in this discussion but experience has suggested a different nams would be
desirabla, No matter how carefully it is explained that the loads fcr the
ultimate condition do not represent exactly the same thing as the ultimate
loads in the Present (Factor of Safety) Structural Design System, there always
seems to be soms confusion on thls point. For this reason it appears
desirable to adopt a new term .or tiie abnormal operatiocnal condition that

| defines the condition where there is no further responsaibility for structural
f survival. It is -uggested that the terw "omega conditicn" would be a useful
: term here. It would emphasize that the condition is separate and distinct
from the limit condition, and it may be significantly different from the
condition assoclated with the ultimate loads of the Present System. If
desired, the reader can substitute "ultimate condition* for "omega condition™
without changing the mesning of the discussion.

It ie interesting to note that the concept of an ultimate or omega
condition antedates the use in the Present System of the loads at limit
condition miitiplied by & fector of safety. The Wright brothers> designeod
their original airplane structure to support five times the weight of the
airplane. This corresponds to designing for what is now called an omega
condition. This practice was general in airplane design until about 1934
when the factor of safety concept was introduced into civil regulations.

b. Systems with Strength Scatter Ccnsidered

The assumption made in the previous sub-ssction that all the vehicles in
the flest failed exactly at the omega condition is equivalent to saying that
there 1s no scatter in the strength. Statistically, the coefficient of
variatlion in strength, Yq4» Would ba zero, Most structural systems for the
aerospace systems of the past ware relatively narrow in strength scatter.
Although the structures and the strmctural design system did not make axplicit
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dsterminations of 7,, the procedures were conslstent with systems whose Y 's
were amall — approaching zero. In Volume I it 1s pointed out that the
structural sys ams of the future may be forced to use materiales and configura-
tions that will predispose towards larger values of Ys. Therefore, any realis-
tic procedure for quantitative structural design criteria by statistical

f methcds must ccnelder the effects of the sirength scatter, Y,.

KR

It is part of the basic philcasophy being developed in this section of
Voiume II that the atructural system should be developed in incremental steps
mich as {t is in the Present System., Th.s means that strength is first
calculated analytically for a set of analytically determined loads. Then, the
strength is verified for the analytically determined loads. Naxt, the loads
are verifiec for the spacified operational conditions., Finally, the relation
betwesn the spscified operational conditions and the actual operational
experience 1s verified by appropriate means.

As a result, the structural requirements are based on the premise that,
if the operaticnal conditions are as specified, the structural performance
must satiafy the dasired level of structural reliability. Obviously, the
reliability of the atructural system and the vehicle system will be deficient
even if the vchicle is properly cperated, whenever the structvre is incapable
of surviving the loads associated with proper operation. Therefore, it seems
appropriate to establish a structural cesign criteria that will provide, as
a minlmum, & structural system that will result in the desired level of
stractural reliability provided that the vehicle system is actually .perated
as it war predicted it would be operated. What to do if the operational
results differ from the predicted results will be discussed later on.

The basis for design as just described corresponds to a conditional
structural reliasbility, It has many advantages. It continues %o implement
the decoupling of the requirements for the structural and non-structural
systems. It would seem reasonable that the definition of the lirit and omega
oparational conditions — the normal and abnormal of operations — should be
independent of any consideration of the type of structure that results from
the design process. In other words, the user shoulc be able to operate an
airplane in the prescribsd manner with expectation that the same structural
capability is being provided whether *here are forgings or castings in the
wing, whether the sgtru:ture is "het" or "cold," or whether the wing leading
edge is aluminum, beryllium, or graphite. Therefore, the operational require-
ment should be define. first and then adequate structure provided to meet the
operational requirerment. This is not to say that the initlal desire for
cperational capability may not be modified if necessary to obtain a practical
structure. In such a case, there should be an explicit agreement that the
vehicle can and will be c¢perated to rore restrictive limitations.

With the philosophy established that i* is desired to obtain a particu-
lar level of structural reliabillity given that the operational conditions meet
specified requirements, it is possible to develop the next step in the
procedure, Rafersnce 5 propcsed three levels for structural reliability
cbjectives. These are reproduced harein as Table I. It is not suggested that
theae pasticular sets of figuree must be adopted, but thay are convenlent to
1llustrate the procedurs being developed.
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TABIE I
STRUCTURAL RELIABILITY OBJECTIVES

St,&ndd ‘ . um
Vehicles w Risk

Vehicles

: t.ctura.l - . B
bility Goal 0.9999 0.999999
Probability of
Exceeding Limit
Condition

Probabllity of
§ Exceeding Omega
Condition 0.0001 0.000001 0.01

Conditional Limit
Reliability 0.999999 0.9999999% 0.9999

Cor.iitional Omega
Reliability 0.99 C.99 0.99

If it is assumed that the probability of exceeding limit condition and
omega condition will not be greater than specified on Table I, the structural
reliability that will be attained provided that the structure meets its
requirements can be determined. Load spectra corresponding to values of
Table I are shown on Figure 2. The important point cof these curves is that
the probability of exceeding the omega condition 1s the complement of the
desired structural reilability.

Pr £1- S8Ry, (1)

Then, 1. is aasumed that the probability that the strength exceedz the
omega condition is 0.99. This ccrresponds to the value on Table I, More
important, this corresponds to what has been the practice in the Present
System for years. In effect, the strength allowable is matched up with the
omega load. Based on these assumptions the curves of Figure 3 are computed
by the program described in Volume III. These curves show that, over a wide
range of Y., the structural reliability will approximate the complement of
the probability of exceeding the omega condition,

S.R.x1- P_ (2)
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provided that the allowable (99 percent exceed value) is matched to the omega
condition. It should be noted that, at very large values of Y., the S.R.
will approach 0.99, which is the same value used for the allcwable.

The middle ocurve on Figure 2 has been modified on Figure 4 to show that
the conclusions drawn in the preceding paragraphs are not too sensitive to
the exact velus chosen for the probability of exceeding the limit conditioy.
Figure 4 shows two variations from the basic curve of Figure 2. The probabllity
of exceeding omega is held constant at the prescribed value of 10~%, The
probability of exceeding limit condition is alsc maintained at the prescribed
167<, but limit is moved up and down in relation to the omega condition. This
could be expressed in terms of factor of safety with the basic curve correspond-
ing to & 1.5 F.S. The two alternate curves would be for 1.25 and 1.75 F.S.

g;m correspondirg S.R. curves ars computed and plotted as the dotted lines on
gure 3.

From the added curves it is apparent that the shape of the loading spectrum
does not have much effect on the general levsl of structural reliability
attained. For the lower values of strength scatter, the level of structural
reliabllity obtained is governed largsly by the frequency of excesdance cof
the omega condition, It may sesm cbvious but it is important to develop an
appreciation for this relationship. It is the basis for the concept that the
omega condition can be established as a deterministic value together with
the allowable as a single deterministic value. Then, if these two values are
established properly, the structural reliability will correspond tc the desired
value automatically without the necessity for laborious and unprovable
statistical calculations. At this point in the developmsnt, the procedure
incorporates most of the features of the rfinal system. These are summarized
as follows:

A designated structursl reliability level will be attained if

1. The probability of exceeding the omega condition is the ccmplement
of the desired S.R. (PEQ= 1 - S.R.) , and if

2. Tho allowable strength of the structural system is such that
$9 percent of the individual structural systems exceed the
allowable and the allowabie strength equals or exceeds the
load for the omega condition, and if

3. The coefficient of strength variations, Yy is small (i.e.,
¥, % 0.10), and if

L. There are no mis-ikes or errors in the determination of the
previous thres paramsters.

The last condition is the mcst important of the four, yet it has been
completely overlooked in all previous work in this field. Volume I devotes
considerable attention to this problem. It is noted that all of the procedures
reviewed in Volume I make the inmplicit assumption that the load and strangth
distributions are known beyond any possibility of error. Past hlstory,
documented by Reference 6 and many other records, does not justify the
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no-error assumption. As a result, the calculated S.R.'s presented on

Figure 3 cannot be considered to be realistic. They will be true only if
errora were never made in the varlious analyses involved in the compuiations.
Accordingly. this no-error assumption cannot be used as the basis for a
rational procedurre. Thereiore, the question of the posaibility of analytical
errors in the strength analysis willqbe taken up in the next section.

¢. Systems with Analytical Errors Considered in the Strength Analysis

The pravious section developed the procedure beyond the rudimentery
system of Section 2.3a by considering the effect of strength scatter on the
structural reliability. The saction concluded that the procedure, as it
stood, was not reallstic because of the assumption that thers were no srrors
in the loads and strength analyses. It was noted that Reference 6 and other
sources have documanted the fact that there have been many structural failures
in strength tests at lcad levels considerably below the predicted level.
Figure 5 presents data from Reference & showing the frequency with which
structuras fail at less than the intended design load. There is every
evidence that ths incidence of analytical errors today has not changed
significantly frcm that presented on Figure 5. If this is trus, the 5.R.
obtained by analysis alons will be dominated by the error effect. Figure 6
shows this effect. Curve (2) on this figure shows that no matter what the
probability of exceeding the omega condition, the resulting S.R. is very low
(approximately 0.9). The spread in results on Curve (2} results from
assuming variations, described in connection with Figure 17, corresponding
to belLter or worse analytical accuracy than that of Figure 5. Figure 7,
reproduced from Volume I, 'shows that no matter what the coefficient of
strength variation, ¥,, the attained S.R. will be in the vicinity of 0.9 when
the error function is included in the determination of S.R. Both Figures 6
and 7 show that sizable changes in ths error function from that of Figure 5
make relatively little difference in the attained S.R. Thus, it must be
concluded that the simple fact that analytical erroras are made far overshadows
all other_ considerations in determining the true structural reliability of
structural systems designed solely by sznalytical techniques. Accordingly,
the next step in developing a procedure for quantitative structural design
criteria by statistical methods muet be to recognize ti'at analytical errors
will oceur and to expand the procedure to consider the . tatistics of these
errors and how they affect structural reliability. The computer program
described in Volums III includes the analytical error function as an integral
part of the program, The philoasophy followed in developing this computer
program is rather straightforward in terms of the functions alrsady discussed

the previous sections of this report. The logic cf the procedure continues to
be developed in the Iramework of Profsasor Draper's™ informetics concept as
described in Volums I.

The Actual State of the structural reliability of a particular model or
design can never be known precisely if it 1s acknowledged that errors do
occur in the strength analysis. If two new designs are considered at the
sams time, one model may actually have the predicted strength and have a
very high S.R. The other model may have an arror in the predicted strength
and have a very low S.R. Which one has the error and which one is error-free
cannot be determined on the basis of the analysis alone. Obviously, if it
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were known that one of the models incorporated an error in the design, the
error would be corrected and that design would then be error-free. Ths data
of Figure 5 shows that approximately one out of every ten designs has a
strength that *s two-thirds of the intended dssign atrength or less. From
this it can be conocluded that out of every 100 new designs, ten will have a
strength level leass than the two-thirds vslue. But which ten cannot be
determined on the basis of the analysis alone. However, it can be concluded
that a brand new design has a one-in-ten chance of falling at two-thirds of
the load for which it was designed. This reasoning is carried out in the
program prusented in Volume III for the rossible range of eorror mgnitudes
and the probability with which they will occur. The program is deszribed in
detail in Volume III, but the philcsophy of the apprcach is outlined here.

Firat of all, it is accepted that the probability of a test failure from
Reference 6 as shown on Figure 5 represents the probability of making an
error in the strength analysls of a given magnitude. This implicitly assumes
that all of the premature failurss described in Refsrence 6 were dus to
discrepancies in design rather than discrepancies in fabrication., This is
not quite correct, but examinailon of Reference 6 indicates a large majority
of the failures were caused by ciesign errors. Rather than attempting to
determine the axact vslue of the fallures attributable to design errcrs (which
value would be subject to challenge with each different organigation invelved
and each change in technology considered), it is shown later that the
compuled resuits are not very sensitive to the specific error function
assumsed.

A mathematica) expression is presented in Volume III appraximsting the
empiricsl function shown on Figure 5. The derivativs of this function is
the probability demsity function cf analytical error. This derivative of the
error function ls

pyx,) = 3.718 x, 2 T8/(xy (3)

In this equation, x, is the randomly distributed location of the mean strength,
and xdp iz a "desig; point," which is derived from the error data in Reference 6.
The value for xdp used in the computer program described in Volume III is
1.06796 s where Ko is the thecrestical mean strength associated with a

specifiad allowable, the fraction of the structures that exceed the allowable
and the coafficient of strength variation, )"B. Simply stated, this function

[p3 (xJ)J , multiplied by the width of the integrating interval being used,

rapresents the fraction of the new designs whose mean strength will be in the
interval xJ to xJ + AxJ when the intended design strength was close té thae

design point xdp' In the analysis it would be calculated that the '"allowable"

strength (usually the 99-pircent-exceed strength) was equal to the raquired
strength. The probability density function (Gausslan) for a structural system
whose mean is xJ can bs writtesn as




1 ) (x. - x,)°

p.{x,, x,) =~—— exp{~ : (4)
1'% J /5'"0_x 2 o 2
J { J
The probability that the particular system whose mean is x, will fail in the
fhe pr : ]
interval X + Ax, can be written
Ap25(xi) = p,(x;, xj) p3(::j) Ax A% (5)

Qualitatively, the situation can be clarified by a sketch showing the relation-
ship involved. From equation (3) it can be calculated that 2.4 percent of the
systems intended to have their design strength at 150 will actually have the
mean between 95 and 105. Of those 2.4 percent whose mean is in the 95-105
interval, 6.1 percent will fail in the interval from 75 to 85. This determires
that the probability that the mean of the group is between 95 and 105 gnd that
one particular vehicle from the group will fail in the interval 75 to 85 ic
0.024 x 0.061 = 0.00L46. Since it is not known where the mean really is, the
possibility that the mean might be at any value of X must be considered. For
instance, Figurs 8 shows that 4.38 percent of the designs will have their mean
strength from 120 to 130, The probability that an individual article from this
group will fail in the intsrvel 75 to 85 is 0,00066. Then, the probability that
the mean will be at 125 and have a failure at 80 is 0.0438 x 0.00066 = 0,00003.
Now, tha probability of failure at 80 from these two possibilitiass is 0.00146 +
0.00003 = 0,00149. To get the total probability, the integration must be

performed over the whole rar ;e of possible xj's, not just the two used for the
illustration.

It must be urderstood that any one vehicle system cannot have its mean
strength at all of the infinity of the possible values as might be thought
when the procedure integrates over the whole range of possible xj's. Each

particular vehicle system has a particular value of mean strength assoclated
with that system. But the particular value is unknown. Therefore, it must
be considered that there is a chance that the msan strength is at any of

the values. Trus, oquation (3) expresses the probability that the actual
value of the unknown mean is at x,. The integration of the product of the
chance that the mwean strengih is gt x; and the chance that an individual

vehicle strength is at x4 represents the probability that, in a complex of
systems &8s deacribed in Section 3.4 of Volume 1, an individual vehicle will
fail at x;. Since the statistical parameters for the individual system are

not known, equation (5) represents all that is known about a newly-designed
structural system after the design is complets but before any strength tests
or operaticnal data are availsable.

A slightly different description of ths problem of defining the S.R. of
a new design may be uaeful in developing an urderstanding of the effect of
enalyticsl errors on the S.R. Figare 9 shows a representation of the initial
(before test) strength distributicas on a hypothetical groun of different
structural systers. Tiess systems from A to T could be thought of as typical
structures designed by various contractors for various different vehicle
models. The sirength of all of the designs was intended to be as indicated
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on the top line for the analytical prediction, No specific calculation of
this distribution was made in the design of past structures. Nsvortheless,
if the 99-persent-axcesd "allowable' was properly matched to the design load,
a distribution such as shown on the top lins of Figure 9 wouid be the result.
Becauae of analytical srrors in the varioua designs, the actual strength
distributions baeforse teet would be located as shown on Figure 9. The hypoth-
esized distributione are consistent with the data of Referance ¢ and Figure 5.
Because of errors in the analysis more than half of the vehicles will

fail at less than the design luad. Soms of the strengthe will be randomly
highar than the msan strength of ths particular system and soms will be luwer.

If & new system designated System X has been designed and analyzed with
thes expectation of obtaining a distribution corresponding to (1) by procedures
comparabls Lo those usad on Systex A to T, the actual distribution might be
that of (1), (2), (3) or any intermediate diatribution. The true location of
the distribution must be considered to be unknown. If no strength test is
conducted, it must be assumsd that the chances of the mean strength being low
are the same as they were in the past &s represented by the distribution of
the means of Systems A through T. If the System X strength happens to
correspond tc distribution (1), the system probability of failure will
appraximate 10~4 (Figure 9 assumes that the probability of exceeding the
design load is 10~4), However, if the gtrangt.h happens to correspord to (2),
the probability of failure might be 1077, and if the strength distribution
is 1ike (3), the probability of failure might be 0.8,

If all of the verious possibilities are considered and integrated by the
program of Volume IIY, the 'with error — no test" curves of Figures 6 and 7
are obtained. From this type of informaticn, a decision can be made. Even if
the load spectrum is exactly as predicted (PEn = 10~4}, the probability of

failure in all operations oi future Systems X, taken as a group, will be far
greater than the tolerabtls value of 1074 and will approximate 10-1, For this
reason, a decision can be made that System X, as it stands, with a complele
analysis but no strength test, does not have the desired 0.9999 S.R. It mast
be understood that in some cases ths true distribution of System X is distri-
bution (1). In that case, the S.R. really is about 0.9999. For such systems
the decigion would be & wrong decision. But there wili also be System X's
wvith distributions (2) and (3) where the decision would have been a corrsct
decision.

Taken over a period of time the next 20 systems designed without a
strangth test must be oxpected collectively to have the same characteristics
as Systems A through T. If so, about one cut of ten of the vehicles involved
would fail in operation. Cbviously, most of the failures would be in systems
comparable to E, K and S, Very few if any would be in lystems A, C, F, G, H,
etc. But, until the fallures began to occur, no one would known which systems
were the E, K and S's. The dealgners of System X might bs very confiden! that
"their" system was erruor-free. But it must be remembered that the designers
of Sysiama A through T were equally confident. More than half of them were
wrong in their confidence. It would bs presumptucus for the future designers
of System ¥ to assume that they alone cculd design a million or even a
thousand etructures without ever faltering and producing a System E, I, or S.
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In terms of the functional diagram of Figure l, the best information
available as part of the Actual State Information System says that w
decision should be made that the actual S.R. of a newly designed structural
system, bsfore strength test, must be approximately 0.9. The S.R. may be
higher but such a decision cannot be made on the basis of past experiencs.
To decide otherwime should require a preponderance of evidence to show why
the past experience will be improved upon. In other words, the burden of
the proof should be on anyone who chooses to assume that the future record
will be better than the past.

The improvement in ansalytical accurecy would have to be substantial
before much improvemsnt in S.R. would result. Figure 5 shows that about one
in one-hundred test structures fail at one-third the design load. If this
were improved tenfold to one in a thousand, the S.R. would improve less than
an order of magnitude as shown on Figures 6 and 7. PFurthermore, the
consequences of deciding to accept a system like E, K, or S are so drastic
that the "accept" dscision should be made only on the soundest possible basis.

Since it can be dacided that a new structural system does not have a
provable, befors-test structural reliability greater than about 0.9, such
structures could not be convidered to have met any of the desired levels of
S.R. 1listed on Table I, If this be so, on what basis can a declsion be made
that the S.R. is sufficiently high? The next shows that testing will provide
some answers to the problenm.

d. Error Disclosure by Testing
(1) Error Disclosure Principles

The previous section showed that the structural reliability of systems
that have not been strength tested is inevitably mch lower than desired
because of the posaibility of analytical error. If a large nuibsr of tests
of the structural system could be conducted, the strength distritution could
be determined accurately and the possibility that there was an error in the
analysis would not need to be considered. However, Volume I, quoting Taylor
and Lusser, notes that a rule of thumb for the number of specimens required
to eatimate the chance of failure is ten times the reciprocal of the chance.
Thie means that if the relatively modest reliability of 0.9999 were the goal,
one~-hundred thousand specimens would have to be tested. Grose! has pointedly
observed that funding of test programs to prove reliability numbers like this
would bankrupt the nation. It is obviocisly not feasible to determine the
structural reliability of a vehicle by oxperimental means.

A ditferent approach is nacassary. Ths philosophy was developed in
Reference 8 that the functicn of testing is to act as an error "discloser,"
not a reliabllity "prover." If & single test article falls to pass a specific
strength test, it can be considered that this test rfailure has disclosed an
error. This action still does not prove what the reliability actually is,
either before or after the test. The rejection of understrength designs by
means of the test 1s not absolute. The strength of individual articles of
any particular design has a distribution sbout the mean strength, wherever
that mean is. A test article from a system whose mean strength is much lower
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than the test lcad may survive the test. This would occur if the test
article randomly happened to be much higher in strength than ths mean. Such
a possibility mist be considered in determining the structural reliability of
a design after one or more test articles have passed a designated test.

The mAin concern is whether a system that is significantly understrength
will pass the strength test. Reference 9 presents a discussicn showing that
a system whose mean is at 100 and whose strength scatter is 0.05, similar to the
example on Figurs 8 of this report, will have a prooability of surviving a
test to 150 of only 10-24, In such cass, the probability previcusly computed
to be 0.0046 becomes 0.00L46 x 10~24, or approximately 10-27. This means
that the poasibility of failure at 80 has been reduced to a negligible value
for a system whoee design atrength was intended to be 150 but which happened
to have its mean at 100 and which had successfully passed a strength test to
150. It cannot be emphasised too strongly that this high degrass of certainty

in the rajection of all groesly understrength systems is the key to the new
procedure deecribed in this report.

In the previous discussion 1t was pointed out that the reliability goal
would be attained if the frequency of exceeding the omega condition was equal
to the complemsnt. of the desired S.R. and if the allcwable corresponded to
the omsga lcad. But then it was pointed cut that the frequenczy of making
analytical errors results in the error function dominating the structural
reliabilitr determination. Then, the strength test i1s described as an error
discloser reducing the probablility that an understrength structural system
will be accepted for operations. The criteris problem is to provide a
procedure to decice, after a test is conducted, whether or not to accept for
operations a newly-designed structural system.

The probability that a perticular aystem will have a low mean strength
but still pass a test to a significantly higher load is drastically reduced
from the probability of being at that level if no test is conducted. For
instance, a systom auch as "Q" on Figure 9 has a probability of 1:31500 that
it will pass a test to the design load. Earlier, it was noted that systems
like E and S have only one chance in 10% of passing the tests. Thersafore,
almost all the low strength systems on Figure 9 will fail prematurely during
the test, disclosing thelr weakness. It is almost irmaterial that System E
mey fail alightly on the high side of its mean strength and System S slightly
cn the low side. Both are so low that the situation can only be the result
of a gross miscalculation of the design strength. In most cases, the cause
of the problem is evident immediately after the failurs,

It is assumed that, in each case, the design is corrected as necessary
aftsr a test failure and then rstested until the required test load is
sustained. This has the effect cf eliminating the deficient design and
replacing it with a strongsr design. The effect of this on the systems
pictured on Figure 9 is shown on Figure 10. Several pertinent and interestinrg
situations are depicted on Figure 10, System C is a system with no error in

the analysis, yet it happened to fail slightly below the required test lcad.

This will happsn occasionally where there is g scatter in the distribution of
failing strength. It cannot bas hslpsd. The redeaign, as shown on Figure 10,
is minimal. Such redesigns of a truly acceptable system will be rare., In
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eoffact, they become part of the cost of obtaining truly relisble structural
systems. As far as S.R. is concerned, the redesigned System C is more
relisble than necesaary so it 1s obviously acceptable.

System G 1s elightly understrength but passed the teast successfully.
It will becoms operational. It is douptful that the understrength will ever
be apparont becauss most of the System G structures would have to be loaded
to sbout 145 to 150 percent of the limit load before they failed. This, of
course, still represents a gross overload. In any accident investigation, it

would almost certainly be ccncluded that System G was overloaded, not that it
was undsrstrength.

System K shows a system failing weli below limit load, belng strengthened,
and failing a second time. After the second strengthening, the system passes
the test, Reference 6 records many instances of repeatsed fallures on the same
structure. The rolnt to remember is that, after a reusonable number
of testa and atrungthening, the structure can finally be considered reliable.
This is not the same thing as rspeatedly tes. .ng the asame design until finally
the random structure that is any arbitrary amount over the mean strength is
found and it alone of all the structures tested is successful. Nelther is it
the same thing as testing 5 or 10 nominally identical structures and requiring
that they all survive the test the first time.

System Q is shown with a strength that happens to be substantially below
the design strength but whicih qualified for operation becauss of an extremely
rare, random high strength for the test article relative to the mean strength.
Even this mich deviation from the desired strength will only increase the
failure rate from one-in-ten-thousand t2> one-in-a-thousand. This System Q
illustrates the point that one test cannot guarantee that each and every
design will achieve the desired S.R. What is accomplished is that the
incidence of System Q's ihat are accepted inadvertently will be very small
comparsdi to the overall failure rate that is considered to be tolerable. If
all the (Systems A through T depicted on Figure 10 are considered collectively
as one complox of systems, the total probability of a new system failing
during operation can be calculated considering the probability of analytical
error and the probability of disclosing the error during a strength test.

(2) Teat to Omega (Ultimate) Loads

A series of curvsa such as those on Figure 11 can be calculated, using
the program described in Volume III, to show the structural relisbility that
will be attained with consideration of the probability of analytical errors
according to equation (3) and the probability of disclosing the error by one
test to omege ?ﬁ;timste) load. The data on Figure 11 is based on the
assumption that the loading spectrum is defined by two pointe. The probability
of exceeding the omega load is equal to the complement of the desired S.R. and
the probability of exceeding limit 1s as shown on Table I.

As long as the probability of exceeding the omega load corrsspords to the
value listed on Table 1, the correspcnding S.R. will bs attainsd over s wide range
of other pertinent variables. If operational factors of salety concideradbly

higher or lower than 1.5 are associated with the loads while the probability
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of excesding limdt remsins at the suggested value from Table I, the resulting
load spectra would be as shown on Figure 4. The level of S.R. attained does
not vary eignificantly. This phenomenon is shown for the middle S.R. group

on Figure 1ll. An alternative interpretation on Figurs 4, that would not

affect the results of Figure 11, is to consider that the load at 67 percant

of omega is the iimit load for all three spectra. Then, these spsctra becoms
three versicna of epectra where the F.S. equals i.5 but ths probability of
axceeding limit load varies from 0.07 to 0.0038. Either way, the conclusion
to be drawn is that the probability of exceeding omega load is the major factor
determining the level of S.R., achieved after testing to that omega load.

Examination of Figure 1l discloses that the desired S.L. is equaled or
excesded at the low and moderate values of Yqs but i3 not attained at the

lsrger values of Y,- This reduction in S.R. at the large valuss of Yy i3 due

to the greater probability of a system passing the test with a randomly high-
str h article and then failing in operaticns with a randomly low-strength
vehicle. If a system such as System Q on Figure 10 with its mean strength
midway between limit and ultimate load is considered, the difference between
a low-scatter and & high-scatter system can be clarified. Suppose that
Systen Q 1s presented for static test. It was previously noted that there

is a 1:31500 chancs of passing the test. The chance of this system failing
at limit load is also 1:31500 (Gaussian distribution zssumed). The
probability of passing the test to ultimate load and subsequently failing at
limit load 18 —2_ x .1 , which ie a probability of about 109, This
31500 31500

probability ie predicated on System Q having a Yg = 0.05. If Y, equaled 0.20,
the probability of the two events occurring is markedly ircreased to mors
than 10~2 (seven orders of magnitude greater). With the 0,20 scatter, the
chance of passing the test has gone up to about 1:6 and the chance of sub-
sequently failing at limit load is 1:6. The computer program of Volume III
integrates the cumlative effects on £.R. of the possibility that the mean
strengtn ie at any of the many possible levels instead of the single level
used for illustrations here. Neverthelsss, this example should serve to spot-
light the underlying reason for a decrease in attained 5.R. at high Vg

(3) Omega Test Factor of Safety

Reference 9 proposed that any desired level of siructural reliability
could be achieved by & suitable cholce of the test locad. Although test loads
have traditionally colncided with the ultimate design load in the past, there
is no inherent reason why this should be so. If the test lcad is incrsased
beyond the ultimate or omega load, tnere is a greater probability that the
understrength structure will be disclossd and any necessary radesign
accomplished. The magnitude of the required increase has been determined by
the computer program of Volume III and presaented on Figure 12. It is
immediately apparent that no extra factor is needed for the region of
relatively low 75. Since this 1s the region where most aerospace structural

systems of ths past have been locatad, due largely to the unwritten rules and
and general state-of-the-art considerations, the past practice of testing only
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to the ultimate (omega) load is justified by Figure 12, It would have
raised serious doubts concerning the validity of Figure 12 if the propoaed
procedures nad called for TFS greater than 1,0 at the lowaer valuass of Yge

It has generally been accepted that structural materials should be
ductile which has minimized the scatter of failing loads dus to brittle
material structurea. Structures thut ware overly sensitive to dimensional or
chemical variation have been avoided. Use of materials beyond ths "knes" of
the strength/temperature curve has been avoided. By such techniques, a low
value of Y, has baen schieved for most structural systems in the past,

without an express requirement for a low Y,. Most of the limitations mentioned
above are necessarily being viclated in the structures designed for the
advanced vshicles of the present and future.

If the omega TFS, as shown on Figure 12, is used to define the test
conditions, the S.R.'s for the three levels of loading spectra are gll equal
to or greater than the deairad S.K. as shown on Figure 13, The middle group
of curves shows the variation in the predicted S.R. if F.S. larger and smaller
than 1.5 are considered and if appropriate omega TFS as shown on Figure 14 is
used. Rather than speclfy a set of omega TFS curves as in Figure Li, it is
considesrad preferable to use a single curve for each level of S.R. desired,
a8 shown on Figure 12. In thls case, the 5.R. will vary sowewhat from the
desired value of 0.$599, but will bs a good approximation of the value as
shown on Figure 15.

Having shown that the S.R. resulting from use of the curves of Figure 12
are not affected significantly by major variations in the F.S. relationship
betwean limit and omega conditicns, the effect of differences in the acssump-
tions governing other parameters should be examined. The curves on Figures 11
through 15 are computed with the assumption that the distributions involved
are Weibull distributions. The program of Volume III can accept normal
(Gaussian) and log-normal assumptions as well. The middle curve ol Figure 13
has bden recommuted using these two aasumptions., The resulting 5.R.'s are
ahown on Flgure 16. Finally, the sensitivity to different assumptions for
the error function of Figurs 5 and equation (3) are examined. The computer
program has proviaslens for varying this error function &s described in
Volume 1II, The sensitivity is examined by assuming that the analytical
accuracy is 10 times better (fewer errors) than documented by Refcrence € or
10 timas worse (more ervors). The results of this analysis are shown on
Figure 17.

It is obvicus that the coefficient of strength scatter, Ya, is a very
important parameter in the new procedure. Since 1t has not been explicitly
considered in the SDC of the past, the available data on V, is limited. This

problem will bs discussed further in Section VII. However, the S.R. resulting
from design by analysis and test is not overly sensitive to errors in the
determination of ¥,. Figure 18 snows the 5.R. that will result if Y, is
actually twica the value preadicted, It 1s very unlikely that a miscalculation
of this megnitude will bs made once some experience in predicting v, is
attained.

- 36 -




LINAYS 40 HOLOVA ISVl VOWHO ONISH LITTIGYITIY TVHALOAWS *€U FuADI
s
A

(- 8T’ 9T’ e 48 or* £0° 90° N[0} zo° 4
f T 1 ] L 7T ¥ T T -1
QYOT LIRTT _ o
QVGT V=0 d6°
66°0 = T¥0D HS
—n T T T T T \\.\u&.
\\I\.\u‘\\t\\l‘\l\
$°T =S4
-666°

6666°

66666°

6666666°
‘¥ 'S

-137 -




Sd TYNOILVYALO TYHIAZS 04 ZIFLYS 40 HOLOVA ISEL VIO °*Wi TNOId

aQvOT _LINTT
avoT VD
6666°0

80 0" 0

T T 0°T
st

]

e e}

sal A

YOIHO '
o'z

= SJ TYNOILVHIdO
= TY0O °*¥4°S




$°T = 64 404 QWLVNSISAU
I14AYS 46 HOLOVd ISEL NV NOISIQ vOSWO ONTSI ALI IIGVTINE TVAMONZLS ST THNDI4

A
gt 9t* A A% or* 90° 90° e 20 0

14 B 1 3 ¥ ¥ L r [] .
QYOT LT _ o “
avOT Vom0 ;
SUCTIRQTIIT] {IdUeSIS pUB PROT TIRQTeM w
b _"
6666° = T®OD °¥ °S !
|
66"
. |

o

«.

—1666° 1

- / -1 6666°
$°T . —ee ///’/IIII\\H.\\\\\\%‘

e




Structural Reliability

Structural Reliabiliity

< 999°7

9999

.999

<9999

.999

- \ log-Normal
Normal
4 1 A 4 1 1 ] £ A 3
0 .Gb4 .08 .12 .16 .20

FIGURE 16. EFFECT OF DISTRIBUTION FUNCTION

F " 1C Times Better
= / _ —— Ref. € Error Function

] | | 1 1

0 .04 .08 .12 .16 .20
Ys

FIGURE 17. EFFECT OF ANALYTICAL ERROR FUNCTION

MM

it s e




YALIVOS JEZLOIATHd NI ¥OUY¥d 40 LOdded

=] RCT(t3) K¢

Y pewipeyg
o 1 91" Las A% otr’ 80° 9u° 0" zo° 0
T T T T ki ! S 1 7 T
. 0.
466°
- ce. . |
“o L]
/ NUD-HQ x > ¢ - § u
> Y
40
—— s e 6666
6666°0 = 00 y'g
- 66666°
] 666666°
- 6666666°
‘3 'S




e T e

w

1f ths results from all of theese varied assumptions are comtined as on
Figure 19, it appeare that a good approximation of the desired S.X. is
obtained so long as three conditions are met. These are: (1) the frequency
of exceeding the omega condition corresponds to ths complement of the desired
structural reliability, (2) the design allowables are matched analytically
(zero M.S5.) to design lcads obtained by multipl;ing the loads at omega condi-
ticns by the omega TFS shown on Figure 12, and (3) a representative test
article sustains the loads corresponding to the design conditions. From this
theoretic 1 analysis of the S.R. that wculd be attained, a practical adminis-
trable procsdure for structural design criteria becomes feasible. The goal
is established as a particular S.R. number such as one of thoss in Tabls I,
but the proof of compliance is the phyaical act of successfully completing a
strength test to loads governed by Figure 12,

As discussesd in Section 2.3d(1l) the purposa of the strength test is to
disclose errors in the analysia. In Section 2.3d(2) it was deacribed how

System Q had & —— 1 _ chan f ing the test to the design load
> 4 Q 31500 % 31500 ce of passing the tesi to the design

and then failing at limit load. If & second test were run and both tests

were successful, the probability of passing this dusl test and then failing

at limit lcad becomes ( 1 x —2 s an extremely unlikely possibility.
31500 31500

The dacreass inthe probability of two consecutive randgm structures passing

the test for the axample whers ) _ was C.20 becomsa (%) x % . This is almost

an order of magnitude improvement in the 3.R. that results from this second test.

This incremant in the S.R. resulting from two or more succesaful tests
to the same load decreases the nesd to test to as high & test load. The
program described in Volume III has the capability to consider such mltiple
tests. The omega TFS needed for multiple tests is shown on Figure 20. These
curves correspond to the middle curve on Figure 12.

This procedure becomes & femsible device for making a positive decision
that a design complies with a set of requirements that are statistically
based in the face of numerous uncertainties that affect the exact determination
of the structural reliability of a particular vehicle. As Figure 19 shows,
the results will ba close to the desired resultas., The departure from tne
precise value of the desired results will never be provable. These small
discreranciva will L =-sorbed in cther discrepancies suci as the Izct that
the vehicle ordinarily is not operated throughout its service life precisely
2s predicted at the beginning of its service., To try to resolve the various
unknowns, such &z the true shape of the strength distribution curve, to reduce
the scatter shown on Figure 19 is essentially impossible. It is feasibls to
make a parametric study, such as represented by Figurel9, and decide that
the veriations producssd by any reasonable asswmption are in the range of
acceptable departure from the precise number eatablished as the desired valus.

It cannot be emphasized too strongly that the decision that the ntructural
system complies with the requirements which in turn ware based on & designated
structural reliability goel, does not guarantee that the S.R. wili actually
be at the desired level. On rares occasions, such as represented by System Q

- 42 -

U R E RN




SNOTLOTAHNd SAOHNOMUT 40 L0WEJ4H ALISCIWOD

A
8t 91° T <t ot’ 80°

*6T INDLA

T T T T r T

/lll 8 - €T soamdTy woxy

- 66°

6666°

e R e 1 SRR 3 e o i ned 0 ol oo W W Sl A S e O




SLSEL FIJILION Y04 LIZAVS 4O HOLOVY LSEL UNY ROISEQ VOEWO

gL

0 eIy

—

ot

z/

T

83887 Jo Jequng

ST = 3y
66566° = T®OD 'y -3
SUOTIRQTILIST] Y3Auols pue peot TTRQ ey

Sdl ®3ewp X pvoy wlem) . PROT 3189] viem) = pro] UByeeq vSum)

.l ik b

0z

5T

Sdl vOINO




on Figure 10, the structural system will be accepted when it should not have
been. Figurs 21 shows the results of such a situation. A plot of the

fallure deneity distribution for three levals of understrength are shown
superimposed on the load distribution. From this, it can be concluded that,

at whatever level the mean strength falls, most of the fellures occur very
close to that level. A derivative of this conclusion is that, if a failure

does occur at any level significantly below the omega condition during
operational usags, it may be decided automatically without any further

analysis that the failure 1a caused by a deficiency in the structural system.
Further, it can be concluded that the probability of failure will ccrrespond
appraximately to the originally presdicted probability of exceeding the¢ condi- .
tion at which the one failure occurred. If operstions are continued without
changing the structural system, additional failures can be axpected avery

time the operational conditions approximate the lsvel where the first failure
occurred. This capability to decide 1s vital to ths aduministrative practicality
of the proposed procedure. This capability overcomes one of the problem areas
for the Purely Statistical Structural Reliability System as deccribed in the
evaluation of that aystem in Section 3.4 of Volume I. It waas noted in that
evaluation that statistical data on structural failures and successes during
cperational usage of the vehicle are inevitably insufficient to make decisious

as to the cause of an opsrational faillure and the corrective action to be
takan.

(4) Iimit Test Factor of Safety

The procedurs developed to this point has shown how it is possible to
maks decisions on & deterministic basis that a structural system has attained
& designated structural reliability. If this were the only definition of the
Desired State of the atructure, the procedure would be complets. However,
there are other considerations that should be introduced. These will modify
the procedurs somswhat but will not change the basic apprcach. The firat of
these 1is to bring the Limii Condition into the picture. In the development
of a rudimentary system in Sectlon 2.3a, the concept was introduced of the
Limit Condition rapresenting the upper limit or boundary of operational
conditions that could be called normal or expected. Since ILimit Conditiona
are norral, they are permitted conditions. The earlier discussicns suggested
that & desirable goal would be no failures at Limit Condition or less. This
is not a fessible goal so a finite probability of failure was suggested in
Reference 5 and tabulated on Table I. The particular values liisted on
Table Y are based on an arbltrary decision that no more than ons percent of
the toval fajlures permissiblas should occur at limit or less. The choice of
orne percent has a rationale that should justify its use. However, cother
values could bg selected if later developments appear to warrant it,

The basic justification of the cne-psrcent requirement is thati faillures
due to undsrstrength have traditionslly besn less acceptable in aercspace
vehicles than failures cdue to overload. Therefore, it is not considered
reasonable to sstablish a goal that would accept the cccurrences, in the range
that must be considered understrength, of more than s smell preportion of
whatever total number of failures will be tolerated. By definition, operations
in this range are persissible. The requirement applied to a high-risk, military
vehicle, such as a fighter airplane, can illustrate intuitively the nesd for
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the cne-perceni requirement., If the structural rellability goal of 0.99,
suggested on Table 1 were tc be adopted, it would mean that approximately 20
out of a flest of 2000 alrplanes would be expscted to fail structurally. If
the 20 failures all occurred at grcas operational overloads approachinge 15C
percent of the operaticnal limitation, the result would be toleirabls., On the
other hand, if half of the failures occurred within the oparational limitations
as definad by V-n dlagrams and the other half occurred beyond in the overlcad
range, it is axtremely dubious that the 10 failures within the permissible
operational range would ever bs tolerated. This would be true even though
the 20 total failures would be no greater than in the first case. The pilots
or users of tha vehicle would soon have no confidence in ths structural
integrity of a vehicle that falled where it waa presumably safe and permissible
to opsrate, I the requirement were established that ro more than 10 percent
of the total tolsrable number of failures could occur at limit conditions or
less, this would be tantamount to saying that the goal i1s no more than two
failures at less than limit in the fleet of 2000 vehicles. Usually, wher a
second failure of a given type occurs, it is considersd that there is a
problem. Also, there are bound to be variations from the goal for various
reasons, so there would be some situations where 3 or 4 fallures might occur
without any particular indication of anything being wrong in the structural
design, Therefore, a probability of failure at limlt or less of one percent
of the total tolerable number of failures seems to be quite a reascnable goal.

If the strength scatter, 73, 14 reasonably low and if the factor of
safety is 1.5 as ii has been in most aerospace systems of the past, there
is no problem. If the total or overall structural reliability is attained,
the one-percent requirement is asutomatically met. It is very likely that
this is the reason that the situation has never been recognized as a problem
ir “he past. Figure 22 shows a typicel relationship between icad spec’rum,
strengith distribution and failure distribution for two typical structural
systems. For a narrow-scatter (Y, = 0.05) system, essentially all the failures
occur near the design load with an infinitesimal portion of tha total occurring
below limit load. The omega load corresponds vo the load at the omega condi-
tion which is exceeded in one in ten-thousand vehicles. From Figure 12 the
omega TFS is 1.0. Therefore, the design load to which the "allowable" strength
is matched analytically and the test load to which a strength “est is conducted
is 4identical to the cmega load. The atrsngth distribution that would result
if there were no error in ths analysis is shown by the s0lid distribution on
Figure 22. Section 2.3d(3) considers the distribution of systcm sirength
after completion of the strength test to be something like the distribution
of Systems A through T on Figure 10. In a group of vehicles asuch as these most
of the failures will occur in thowe systems whose mean strength ia slightly
lower than the analytical strength distribution yet which have passed the
strength test and been accepted. These would Le systems 1like G, H, I and P.
The failure distribution for auch a complex of structural systems would be
&8s shown on Figure 22.

When the strength scatter is large, most of the failures will occur far
below that design load which will result in the acceptable total failure
rate (104 in this exampla). Figure 22 shows the comparison of where the
fallures will occur for the large and small scatter eystems. It is apparent
that most ¢f the fallures in the large scatter system have been shifted to the
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range below limlt condition even though the total number of failurss satisfies
the SR goal. As Jjust discussed, this does not appear to be a satisfactory

situation. A parametric study showing the fraction of the total fallures that
will occur at limit condition or lesa for a range of Y4 18 shown on Figure 23.

If the '"one percent" requirement is adopted, a new design and test
requirement can be established. A Tast Factor of Sefaly for limit conditions,
separate and distinct from the ons established on Figure 12 for omega conditions,
can be determined. Its development would be comparable to that discussed in
explaining the developmsnt of Figure 12, The computer program of Volume I1II
is utilized to calculate the factor that the limit loads associatsd with each
level of structural reliability (as cefined on Table I) mus%t be tested to in
order to assure that the probability of failure at limit condition or less
will be no more than one percent of the total acceptable probability of failure.

P =0,01 (1 - S.KR.) (6)
LIM

The neceesary factor is shcwn on Figure 24. The Limit Design load is equal to
the Limit Test Load which squal the Limit load multiplied by the Limit TFS.

On Figure 24 it is significant that the typical 1.5 F.S. suffices to
provide the desired limit S.R. up to a Yg 7 0.06 for the highest S.R. goal

and up to ¥, ~ 0.10 for the lower S.R. goal. The type of structure character-
ized by & ¥, = 0.06 would have most (99 percent) of its strength scatter
between a rangs of + li percent of the mean strength. It is dubious if very
many of the aircraft structures that have been fabricated in years past have
this large a scatter. Remember that this represents the scatter of nominally
identical structures. It does not represent the strength range between an

underdesigned structure and the redmsigned structure that is produced at a
later time.

Since most of the scceptable structural systems of the past undoubtedly
fell below these bounds, very few fajlures occurred below limit condition in
properly designed and fabricated structures. When failures did occur at
limit or lower, there was almost always some form of gross error in ths
structure so large that the factor of safety was not expected to provide for

it. Thus, no specisl effort was needed to provide for this type of structural
reliability in the past.

In Section 2.3d(3) the increment in S.K. due to multiple strength tests
was described. This resulted in a decrease in the Omega TFS as shown on
Figurs 20. A similar decrease in Limit TFS results if two or more strength
tests are conducted. The required Limit TFS is shown on Figure 25.

(5) Conditional Reliability after Testing

The proposed procedure to this point has been directed towards obtaining
a structural system with a conditional structural reliability commensurate
with the total S.R. desired. This conditiocnal reliability is an intrinasic
characteristic of the structure itself, It does not depend on parameters
such as the accuracy of the lcads analysis or the proper operation of the
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vehicle. Thare is no question but that the total structural reliability of
the vehicle is critiecally depsndent on the corractness of these othsr
parametars. If the choice of limit and omeza conditions happered to be very
conservative, the total structural reliablility would be very high. On the
other hand, if the omega condition happenad tc be exceeded on every vehicle,
the total S.R. would spproach zero. But the conditional reliability of the
structure for the conditions and loads initially defined is immtable. Thus,
it can be spscified and adminiatered aspsrately from other considerations
that affect the total 3.R.

Thess other considerations ares not controllable as part of the structural
design, per se. Therefore, they shrulu be identified and specified separately
from the requirsments for the structure itself. This is not to say that the *
conditions for which the conditional reliability has been established cannot
bs changed if subsequent developments show the conditions to be inadequate,
Such a change in required conditions for the structure may impose & require-
ment for a change in the structural design. This requires an agreement to
chenge the structure but does not indicate thsre is anything wrong with the
structure for the conditions as postulated initially. In summary, the
deciaion that the structure is acceptable for a prescribed loading can be
isolated from the decision that the prescribed loading conditions are
acceptable for ths particular vehicle system.

a. Loads Error Disclosure by Teating

The previous section discussed how the conditional reliability of the
structural system is upgraded by disclosing analytical errors that mey ocecur
in the strength: analysis. This first conditional reliability is based on
the correct determination of the loads associated with the limit and omega
conditions and on the correct choice of the limit and omega conditions.

Both of these functions are subject to analytical errors comparsble to those
alrsady described for the strength analysis. The loads ("loads" includes
local forces, aeroelastic effects, temperature, acceleration, etc.) error
function has not been documentad as has the strength error function in
Reference ¢. Therefore, the computer program ¢f Volume III does not include
a loads error function comparable to the strength error function discussed in
Section 2.3c., Howsver, it is well known that measurec flight loads often
differ significantly from the analytically predicted values. For the present
a decision can be mads concerning the effect ol the locads error on the
conditional reliability given that the limit and omega conditions are
properiy chosen eand that the structure has been properly designed and tested.
It is estimated that the true structural reliabllity of a system whose lcadn
are based on analyeis alone will be reduced from the predicted vaiue to
appraximately 0.9, comparable to the reduction shown on Figures 6 eand 7 for
strength errors. It is considered that the accuracy of measuring loads is
high enough compared to the accuracy of the statistical parameters so that
the conditional reliability for any condition where loads can be measured is
not significantly affected by measurement errors. In other words, after a
flight loads measurement program, the scatter in the measured value about the
true value is negligible. Loads measuremsnts up to the limit conditicns
would be no different than in the Present System.
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Verification of loads bayond limit conditions will pose many obvious
problems. Manned wehicles will normally not be cleared for flight beyond
the limit condition, which usually represents an operational limitation,
Thereforae, the varification of the omsga loads corresponding to a spescific
omega condition must bs acoomplished in whatever manner possible. There ares
a8 number of possible procedures that will perform the verification task at
loast passably well., For examples, the simpler (linear) extrapolation of
loads measured up to limit condition obviocusly provides an approximation of
loads beyond 1limit. If there are differences betwsen the original calcula-
tions and the axtrapclation of the measured values, thare muat be a valid
explanation of the difference or tie original calculstions must be considered
questionable. Often, there are data available from wind-tunnel tests con-
ducted to conditions corresponding to the omsga condition. If the wind-tunnel
data 1s validated by the flight-test data up to limit conditions, then it 1s
certainly reascnatle to conclude that the wind-tunnel data beyond limit is
not wrong. In any event, a decision must be mads. As noted on page 5, the
making of decisions ls a key element in any structural design procedure. It
should be noted that difficulty in making a decision cannot invalidate the
need to make the decision. The problem of how much capability beyond 1imit
conditions needs to be provided has always been present, but has bean sub-
merged in the procedures of the present system by an implicit decisi-n that
whatever operational capability happens to result from ths procedurs, be it
large or small, will be acceptable if it results from the application of the
factor of safety to limit lcads. It was pointed out in Section 2.2 that a
singls factor of safety may result in grossly different structural performance
capabilities for two different vehicle designs even though bothk are designed to
the same SDC. This 18 due to the varying amount of operational overload capa-
bility that results 1f the loads are non-linear with respect to the operating
conditions. It must be recognised that active consideration of a difficult
problem will be more likely to result in a correct decision than if the problem
is ignored and the decision made by defauit. In this case the correact

decision will provide the same overload capability for all vehicles in the
same operational conditions.

f. Disclosure of Error in Design Conditions

It was pointed out previously that the actual reliability of a structural
system is critically dependent on the probability of axceeding the omega
condition. The strength may be exactly as dasired and the loads for a given
omegae condition may be very precise, yet the structural reliability may be
far less than the desired valus if the frequency of exceeding the omega con-
dition is much greater than predicted. Figure 26 shows how the probability
of failure varies with the probability of exceeding the omega load. If the
structure has its strength exactly as intended with the allowable (tne 99-
percent-exceed value) exactly at the omega load, probability of failure
decreases almost exactly in proportion to the decrease in the probability of
exceeding the omsga load. Thus, there is an almost one-to-one correlation
betwsen the frequency of axceeding the omega condition and the frequency of
failure. Figure 26 shows also that, no matter what the loading spectrum, the
failures that do occur will occur very close to the omsga condition when the
strength scatter is relatively low.
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The actual structural reliability attained in operations corresponds
(to a first appraximetion) to the complement of the prooability of axceeding
tho omega condition (PEQ)‘ Since PEnia controlled by vehicle operational

results, this means that the true S.R. is almost completely determined by a

function over which structural organizations have no direct control. This
serves to explain the enphasis, as the philoaophy of the proposed procedure
develops, on establishing interface requirements with non-structural systams
and on provieions to enforce these requirements. The point is made also that
quantitative structural design criteria by statistical methods cannot be
established unless consideration is given to operational canditions beyond
spocified limit conditions.

The disclosure of any error in the selection of the design conditlons,
particularly the omega condition, cannot be accomplished directly. For
instance;, if the predicted value of PEnis 0.0001, the actual valus could be

two orders of magnitude higher yet only one in a hundred vehicles would
exceod the omega condition during the entire lifetims of the flest. The
chances of an exceedance early in the fleet life would be even less. If one
single exceedance did occur, it would be difficult just from this single
situation to decide whether there is an error in the prediction of PE

or whether the exceedance is cne of the rare random exceedznces that are to be
expected.

What can be done is tc compare whatever actual results are available
with the predicted resuits. A few hours of flight ax?erience that corresponds
to the predicted values or less is not sufficlent to "prove" that the predicted
values are a satisfactory approximation of the lifetime wvalues of a fleet of
vehicles. But a relatively few hours of flight experience at a level sig-
nificantly higher than the predicted values may be sufficient to decide that
the predictions are wrong.

Fighre 27 illustrates how such decisions can be made. The load factor
spectrum that was predicted when the limit and omega conditions wsre chosen
is shown. This represents the spectrum for the vehicle expected to operats
for a lifetime of 20,000 hours. If the data on hand represents 200 hours of

&5 mMENny occurrences

actual opsrations; the expected spectrum should have

at each load factor level as shown on Figure 27. If the actual 200 hour
spectrum (Curve 1) were no more than three timas (cne-half order of magnituds)
more severe than expected, there would be no concarn. This variation would
be considered to ba in the axpected range of variation at 200 hours. On the
other hand, if the actual 200-hour spectrum (Curve 2) were 1000 times (thres
orders of magnitude) more severe than expected, it could be decided immediately
that there was an error in the 20000-h-ur prediction. Note that this decision
could be made from the available statistics after only one percent of tie
1ife shown, without the limit or the omega conditions being exceeded. Y_ot
the decision that an error had been disclosed would be made by almost all
concerned when the data makes the situation so obvious.
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In & similar vein, it would be decided that thers was somsthing wrong
with a landing impact velocity spectrum if the velocit) that was predicted
to ocour once in a millicr landings occurred on the first landing.

Deciding that an error exists does not prove that the error exists.
However, a sound engineering decision can be made on the basis just described,
Therefore, the error-disclosure procedure can be based on & formalized decision-
making mechanism using this basic approach. This approach was initielly
described in Reference 10. A mors sophisticated version of the procedure has
been incorporated in a study performad under the Reference 13 contract. 1n
this manner, deterministic decisions can be msde as to the acceptability of
the specified limit and omsga conditions.

g. Prool cf Compliance

In the avaluation of thes Present (Factor of Safety) Structural Design
System in Volums 1, the need for a proof of compliance procedure was
emphasized. It was pointed out that a contract to produce a structural
systan under the Present System is administrable because the established
rroof-of-conpliance procodures can resolve any disagreements. The evaluation
of Volums I also stated that the principal deterrent to the adopiion of a
Purely Statistical Structural Reliability System is the lack of a proof of
compliance technique. Therefcre, it is considered mandatory that any new
st ructural design procedure must be cast in such a form that axplicit means
are designated to prove compliance with the requirements of the SDC.

The proof of compliance procedure in the proposed msthod is essentially
the error disclosure technique just discussed. If a structural system is
analyzed first and then tested to disclose errors in the analysis, the
structural system has proved its compliarice with the requirements when the
prescribed tests are completed satisfactorily with no errors being disclosed.
Therafore, the proof of compliance consists of the application of the error-
discloaing procedures just described for the strength of the system, the
loads on the system, and the basic choice of the design conditions. These
will be discussed in the same sequence normally followed in proving that a
structural system complies with the requirements of the SDC,

(1) Strength

Proof that a structural system complies with the strength requirements
is handled typlcally in three secparate and distinct phasses. First, the
basic design is qualified and approved. Tests such as the conventional
static tests, drop tests and fatigue tests are exarplea of design qualifica-
tion. Second are acceptance tasts and procedures for the individual
structure. Proof tests are the obvious example of an acceptance test. Most
individual vehicles are accepted on the basis of the usual quality control
procedures without a proof test. Nevertheless, compliance with the specified
quality control. procedure corresponds to an acceptance test. Finally, there
is always a form of proof cf coupliance during the operational life. This
varies from a simple pre-flight check to overhaul and inspections. Thess
all have &3 an objective the capablility to certify or prove that the opera-
tional vehicle had sufficient structural integrity initially and has retained
this structursal integrity during the life of the vehicle.
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structure has a capability to survive designated overload conditions beyond
the specified limlt conditions. The test loads fur the first part of the
proof of compliance for strength are defined as the loads courresponding to
the spacified limit condition multiplied by the limit test factor of safety
determined from Figures 24 or 25. The effective purpose of this half of the
requirement is the assurance that the structure will "never" fall at the
limit conditions which by definition are permisuible conditions. As a rasult
of designing and testing the atructural system to loads that are higher than

; the limit loads, by the factor indicated on Figures 24 or 25, it can bs con-

: cluded that a random failure at the limit level or less will ba suitably

| rare in proportion to the desired structural reliability. Furthermore, if

| a failure sver doss occur at the limit condition, a discrets cause will have

| to be evident in terms of non-compliance with spscific, dsterministic require-
ments so that responsibility for the failure can be asseszed and the corrective

; action will be obvious., Thus, the conclusion is appropriate thet a structural

i system will never fail at conditions as low &s limit conditions unless a gross,
identifiable arror has occurred in the fabrication or maintenance of the

: structure. The magnitude of tha error that would cause a failure at limit

{ condition or less is ao great that it can be, and effectively has been by
Figures 24 and 25, concluded that it is not feasible nor desirabls to expect

that the structure should tolerate and absorb such gross errors. Instead

there 1a effactively 3 predetermination that it is feasible to fabricate and

maintain the structure so that with reascnable care, considering the state

of the art, such gross errors will not occur. The analytical computations

leading to cholce of the factors on Figures 24 and 25 are a prediction that

the gross understrength represented by the difference betwesen the test condi-

tions and the limit conditions will not occur more often than established

by Table I. But having once been made, the predictions can riever be verified

or proved. What can be done is to make decisions baged on these predictions

that a failure at a given level (1/LIMIT TFS) below the value established for

design and test is not a structural responsibility but a fabricetion or

maintenanca responsibility. Finally, even if enough statistical data is not

available to perform the statistical computation accurately, the decision of

what constitutes a gross error can be mads with whatever information is

available., Since no fallures at limlt or less are really acceptable, there

mist be an axpectation trat such gross srrors resulting in an undsrstrength

can be prevernited. The procedure should make explicit provision for defining

how it 1s feasible to avoid the groas errors that will cause a failure.

If the feasibility of such avoidance cannot be documented and accepted
by those responsible for such avoidance, then it does not appear justified
to design and test the structural system to the level indicated by Figures
24 and 25. If this feasibility to avoid the gross arror cannot be documented
explicitly, it must be considered to be an indirect indication that the
coeificlent of strength scatter, );, used to determine the limit 1FS on

Figures 24 or 25 must ba unconservative and should bs revised upwards.

The first phase, qualifying the basic design, should be handled in two
parts. The first is tc prove that the structural system will rarely, if ev=sr,
fail at the specified 1imlt conditions. The second part is to prove that ti:.
LY
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The first requirement provided extremely high structural integrity for
opsrational conditions up tc and including the designated limit conditions
because theae conditions are, by delinition, expectod conditions. The
purpose of the second requirement is to provide a reasonable capability to
survive overload conditions beyond the designated limit conditions. Capability
is needed up to and insluding the designated omega condition but no capability
18 needed beyond caega. It was explainsd previcusly that this capabllity to
survive a properly defined omsga condition is the real determinant of the
total probability of failure and, thus, of the structural reliability. As
noted in the evaluation of the Wagner procedure in Volume I, the concept that
the structursl deosign should consider omega (or ultimate) conditions is a
break with tne past, Some of the ramifications and problems associated with
such an approach are discussed in Section VII.

The proof of compliance that the structural system will survive the
omeaga condition and that the total probability of fsilure corresponds to the
acceptabls value is furnished in two steps. First, an analysis shows that the
allowable 1s &0nual to or greater than the omega design load and then a test
demonstrates taat the structure can survive the omega (esign load. Theze two
actions constitute proof that the structural system has ths desired conditional
reliability. Ths condition for the reliability is that the ocmega design loads
correspond to the omega condition and that the probability of occurrence of
the omaga condition is no wore than the designated walue.

The teat loads for the omsga test are defined ae the loads corresponding
to the specifisi ocusgs conditicn multiplied by the cmega tosi factor of
safety determined from Figure 12, It should be noted that, if the temperature
of the omega condition is higher than for the associated limit condition, the
test would be conducted at the omega temperatures. Also, the strength scatter,
Yy, might be larger at these higher omega temperatures. If so, the larger
value should be used in determining the omega TFS rather than the smaller Ve
corrosponding to the limit condition,

Sirvival of the omega test loads constitutes proof that the S.R. will be
close enough to the desired S.R. to be satisfactory, provided that the omega
condition and omega loads are correct. Proof of compliance for these two
paramaters mist await the beginning of actual operations.

Succesaful cozmpletion of the limit and omega testa represents a deter-
zministic requirsment that is quite comparszhle to the requiremeants of the
Preseant System. Although this dlascussion speaks of two sets of tests, limit
and omega, in many ceses engineering judgement will indicate that one or the
other is mich more critical so the less critical test wlll not be nocessary.
This is the same type of judgement currenily used tc reduce the test operation
to a dogzen or so of the most critical individual cases from what might be
hundreds of potentially critical cases.

The limit and omega strength tests verify or prove that the basic design
is satisfactory. This step is often termed design qualification. It is quite
poasible that ‘the structural system of an individual vehicle from a properly
qualified design may be deficient for any of a number of reasons. Typical
would be a smaitivity to cracks 1 welds in tension or bonding difficulties
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in composite atructures, There are various forms of acceptance testing that
constitute proof of compliance of an individual structure. A proof test to
some small incremsnt over the limit load might be very effective in increasing
tho structural reliability. This would be particularly true whers loads beyond
limt are very sharply truncated cr non-existent. However, where the load
spectrum is quite broad, proof testing may provide very little increase in
reliability. For instance, a procf test to 105 percent of limit will help
little in situations where the structure iz loasded quite rsgularly to 125
percent. of limit. In thes future, it will be possible to use the Volume III
comput er program to determine the increment in S.R. due to variocus proof or
acceptance test procedures.

After the structure has been designed, tested, fabricated and accepter
by proper standarde, the siruciure as it exists initially may be considered
to possess satisfactory reiiability. However, the structural strength may
decrease during the operational life of the vehicle. Procedures should be
considered on how to prove that the structural strength remains sufficiently
high. Accidental damege, wear, fatigue, and creep contribute tc possible
strength decrements. In the past, ordinary maintenance care and visual
inspections were sufficlen’. to insure and prove Lhat the atructural strength
remeined sufficiently high. In the future, as time-dspendent strength becomes
more important, explicit procedures must be developed to serve as proof that
the "now" strength of a structure is high enough. Some discussion of the

roblem is presented in Section 2.4.

(2) Loads

The proof of compliance procedure to show that the loads for limit
conditions are satisfactory should be identical with present practice. As
stated previously, it is considered that a properly canducted f’ight loads
program will define loads close enough to the true value that experimental
error need not be considered at this time. However, at some future time it
will be desirable to add provisions to consider loads measurement errora to
the computer program. This may Le especially necessary as aircraft enter the
hypersonic spsed range snd instrumentation difficulties increase,

Proof of compliance that the omega loads are satisfactory is one of the
principal problem areas in implementing the propcsed precedurs. Some of
thesa problems were ciscussed in Section 2.3e. At present it is considered
that proof of compliance would consist of the analytical determination of the
omaga loads first. In questionable or non-linear reglons the analytical
calculation of the loads for specific omega conditions should be supplemented
by wind-tunnel tests. The proof of compliance supplied by flight test
measurements will necessarily be indirect and incomplete., Nevertheless, it
can be a very explicit requirememt. For instance, the measured load up to
the vehicle iimitations should compare vary clcsely with that predicted
analyticelly and from wind-tunnel results. This establishes that the basic
analytical method is correct and reduces any possible error to the range
between limit and omega conditions. Furthermore, it is possible to determine
trends such as the varlation of load with load factor, dynamdc pressure, sngle
of attack and Mach nusber. Cross plots and extrapolation of these trends will
be sufficiant to verify the ouwega loads in most cases.
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(3) Design Conditions

Proof of compliance procedures for the dasign conditions cannot begin
until operations with the vehicle actually begin. Procf of compliance in cne
form or another actually sk uld continue throughout the life of the vehicls.
The first formal indication or preof that the cholce of design conditions
might not be satisfactory will come from the pilots or users of the vehicle.
If the vehicle cannot bs operated without axceeding the operational limita-
tions rather frequently, the limit condition is undoubtedly too low and
possibly the omega condition, as well, By definition the limit condition -
should be one that is rarely exceeded during the lifetimes of the vshicle. ¥
Hence, if it has been exceeded a number of times during the early lifs of
the vehicle, a decieicn can bes mzde that limit condition has been excesded
too often. How often is "too often' can be decided by procedures such as
deacribed in Section 2.3f.

In addition to the simple reporting of exceedances of the operational
lirdtations, the proof that the design conditions wers chosan properly for
the actusl vehlcle operational conditions can be obtained from any of wvarious
forms of flight recorders. Eight-channel recorders, VG or VGH recorders,
and statistical counters can be used to verify the design conditions. If
the number of axceedances of a given parameter is higher than some value,
predet.ermined by mathods described in Secticn 2.3f, it can be decided that
the design conditions are not compatible with the operations. The procedure
developed under the Reference 13 contract will analyze operational data and
print warnings if the operational usage is more severe than it should be.

If the decision is made that the design conditions are being exceeded
too frequently, three ccurses of action are available. First, the vehicle
user can be informed that the usage of the vehicle is exceeding (or poten-
tially exceeding) the intended usage for which the vehicle was designed.
Changes in operations can correct the situation before any failure actually
takes place. Second, the user can declde that the current vehicle usage is
necessary and will be continued in the future. In this case, it would be
necessary to sstablish new design conditions and redesign the atructural
system accordingly. The third alternative is to decide tc continue the more
severe operational usags without change and without redesign. In this case
the structural reliabllity that was originally selected as the goal will not
bes attained. The program from Voluwue III can be used Lo recompute a new
S.R. associated with the actual date on operational usage. The user can be
informed as to the failure rate that can be expected if the operations
continue to be as severe in the future.

h. Determination of Cause of Operational Failure

In case there is ever a failurs in the structural system during vehicle
cperation; the determination of the cause will be very comparsable to the
procedures in the Prassent System as described in Volume I, If the accident
investigation can establish that the failurs occurred at less than the limit
condition, the decision can be made witnout equivocation that the cause of
the failurs i1s a deficlency or error somswhere in the structural system. 1If
the failure occurred when the vehicle was operating at or beyond the omegs

(———— e
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condition, the structural system can have no respcnsibility since it has
completely complied with its requirements. The accident must be considered
to be the reasult of overloading the vehicle to grossly more severe conditions
than established as permlssible in the operational limitations.

Although the causes of the structural failure will not be quite so clear-
cut, {f the failu e occurs somewhere between limit and omega conditions, a
decisicn as to the "cause'" can be made, First, the structure must have a
discrepancy present ranging from a minor to a major error. It was intended
in the design of the structural system thet 99 out of 100 (or a similar
number) of the opsrationsl vehicles should survive up to the omega condition.
Therefore, when a fallure deoes occur at less than the omega condition, it is
far more likely that the failure results fiom an srror in the structural
aysten than from a random low strangth in & structure properly designed,
tested, fabricated and maintained. Therefore, a decision can be made that
a structural deficiency is at least a contributing cause to any failure
betwesn limit and omega conditions.

On the other hand, any operation of any amount beyond the limit condi-
tions aes specified in operational limitationz is impermissible, Therefora,
if a failure occurs anywhere between limit end omega cecnditions, the user
amast be considered tc have contributed to the fajlure by overloading beyond
the permissible limite,

As & result of this capability to determine a cause of failure,
responsibility for causing the fallure can be assessed and the corrective
action necessary to prevant a repstition of the failurs can be determined.
This can be done because both the design and operational requiremsnta are
assoclated with deterministic limit and omsga conditions even thoug". the
original choice of the conditions was based on statistical considerations.

2.4 TIME-DEPENDENT (FATIGUE) STRENGTH SITUATIONS
4. DBasic Structural Reliabllity Considerations in Fatigue

The discussion in Section 2.3 dealt with what 1is commonly called the
static situaticon, The loads may actually be dynamic in nature as in gust or
landing situations bul failure is caused by a single application of a large
load. An implied corollary of static design iy that the structural strength
is a time-invariant function, If the strength does not change during the
vehicle's lifetime, the failure is dependent only on whetner the specific
falling strength is exceeded et any time during the 1ife of the vehicle.

In many structural systems the strength i: a time-dependent function. Fatigue
represents the obvious time-dependent situation but hot structure and
corrosion effects alsc involve time-dependent functions. The present study
1s based upon fatigue consideraticns but the philosophy developed for this
type of structural environment is universal in its application to any time-
dependent strength problem.

The gpproach used in developing tl.o proposed new structural design
criteria for fatiguo situations invoives fundamentally different considera-
tions from those used in most other fatigue analysis procedures. The
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principal difference is uses of the concept of residual strangth as the
significant fatigue paramater rather than life. "Iife" is not a physically
meaningful concept in fatigue analysis. As stated in Reference 11, "Fatigue
failure is, in essence, an ultimate load failure, but one involving a fatigue-
damged structurs, and therefore, occurring under a terminal load of consider-
ably lower intensity." HNo structure sver failed mechanically simply because
it axceedsd soms number of hours of operation. If low loads were being
axperienced whon the "life" was exceeded, as in a navigational training
flight in an airplsne, the structure would not fail, When a high load
immediately before or immediately after the supposed end of “life" is
experienced, the structure will fail., Fallure must always be the result of
the load at that particular instant of time exceeding the strength at that
particular instant of tims. Just as the initial strength in a group of
eimllar structures will vary, so will the residual strengths of these same
structures vary at a later time during the life of the airucture.

The probability of failure of a structure during some particular period
during its life is a function of the residual strength distribution at that
particular perlod and the load distribution during that particular pericd.
This is analogous to the definition of the probability of faillure when the

strength does not vary during tha lifetime in the static strength situation.
In Section 2.2 of Volums III this probability is defined as

®

Pp = { PEL(xi)pZS(xi)dxi (7

This is the conventional formilation ¢f the probabllity of failure except
that the strength demsity function (p25) is axpanded in meaning to include

a probabllity of analytical error and probability of test disclosure of this
error. This formula is the basis for all of the analyees of the static cases
presentied in the previous section, This same formmlation 1s used in the
fatigue analysis, but the functions are time-dependent for fatigue. If it
i1s assumed that the strength distribution is constant for some small paried
of time, AT, at a time +, the formulation for the probability of failure
during this AT period parellels equation (7).

PFK(Ts AT) = (,)/PEL(H, AT)'PRS(Xi, T)dxi (8)

where
T =KAT (9)

The form of equation (8) is the same as equation (7). The period for which
the strength distribution p25(xi) in equation (7) is assumed constant 1s for

a vehicle 1lifetime, guch as 5000 or 50,000 hours. In equation (8), the strength
dietribution ppg (x.i, 7' _c onsidered to be constant for A7 period, but it is

differen. at each time, 7 , such as at 5, 50 or 500 hours. In the same vein,
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PEL(xi » A7) is the probability that the load will exceed x; during a short
time psriod, such &s 2 or 200 hours, whereas PEL(xi) in equation (7) is the

probebllity of exceeding x; at any time during a lifetime period such as
5000 to 50,000 hours. Equation (8) reduces to equation (7) if Ppg 18 a

constant for any time v and if At equals the total hours in the vehicle
lifetime.

Equation (8) expresses the probability of failure during the k-th tims
period, which is aoms time between zero time and the specified service 1ife,
T. Therefore, the total probability of failure at time T can be written as

T

At
1- n Ps (T) AT)
k=1 K

PF(T) =1- PS(T)

L
A1
=1 - n [l - PFK(T, AT)]
k=1
X
Lt a
k =1 -

0
(10)

The capability to evaluate equation (10) is critically dependent on the
ability to evaluate the residual strength function Pps* However, the

difficulty in evaluation dces not dstract from the fact that the fatigue
probability of failure, as formulated in equations (8), (9), and (10), is
a physically satisfying and mathematically sound formulation of the problem.

Muich of the technical effort in aralyzing fatigue problems has baen
based on the concept of fatigue life. Therafore, there is not axtensive
literature avallable on the determination of residual strength. Valluri,
in Reference 12, presented a fatigue analysis that is adaptable to the
needs of the proposed criteria procedurs. The details of the adaptation
of Valluri'as procedure to the computer program used to solve equation (10)
are prosented in Veolume III of this report. It should be understood the
formulation of equation (10) is not dependent on the particular residual
strength functions developed in Volume III from the theory of Reference ...
If a more acourate prediction can be developed or if axperimantal data
on residual strength can be obtained, the program presented in Volume II1
will change in detsil but not in principls.
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The eesence of the Volume IlI adaptation of the Reference 12 theory is
the relationship between the Fatigue Damige Index (FDI) and the Residual
Strength (RS). The FDI is & convenient concept, somewhat analogous to the
well known Miner's Fraction., This analogy is developed more completely in
Yolume 1II. However, the meaning of the FDI is assoclated with RS so that
the greater the fatigue damage, &s indicated by the FDI, the less the
residual strength. Tha relationship is nonlinear but simple to determine.
The FDI for a simple case of constant amplitude loading increases linearly
with time according to the Volume III discussion. The relationship bstwesn
FDI and RS is given in Volume III as

a,
FDI = log, ;n (11)
RS

Thus, a typlcal relationship would be as shown in Figure 28, It {s indicated
in Volume III that the increase of the FDI will be approximately linear

when a random loading is the source of the fatigue damage. Again, this is
similar to the growth of Miner's Fraction with time. Therefore, in ths
devalopment of ths proposed procedure, it is assumed that the growth of the
FDI is always linear.

b. Rudimentary Systam

The use of the FDI/RS relationship in structural design criteria based
on statistical methods can best be illustrated by a simple example. The
peramsters in the example are deliberately chosen to prcduce s high prob-
ability of failure so the numbers will be more comprehenslible than they
would be with the very low values usually considered in structural relia-
bility problens,

It is assumed that the loading apectrum for a vehicle with a nominal
20,000-hour service life is as shown on Figure 29. It 1a then assumed that
the structure is such that this loading spectrum produces the fatigue damage
and residual strength shown on Figure 28. In the real situation, the FDI
would be computed from the losd spectrum and knowledgs of the structure as
discuesed in Volume III. A more realistic example, using F-100 aata, is
presented in Section VI of this report. To simplify the manual calculation
of the probability of fallure, the RS is assumed tco vary in steps every
ten percent of the 20,000~hour life, or in 200C-hour increments as shown
on Figure 28, A 2000-hour load spectrum can be determined from the 20,000-
hour spectrum as shown in Figures 29, assuming that the 2000-hour spectrum
has 1/10 the nutber of exceedances of the 20,000-hour spectrum. From this
2000-hour spectrum, the probability of exceeding a load xy can be calculated
using the conventiocnal Poisscn distribution.

N

PEL(xi) =1-6e (12) é
This probability is alsoc shown on Figure 29. Finally, it is assumed that i
all structures will experience identically the sams fatigue damage or loas
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in residual stremgth., It is recogniged that all these assumptions over-
simplify the problem, but they serve tha purpose of 1llustrating that there
is no single time that can be called the life of the atructure. The asasump-
tions will be expandsd and Justified later in the discussion after the basic
approach 1s presented.

Since it was assumed that thers 1s no scatter in the strength of the
individual systems, equation (8) reduces to Pp, = Pp(RS(X)]. 1In the first

2000-hour pericd, the value of the average residual strength from Figure 28 is 96
percent of the initial ultimate strength. From Figure 29 the probability

of excesiing this load during the 2000-hour period is 0.0018. Thus, the
probabllity of survival of the period is 1 - 0.0018 or 0.9982. During the
second 2000-hour period, the strength has dropped to 87 percent and the
probability of axceading this strength has increased to 0.0063. Tha
probability of surviving this second period becomes 0,9937. The probabllity
of surviving both the first and second 2000-hour periods is the product of
0.9982 x 0.9937, or 0.9919. The procedurs is continued for as many periods
as desired. Table II presents the numerical data and Figure 30 shows the
plot of the probability of failure.  Figure 31 shows the same data

plotted oan a linear scale which better shows the time span where failure
might be observed in operations. Figure 31 alsoc shows a histogram of the
percentage of structures that would be expected to fail in each pericd.
Typically, i1 10 to 100 structures were involved, the spread in life about
the mean would be approximately two to one as shown.

Another phenomencn that can be illuminated by this simplified example
ia the difference between sservice failures and test failures. If the
spactrum shown on Figure 29 for 20,000 hours is usad for the fatigue test,
the applied spectrur must be a truncated spectrum. A load cannot be
applied cne-tenth of a time during the test of a single test article.
Therefora, a spectrum such as shown on figure 29 would result in the limit
load of 1CO percent being applied once sometime during the test. No higher
load would be applied.

This truncation of the higher loads would not affect the fatigue damage
significantly but would maks a major difference on when the structure will
fall during the atatic test relative to the failures that would occur in
service. Many different plans for determining the maxdmm lcad applied
during each sub-period are reasonable, The shad:d lines on Figure 32 show
one such plan for applying Lest loads that is consistent with the spectrum
of Figure 29. With this particular arrangsment, the test load in each
psriod would be less than the residual strength so no failure would occur
until the 55 percent load was applied during the eighth period. Contrast
this with a significant number of failures beginning in the third period
of the service opsrations of a fleet as shown on Figure 31. If 100
vehicles had completed 30 percent of the nominal 1ife, Table 11 shows that
two or three (2.6%) of the vehicles would have experienced a load high
enough during this third period to cause a fatigue failure. Yet no fallure
would occur during the test until the eighth period or 80 percent of the
nominal life. From Figure 32 it can be seen that, if the . <imum test load
(673) happened to be applied during the fifth period instead of during the
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tenth period, test failure would occur during the fifth period instead of
the sighth. On the other hand, if the fatigue damage were slightly less,
the failure would not occur in the fifth period, even with the 67 percent

load applied. Then, with the higher RS, no failure would occur until after
the tenth perioed.

Thus, without considering that there is any variation between indivi-
dual structural systems, it can be shown that a test failure may occur
anywhere betwesn 9000 ana 20,000 hours, In the exampie, significant
numbers of failurss would ocour in a fleet betwsen 4000 and 60C0 hours and
by some standards as early as 2000 hours. It is considered that this wide
discrspancy between time of test fallure and the beginning of fleet failures
is a gross indication of why most previous fatigue criteria have considered
that a scatter factor is necessary to relate permissible ssrvice 1ife to the
fatigue test 1ife. It must be emphasized that the scatter bstween test and
service fallures in this example are not neceassarily realistic since the
fatigue damage was deliberately assumed very large to help illustrate the
considerations essential to this type of analysis.

¢. System with Scatter in Residual Strength Considered

The first refinement of the Fatigue Reliability Program (FATREL)
described in Volume III beyond the simple formilation just described is
the intreduction of the effect of scatter on the residual strength. Two
additional parameters ars introduced into the calculation to define this
acatter as a function of time. These two parameters are the coefficient
of strength scstter at time zero, Yg» @nd the scatter factor on fatigue

1life, a. Ve is the same scatter factor discuesed in Saction 2.3. The

fatigue scatter factor, s, representa the range in hours or mumber of
cyclees to fallure relative to the mean 1ife., This factor 1a discussed
further in Volume III,

When these two scatter paramsters are added to the previous definition
of the FDI, or residual strength, the complste lifetime strength distribu-
tion ie defined. This is shown on Figure 33, Points (4) and (B) define
the line representing the mean strength. This is the same FDI line showmn
on Flgure 28. Point (A) represents the initizl mean strength at time zero.
Actually, this is calculated from Point (C) which represents the "allowabie"
strength, knowing 7,. In the example, this allowable represents the 99-
percent-axceed strese. From the mean stress at Point (A), the one-percent-
excesd stress (D) 1s calculated. The values at points (4), (C), and (D) are
inputs to the program described in Volumes III,

The variation in the residual strength distrivution with time is
controlled by the fatigue scatter factor, s. This factor represents the
variability in time (or number of cycles) when nominally identical
structures fall under constant amplitude loading. There are data in the

itsrature showing that such scatters range at least over the rangs of 2:1
to 10:1, It should be understood that this scatter is not the samo scatter
discussed in vcnnection with Figure 31. In that example, thare was no
ascatter in the strength of individval structures. The decrament in the HS
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of each structure was assumed to be identical in all the structures. The
scatter in the time of failure was due completely to the randomess cf the
application of loads large enough to exceed the RS of the structure to which
thay were applied.

If the scatter in time of failure under application of ccnstant
amplitude loading is considered to be a known parameter, it can be incor-
porated in the computation. Furthermors, it is considered that the meaning
of a scatter factor of 2.0 is that 99 percent of the structures survive at
least to one-half the mean time to failure and one percent survive to twice
the mean time to failure. It is assumed that this scatter in life is appli-
cable when the residual strength corresponds to approximately L0 percent of
the ultimate tensile strength. This residual strength corresponds to a
FDI = 1.0. Accordingly, points (E) and (F) on Figure 33 can be located on
the FDI = 1.0 level with Pcint (E) at cne-half the hours for Point (B) and
with Point (E) at twice the hours. The three lines on Figure 33 are the
basis for constructing the complete RS distribution. Similar lines for a
given probability of exceeding the strength are drawn as shown on Figure 34.
The calculations for sach of these lines is performed automatically in the
comput er program described in Volume III.

With the residual strength distribution estaktlished for a given time
period from Figure 34 and the probability of exceeding a load established
as on Figure 29, Equation (8) can be evaluated for each time period. Then,
the cumlative probability of failure can be determined by evaluating
Equation (10). The FATREL program described in Volume III performs all of
these calcuiations autocmatically. The program prints out the incremental
probability of failure for each time period and the cumilative value.

d. System with Errors in Fatigue Analysis Considered

Up to this point in the development of the philosophy governing the
proposed procedure for structural design criterla for fatigue situaticns,
it has been assumed that the strength distribution, Ppgr wWas kmown, i.e.,

that there wers no errors in the fatigue analysis. As it was pointed out in
Section 2.3c, there are many cases whuere the actual strength of a structural
system is different from that predicted by analytical calculationa made
during the design of the system. Figure 5 presents data from Referenca 6
documenting the incidence cf such discrepancles. There are no known data
available to compare the predicted results from fatigue analyses with the
actual results from tests. The fatigue analysis of a structure is a more
complex problem than the static analysis so it might be expected that the
number of discrepancies would be greater. It is well known that there has
been a considerable incidence of premature failures during fatigue tests.
Therefore, it must be considered that the frequancy of occurrsnce of such
discrepancies, or errors, in the analysis is not infrequent.

There are a numer of different causes for errors in a fatigue analysis.
However, each cause, auch as a higher atress concentration factor (SCF) than
anticipated, a gemerally higher stress level or a meterial more sansitive
to fatigue, would result in a higher FDI. This, in turn, would result in a
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higher probability of failure. Figure 35 presents a plot showing the higher

Pr that results from a higher SCF. Thus, if the analyst assumed no stress
concentration, he would predict that a service life of 6800 hours would

result in the desired SR of 0.99. However, if a 4.0 SCF happened to exist
unbeknownst to the analyst, the life for C.99 SR would be about one tidrd as
much or 2300 heura. If a series of structures were dasigned with the inten-

tion that there be no stress concentration but if 25 percent of the designs

had an unpredicted 4.0 SCF, the average fallure rate fcr a 6800 hours life

over a group of such designs would be 0.75 x .01l + 0.25 x 0.99 = 0.255C instead
of the 0.01 that follows if all designs are as predicted. Almost all of these
failures would be in the 25 percent that have the high probability of failure.
This is very analogous to the situation described in Section 2.3¢c and shown on
Figure 9. There, the structural designs with lower than predicted mean strengths
contribute the most to the total fallure rate of all the systems from A through T.

The computer program described in Volume III has the capability to accept
six different stress concentratiocn factors and an assoclated cccurrence
density figure (corresponds to 0.75 and 0.25 just discussed). This is
considered sufficient to define the range of possible discrepancies in actual
fatigue damage relative to the value predicted analytically.

e. ratigue Strength Error DPisclosure by Testing

In Section 2.3d it was pointed out that one strength test could not
"prove” the reliability of a structure but that one test could disclose errors
in the analysis. The same principles apply to structural design when fatigue
is a major consideration. The problem in the fatigue situation is that a
single fatlgue test does not have the same certainty of disclosing an error
as has a single static test of a structure with a narrow strength scatter.

An example of the difficulty in establishing a fatigue test that will
reveal errors in the fatigue analysis with a high degree of certainty can be
seen by examining Figure 35. Suppose that a 0.9999 SR is desired at a service
life of 3000 hours. If the structure has a probabllity of failure as
represented by the lower curve of Figure 35, the PF of 10™% at 3000 hours

will correspond to 0.9999, as desired. However, if there is a higher than
expected SCF (or anything else that increases the fatigue damagse) as might

be repressnted by the higher curve on Figure 35, the PF at 3000 hours will be
4x1072, This is 2% orders of magnitude higher than the desired value. If a
design which corresponds to this upper curve is tested to 6000 hours (twice
the number of hours corresponding to the nominal service life), the probability
of failure is 0.95. This means a probability of 0.05 that the "unreliable"
design will successfully pass the test to twice the nocminal life. Accepting
ons out of avery twenty deficient designs would not be tolerable in most
cases. The power of the fatigue test as a discloser of error would be grossly
inferior to that provided by the static test as discussed in Section 2.3d.

The previous paragraph discussed the problem of the relatively high
chance of accepting structures that will fall much earlier than predicted.
In addition to this problem there is the problem that the test spactrum cannot
represent the service spectrum exactly. Any load that has a frequency of
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occurrence less than 1.0 would not bs applied during the fatigue test, yet
these loads will contribute significantly to the number of failures during
the service life of a flest of vehicles. The phenomenon was introduced in
the discussion of a Rudimentary System in Section 2.4b. On the other hand,
there ars some situations where the fatigue test will have a probability of
failure nigher tiian in the corresponding fieet operation. This can be under-
stood by studying Flgure 36. As noted above, there is a discrete load that
is encountered once in the average lifetime, Usually, thils is the maximum
lcad spplied duriag the test. In this situation, there is a probability of
1.0 of axcesding any load smaller than this maximum test load and a zero
probability of exceeding any larger lvad., The probability of an individual
vehicle exceeding this value is less than 1.0 (about .63). These relation-
ships are shown on Figure 36. Thus, the test operation has a higher
probability than the fleet operation of exceeding all lcads up to the maximum
test load. Beyond that point the fleet operstion has the higher probability.
Which is controlling in determining the total probability depends on the
strength distribution. Therefore, it is really not possible to generalize,
except to note that the test opsration will almost always have a different Py
than the fleet operation. All of these considerations must be recognized

irn determining ths conditional reliability that results from recognition that
there may be errors in the fatigue analysis and that successful completion of
a particular fatigue test does not necessarily indicate that all of ths under-
strength designs have been elimlnated. Figure 37 illustrates the difference
betwesn the probability of failure in fleet operation and in a test operation
whose spectrum is truncated at the load that will be experienced once during
the service life.

The fatigue reliability program described in Volume IXI makes provision
for all of the phenomena just discussed. Basically, it solves Equation (10).
It should be clearly understood that the analytical procedure recommended in
Section 2.4a for determining the residual strength is not considered to be a
panacek for all fatigue problems. However, the concept developad in
Refererce 12 and its expansion to the Fatigue Damage Index in Volume III of
this report hzve the necessary elements incorporated. Intrinsically, the
procedure is solving the correct problem and the answers obtained are
qualitatively correct. The point was made in Section 2.3c¢ and reiterated
for the fatigue problem in Section 2.4d chat errors will occur in any
structural analysis. It matters not whether the error is generated by an
erroneous mathematical model of the failure process or by an erroneous choics
of quantities to represent the particular structure being analyzed. If a set
of curves such as those on Figure 35 can be generated, very useful conclusions
can be developed from the qualitative relationships. A density function
number can be assigned to each condition represented {Example 2 in Volums ITI
presants a four condition problem). These density functions, in effect,
represent the likelihood (or probability) that the true P curve will fall

in the range repressnted by the analysis for that conditiqn. For instance,
it could be assumed that the intended design results are represented by
Condition (1) on Figure 35. The results from the deesign represented by
Condition (2) are assumed to stem from an erroneous analyeis. In the
previcus section it was assumsd that 75 pesrcent of the structural systems
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would fall in the Condition (1) category and 25 percent in Condition (2)
category. It was shown thers that the average fallure rate irn this situatioen
would be C.2550 for a 6800 hour life, The comparables value at 3000 hours
would be 0.010 actual versus 0.0001 intended. Thase valuess are based on
systems that go into service without a fatigue test to disclose serrors.

Now conaider what happens when a fatigue test is conducted. I1n the
3000 hour ¢» the P for a Condition (2) design in a test to 6000 hours

is 0.95. Thie means that 5 parcent of such designs would survive the test

to twice thes nomingl lifa. The product of tha probability of obtaining such
a design (0.25) by the probability of paseing tha teat to 6000 hours (0,05)
by the probability of failing in aservice at 3000 hours or sconer (0.040)
reprasants the probability of having a failurs from a Condition {2) design.
This value is 0.25 x 0.0 x 0,040 = 0.0005, If thecse structural eystams
that failed to pass the test are considersd to be redesigned to Condition (1)
stalus, the fraction of this class design would be 0,75 + 0.95 x 0,25 = 0.987.
The probability of failurs of thess at 3000 houre would be 0,987 x C.0001 =
0.0000987. The combined probability of failure of the twe sets of designs
wouid be 0.C00099 + 0.0005 = 0.000599. Thus, by one fatigue test to twice
the cperational lifs, the PF would bs decregsed from 0.0i0 to 0,00069. This

is almost the PF of 0,000l that would be obtainsd ir a nc¢ error situation.

The corresponding S.R.'s would bte from 0,99 for no tests to U.9994 for one
test with 0,9999 besing the thecretical no error vaiue. This cimple case
illustragtes the source of the great improvements in structural reliability.

ne of tha great virtues of this approach is that it is nct too sensitive
to ths unprovable assumptions. For instance, if the 25-7, ratic were reversed
to 75-25, the final S.R. would only drop from 0.9994 to 0.9584. Ths test
would still fulfill ite functlon of disclosing srrors and upgrading the finsl
S.R. of the systam.

The purposs of the fatigue test is to disclose errore with a high degree
of certainty. In Section 2.3d(3) it was pointed out that conducting two or
mere strength tests of the sams design would increase the certainty of dis-
closing understrength designes. The sane principle is applicable in fatigue
testing, As an exsmple, the improvament in the S.R. can be determined for the
previous case whan two fatigue tests are run. The prcbabhility of a sarvice
fgilure for a Cundition (2) design becomes 0.25 x (0.05)< x 0,040 = 0,000025,
The probability for a Conaition %l) design 1s 0.9993 x 0.0001 = 0.00009993.
The combined probability of failure of the two sets of designs bscomaes
0.0001155, Thus, the S.R, hae increassd from 0.99 for zero tests to 0.999%
for ons test to 0.99988 for two tsstes. This valus has simost reached the
0.9999 predicted if no arror is coneidered in the analysis.

Another technique for increasing the cartainty of error disclosurs is
to cenduct a static strength test after completion of the fatigue test. This
procedure would revsal those designs where the residual strength is down
significantly but not enough to cause a failure undsr the maximum load applied
during the fatigue test. The RS distribution after the completion of the
fatigus test would have the form defined by Figure 34. The static test load can
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be compared to the RS strength from Figure 34. The fraction of structures
with a =3 less than the test load could be determined for any particular test
life. For the simple exarple it was determined, using the Volume YII computer
prozram, -hat the prcbability of failurs during applicaivion of a test load
corresponcing to the usual ultimate loar would be C.977 at 6000 hours for a
design corresponding to Condition (2) on Sigure 35. Then, the probability of
surviving a 6000-hour fatigue test, the static strength test, and failing at
the 3330-hour service life becomes 0.25 x 0.05 x G.003 x 0.04C = Q.,C0O0C015.
Tre probability of a Condition (1) type of structure failing at the 3000-hour
servire 1ife 1s (1.0 -~ 0.0125 x 0.003) x 0.0001 = 0,000099956. The combined
protabiilty of fallure of the two sets of designs bacomes C.C0010L. 1In this
hypothutical case the reliability after the combined fatigue and static test
would te virtually identical with the predicted value, despite the substantial
possibility of an errcr in the anzlysis,

The fatigue situstion is very analogous to that depicted on Figures § and

10, but with the abscissa in verms of hours of life rather than load. In the
examcle presanted earlier, it was assumed that 25 percent of the designs

Condition 2) would fail prematurely comparad tc the intended 1ife. These
designs would be the equivalent of the B, D, E, K, Q, 5, and T systems on
Figure 9., The 73 percent (Condition 1) whose life is as predicted would
correspond to Systems A, C, F, H, J, ¥, and O on Figure 9. ter completion
of the fatigue.testis, the situation would look more like that ~n Figure 10.

In ‘he discussion on page 83 it was noted that 5 perceat of tne 25 percent

of the Condition (2) designs would pass the test to 6000 hours and be accepted
for orerations., Those systems that would be understrength operaticnally
afier passing the specifled test would be equivalent to System Q on Figure 1C.
The structural reliatility in the fatigue situation as 1vell as statically
depends on the certainty with which the System Q's will bte rejected during
ithe testing procedure and then redecigned to provide the desired strength.

The conditional reliability resulting irom vericus combinations of test
1ifs, number of independent fatigue tests, and fatigue tests followed by
static tests can be determined by the Volume III computer program. The
resulis are shown on Figures 38 and 39. From parametric studies of this
type, deterministic requirements for fatigue testing could be established.
For instance, i. the SF goal 1ls €.999, & design would be acceptabie if the
test article survives Lo a test Mfe 3.7 times the specified servicu life.
If two articles are tested independently, the test 1life could %e reduced to
2.2 times the service life and for four test articles the Lest life would
only need to be 1.5 times the service life. If a static test to ultimate
load follows the fatigue test, the required test 1life would be reduced to
1.2 times service life.

An analysis of the conditional Si resulting from fatigue tests to a
specified multiple of the service life comparable to Figures 38 and 39 can
become the basis for fatigue design criteria. A table listing the testing
options available to the decignar could be added to the present criteria
(keference 15) for each class of vehicle. As an alternative, the test life
requirxd for a1 given SR goal cculd be established for an indlvidual design
using the computer program of Volums III,
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f. Disclosurs of Error in Fatigue Loads and Conditions

The previous section discusses how to develop the SR of a structural
system, conditional on the loasd spectrum being as predicted. Sections 2.3e
and 2.3f discussed the problems of disclosing srrors in loads and in thea
choice of design conditions. The same transfer functions govern the deter-
mination of the loads for fatigue analysis as for the lindi and omsga loads
for the static design. Therefore, the loads tescing performed for static
loads should be applicable to disclosing errors affecting the fatigue spectrum.
The ssme reasoning applies to the choice of design conditions. Limit and
omega conditions were orginally chosen on the basis of a predicted loading
spesctrum. ReJection or acceptance of this spectrum is discussed in Section 2.3f.
If the spectrum is acceptable for the static design conditions, it should be
equally acceptable for fatigue conditicns.

g+ Proof of Compliance

The proof of compliance procedure for 'proving" that a structural system
mests the requirements for structural reliability is directly comparable to
that discussed in Section 2.3g for static conditions. The basic design is
qualified and approved by successful completion of a fatigue test (or tests)
to a specified multiple of the service life. The required duration of the
test i3 determined as discussed in Section 2.4e. This test life becomes the
deterministic requirement that converts the structural rellability goal into
an administrable requirement as discussed in Section 2.3a(2). As the previous
discussion in this Section 2., makes evident, the choice of the test life
requirement relative to the service life 13 based on statistical considera-
tions. In the same manner that the static test will not reject absolutely
all the deficient designs (the System Q's will be accepted), so ths fatigue
test will not reject deficlient designs with absolute certainty. However,
thoss that are accespted will be sufficiently rare relative to the desired
SR goal so that such situations will be effactively nsegligible. Therefore,
any system that survives the specified test can be acceprted for cperational
usage with assurance that its structural integrity will be at the desired
level even though the SE of individual designs rey be somewhat higher or
lower than the SR goal established for that class of vehicle. To reiterate,
corpliance with a specifiad structural reliability rumber can never be
proved; compliance with a specifled fatigue test life is a simple go, no-go
proposition.
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SECTION I1II

TECHNICAL APPROACH

3.1 GENERAL

The philosophy or raticnale guiding the development of the proposed new
procedure for structural design criteria 1is described in the previous section.
Specific details of how to apply that philosophy to the design of structural
systems are described in this section.

3.2 CRITERIA FORMAT
a. Structural Rellability Goal

The definition of the structural reliabiiity goal is the starting point
of the new procedure. It must be emphasized that the quantity defined is
a goal, not a requirement, In Volume I, it 1= pointed out that there is no
procedure for accurately determining the actual structural rsliability of
a particular structural design, so a structural reliability number cannot be
ugsed as a specification requirement. However, establishing a structural
reliability goal is necessary to establish the reliebility level that controls
all subsaquent requirements.

A structural reliability goal should be chosen for each vehicle system.
At present, it is suggested that these structural reliability goals be
establighed by class of vehicle. For inatance, the structural reliability
goals preaenked on Table I of this report could be added to Table I of
MIL-A-8861.1 Typical structural reliability goals would be 0.99 for fighter
class aircraft, 0.9999 for liaison aircraft, and 0.99999% for transports.
Mternatively, a share of the total vehicle reliability could be alioccated as
the structural r.liability goal.

Step 1. Decide on a structural reliability goal consistent with the
vehicle mission. Document the decision in the vehicle
spescification.

b. Expected Operational Usage

In order to sstablish limit and omega design conditions which have a
probability of sxceedance in accordance wlth those suggested on Table I,
it is necessary to define the expected operational usage. This definition
should take the form of a curve of the probablility of excesding the paramster
in question. Figure 2 is typical of the curves needed to defins operational
usage. Where insufficient statistical data are available, thle step can be
omitted and the 1Lumt and omaga conditions established as noted in the next
section. Figure 47 iilustrates the fact that predicted operational usage is
derived from statistics of comparable operations in the past, from an analysis
of the operational (apabilities of the new vehicle, and from pure Judgement.
The prediction of thes operational usage is validated and updated at several
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places in the design and deployment cycle ¢f the vehicle. First, there
should be a specific agreement by the personnel responsible for the non-
structural system concerned with the particular paramster. In general, the
agreement will be based on the same type of data used by the structural
organization to make the initial prediction. However, the concurrence will
help to ensure that the prediction is realistic relative tc the operational
considerations, Since most of the parameters defining the design conditicns
are contrcllable in the operation of the vehicle, the process of obtaining
concurrence from the non-structural system will serve to alert those concermed
to the expected operatlion so that there should be a tendency to operate the
vehicle in a manner consistent with the prediction. The final wvalidation of
the prediction can only come from comparing actual operations of the vehicle
with the predictions. The feed-back of this information to the initial
prediction is shown on Figure 49 and is noted as Step 9.

Step 2. Predict the operational usage of the vehicle in the form of
a curve of the probability of exceeding various magnitudes of
a particular parameter.

¢. Design Conditions

If the expected operational usage has been properly determined in the
previcus step, the cholce of design conditions is almost automatic., Table I
defines the relationship batween the probability of exceeding limit and
ultimate conditions and the structural reliability goal. If the probability
function is available from Step 2, the limit condition is chosen as that

"econdition whose probability of exceedance is equal to the appropriate value

from Table 1. The omega condition is chosen in the same fashion.

If, for any reason, the statistical function cannot be predicted, limit
and omega conditions can be established on a judgement basis., Whethar
determined from tne statistical function or on a jJudgement basis, the
qualilative meaning of the limit condition is that it represents the upper
bound of the normal or expected operational condition. Therefore, if those
responsible for the structural system and thcse responsible for the non-
structural system can agree that a particular cor iition is necessary for
normal operation of the vehicle but that more severe conditions are not
necessary, then that condition by decree is a limit condition. By this
azreement, the structural gsystem is committed to "never" falling at limit.
The non-structural system is committed to operating "most' of the time at
lass than the limit condition.

The omega condition can be established on the sams kind of Jjudgement
basis as the limit condition if statistical data are not available. However
chosen, if 1t is agreed for the structural and non-structural systems that
the cmega condition is an extreme condition reached only in abnormal
operational situations and beyond which no structural capability is needed,
the omega condition is established by the agreement. In mcst cases, the
approach to omega conditions can be controlled by observing the prohibition
against exceeding the limit condition. The structural system accepts the
responsibility for assuring that most of the individual structures will
survive the omega condition, but with absolutely no need for capability
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to survive beyond the omsga condition.

Step 3. Establish the various limit and omega conditions which define
the performance requiraments for the structural system and
operational limitations for the non-structural systems.

d. Design lotds for Limit Conditions

The structural loads assoclated with each limit condition are calculated
by the sams procedures that would be used in the Present System. Thess limit

loads are then multipiied by a Limit Test Factor of Safety to obtain design loads.

The only difference between the design lcads of the new procedure and the
ultimate loads of the Present System is that the Limit Test Factor of Safety to
ba applied tc the limit loads is not a fixed number. It is defined by

Figures 24 and 25. This factor of safety depands on the structural reliability
goal established in Step 1 and the atrength scatter, Y,, of the structure

when subjected to the environment associated with each particular limit
condition. Thus, the 74 may vary from one condition to another and from one
component of the vehicle to another,

Step 4. Calculate the design loads for the limlt conditicns by
miltiplying the limlt loads assoclated with the various limit
conditions by the limit factor of safety defined on Figures
2, and 25.

a. Design loads for Omega Conditions

The design loads for omega conditions are determined in a manner
analagous to those for limit conditions. The loads associated with each
omage ccndition are calculated and multiplied by an omega factor of safety.
It should be noted that the omega factor of safety is & completely differsnt
function than the limdt factor of safety. As shown on Flgures 12 and 20, the
omega factor of safety will be 1.0 for most conventional structures with
relatively low strength scattera. In principle, the differences betwean
omega loads and limit loads are no gresater than those bstwsen two different
limit conditions in the Present System., In practice, there may be some
difficulties in determining omega loads, One of the obvious differences
betwesn limit &nd omega loads (used In the broad sense discussed in Section
2.3a(3)) is that the temperatures for the omega condition may be highar than
those for the corresponding limit corndition because the omega velocities and
flight attitude may be greater. Because the omega conditions are extreme
conditions, ncn~linsarities in aerodynamic loads will bes more prevalent.
Aeroslastic effects will bs larger and in some cases will involvs ylelding of
the structure. The difference in calculating limit and omega lcads is one of
degree, not one of basic procedure. The strength scatter, Ys, for the cmega
condition may be different than the ¥, for the limit condition. This should
be considered in determining the omega factor of safety from Figures 12 and 20,

Step 5. Calculate the design loads for the omega canditions by
mltiplying the cmega loads associated with the various
omega conditions by the omega factor of safsty dafined
on Figurees 12 end 20.
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f. Strength Requirement for Structural System

The strength analysis under the new procedure is very comparable to that
! . under the Present System. Margins of safety are calculated using allowables

3 that have the same meaning &s they do under the present system. In many cases,
particularly where temperature differences are not significant, the allowables
at limit and omega conditiona will be identical. It will be obvious whether
the deslign loads for the limit or the omega condition are the more critical.
In such cases, only the critical condition would need to be considered and the
entire procedure bascomes equivalent to that in the Present System. In other
cases, the allowables for the omega condition msy be less than those for the
corresponding limit condition but the limit factor of safety may be larger
than the omega factor of safety. In such cases, the critical condition may
not be obvious and both limit and omega condition will need to be analyzed.

Step 6. Substantiate the strength of the structural system in reports
comparable to those required by Paragraph 3.7 of MIL-A-8868,17

Use allowsbles from MIL-HDBK-51€ and comparable sources to
calculate margins of safety.

g« Proof of Compliance with Strength Requirsments

Strength tests in which the test structure successfully supports the
design loads for the limit and omega conditions constitute proof of
compliance with the strength requirements. The requirements of the new
procedure for testing are comparable to those of the present procedure.
There 1s a sharp line of demarcation between compliance and non~compliance
80 there can be no question of whether or not the test is successful., The
difference between the new procedure and the Present System is the number of
tests required. Proof of compliance for both 1imit and omega conditions is
necessary although a single test will satisfy both requirements in most cases.
In addition, the Test Factor of Safety may be based on miltiple tssts to
reduce the factor of safety as shown on Figures 20 and 25. If this option
has been selected, two or more nominally identical tast articles must be
fabricated and each mst complete the specified test without failure. The
proof of compliance fcr the fatigue situation i3 comparable to that in the
Present System. The ditferemces are that the ratio between test life and
nominal service life dspends on the fatigue scatter factor, the structural
reliability geal, the number of test articles, and whether a static test is
conducted after completion of the fatigue test.

Step 7. Prove compliance with the strength requirements by successfully
completing static tests for all of the critical limit and omega
design loads. Complete fatigue tests to the test life defined
on Figures 38 and 39.

h. Validation of Limit and Omega Loads

Procedures to validate the calculation of limit loads are essentiaily
identical with present practice. Opsrational limitetions will usually
preclude any flight measurement programs beyond limit conditions. However,
mich can be accomplished towards verifying the loads (really, disclosing

my
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possible errors) by indirect procedurea as discussed in Section 2.3g(2).

Step 8. Validate the limit and omega loads associated with the limit
and omega conditions, Meature limit loads directly. Extra-
polate measured loads to omega conditions by validating
perametric functions to the greatest extent possible by full-
scale flight testa and by wind-tunnel tests.

i. Validation of Limit and Omega Conditions

The previous procedures, if properly carried out, ensure that the
structure will attein the desired structural goal provided that the probability
of exceeding limlt and omega conditions is no greater than was predicted when A
the conditions were selected. Varicus sources of information such as eight-
channel statistical data or a count of the number of times "red-line" values
are axceeded can be usaed to declde if the vehicle is being operated in a
marmer conslstent with the expected probabillities for exceeding limit and
omega conditions. Teats such as described in Section 2.3f and 2.3g(3)
should be employed to valldate the cholce of limit and omegs design
conaitions.

Step 9. Validats the 1imit and cmega design conditions by monitoring
actual operations and comparing actual operational usage with
the predicted values used as the original basis for the
design. If the actual usage is greater than acceptable for
the design conditions, take steps to modify the operations
or to increase the strength, as necessary.

Jo Structural Failure Situations

In the event that a fallure in the structural asystem should ever occur,
the new procedure would not change present procedures for determining the
cause and for taking remsdial action. The deterministic nature of the
requirements and well-defined 1ines of demarcation in definlng understrength
or overload regions will assist in determining & probable cause in any
failure investigation. Section 2.3h and Figure 47 indicate some of the
decisions that may result from an accident investigaticn.

Ster 1C. Dsclds on & cause of fallure and the action vo take in
case of any atructural failure.
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SECTION IV

FUNCTIONAL FLOW DIAGRAMS

Tne visualige:ion of the various functions that contribute to the final
dacision that ths structural system has a satisfactory structural reliability
can be alded by furctional flow diagrams such as presented in this section of
the report. The verminolcgy and format used in these diagrams is discussed
in detail in Volume I. Figure 1 in this volume reproduces from Volume I the
Generalized Funcilional Diagram — Structursl Design System.

In ¥igure 1 (and in the various diagrams of Volume I), the portion cf
the structursl dealgn syatem involving the collection and application of
information to make decisions has been designated as the Informetics rield.

In crder to deolde that the structural system is satisfactory. it is necessary
Lo determine the results actually being achiesved in terms that may be

directly compared with corresponding data that represent deslred results.

In Volume I, followlng the concepts introduced by Draper in Reference 1,

the comparison is made from data generated in & Desired State Information
Syatem (DSIS) and sn Actual State Informaticn System (ASIS). It was noted

in Section 2.2 thet these functiona are phrased in the language used by

Draper- but that thls language was just a formallism for what 1s really common
sense.

The baslic elements of the Infermetics section of the Proposed Structural
Design System are presented cn Figure 40. This figure shows that the Desired
State is established from the vehicle mission through cholce of a structural
reliability goal to the definition of limit and omega conditlons that are
corsistent with the S.R. goal. Then, the Desired State is divided into two
parts. Firast, the strength of ths structural system should be ccnsistent with
the definsd 1imit and omega conditions. Second, the operations of the vehicle
must be consistent with the defined 1imit and cmega conditions. If the
Desired State represented by these two functims, strength and operations, is
achieved, the S.R. goal will be achieved. The lirmdt and cmega conditiens
are discrets conditions that can be defined rnumerically. The meaning of the
term "consistent with definad limit and omega conditiona" can be quantitized
as discussea in Section II. Also, it is ocutlined in more deteil in subsequent
figures in this section. Therefore, it is possible to determine the Actual

tate and compare it with the Desired Siate.

The determination of the Actual State of the strength of the structursl
aystem is determined in three phasss, as it has always been. First, the
strength is determined analytically; then, it 1s verified by strength test;
and, finally, operaticnal results furnish socme additionel information on the
strength of the srstem, There ere two sources of information on the Actual
Stats of oparational usage. These are (1) analytical predictions before
operations hegin, and (2) datae from monitoring the actual opsrations in
verious ways such as by simply noting in log books when a red-llne 1s
excesded or by elaborate eight-channel recording programe.
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When this information on the Actual State is compared with that fer the
Desired State, manasgement decisions can be made that operations with the
vehicle and the strength of the vehicle are consistent with the limit and
omega conditions. From these two decisions follow the decision that the
structural system has a satisfactory S.R. level for the vehicle as operated.
1f th0 dezision is negative; tne decision can lead to corrective action to
improve the situation.

The chain of decisions leading from definition of the new vehicle concept
to the final decision that the S.R. level is satisfactory is presented as a
Structural Reliability Decision Network in Figures 41 through 48. The need
for each or these decisions is discussed to some degree in Section II. With
this discuseion as background it appears that Figures 41 through 48 are self-
explanatory. FEach of these decision boxes represents a contributing factor to
the final decision on Figure 48 and the corresponding decision on Figure 40.
These individual decisions are supported by the spprop:i-iate Actual State/
Desired State Information System. These supporting ASIS/DSIS represent detail
portions of the corresponding systems on Figure 40. The supporting ASIS/DSIS
systems for some (but not all) of the decision boxes on Figures 41 through 48
are presented on Figures 49 through 55. The decision made is indicated by
the double lines on the appropriate boxes. The small numbers on the lower
iefthand corner of these toxes are identical with the numbter on the correspond-
ing tox in the Decision Network (Figures 41 - 48). These diagrams also
correspord to similar diagrams in Volume I. The meaning of the individual
boxes is discussed in detail in Section 1I of this repocrt.
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SECTION V

SYNOPSIS OF NEW PROCEDURZ

5.1 GENERAL

The new procedure, develcped in the study documented in the three vclumes
of this report, defines the requirements for quantitative structural criteria
based on statistical considerations. Because of the necesalty to thoroughly
Justify and axplain the new procedure, the documentation is quite lengthy. It
1s racognized that thers are many who will n(t be able to study the complete
development of the new procedure but who desire to understand the essence of
the new procedure. The syncp=is presented in this secticn is designed to
satiafy that nesd. The entire procedure is summarized in seven stepa at the
end of this section.

First of all, the proposad new procedure represents a modification of the
Present (Factor of Safety) Structural Design Systsm, not a completely difforent
approach. The form of the procedurs is unchanged although the numbers and the
meaning of the numbers may differ. Structural designers and analysts do not
need to unlearn their present methods and learn new ways for designing
structural systems. It is considered to represent a desirable characteristic
when axperienced engineers comment, "But this procedure is really not much
different from what we've always done."

The rniew procedure allows — in fact, requires — consideration of the
statistical distribution of those paramsters that truly affect structural
integrity {quantitized as structural reliability). Howsver, all of the
statistical manipulations are performed at the beginning of the analytical

rocedures, Ths statistical operations are uased to make decisions that define
deterministic values for design conditions and for factors applied to the
loads associated with these determiniatic conditions. The loads analyst, the
streangth analyst, the st.uctural cesigner, and the structural test engineer
wiil be working with discrste conditions, discrete loads and dlscrste strength
allowsgblses just as they always have.

5.2 BASIC CONCEPT

The basic concept of the new procedure is that the structural system
should have the structural capability to survive designated overload and
understrength situations. The Present (Factor of Safety) Structural Design
System provides such capability through application of a factor of safety to
the 1imit loads to determine design ultimate loads, However, it provides this
capability indirectly and inconsistently. It is noted in Section 2.2 that
ons vehicle with a 1.5 facior of safety might be able to attain 1.75 times the
limit operational gondition whils another vehicle with the same factor of
safety might attain only 1.25 times the limit operationel condition. Also,
it is pointed out in Section 2.3d(L) that structures with a large scatter in
strength will fail largely due to understrength rather than from overload.
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As a result of such considerations, the proposed new procedure departs
from the Present System by establishing explicit requirements for understrength
and overload situations. These requirements are separate and distinct and are
based on probabilities and statistics so as to be consistent with a level of
structural reliability appropriate to the vehicle mission. An illustration of
the separate provisions for understrength and overload situations is presented
in Figure 56. The central bar of Figure 56 indicates that the limit design
load includes a provision to handle structures that are understrengih so
"no failure" will occur at the 1limit load. This requirement is discussed in
detail in Sections 2.3a(l) and 2.3d(4). The right or the left bar indicates
the overload provision dircussed in Sections 2.3a(l) and 2.3d(3). The left
bar illustrates the situation when a relatively large overload provision is
necessary so that this requirement is more critical than the understrength
provision. The right bar shows the situation when the overload provision is
relatively small, In this case the understrength provision is more critical
and governs the design. Once the appropriate design values are chosen, they
are as deterministic and as easy to administer as the corresponding values in
the present system,

5.3 DETAIL PROCEDURE
a. Structural Capability Requirements

The starting point of the procedure is to adopt a structural reliability
(S.R.) goal. It is expected that these goals would be established for various
classes of vehicles as suggested on Table I. Thus, a fighter aircraft might
have an S.R. goal of 0.99; a bomber, 0.9999; and a transport, 0.999999.
However, more or different S.R. gcals might be established. It is quite
feasible to choose the S.R. goal so as to be consistent with the reliability
of other vehicle subsystems, if this action is appropriate.

From the S.R. goal, two numbers are derived repressanting the probability
of nexceeding an operational limit condition and the probability of exceeding
an operational omega condition. Suggested values for these two probsbilities-
are given on Table I. The definition and meaning of the omega condition will
be taken up later. A limit condition in the new procedure represents
essentially the same thing that it does in the Present System. This means that
a ldmit condition is the upper bound of the normal or expected operational
conditions. The statistical definition of the frequency of exceeding a limit
condition is an extension to the Present System. However, it is not intended
that the new procedurs will change the numerical values of limit conditions
significantly from those specified in the Present System. Furthermore, if
there are insufficlent statistical data available to make a good prediction
of the probability of exceeding the limit condition, the limit condition can
be chosen on a judgement basis. Since the design limit condition serves as
the basis for operational limitations, it should be just high enough so that
most normal operations can be conducted without exceeding the limit condition.

In effect, the statistical calculations, on which the choice of a limit
condition is based, are a prediction of the expected results in future
operations from a knowledge of past results. Even if it is necessary to base
the choice of a 1imit condition on a judgement decision, the decision 1is
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still a prediction of future results, hs only difforencze is that the jJudge-
ment rradiction is lesa sophisticated than the atstistical prediction. Tho
final structural rellsoility of a vehicle is ratner inazansitive to the actual
probability of exceeding liumit cendition so the chelce is not too critical,

The definition of a limit condition is the firsi step in establishing
the performance reguirements for a siructural systei:., Since a limit condition,
by definition, ie a normal or expectad condition and is established as a
permissible condition by the operating limitations, structural failure is not
acceptable at limit condition or less. But, even if perfect S.R. up to limit
conditinns were attained so that nc structural failure ever occurred below
limit condition, it would not be enough to insure that the structural
reliability goal would be reached. Mcst structural failures occur as a result
of overlcading tha structure beyond the established limit conditions. There-
fore, some requirement for atructural capabiliiy beyond limit conditicn and
some control of the frequency of encountoring an overload condition mist be
establishad if a structural rellability goal is to be met.

This nead to esiablish the overlosd capability of the structural systen
is the basis for int:roducing the concept of an omega condition to the new
procedure. To illustrate this need, suppcse that the structures in a fleet of
vehicles were designed to just barely survive an operational condition sub-
stantially above the limlt condition. But suppose that this cverload condition
occurred on cne cut of every ten vehicles. Then, the structural reliability
of the fleet could not be higher than 0.9 even if none of the failures occurred
below the limit condition. Converssly, if an operational condition can be
defined whose probability of exceedance is the complement of the desired
structural reliability, the 5.R. goal will be attained if ths siructural system
can slways survive this condition. It is axiomatic that a one-in-a-miilion level
of reliability (S.R. = 0.999999) cannot be cbtained if the structure cannct
survive a condition that occurs on mors than one-in-a-millicn vehicles.
Therefore, the definition of such a condition is a necessary step in defining
a structural system that will meet a desired S5.R. gcal. Any operational
condition that has a probability of being exceeded which is equal to the
corplement of the derirsd S.R. goal is designated as an omega condition.

Ths initial cholce of limit and omega conditions is based on statistical
consideraticns govarned by the desired S.R. However, once the choice is made
the two ccnditicns become ccmpletely deterndnistic., Wnether or not the linit
and omega conditions truly satisfy the statistical expectations that led to
thelr choice is not germane. These conditions explicitly define the Interface
between structural performance requirements and operational constraints. This
interface is deliberately placed at the operational condition, such as lcad
facter, velocity and weight, which can be measured and controlled during
flight and ground operations. Once stated, the limit and omega conditions
become independent and divorced from their origin. They represent the
structural capability that should be provided by the structural aystem. They
also define the level of operational usage that must not be exceeded if the
desired S.R. 13 to be attained. The numbers defining the limit and cmega
conditions represent definable, administrable performance requiremente for the
structural system. The significance of these requirements can be described
in qualitative terms to develop an appreciaticn of the intent behind tha
definition. Then, a quantitative definition of the requirements will follow.
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The limit condition is an expected and permissibis operational condition
80 the structural system should never fall at limit. The llmdt condition is
the upper bound of normal opsrations sc¢ excesdance of the linmit condition
should not occur unless somsthing is abnormal in the vehlcle operation. For
theose conditiuns that are controlisble by nan cr by otlier subsystens,
exceedance of a limit condition represents a viclation of an opwrational
limitation.

The omega condition 1s not zn expected operational conditioen and it
usuaily represents & gross vicvlation of the operatlonal limitation., Mosi of
the structural systems shoulid swrvive the omega condlilon but there is no
requiremsnt for any structural capability beyond the omega condition. Con-
sequently, if there 1s any vehicle operation at or beyond the onega condition
failure may bs expected to occur. This definition of a finite upper bound on
the required structural cupability is an important characteristic of the new
procedure. It avolds the difficuliy inherent in a Purely Statistical Structural
Reliability System where the structural capability nsedsd to previde a given
S.R. cannot be predstermined since it Jdepends on how the vehicle la cperated.
In the new procedurs responsibility for preventing siructural failures baeyond
the omega condition by aveiding such operations is explicitly transferred to
other non-structural systens.

The preceding discussion is intended to make crystal clear the fact that
the reliability of a structural system depends on considerations bsyond the
purview of thoss responsible for the structural system. OStructurai reliabilivy
is not something intrinsic in the structural system. The S.K. achisved by a
given system may be high if cperated one way and very low if operated in a more
severe manner. Achlieving structural reliability depends on two separate and
distinct considerations. Firast, the structural system obvicusly must be at the
strength level defined by the specified structural performance requirementis.
Second, and not so obvious, the interface with non-structural systems st be
axplicitly defined and operations m.st be so contrclled that they do not exceed
the overload capability cf the structural system.

The structural performance resquirements previcusly defined as no fallure
st limit condition and moet, if not all, structures surviving the omega ccndi-
tion must be qualified slightly before the requiremen.s -an become the basis
of a realisiic procedura. -No" failure at limit mst be redefined to "very
rare” fallure at limit. 'Very rare” is quantitized by a probabllity of failure
goal at limit condition which is related to tha total probability of failure
that will be tolerated. If the piobability of rfailure at limit is no mcre
than orie percent of the total Pp as suggested in Table I, such a valus can be
considersd to be rare in the context of the tolerable number of fallures.

This cne percent goal serves as the basis for determining the design and test
requirements for limit conditions in the new procedurs.

b. Structural Strength Requirements

If the strength distrivbution were known precisely, the relationship
between the limlt condition loads and the strength alliowable (usually the
99-parcent-exceed value) needed to provide a given S.R. ocould be determinad
by standard statistical procsdures. However, the strength distribution cannot
bs asgumsd to be known., Referencs € dccuments the fact that structures fail
during atrength teste relatively frequently at levsis substantially balow the
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values expecied on the basis of a strangth analysis., Figure 9 shows a typical
dlstribuvion of the strengths resulting in e group of different structural
systems from analysis alone. Figure 5 indicates that, if futurs deosigns are

nc better or worse than past designs, about 13 percent of the structures

weuld fail at limdt load. This vilue ia three crders of magnitude highar than
‘he highest value suggested in Table I. Therefore, analysis alone is considered
radsquate for obtaining structural designs that will very rarely fail at limit

i
conditicen.

The ccncept of error disclosure by strength testing is develcped in

»cr 2.3d. The strength test is usually very effective in this capucity
~cause the probabllity that a system such as B, E, or K in Figure 9 would
rass a test to the design load and then fail at limit load is extremely low.
Unfortunately, there i3 some probabllity that an underdesigned system such
ag Uystem G in Figure 10 will pass the strength test and be accepted for
¢p=2ration as shown in Figure 10. The larger the strength scatier (coefficient
of strength variation), Yg, the more 1ikelihood that a test article that is
mach stronger than the mean strength will pass the test to be follcwed by
failure of an operational vehicle that is much weaker than the mean.

Tne relatlionship between the test load necessary to reject understrength
designs with a sutflclently high degree of certainty and the strength scatter
is shown in Figures 24 and 25. The simple, deterministic action of success-
fully rassing a strengih tesi to loads determined by the Limit Test Factor of
Safevy shown on Figures 24 and 25 will sssure that the prcbability of failurs
at 1imit condition will be consistent with the S.R. goal for the particular
vehicle. In effect, this Limit TFS makes Lhe necessary provision against
understrength faillures for each structural design.

In addition to the requirement that structures should rarely fail at
iimit conditions, it was stated that most of the structures should surviis the
omega condition. This requirement is related to insuring that the structure
will meet the overall S.R. goal. Comparable prctlems of analytical arror
and certainty of error disciosure by test exist for the omega condition as for
the linit conditlion. In order to insure that the structure will survive the
ceza condition with a degree of certainty corpatible with the S.R. goal
established for the vehicle, the structural system must be designed and tested
to loads corresponding to the omega condition multiplied by the omega TFS
defined in Flgures 12 and 20. It should be understood that these omega 1cais
do not rnecessarily have a factorlal relationship to limit lcads. Any non-
linsarities in load between limit and omega should be accounted for. Any
difference in temperature should be accourted for. Furthermore, there may be
a difference in allowatles and scatter factor, Y_, associated with each limit
and omega condition that should be recognized. ahe simple, deterministic
action of passing a strength test to loads determined by the Omega Test Factor
of Safety shown in Figuress 12 and 20 will assure that the total probability
of failure will be consistent wiith the S.KR. goal for the particular vsesnicle
and that most atructwral systems will survive the omega condition. . In effect,
this Omega TFS makes the necessary provision against overload failures for
each structural design.

Restated, the new procedure requires the specificaticn of two separate
and distinct operationai conditions, lirdt and omega. The first defines ithe
situativa where provisions against failures due to understrength muat be
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introduced. The second defines the strength that must be provided to handle
overload situations. The factors applied to 1limlt and omega loads are
determined as a function of the strength scattar factor, Yg. In all other

aspects, the new procedure is very comparable to the Present System. By
asking these modifications, the new procedurs has the capatility to providas
congistent level of structural reliabllity in varying circumstances. In
particular, the desired 5.R. can be maintained even when the strength scatter
is increased to much higher values than have been common in the past.

Undoubtedly, even more impcriant to the design of light welght but
reliable structures is the abllity to lsolate each of the parameters that
control the true structural reliability. By sc doing, the design factors
recuired to provide a given level of S.R. can be reduced to any desired valus,
provided that the structural configuration and the operational limlitations are
controlled accordingly. This cannot be done at present because the Factor of
Safety in the Present System is not identified with any specific requirement
for understrength cr overlcad. Controlling one without thne cuner will nct
necessarily maintaein a desired level of structural reliability. Therefore, the

effect of reducing the Factor of Safety in the Present System is nct really
decermnable.

Explicit actions to minimize the structural design requirements while
maintaining a desired level of S.R. are relatively simple. First, the
performance requirements for the structural systeom rmst be minimized. As
elways, any reduction in the limit ccndition will result in a lighter weight
structure. In the new procedure there is no specific relationship between
limit and omega conditions. This permits the cholice of an omega condition
(which controls the overlcad capability of the structure) that is arbitrarily
close to the limit condition. Such narrowing of the gap between normal, limit
conditions and abnormal, omega conditions wlil require establishment of a
new interface Letween structural and non-structural systems. FPositive
procedures rust be established to control operuticns to insure that the
operaticnal limitations are not violated to the extent that an omega condition
is attained by the vehicla. The narrower the gap between the limit and omega
conditions, the mcre stringent must be the control of the operations,

Assuming that any reduction in the required design factcrs iz not teo ke
accomplished by reducing the structural reliability goal, the Test Factors of
Safety given in Figures 12, 20, 24 and 25 present the key to possible waight
reductiona. In every case, the TFS required for a given S.R. goal can be
reduced by reducing the strength scatter, 7,, of the structure. Typically,

the 1.5 F3 ussd in the past has effectively covered the 1imit TFS resquirement.
As the ratio betwean 1limit and omega conditions is reduced, the limdt TFS will
become controlling. At this point any further effort expended in controlling
operational overloads would be futile unless the Limit TFS could be reduced so
that less provision sgainst understrength is needed. FLesides the option to
reduce the Limit TFS by reducing the sirength scatter, the designer could
reduce the Limit TFS by conducting multiple strength tests as indicated in
Figure 25. All of this provides a rational means to justify the use of reduced
design factors provided it is feasible (1) to :-. rol overloads, (2) to reduce
the strength scatter, and {3) to conduct muitijle strength tests.
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The description of the new procedure to this poilnt has been ccncerned
with time-indeperdent (static) strength situations. A complete guantitative
structural design criteria by statistical methods mist consider time-dependent
(fatigue) strength situations. The basic approach for fatigue follows the
same philosophy developed for the static situation. Only the details are
J? “ferent.. However, implementation of this basic approach requires the
adoption of a new concept of the failure mechanism in fatigue.

Residual strength rather than life is treated as the significant parameter
in fatigue situations. In the static case, the probability of failure is a
function of the strength of an individual structure being exceeded by a load
sometime during the life of the vehicle. In the fatigue case, the same con-
siderations govern. During any given time period in the life of the vehicle,
ths probability of failure is a function of the residual strength at that
time and the probability that the loads experienced during the period will
exceed the residual strength. This is identical to the static problem except
that the period of time for which the astrength can be considered unchanged is
much shorter. There 1s a scatter in the strength at any given time, just as
in the static case. The only dirfference between the static and fatigue
situavion is that the .zan residual stirength and tie acsuuiared scatter in
resicdual strength vary from one time period to the next. The lifetime
probability of fallure is simply the integration of the probabllity of failure

in each ssparate period from the beginning to the end of the service life of
the venicle.

The new procedurs assumes that the fatigue analysis is characterized by
the same type of difficulties as the static problem. No matter what fatigue
theory 1s used, it is expected that there will be as many or more occaslons
Wwr.en the analyslis does not correspond to the actual results as there have been
for the static case. Therefore, a probability of failure, calculated on the

basis of a no-error assumption, would be incorrect as discussed in Section 2..4d.

Any reascnable assumption of the error function in fatigue, comparable to that
shown on Flgurs 5 for the static case, would result in the delermination of an
unacceptably low S.R.

The fatigue test performs the same function as the static teat in die-
closing, by premature test failure, that there is an error 11 the analysis.
The subsequent redesign and retest upgrades the S.R. just as the static test
does. The vroblem is aggravated, however, by the large scatter in time of
failure as 1llustrated by Figure 31. In general, a fatigue test does nol
disclose the srrcrs with as high a degree of certainty as in the corresponding
static situation. However, the computer program described in Volume IIl can
determine the test 1lifs required to meet any given reliability goal. The
test 1life for various typee of fatigue test can be determined as shown on
Figures 38 and 39. This factor on the service life 1s analogous to the static
Test Factor of Safety shown on Figures 12 and 24.

¢. Verification of loads &nd Design Conditions
In addition to the necessity for strsngth teste to disclose error in the

strength analysis, other tests are needed to verity the S.R. level attained in
operation. Both the static and fatigue tests are conducted to loads determined
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analytically for the specified operaticnal couditions. These loads must be
verified by flight and ground loada testa. Such tests wouid not represent any
differencs between the new procadurs and the Present System except for the
problem of verifying tne cmega condition loads. This is discussed in Section
2.3e,

Even if the structure has axactly the strength it was intended to have
and even if the loads are absolutely correct, the actual structural reliability
attained in service will not necessarily correspond to the S.R. goal. If the
limt and omsga conditions are encountered more often than was expected when
these conditions wers established aes design conditions, the S.R. will be
lower than deeirsd. Once a vehicle with a structural system having a
particular strangth level is accepted and placed in service, the 5.R. can be
controlled by controlling the opsrations so they conform to the initially
predicted operaticns. This can be accomplished by monitoring tne actual
operational results and comparing with the prediction used in choosing the
limdt and omegs conditions. This monitoring can be accomplished in several
ways. Simple reporting of the occurrences when the operational limitations
wers axceedad is one way. Instrumented operations such a=z pgrevaded by an
eighi- chaniiel recorder 1s another. It does not take an actual occurrence of
an omsga condition to decide that the opsrations are being conducted in a more
severs fashion than anticipated. Section 2.3g(3) describes soms of the
appropriate procedures for "proving" that operations are compatible with the
availeble ztrength in the structural syetem, as fabricated. A USAF contractl3
haa devsloped a computer program that will print appropriate warnings
whenever the operaticnal uzage is more severe than it should be. After a
warning, the operations should be modified to reduce their severity so that
the availatle structure can continue to be used. Alternatively, it may be
decided t.0 changs the initial decialon on the required structural performance
and to increase the structural requiremsnte to match the actual operations.
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(2)

(3)

()

(5)

(6)

(7)

SUMMARY
The steps in the new procedure can be summarized as follows:

Establish a structural reliability goal coneistent with the mission of the
vehicle., Table I values are suggested. The 3.R. gcal serves as the basis

for the subssquent requirements, bLut the S.R. goal itself is not designatad
as & requirement.

Choose 1imit and comega design conditions. Thess should be based on ths S.R.
goal as indicated on Table I. If the neceasary statistical data are not
available, qualitative considerations may be used 23 the basis for the
choice. A limit condition should be a normal or expectad operational con-
dition. Where appropriate, it will correspond to an operational limitation
of ths vehicle. As such, it corresponds to the limit condition in the
Present System. The omega condition shoulsd b= an abnormal speraticual con-
di*ion, cue reached only as the result of an error in operation or in the
functioning of a non-structural system. The omega condition represeats the
upper bound of any required structural capability. If the structure should
fa1l due to operations beyond omega, it has effectively been pradeterminsd
that the operational problem should be corracted rather than that the
structural system should be modified to tolerate the operational error.

The structural system's performance requiremsnt is based on statistical
considerations. However, the intention of the requirement is to define a
structurel system that will never fail at a limit condltion, a system
which will usually survive ths omega condition and a system which is
expected to fall beyond the omega condition,

The basic design is qualified and approved in much the same fashion as in
the Present System. Analytically, the alliowable strength of the structure
must be equal tc or higher than the loads corresponding to the limit condi-
tion loads multiplied by the Limit Test Factor of Safety prasented on
Figures 24 and 25. As a separate and distinct requiremsnt, the allowable
strength of the structure under the omega conditions must be equal to or
higher than the lcads corresponding to the omega loads multiplied by the
Qmege Test Factor of Safety pressnted on Figures 12 and 20, For fatigus
situations the structure must be designed to survive to a multiple of the
nominal life as defined by Figures 38 and 39.

As in the Preesent System, the strength analysis must be verified by strength
tests. In the static cases, Figures 12, 20, 24 and 25 define the test lcads.
In the fatigue cases, Figures 38 and 39 define the fatigue test duration,

Design loads in thes new procadure must be verifiad much as in the Present
System.

Service operatione should be monitored by procedures discussed in Section
2.3g(3) to determine that the operations are consistent with the design
limit and omega conditions, If not, either thas operatlons must be changed
to make them consistent with the design conditions, the structure must be
rhanged tc be conslstent with the actual operations, or the structural
reliability goal must be changad.
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SECTION VI
DEMONSTRATION OF THE STRUCTURAL DESIGN CRITERIA METHOD

USING F-100 DATA

6.1 GENERAL

i
The new procedure developed in this report for defining statistically-
bassd, deterministic structural design criteris is applied to the F-100
alrplane. This sirplens is & modern service alrcraft that has enjoyed volume >
production and wide service usage. Comprehensive recorda documenting the
design parameters and the operational record o: this airplane are availabl.. \
-

Accordingly, th: F-100 reprasents s exceilent vohicle for dsmonstrating the
new procedure.

6.2 BACKGROUND INFORMATION
a. F-100 History

The F-100, used as the mcdel for this demonatration, has been
produced in quantity through four different models and has been in the Alr
Force inventory for over 12 years. F-100 squadrons are currently engaged in

the Vietnam war whers they have bee; deployed at several diffarant air bases
since OctolLer of 1964.

The F-100 engineering design effort began on the prototype "Sabre 45" as
& company-sponscred program on January 19, 1951. On May 14, 1951, North
American proposed to the Air Force to construct two Sabre 45 air superiority
fighters to provide early combat availabdbllity of production airplanes. The
first letter contract for two prototypes was issued November 1, 1951. On
December 7, 1951, the Air Force officially designated the Sabre 45 the
F-100A. The first production contract, January 25, 1952, was for 23 F-100A
airplanes, one static test article, spare parts, stc.

The YF~100 airplane was first flown on May 25, 1953, and exceeded the
speed of sound in level flight., Ths last production F-100F was made in
September 1959. By February 1959 more than 7174 fiights, totaling over 4907
hours, had been made by NAA engineering teat pilots.

b. Structural Design Criteria &nd Operating Limitations

The F-100 is a Claas II day fighter with fighter bomber capabilities,
It has a level flight high speed of Mach 1.35 at the optimum altitude of
35,000 fest ard a service ceiling of 55,000 feet. The 25 percent chord lines
of all lifting surfaces are swept back LS degress. The flight eontrol
surfaces are all actuated by irreversible hydraulic boost systems. It is
povared by a Pratt and Whitney axial-flow turbojet engine with afterburner
(J-57-21). The landing gear is a conventional tricycle type equipped with
air-cil shook struts. The A, C, and D mndels, single place, were designed to
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USAF Specification.c-1803,l9 and the F model, two place, to Military

Specification MIL~5-5700.%C This means the F-100 design is based on the
proceduras of the Presesnt System with a Factor of Safety as designated in the
spacification and with no requiremsnt to achieve a quantitative structural

reliability number. Also, there was no reguirement to survive a specified
nuber of service hours.

The structural design limit load factors, gust velocities and landing
sink speeds are shown in Tables III, IV, and Figures 57, 58, 59 and 60.

TABLE III

MANEUVER LOAD FACTORS

Symmetrical Unsymmetrical

Applicable Weight Conditlon

Pos. Neg. Pos. Neg.

Weights equal to or less than the

structural design gross weight 7.33 3.00 4.88 1.00
without external stores

Weights greater than the structural

design gross weight and all weights
with external stores

Equivalent gust velocity of 50 fps up to VH. Landing sink speed A, C, D
models v, = 12 fps ultimate with energy requirement of 0.9 (n-1) Wy,
Landing sink speed for F models v, = 9 fps.

TABLE IV

LANDING LOAD FACTORS

Applicable Weight Condition

Landing Gross Weight

Take-off Gress Weight

As noted, thers was no contract requirsment for a specified number of
hours on airplane service life. However, as an outgrowth of F-86 experience,
the unofficial F-100 figure used at the tims of design was 2000 hours. Elements,

"].2[;'
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;Table IX, No. 1, had 108C flight hours in the T-Bird fleet, when it was replaced
and later returned tc the contracter. As discussed in Section 6.4b, the load

parts, and assemblies in the design development phase of the program were
tested cyclically toc constant lcad levels. Usually the tests were considered
complete at 30C0 hours, which is reiated to the 50 percent safety factor.
There was no concerted effcrt to design the airplane for a certain number of
hours; howevsr, thera was a consclentiocus awereness of good enginesring
practice to avoid stress risers and fatigue-prone structures.

The following charts iliustrate the design and cperating envelopes of tho
airplane, The speed-altitude profils, Figure 57, depicts the flight envelope
of the airplane. Thess design valuas have basen verified in numerous flight
test programs over the years and more recently by Alr Force energy-maneuverability
studies wherein ccmparisons are made with contemporary airplanes. The V-n
diagrams, Figures 58 and 59, are typical of these used for structural design
at two altitudes. The operating flight limits for each letter model in the -
fleet are displayed in Figure 6C.

c¢. Structural Integrity Tests

The flight test brograms on the F-100 airplanes were very comprehensive,
In addition to the customary tests on stability and control, performance,
power plant, dives, etc., the structural integrity of each letter model was
demonstrated in flight. As a supplement to this, the flight loads were
measured on a specially instrumented airplane. The maximm service limits on
airspeed, control usage, and load factor were established by these structural
demonstrations and tlight loads programs.

Complete airframe static tests were performed at the Contractor's plant
on the F-100A. Static tests of significantl; changed components for each
succeeding letter model were accomplished as they were introduced intc pro-
ducticn, Extensive structural testing of fittings and components for both
static and repeated loadings were & vital part of the design development
cycle of the airplans. A complete alrframe laboratory fatigue test for a
5500 hour s=ervice 1life, which is part of an AF Structural Integrity Program,
is presently being accomplished at the Contractor's plant. A failure in the
wing roct occurred at L4674 hours. It shculd be ncted that the ASIP studies
later shcwed the loading spectrum used in the test tc be too severe. As
discussed in Secticn 6.4d a revised spectrum was established on Figure 75 and
the tests were resumed. Anothner test was conducted on a wing that had
accumulated a significant number cf operational hours before the test. An F-100
T-Bird Sclo airplane (serial #55-272L) experienced a mid-air ccllision
January-Fetruary 1963 wherein the wing sustained minor damage. This wing,

factor spectrum of the "Thunderbird” aircraft is more severe than that experienced
in normal service operaticn. On January 31, 1967, this T-Bird wing sustained 150
percent of the maximumr design limit condition in a static test as a part of the
451P at the contractor's plant.

The following values for F-100 allowable limit load factors and load at
key points (Table V) have been verified by comprehensive structural testing,
both in {light and in the laboratory over the years.

1 =1 _ ”
~2.0< N_<h.5 N, i3.0] 3.6<N_ < 7.33
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F-100 SPEED-ALTITUDE PROFILE

FiGURE 57.
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st pdntate it

| Wing Mid Span Sta. 145

§ Ver. Tsil Root Fus, Sta. 455 W.P. 20

TABLE V
ALLOWABLE LIMIT BENDING MOMENTS
- end.ing Homant. .
Location (10)6 in-1bs
M. M,

 Hor. Tail Root Sta. 29

| Fus. Field Br'k

Wing Root B.P, 21. 8.0

Fus., Fwd 180

Fus. Rear Spar

*Hote - The Fuselage B.X. are not simultaneocus

603

P-100 SINGLE LOAD PATH POINTS
(Possibly Fatigue Critical)

Wing - fuselage splice joint, fillet radius in cover plate at root rig
diagonal spar.

Horizontal tail cover plate zttach at heavy yoke pipe tle across fuselage.
Fuselage field break point.

Vortical tail main beam coa: hanger fitting,

Main gear - axle and upper trunniomn

Nose gear - upper drag brace link, integral cylinder for downlock. Not
sorious afte: crack devslops.

STRUCTURAL FAILURE DATA
a. Maintenance Records

In an effort to ntilise all available informstion, an sttempt was made

to incorporats AP 66-1 Maintenance Data “n the determination of the strength
distribution. A 1spresentative tapstl ¢ ataining P-100 aircraft maintenance
rocords for three months of operation (January-March, 1965) was used.
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The procedure was ‘o first sort out primery structural items on the
aircraft. Using thase data, a second sort was made to eliminate types of
malfunctions not partinent to structural fallure, i.e., alectroric equipment
melfunctivns, engine failure, etc. The remairing data were then sorted by
model serisa (D or F), typs of malfuncticm, work unit (primary structural
item), aircraft serisl number, and fiight hours accumlatad by the aircraft,

In ths thres montha of data considered, a total of 168,000 meintenance
records had been coxpiled. Of these records, 16,000 were considered to be
possibiy pertinent to primsry structure malfunction. (oviously, the need
srises to separate minor maifunctions from critical fajlures, Herein lies
the problem. Ae yeot, nc msthod has been deviesad to pinpuint the relatively
fow critical fallures in the mass f malfunction records.

Table VI presenis & record of the data on wing primary structurs with
malfunctions labelsd "uroken.” For the F~-100 D model, 51 such racords are
listed for the three month inverval, requiring roughly 60.4 total hours of
maintenance for an average of about 1.2 hours per malfunctioni. Two mal-
functions requirsd more than three hours of maintenancs., Based on these
dataz, the unly cbvious approach to the problsm would seem to be btased on
the hours of maintenance time required., This criterica hardly seems wvalid
since replacemsnt of a critical plece of atructure or fastener could con-
ceivably require only 2 matter of minutes, Other approaches based on "action
taken" codes and "when discovered” codes seem sgqually futila,

It is thersfcore concluded that a judicious review of the actual
maintenance reports would be required to isolats critical failures reported
in AF 66-1 data. This procedure is necessitated meinly by lack of more
precise definition and terminology in the AF 66-1 data coding syetem.

However, numerous other sources provide adequata identificetion of
deficisncles in the siructural components of the aircraft. among these ars:

1. Engineering Unasatisfactory Reports, which detei) deficlencies

discoversd generally by the ground crew or during psriodic
inaspectiocas.

2, Tear-down Deficlency Reports, the results of structural
components being forwarded to a prime depoct and torn down
for dstalled failure anaiyses,

3. Incident Reports, in which no major damage to the aireraft has
resulted,

4o Accident Summary Reports, filed in cese of wajor damage to,
or destruction of, the aircraft.

Table VII preserits a summary of wing-fuselage attach bolt failures.
Table VIII presents a of in-service crecks of possible fatigue
origin. Beport No. D8 65-1<< presents a doficiency summary of structural
and non-structural componente of the fuaseisge, wing, and vertical stablliser
of F-100 girecraft. These summaries have been congiled from sources &9 listed
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TABLE VI
AF 66-1 MAINTERANCE DATA EXAMPLE

Work Unit - Wing Primary Structure
How Malfuncticmed - Broken

Woik Unit Code Aotion Take Code

Hours of Kaintenance« for Each Malfuwnction

. of ‘¢

| oo | oo | wrz. | @& w]e) | (7)[(8) (9} (0)

11510 § G 1 1.0 1.0

: G L 0.6}1.0f1.0}0.5 3.1 §
G 2 2.0} 3.0 5.0 B
G 10 3.0§0.3)1.500.2Y2.5)2.000.500.7F1.216.3 ] 18.2
P 1 0.5 0.5
G 3 1.8]1.0]0.5 3.3}
F 1 .0 0B
3 5 0.501.01.0J0.5}0.3 3.3 §
c 3 0.5 0.5}0.5 1.5 §
F 2 .0)0.7 0.7
R l‘ 008 1.5 0.7 005 305
G 2 0.4] 2.0 2.4 §
C 8 1.4)0.5 j1.0)jo.8J1.0]0.6)1.5 }0.7 7.5 |
P 1 2.0 2.0
R 1 0.5 0.5
P 1 6.0 6.0
F 1 .0 0 |

51 60.4

11510
11511
11512
11513
11514
11515
11516
1).517
11518
11519
11514
1151B

{Excluding shop work)

Repair

Repair and/or Replacemsnt (minor)
Removed

Remored and Replsced

Structure (Primary)
Wing Assy.

Centexr Seotion Assy.
Oiter Funel Asey.

oe O

(Not otherwiss coded)
Panel Assy.
Rib Assy.
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4/C Model

TABLE VII

WING-FUSELAGE ATTACH BOLT FAILURES

Problem

F-~-100D
56-3006

F-100F
56-3925

F-100D
56-3187

F-100F
56-3775

F-100F
56-3954

F-100D
5¢-3372

F-100D
56-3087

F-100D
56-3583

F-100F
56-4002

F~100D
56-2914

F-100F
56-3975

F-10CD
55-3618

F-100D
55-2889

-1%3 -

aft bolt broken

{ aft bolt broken

aft bolt cracked

aft bolt cracked

aft bolt cracked

aft bolt cracked

aft bolt cracked

aft bolt cracked

aft bolt cracked

aft bolt cracked

aft bolt cracksd

RH aft bolt cracked

Bolt cracked

Bolt brokan and aft
attach hole cracked




TABLE VIII

{N-SERVICE CRACKS (POSSIELE FATIGUE ORIGIN)

A/C Serial location, Size, Remarks
Number in fillet at root ri
Numb (Skin fillet at t rib

and diagonal spar)

55-2"124 Right-hand lower & inches long.
F-100C
T-Bird Solo

55-2723 Right-hand and left-hand lower
F-100C skins & inches long, right-hand
T-Bird Solo upper skins 1/4 inch long.

55-2724 Right-hand upper skin (192-14140)
F-100C crack length 1/2 inch.
T-Bird

55-2728 Right-nhand and left-hand upper
F-100C skin (192-14140) crack length
T-Bird 1/2 inch.

55-2722 Fight~hand upper skin (192-14140)
F-100C crack length 1 1/2 inch.
T-Bird

55-2874 Left-hand upper skin 3/8 inch
F-100D long. 223-14140

56-3153 Right-hand upper skin 3/8 inch
F-1C0oC long. 223-14140

56-3038 Right-hand upper skin,
F-100D

56~3119 Right-hand upper skin.
F-100D

54=2075 Right-hand upper skin 1/8 inch
F-100C long.

54-2039 Right-hand upper skin twc cracks
F-10CC 1/16 inch long.
ANG

(Continued)
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TABLE VIII.

 55-3639
7=100D

(Continueq)

location, Size, Remarks
(Skin fillet at root rib
and diagonal spar)

Skin rabbet at root rid and L.E.
rib 96. Left-hand uppsr skin
1 1/2 inch long. FS 257
223-14140

55-3558
F-100D
(PACAF)

Rear spar main landing gear
trunnion support.

F~100D
Unknewn

Rear spar main landing gear
trunnion support.

(French)

56-3650

Rear spar main landing gear
F-100D

trunnion support.

[ S4-3561
F-100D
T~Bird

Fusslage side skin F.S5. 315 WL 12, §
Right-hand eide & inches - 10 :
inches long terminates at upper
longseron.

65 cracked upper NIG drag links
(180-34120), 12 condemned, 349
aircraft inspected and reworked
per T.0. 1F-100-964.

F~-100D
&

F-100C

55=3703

Wing station 140 near M.G. dcor
F-100C

hinge.

55=379L
F-100C

55-3708
| F-100D
T-Bird

Wing station 140 near M.G. door
hinge.

Wing right~hand upper cover plate
fillet radius at root rib 1/8
inch long. This A/P entered the
T-Bird fleet on 7~16-84 with
1838 hourso

f 56-3098
F-100D
Yankeos #1

| Lsad-the-

fleet

Wing right-hand upper cover plate
fillet radius at root rid 3/.6
inch long.
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TABLE VIII.

A/C Serial
Number

5L=2199
F-100D
Vaerlocese,
Dan.

(Conocluded)

Hours

Location, 3ise, Remarks
(dn fillet at root rib
and disgonal spar)

Cracked wing root rib (192-1z371)
at left-hand forward wing-fuselage
attach point

54-2270

S=2274

55-2769

Den.

55-2771 ¥ 1828 4

55-2719 1-31-67 2098 Cracked wing root rib (192-1271)
F-100D at left-hand forward wing-fusslags B
Vaerloses, attach point.

55-3520
F-100D
| T-Bird

4-5-67

2600

® Wing replaced at 1080 hours, repaired at 1338+ hours.

No. 2 Solo T-EBird A/P. Cracke -
3 1/2 inches long in lower surface §
cover plates on both left and
right wings. They begin at the
root rib forward center radiue,
procead on a 45 degree angls for
one inch to the first line of
bolts, then changs direction to
the rear and stop at the second
line of bolts, This A/P entersd
the T-Birds on 7-16-64 and accum-
milated about 1000 hours in the
squadron.
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above. Table IX is a special summary of wing root skin fi'let area service
fractures which have been dubbed "Thunderbird® crac«s.

It must be concluded from this axeminstlion cf rsiptunance records that
this type of data cannot be satisfactrrily correlaisd with structural
reliability predictions. The structuiel reldav’lity vsiculations ara based
on catastrophic fajlures during oper:t‘cne . nst th relntively miner fallures
detected during maintenance. Therefc:ea, data of tife typo will not be
axamined further in demonstrating th2 new precedurs.

b, F-100 Accident Recnide

There are voluminous jw:o-ds avallabls whiclt furrdish much informaticn -
on F-100 accident stetistica. Jnfortunatsly, thos: data are no’ organisec.
in such a fashion as to resdily ldentity thoss scurdents which should ba
classified as structural Zsilursu. However, wlln the cstn rsailable usafil
deductions concarning the atrustursl failure rite can %2 agde.

The following "GO Alrcrafc Aceldent, Susewiry revorty for the time
Periods listed ars svailable ut the Centrictor’a facli‘ s, Thelr source is
the Diractoryts of Aerospacs 3aretly, Norton Alr Forve Ayue, Ual’forrnia,

Lne feriod Suweupry Yo,
1-1-65 through 12-.31-45 S-bb
=263 through 12-13-£% 15-64
Culendar yaar 1952 7-61
Calendar year 1950 761
7-1-59 through 12~31+5% 3-40
1-1-59 through &=30--3S 13-39
Cslandar year 1957 9-58
J-i<5L through 9-12-53 39-55

Tra following is gioted from NR 7-66 23

“F-100 Aircraft (A, C, D, and F) are active in sevsral foreign
air forces; \owmver, thls summary is ooncernsed only with thores
possesased by the USAF and the Air National CGuard.

"The F-100 has been cperx®icnal for over 1< years and has
accurulated more than 3,300,000 flying houra. Thsrs are
tacticel units in TAC, USAFE, PACAF, ANG, and ADC. The

Tactical Air Command also provides rotational units to certgin
cversess areas. During 1965, F-100 combst crew training was
conducted by the Tactical Air Command at iuke AFB, Arimona. In
1965, as in 1964, the F-100 flew over 300,000 hours. Thess hours
encoxpassed a wide spectrum of fighter activities; long ovar-
water flights, conventional bambing and gunnery (day and night),
various tyres of special weapons delivery, student training, and .
combat support in Southeast Asla.
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"During its operational life, the F-100 has experienced 933 major
accidents., In spite of ite age, the F-100 ie still the work horse of the
tactical alr forcas. For this reason, and bscause of its extended service life,
all possible actions are being taken to provide greater safety for the aircrew.
Modifications continually are being mads o both airframe and engine to increase
relisbility. These modifications are the result of material deficliencas
identiiled by EUR's, AFM 66-1 data, incident reporis, TDR's and accident inves-
tigations. During 1965, Project High Wire was completsd on all F-10(D's and F's.
This program consisted of completely replacing all alrcraft ir.ring and
connecting points. Some outstanding TCTO's were accomplished concurrently.”

TABLE X

F-100 MAJOR ACCIDENTS

Major Major Major
Accidents Accidents Accidente

TABLE X1

PRIMARY CAUSE FACTORS OF MAJOR AIRCRAFT ACCIDENTS (F-100)

Tot.al
Pilot
Other Crew
Supsrvision
Maintesnance

Other Personnel
Materiagl Failurs
Airbase and Airways
Weather

Misc, Unsafe Cond.
Undet.ermined
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Aocident ratee for a seven-year pariod were compiled in Refarence 24.
The resulting graph is reproduced as Figure 61. The flattening and pessibly
revereing trend of the accident rate curve during the last three years is
sttributed to combat action in Vietnam.

The accident totale shown on Table X and the accident rates shown on
Figure 61 are for acoidents due to all causes. The primary cause factors for
thess accidents is presented in Table II, taken from Refersnce 23, The 379
accidents classified as material fallure are of particular concern to a
structural reliability study. Kamination of the accident reporte indicates
that less than 10 percsnt of thase "material failure" accidents represent what
ie usually considered to be a structural failure. Unfortunately, it is not
posasible to bs very precise in defining the number of structural failures.
The best that can be done at thies time is to establish upper and lower bounds
f.r the number. These bounds can be used to validate the number chosen as the
most logical valus to represent the number of F-100 structural failures.

More than two structural failures (usually due to excessive load factors)
can be documented. This repressnts O.l percent of the original fleet of 2292
airplanes (sse Table XII)., It must be concluded that this represents the lower
bound. The 379 "materia) failure" accidente represent the upper bound and
about 16 percent of the original fleet. All things considered, it appears that
20 failures is a reasonsble number to attribute to structural failure. This
corresponds to a one-in-ons-hundred failures rate. Thie is considered to be
carparable to the rate attained with 6277 F-86 series airplanes and over 12,000
P-51 series airplanes. Twenty failures will be used in dstermining the actual
structural reliability of the F-100 series. This value in turn, will be used
in the camparison with ths calculated values astermined by the computer programs
as described in Section 6.5.

¢. Inventory Data

In order to determine the failure rate and the structural reliability of
the F-100 in service, sither ths total numbers of vehicles involved or the
total number of flying hours must be known. Table XII presents a compilation
of the original and remaining inventory of F-100 series airplianes. Inventory

data for other century-series fighteres is presented in Table XIII for compara-
ive purposss.

TABLE XI1
F-100 INVENTCORY
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A Review of the F-100’s for 1966

lt should be of interest to the using com-
. SERIES mands, as well o5 to pilot and mainte-
nance personnel, to know how the F-100 Seres
Airplanes fared during 1966. Here are some statistics:

The F-100 Series Airplanes accumulated 297,455
hours during the year 1966. This figure brings the
total flying hours for the Century Birds to approxi-
mately 3,786,210 flying hours since their introduc-
tioninto the Aur Force inventory

The F-100's are averaging over 2500 hours per
airframe, with some airplunes over the 3300-hour
mark. Although these figures make pleasant and in-
teresting reading, other figures do not. For instonce,
in 1964, F-100 Series Airplanes were involved in 45
major accidents, 40 of which resylted in the loss of
the oirplane. Fourteen pilots lost their lives in these
accidents.  Also, substantiolly damaged airplanes
represent a heavy work load to repair activities.

£-100 ACCIDENT RATES AND FLYING HOURS
1960 through 1966

FLYING
nounsg] 305.°%° 390,472 333,657

331,502 324,671 306,696 297 455

15

10 ~F—r

ACCICENT RATE PER 100,000 FLYING HOURS

YEAR § 1940 1961 1962

MARCH 10, 1987

FIGURE 61.

18463 1964 1965 19646

F-100 REVIEW ~ 1966
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TABLE X1II

INVENTORY OF OTHER CENTURY~SERIES FIGHTERS
(As of 1 February 1967)

It 1s noted on Figure 61 ihat the total fleet hours for the F-100 series
airplanee, since their introduction into the Air Force inventory, is
3,786,210, The distribution of these hours among individual airplanes of
the fleet in 500-hour blocks is indizated on Table XIV.

TARLE XIV
F-100 LOGGED SERVICE HOURS
(As of 2 March 1967)

Hours Block 1000~ 1500~ 2000~ 2500~ 3000-
1500 2000 2500 3000 3500

. USAF Inventory
(A1l letter
i modesls)

6.4, LUADS SPECTRA
a. ASLP Program

The United States Air Force plans call for retention of the F-100 series
airplanes on active status wsll into the 1970's. These plans make it very
obvious that the alrplanes will te flown well beyond the iife expsctancy
anticipated in the original design and development stages of the structure.

The average F-100 hae 2500 servica hours today. Consequently, the USAF
contracted with North Amsrican Aviation, Inc. to perform an "Aircra®t Structural
Integrity Program’" which will demcnstrate a 5500 hour service 1ife capebllity
for the F~100 when certain astructural modifications are made to the airframe.

The data collection for Phase I of ths Aircraft Structural Integrity

Program (ASIP) began in March 1966 and ended in August 1966. Tha loads date
wore btained from 122 aircraft equipped with statistical sccelerometers.
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Table XV presents & detailed breskdown of these airplanes by model, tail
number, service hours, cecds, date insirumented, and bass location. Four of
these airplanes, code-named Ysnkee #1, #2, #3, and #L, were also equipped
with velocity-load factor-altitude (VGH) instrumentation and tape recorders
to measure bending moments on lifting eurfacee and the fuselage, and landing
gear loads. A sample, 'Pilot's and Crew Chief's lLog" ueed in gathering the
usage statistics is shown, Figure 62, The Phase I data, which is used in
this report, was bassd on 3308 hours of statistical accelerometer data, 200

hours of VGH data, and 113 hours of strain gage loads. The dala are putlished
in Referance 25.

Subsequent to the completion of Phase I of the ASIP, additional data was
gathered on the F-100 cperations, both in peacetine usage and in combat in
Vistnam. Most of the statistical analyses in the following section are basad
on the Phasae I data, but the additional data are presented where availabls.
The ASIP airplanes which have been deployed to Vietnam bases and have angaged
in combat are listed on Table XVI,

b. F-100 Load Factor Spectra

The load factor spectra used in demonstrating both the etatic and fetigue

structural reliability programs are from the Phass I data.25 These data for
the normal and lateral load factors are presanted on Figures 63 and 64.
Additional normal load factor data, ertending from the end of Phase I to

May 1967, have been processsd and are shown on Figure 65 as peacetims data.
The spectrum for the 4322 hours in the extended period ias very little
different than that for the Pha=s I psriod. Also, shown on Figure 65 are the
combat usage data from the airplanes in combat usage in Vietnam as listed in
the previcus ssction. This combal usags data, although from a relatively
smail sampie, is significantly more severs than the psacetime spectra. It

will be recalled that the load factor data from the Korean uar26 wers high,
also, and led to the 8,67 g Alr Force requiremesnt for Class I fighters.

From the Phase I data, Figure 63, it is seen that the limit design load
factor (7.33 g's) is exceeded 140 times every 5500 hours. This amounts to
0.0254 excesdances psr hour, or one exceedance of limit svery 39.3 flying
hours. Since the average flight duration ies one snd twe-thirde houre, the
limit load factor is saxceaded once every 233 flighte, on the averesge.

The combat usage design limit normal load factor spsctrum, Figure 65,
shows that the limit (7.33 g's) is excesded 550 times every 5500 hours. This
ie squivalent to 0.10C exceadances psr hour, or one exceedance of limit
avery 10.0 flying hours. Using the sams averags tims of one and two-thirds
hours for each flight, this results in an average limit load factor excesdance
once every 6.0 flights in the Vietnam war, It will be recalled that the limit
load factor ie one ".,.which establishes a strength level for design of the
airplane and components and is the maximum load factor nonmall¥nauthorized
for operations,” according to paragraph 6.2.4.L of MIL-A-88&0.

The loading spectra, developsd from the ASIP flight data, are mansuver-

type spectra with the guet effeots superimposed. The final load factor
spactra, Figures 63 and 64, are a coxmposite of all bases except Nellls AFB.
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TABLE XV

F-100 LEAD--THE-FLEET AIRCRAFT

Cannon AFB

56-3098(D) 2527
55-3804(D) 2213
55-3811(D) 2241
55-3562(D) 2389
56-3993(F) 2594
55-3565(D) 2134
55-3555(D) 25714
55-3570{D) 2240
55-3574(D) 1992
55-3585(D) 2292
55-3628(D) 1926
Luke AFB

56-3141(D) 2574
55-3755(D) 2603
56=-2948(D) 2597
56=3140(D) 2621
56-3879(F) 2747
56-2955(D) 2607
55-3552(D) 2044
56-3072(D) 2374
56-3084(D) 2564
56=3093(D) 2404
56-3818(F) 2258
56-3456(D)

56=3038(D)

56-~3065(D)

Lakenheath

55-2809(D) 2262
55-2814(D) 2157
55-2817(D) 1708
55-2826(D) 1996
55~2803(D) 2440
55-2842(D) 2270
55-=2852(D) 2131
56-3203(D) 1985
56-3214(D) 2250
56-3231(D) 2422
56=-3315(D) 2276

56-3i25(d)

9/¢5
3/66
1/66
3/66
3/66
5/66
5/66
5/66
5/66
5/66
5/66

9/65
3/66
3/66
3/66
3/66
5/66
5/66
5/66
5/66
5/66
5/66

5/66
5/66
5/66
5/66
5/6¢&
5/66
5/66
5/66
5/66
5/66
5/66
5/66

[SSI ot B AV I SN I SN SR I AN B ok B oV B AN oV I S Sl

yAS
Zt
2t
it
YA
Zt
Zt
it
it

oo OB NI LY N N RN NN

5§-3k3L(D)

Homestead AFB

55-.2884(D) 2591
56-3118(D)
56-3132(D) 2508
56-3133(D) 2567
56=-2959(D) 2600
56-3009(D) 2551
56-3119(D) 2583
56-3120(D) 2650
56-3121(D) 24,97
56-3172(D) 2677
56-3436(D) 2478
56-2949(D)
56-3451(D)
56-2907(D)
56-3392(D)

Nellis AFB
55-3506(D) 2057
55=3507(D) 2145
55-3520(D) 2317
55-3708(D) 2235
55-3759(D) 2267
55-3776(D) 2517
55-3561(D) 2270
55-3582(D) 2321
56-3924(F) 2009
56-3110(D)

55-3616(D) 2201
55-3644(D) 24,8,
55-3663(D) 2314
55-3665(D) 2501
55-3679(D) 2393
55-3683(D) 2440
55-3690(D) 2312
56-2964(D) 2867
56-2983(D) 2386
56-3001(D) 2199
56-34,02(D) 2113

2423

unavail,

Wetherefield AFB

f Code Tail No. Hours® Date Code Tail No. Hourso Dats

L/66 §
5/66 §
L/66 |
L/66
L/66
L/66
L/66
L/66
L/65
L/66
L/66

L/66
L/66
4/66
4,766
L,/66
L/66
L/66
L/66
L/66

5/66
5/66
5/66
5/66
5/66
5/66
5/66
5/66
5/66
5/66
5/66
5/66

(Conﬁinu;d)




T'BLE XV. (Concluded)
England AFB Myrtle Beach AFB .
b X 56~2344(D) 2754 3/66 X 55-3661(D) 2709 3/66
X 56-29e9(D) 2710 3/66 X 56-3383(D) 2736 3/66 |
X 56-3152(D) 2506 3/66 X 56~3420(D) 2749 3/66
X 56~3365(D) 2489 3/66 X 55-3770(D) 2808 3/66
z 55-3557(D) 2112 i/ 66 y/ 55-7877(D) 2296 4f66
z 55-2793(D) 2033 L/66 ya 55-2900(D) 2138 L/66 "
| 2 55-2860(D) 2801 L/66 z 55-29L9(D) 23L5 L/66
vA 55-2912(D) 2218 L/66 z 56-3357(D) 2456 L/66
v/ 55-2919(D) 2362 L/66 z 56-3356(D) 2484 L/66 |
Z 55-2923(D) 2568 4L/66 z 56-3360(D) 2418 L/66
§ Z 55-2929(D) 2364 L/66 z 56-3372(D) 2240 L/66
1 2 56-2952(D) 24,55 L/66 z 56-3379(D) 2557 L/65
b 2 56-2956(D) 2535 4/66 z 56-3381(D) 2504 4/66
z 55=-3704(D) 24,88 L/66 z 56-3384(D) 2541 L/66
l 2 55-3709(D) 2707 L/66 z 56-3385(L) 2319 L/66 B
yA 55-3741(D) 2126 L/66 vA 56-34,13(D) 2502 L/66
Z 55-3739(D) 2341 L/66 Z 56-3415(D) 2415 L/6b
z 55-3757(D) 2169 L/66 z 56-3,35(D) 2382 Lj66 §
| z 55-3774(D) 2541 L/66 z 56-3459(D) 2272 L/66
y 2 55-1797(D) 2729 L/66 z 56=34,62(D) 2543 L/66
| 2 56-.,087(D) 2669 4/ 65 z 5€-3071(D) 2409 L/66
| 2 56-3167(D) 2143 L/66 yA 56-3073(D) 2447 L/66
pA 56~-3173(D) 2546 L/66
‘A 56-2927(D)
A 55~287L(D)

®DAirplane hours when instrumented

LEGEND
X = X-Ray A/P
Y = Yankes A/P
Z = Zulu A/P
Zt = Zulu (Thunderbird) A/P
(D)= F-100D
{F)= F=100F

- 145 -




80006 ©'uiogr)od) ‘sa(abuy so ‘liodny [ouoyowIu] ss(abuy s0] 7 ‘HONDIAY VDD
Yo .o:,:uo:.mr.w .ua_o..m 001-4 & SIIBYS AIOM PI40|OWNIDD 5 NIIM JUC PIDMICY PUD §IIYS Sy} §O BOUCUSINIDW INSUTF M L 90 IDONYNILNIYN

IPI1JJ() FIUOUIIUIDW OF PFUIAISL B (1M 4} 1OOYS NIOM FIYE O vonsjdwod vodny ‘p

‘7 9%y WO G| PUD ¥ ‘7| SY20|q JO uDuIdWed wunsul 3§ Yd0|q UI |G w0y woiy sinoy  1ubiyy diopag,, ssus osjo 'y ybnosys | tx301q U) S8 ua oo ]
219021(dd0 $1 4t Ydiym 04 1j0a>110 paubisso Lo [FL WIOY YIIM J8YS IOm $1yy jo Adod o 83D1d ‘o })'m 4JIHD M3 ¥D

...._o.: ' 6uning spow Jiem sdoys mc:oé! J0IPAWIIUL 41 10 "24d "1ayi0Im ;m::: »_oEo:xu ‘spaads f_u.s 10 sun 1xo) ‘sbuipuo| pioy so ydns ‘suooIedo
IAITIFINS JO jONSNUN O} vunon-u uaaq oy ozo_a.__e L) .:oEuV-._ a..c_.a YL UL UIYm | SpiDway My q || ‘u:o.rT. [ axuo_.‘ t.b-anU ‘O fI'M puDwwod u! 1071d

SNOILDNBLSNI

(sylowey ||

1 Buiquog :u:inam: 'y 1e8iot—mo] p

] spnyyjo-mo 6 W3 i0 IuossiouucIey D

u_ocalxm. H — Y20uy v::n.w- -t $3430) Jo-0j—ay UOIISUDI L 10 uOIoWIo 4 '
216uo—ma - nIDUY puUnCIn ' ) 3L FN .r_o__m ‘a _C.u& JO daljoyEuIMpY O

ap1a0sd #o30ds Ul MmOy UOISEIW 43 *dAL Sjiim TJE1] SYL WO PEIHIDSIP LOU L1 UOITEIW ‘UOILN W 3UC AUD JQUIISIP OF pexdeud &
pap I# 4 ! h} pe3 4 1 q! P pex2eyd 3q

[]1m $14340 2240 LOYH Fa0W OU JBAAMOY PIYDBYD PG ETNW WILH IUO JSOI) 40 SIJUOYSUL |{O U} UMOJ; UCISSIW AN PQIIIEIL APIDIU JIOW (DYL TWAL BlY NXAYD .uOISSIW D}

LU F RO pappo
1204 jo 1yb1am |oi0 | buipuo
b sy f ibuspuo] yo requny | BANYOOU §O JaqunN | T —_— TETTTYY
!
1ybi| 4 3i0409g s6uipuo 4 Buijangay 1461j—cy w— Whrey s30i f
SI00) oIy 040 9 oirg 'S
{ )ooL-4
IPQUAN (0185 T|Bpow HUdItY ¥ vonn3eq ‘g veyozivobig T aiog |

PL6-001—41 O 'L Aq pabuoy) sauc|diy J001-4 Pvo QOOL— 3
DGV 5.431HD M3¥D ANY $.10Ud ~ WYNOONS ALINDILNI TYNALINELS 001~ 4

Sampie Work Sheet 1F-100-9WS-1 (Sheet | of 2]

F-100 STRUCTURAL INTEGRITYI PROGRAM ~ PILOT'S AND CREW CHIEF'S LOG

FIGURZ 62.




q) is0j)eg

pepuadxs owwo spuncy

FepoC| OWwwo spuney

L ITRLE
v $3401$
iy sicjeg
1By seny
$3INOLS
1yb1yy sicjey
_
— g &DsUZ‘ Gg_u _
91 ssoyjeg |
pepuedxe owwp spuncy 01y seyyy
pepoo) cwwo spunoy 1yd1)} sicjeg

LAYHI OKIAY0T LVHEDY)

‘o4op Buipoey

Q.. B2v0r ‘peucsiyal o peddoip (g, LU TAdwe $) 004t
m ‘@ uond puo ‘vonipuod ..._u.xl.atu #4031pug > G yr0Oq UL
UMOYT BiBYm UONDS YID¥ 4O $8.093 JO AJiivonb puo edh sod1pu 'q
€1 A50{q ! NUDI PUG SWDV ‘(0N IUN §SI1y JBLT D e YIBOWEY
s8Nk JyE 1|3 sely0 Buimoys

BRLUS BNOW > G| 130|q Ul 8048 |DLISIXS Y308 ;0 (suo(|cD)

jory o Anvond sesug ‘g | yI0iq v sBuipuss |2A%)=0 ie4u3] @
(P=Z=(1}4 22 (IGOCL— A1 "G "1, 'swaisig pejoiedp

Ajge> 1 noap AN 001~ 4., 04 (838} s00p {saym jybi: uedg (|)

aybie)y Y208 Jey0 puo

»1048q s8uipos Jajunad |eas |~ piodey O 1 33IHD A3YD

SNOILONYLSNI

99+

¢

Q-
] i
ﬁ In
i _

{8|{om |@oum ulDw 9%

POSYN|NG PIDOmMIC UO SULjiejued Jy)
YT CR T YN & I LT X R PN

I3INYd ¥3LINONITIFOOY AYDILSILVLS

1481y sony
148114 siopeg

Wb sony
4814 eiojeq

(L OP LY
14d1)) ei050g

LU TRETY 4
14611y w00

sButpoes isunony

-.-OE-( ,ﬂ —

114D nes) Ty

(67001=d1 'O "L o 1ejeN)

LAYHD ONIGYOT L4VYEDUIY ONY SONIGYIR (B3LNNOD 13AIT D) 33LIN0B3 TIIDV IVIILSILVILS

le Work Sheet 1F-100-9WS-1 (Sheet 2 of 2)
FIGURE 62 (Coneluded)
- U7 -

Samp




aNNNNNpRNNNNN 8

O

®

Z
Z
Z
Z
Z
Z
Z
Z
X
yA
VA
X
Z
y4
2
X
Z
Z
X
yA
2
z
X
VA
A
Z
Z
¥/

2

Z
Z

Tall No.

55-2793
55-2860
55-2877
55-2884
55-2900
55-2912
55-2914
55-2923
55-2929
55-2949
55-3557
55-3661

55-3704
55-3709
55-3741
55-3757
55-3774
55-3797
56-2307
56-2927

-56-2904

56-2952
56-2956
56-2989
56-3071
56-3073
56-3087
56-3152
56-3167
56-3173
56-3365
56-3372
56-3375
56-3381
56-3383
56-3384
56-3385
56-3413
56~3415
56-3435
56-3462
56-3739

Flights

TABLE XVI

F-100 AIRCRAFT STRUCTURAL INTEGRITY PROGRAM ALRPLANES
DEPLOYED TO VIETNAM WAR BASES

Comba C) Hours

Houra

- = :

o =N

D O
PSR
w

N ® o\ \Op
P

]
W
NN

[
S8V h e BHRE S o
VOO H® w00 L ol

[y -
= \n =~
w K o
oo

NH
}3
¢ o o ¢ o

w =

of Data

e e & e e & e o @ e ¢ & e s s e e e s e
B N Wo ) Pl e IS e RV RV Fale o s MVIRNCRU N RV Ve 3 i

oo [eA RV o] (=)

]
o~

=
o N O N E
[eal g
* e e e

&N mWwnwn W

o
-3

o SSRRERRIENSE,
.0~ &"M(h' EDC'O\ON(D(DO\

-
hNO

Last
”Flt. Date

S.A. Malf.
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Uncertain

S.A. Malf.
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66

Lost 9-13-66
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S.A. Malf.
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The reason for this is that the "Thunderbirds" are based at Nellis and these
data are considered demonstrational and not repressntative of normal service
operation. Ths Thunderbird data have besn added tc Figurs 65 for comparison.

A least squares msthod was used to fit the raw data to a truncated
distribution curva of the form:
(Kz)

Y = ae (2< x <)

where Y = load factor excesdances
X = load factor

a,k = constants

This procedure provides & msans of fitting a smooth curve to each spsctrum
and provides a mathematical description of areas of the spectrum where sample
data sige does not provide a good description.,

‘The data for the various missione were classified intc the categories
of Alr-to-Air Gunnery, High Angle Bombing and Low Angle Bcmbing., The spectra
for these categories are shown on Figure 66. They can be compared with the
camposite spactra on Figure 65. Only the composite spactra ars used in the
analyses presented in this report although it would be necessary to synthesize
the epectrum from data on the various categories when predicting a apectrum
for initial design.

¢, F=100 loads Correlation

A flight loads survey 28 was performed to obtain loads at the design
limit conditione. A matrix of altitudes and Mach numbsrs were fiown at the
design limit lcad factors to search out the critical loading conditions., The
results of this program showed that the madimm measured wing loads excesded
the design calculsted critical condition by six percent. The maxinum measured
horizontal tail lcads were only 75 percent of the critical design velue. The
maximnm messured vertical tail loads occurred during rolling pullout maneuvers,
but thoy turned out to bs two percent less than the design load valus from a
rudder k!-% condition. Other structural demonstration programs and spacialized
enginec .-1:, fiight tests for store loads and ejections, where selacted airframe
components and surfaces were instrumented with tip targets and calibrated strain
gagee to:isd to confirm these findings.

The Airoraft Structural Integrity Progrun,25 wherein tha airplanes wesre
instrumented with bending moment. strain gages and flown at twice the normal
usage rate, showed that the major mission profiles ware subsonic at low
altitudes (1C to 15,000 fest) and with external stores. As such, thése condi-
tions were all less than the critical deeign and/or measured values. However,
the seame trends appear with respect to relative load levels. The wing loads,
although less than design, wers more closely allied with the normal lcad
factors at levels below the design limit value. At limit load factor, and
+.bove, the wing bending moment trend with load factor drops off because of the
inboard movement of the center of prassure at high angles of attack. Theee trends
are illustrated graphically on the percent of limit spastrum, ¥igure 47. The
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vertical tall loads from operational usags in comparison to design strength,
Figure 68, are 80 low &s to be in the noise lavel. The horizontal tail loads
as reflected in the fuselage moments are also well below design strength
values, Figure 67.

A graphical illustration of the correlation of the wing rvot bending
moment with airplane c.g. load factor ies shown on Figure 69. The calculated
least squares solution for mean line &nd starndard error dispersion lines is
shown. It is assumed that the data in each load factor level are normally
distributed. The 30 lines define becundaries which contain 99.7 percent of the
data for large samples. This definition of disporsion is considered adequate
for the extrems values of load factor. Bending moment occurrences in each
load factor interval are establiehed for the total number of load factor
occurrences in that interval as obtained from the extrapolated 5500 hour load
factor spectrum. Summing these occurrances for sach bending moment interval
defines the frequency distribution of the largest to the smallest banding
roments for the loading spectra. Tabulated data for the correlation are
presented in Table XVI1 for data obtained from the Phase I ASIP program.

Comparable data fram combat snd peacetime usage are given on Tables XVIII and
XIX.

d. F-100 Bending Moment Spectra

Banding moment spsectra for two wing stations, two fuselage stations, and
the vertical tail root are shown in Figures 7C through 74. These are taken from
the flight measured loads on 1lifting surfaces from normal service opersations.
The Phase III laboratory fatigue tests were conducted to the loading spectra
defined by Figure 70 for ths wing root. A failure was experienced during the
tests to the "fitted” correlation which wae conservative. The tests have been
resumed but & revised correlation is used; Figure 75, which is a more realistic
representation of the latest ASIP loads data.

A histogram representing the frequency of occurrence of wing root bending
moments is presanted on Figure 76. These data are for the 3308 flight hours
recorded in the Phaze I program, correlated from 113.4 hours of good strain
gage readings takan from Yankee #2, Figurs 69. The data are convertsd to a
spectrum and probability curve on Figure 70, The data are further converted
into spectra defined in terms of percent of limit load on Figure 77. Correspond-
ing histograms and specira for the wing midspan bending momsnts are shown on
Figures 78 and 71.

Fuselage bending moment data at Statione 310 and 369 are shown on Figurss
79, 72, 80, and 73, respectively. A histogram for vertical tall root bending
moment is given on Figurs 8l. The corresponding specirum and probability curves
are pressented in Figure 74,

e. Comparison of Spesctra for Lnade and Load Factors

The plot of normal load factor and loads at four stations on the airpleane
vorsus percent of design limit load, Figure 67, is & significant comparison.
This puts the usage loads in perspective with the normal load factor. While it
is trus that the normal load factor spectrum is severs, the accompanying
loads are relatively low in comparison to design limit strength wvalues. There
are two reasons for this. First the usage spectra is primarily at subsohic
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Mach number, wherage the criticsl wing and horizontal tail loads occur at
high transonic Mach numbsre at greater dynamic pressurs. The ussgs loade
therefora occur at higher airplane attack angles which are associated with
inboard load centers of pressure and thus less pending moment than those at
the critical design conditions. Limit valuss for the loads and load factors
presented on Figure 57 are given on Table XX.

TABLE XX

F~100 ALLOWABLE LIMIT VALUES AT PERTINENT STATIONS - NORMAL
(Symetric)

Normal load Factor n, = +7.33 and -3.0 g's
= +71.9 and -29.4 Meters/Sec.>

Wing Root B.M., @ ASIP Strain M = 5.22(10)‘S in.-1lbs,
x
Gase Station

= 60,25( 10)3 Meter-Kilograms

Wing Midspan B.M. @ ASIP Strain Mx = 2.73(10)6 in.-1bs,
Gage Station

= 31.43(10)° Meter-¥ilograms

Aft Fuselage Sta. 310 B.M. M, = 2.85(10)% in.-1bs.

2
= 102(10)” Mater-Kilograms

Aft Fuselage Sta. 349 B.M. Hy = 5.1,,8(].0)6 in.-1bs.

= 61.3(10)6 Meter-Kilograma
Horizontal Tail Root B.M. M = 0.61.(10)6 in.~1lbs,

= 7.375( 10)3 Mater-Kilograms

The lateral load rator ueags spactre gnd logde versus psrcent of

design limit load, Figure 68, are so small that they ars insignificant.

However, theae spectra were applied in the structures laboratory where the

testu were terminated after a scatter factor of four was attained. Limit

values for the lateral factors are listed on Table XXI.

6.5 COMPUTER PROGRAM APPLICATICES

a. Structurml Reliability ~- Time-Independent (Static) Conditions
(1) General

The structural reliability computer program, whose principles are
developed in Section 2.3, has been used to calculate a structural) religbility

-173 -
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for the F-100. The details of the program, designated STRREL, ares given in
Volume III. The iocad spectra, presented in the previous section, are used to
define the paramsters used in the computations. The inputs to the computer
are described in the next section and the probability of failure and structural
reliability, as computed by the STRR¥L program, in the section following.

TABLE XXT

F-100 ALLOWABLE LIMIT VALUES AT PERTINENT STATIC(NS - LATERAL
(Asymmetric)

§ Lateral Load Factor ny = 3.0 g's

= 29.4 Mm,m-a/Sec.‘:2

f Vertical Tail Root B.M, Mx = 0.68(10)6 in,~ibs,

= 7.&(10)3 Meter~Kilograms

| Forvard Fuselage Sta. 180 B.M. M o= 1.25(10)® in.-1bs.

= 14.4(10)> Meter-Kilograms

(2) Input Data

The load input data for the STRRSL program are generated from the spectra
presanted in Figures 67 and 68. Two points are used to define each load spectrum,
The pointe are chosen to provide ths best possidle fit of the available

data in the region of most interast — at snd above limit, Since data abdova
limit are rarely availabis in great quantity, a point below 1imit may be used.
For the F-100 data tha two points used wers limit and a point on the extra-
polated curve sbove limit. The loading paramstere for the resulting distribu-
tions were then determined by procsdures described in Volume III, Since the
computer program can be controlled to geswune that the loads distribution is
normal, log-normal or Weibul), eacn assumption was used. The resulting prob-
ebility of exceading load for each of the three types is shown on Figure 82.

This figure shows the small difierences betwsen these thres assumea distributions
when thsy are all definsd by the two pointe used in the computer program STRRZL.
The strength input data for the F-100 are not esasily determined. The

structure is of conventional 2luminum alloy construction which traditionally

has small strength scatter. 1f the "A" and "B" allowables in MIL-HDBK-5' are
assumed to represent 99% and 90% probabilities, respectively, a value of Y =02

can be calculated for 7075-Té aluminum alloy sheet. The varisbles added in
manufacturing will increass this valus considerably. No strength scatter data
for the F-100 can be obtainsd from the hundrads of tests conducted bacause of
the lack of duplication in the test program. Howsver, a collection of test
results from throughout the industry has shown that a velue of ‘YG ranging from

about .02 o .08 may be expscts” for conventional conetruction.z Although the
correct value for each location on the F-100 is not known, the reader may

conservatively use the valus ¥ = .08 to gain a "feel" for the significance of
the computed results. &
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{3) Computad Kesults

The structural reliabilities at the varlious wing and fuselage stations

were conputed for a range of strength sczatter, Y . The resuits are plcttad

on Furgures 83, 84 and 85, and
loads were s¢ low, as shown
side the capatility cf the &
fuselage side tending prcbab_L~t,eﬁ
avaiiable.

s
e XAli. The vertical tail
the numer.cal va.ues were cut-
r

r

cordingly, vartical tail or
ure are n2gligibly low and are nct

TABLE XXII
F-100 COMPUTED STATIC STRUCTURAL RELIABILITIES

Assumed Normai T Weibull
Distribution

Y, (Fig. 83) p ' {Fig. 85)

.05 »99993 . .99987
.10 <9977 . <996

991 +989

The mincr difference between the results cbtained using the thre: dist
buticns iilustrates the fact that the computed reliabtility =f the structure
is not sensitive ts assumptions regarding th= shape of ths distributicn

functions. The reliability is much more sansitive to strength scatter than
tc variations in the loading and strength distributions, as shown by Figures

83, 81& and 85.

FV——

b. CStructural keliability - Time-Lependent (Fatigue) Conditions
{1) GC=aneral

The fatigue rellability computer prograrm, whose principles are develcped
in Section 2 4 and in Vclume III, has btean usecé tc calcuiate a fat_gue
reliability for the F-100. The progra. is describaed in detail in Volume Til.
The lcad spectira presentsed in Secticn £.4 are used to define parameters fo
cemputation. The formuletion of the problen and the computer inputs are
described in the next cection and the resulcs of the fatigue reliability
calculations, as pericrmed by the FATKIL prcgram, in the section following.

(2) Ingut Late

The load spectra used for the fatigue reliab.lity calculations are based
on the data given in Figure 82. These data were alsc used in setting up the
fatigue test coraiticns in the F-100 ASIP pregram. This test program prov.ded
accurate stress dita fu~ the calculaticns. Figure 86 shows some typical ctress
versus load data f{r-m the wing root fillet ar=a. The nonlinearily at hizn loads
is due to plastic yislaing cf the wing plate material in the f{illet area, which
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limits the magximum siressee at high loads. Althougl. the stresses in Figurs 86
are the highest recorded in the ASIP teats, fallure occurred cutboard of the
roct at & joint inboard of the main landing gear trunnion where strain gages
were not applied. The loads applied to the wing during these fstigue tests
are describsd by the bending moment epsctra in Figure 70. Subtsequent fatigue
testing utilizes a irevieed bending momsnt spectrum delineated in Figure 75.
The stress-bsnding mcment curves for the wing root are given in Figures 87

and 88, Corresponding curves for other stations are given in Figurees 89 to
32.

The differences in stress magnitudes shown on Figures 86 and 87, together
with the fact of a test feilure, indicates that a significant stress concen-
tration axisted at the point of fracture. In order to bracket the range of
fallure probabllities to be expected from the F-100, a distrituticn of stress
concentration conaivions was assumed for the computer program. The results
from the various assumad values ares shown in the next ssction.

Solution of the faligue prstleom reguires, L addition to the initisl
static strength data used in the static structural reliability calculations,
an S-N curve describing the fatigue life characteristics of the basic
material. The data uzed is shown in Figure 93. A folded scale is used to

oxtrapoclate the curve to 1012 cycles,
(3) Computaed Results

The F-100 results from the fatigue computer program of Velume IIl of
this report are shown for four airframe situations measured in the ASIP. The
computed results are prasented graphically as: (1) the cumulati-re n»robshility
of failnre during fleet operation, Figures G4, 98, 10z, 106, and 110; (2) the
probability of paseing laboratcry tests, Figures §5, 99, 703, 107, and 111;
(3) the probability of failing laboratory tests, Figures 96, 100, 1C4, 108, and
112; and (4) the probability of failure after tests - flest cueration,
Figures 97, 101, 105, 109, and 113. These figures are groupad to show the
results for the originel wing root load spectrum (Figuras 94-97), the wi
root revised spactrum (Figures 98-101), the wing midspan (Figures 102-10n§,

fuselage station 210 (Figures 106-109), and fuselags station 369 (Figures 110-
113).

The computer program tabulatiocns are not shown here since they sre very
similar to the second eample protlem, the F-100 wing root, shown on pages 134
through 139 of Volus 11l. This wing root station load spectrum was revised
midway in the ASIP program, Section 6.4d (bending momsnt epsctra - correlation
with Joad factors), to reflect the nonlinear trends with high angle of attack
and/or normal load factor. The revised wing root has a somewhat higher S.R.
as a result.
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6.6 CORRELATION BETWEEN COMPUTER PREDICTION AND OPERATIONAL EXFERIENCE

A new method for computing reiiability of structurses can be properly
avaluated only if the results of the new method can be compared with known
facts, One reaaon for including the F-100 data in the present study waz to
allow a comparison with data from a well-established successful operational
airplane. In actuality, howsver, a satisfactory comparison baccmes quite
difficult. There are several reasons for this. First, as discussed in
Section 6.3b, the exact number of "structural failures" cannot be determined
from ths records available, Second, operations with the F-100 are continuing
80 the failure rate to the end of the F-100 service life is not known at
present.. As wae pointed ou%t in Volume 1, the actual raliability of a structure
cannot be determined from the failure rate, even after the last flight of the
last aircraft in the fleet. Third, the computed structural reliability figures
are subjact to all of the difficulties discussed in the previcus sections of
this report. However, a compariscn of the best figures available to represent
the opsrational experience with those predicted by the computer program as
described in Section 6.5 will be most useful.

i It was noted in Section 6.3b that the exact number of F-10G structural
failures could not be dstermined, but it was decided there that 20 was an
appropriate number to use. These failures have occurred during the 3,786,210
hours of F-100 operation as established in Section 6.3b. From thess figures
the failure rate (i.e., failures per hour) can be determined to be

i 20/3.7862(10)% = 5.282 x 167, If it is assumed that the failure rate is a
constant, the structural reliability for a stated service life can be approxi-

mated by using the Poisson law.BO’ 31
S.R. =a AT
: where S.R. = Structursl Reliability
| o = 2.7182
é A = Failure Rate = Number of Failures

Total Flest Hcurs
T = Stated zervice 1ifs

If. S.R. is large (greater than 0.9), the formulation can bs simplified to

S.R..=1.,0 -AT

From this and the failure rate determined abovae, it can be calculated that
the structural reliability for F-100's whose service life is 2000 hours is
0.99. 1f the service life is extended to 5500 hours, the structural
reliaghility would drop te 0.97. However, the ASIP program, descrited in
Section 6.4a, is intendad to increase the service lifs of the F-100's to
5500 hours. Additicnal fatigus testing and the ensuing modificstions under

a8 ASIP program shculd decrease the F-100 failure rat-  Because of this the
modified F-100's could be sxpected to have a higher atructural reliability
than the 0.97 vaiue fur 5500 hours,
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As has been noted, the value of 20 for the number of failures to date
in the F-100 fleet is somewhat arbitrary. If the true value is something
other than 20, the structural reliability number would be changad. Figures
114 and 115 show how the S.R. would vary. It should be notad on Figurs 115
that, if a 0.99 S.R. is to be attained at a service lifs of 5500 hours, no
rore than seven failures should have occurred at the present time.

TABLE XXTI1I

PN S Y

F-100 COMPUTED FATIGUE RELIABILITIES

Fatigue
Teast Time

Item &
Ref. i and
Stg

:Lng Root
(Fig. 97)

Wing Root
{RCV')
(Fig. 101)

Wing Midspan
{Fig. 105

Fus. Sta. 3108
(Fig. 109)

P\IO. st&- 369
(Fig. 113)

Results of the fatigue reliability analysis are given in Table XXIII, The
reliabilities in this table are the reliabilities tc be expected in service in
a nominal 5500 hour lifetime following a fatigue test to one of the three

test lengths indicated, also followsd by a static test where indicated. Values
are given for all five airplane locations included in the study. The most
fatigue-sensitive location, the wing root, has a computed fatigue reliability
of .85 after paasing & fatigue test to 5500 hours., The figures on Table XXIII
illustrate the benefits to be gained by extending the test time or by running
a static test at the end of the specified fatigue test. Bither method will
assure a significantly improved fatigue reliability level of a structure that
passas the prescribed tests.

The F-100 structural reliability as computed by the mesthods developsd
herein, static and fatigus, was based primarily cn the measurements made in
the Aircraft Structural Integrity Program. That ia, the load and strength
spactra at fivs locatione on the airframss (two wing statione, two fusslage
stations - one of which includes the horisontal tail - and the vertical tail
root) were taken from the Air Force operational data. The static relisbility
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of the operational flest, which was estimated on pags 209 to be (.99 at 2000
hours, is not inconsistent with the predicted results as summarized on

Table XXII. Of those stations included in this analysis, ths fatigue structural
religbility as calculated with the computer program shows the wing rcot zons to
be the most critical arsa on the airpians. This has been verified during the
ASIP program. In Section 6.2c it is noted that a wing root failure occurrad

at 4674 hours. This test and failure together with the operational results
shcw a most gratifying correlation with the structural reliabilities predicted
by the FATREL computer progran as summarized on Table XXIII.
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SECTION VII
ADVANTAGES AND DISADVANTAGES OF THE NEW PROCEDURE

7.1 GENERAL

The new procedure, described in the previous ssctions of this volume,
has many advantages ov.r the Present System and ovar a Purely Statistical
Structural Reliebllity System. Inevitably, there must be soms problem arsas
in any new procedure. These advantages and disadvantages must be judged
dispassionstely to determine the true value of the new procedure. If the
advantages do not outweigh the disadvantages, it would be illogical to
implement the new procedurs.

It appears that the new procedure retains the desirable features of the
Pregent. System while modifying the system to incorporate all of ths character-
istics recommendsd in Section 3.6 of Volume I. Most of the problem areas
associated with the new procedure have always bsen prcblem areas. The new
procedure does not create new problems, although it may recognize more clearly
thoes that already exist.

7.2 ADVANTAGES

The basic advantage of the new procedure is its abllity to logically
»stablish the structural performance nscsssary to achieve a quantitatively
definable goal. This permits &8 realistic definiticn of the minimum structure
required to meet this goal. It also clearly indicates those structural and
operaticnal characteristics that will juatify the use of less severe
structural design oriteria. Because eash of these requiremsnts is quantitized,
trade-offs can ve made evaluating the benefits of criteris reduction against
the difficulties of providing the characteristics that will validate the
criteria reduction. Other advantages are listed below:

a. The new procedure represents a meodification sf the Present System, not a
radical upheaval,

Since the procedure repressents a modification of the Present
System, 1ol & complstely different approach, structural
designers and analysts dc not need to unlearn their present
methods. The form of the structural design procedure is=
unchanged although the numbers and the msaning cf the numbers
may change. During the initial phases of implemsnting the use
of the new procedure, numbers from both the old and the new
procedures can be conpared. This will result in greater
confidence in ths validity of the new procedure. It will
mean that the changes from current procedures will be
evolutionary rather than revolutionary.

- 215 -
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b. Spesific requirsmmnts in the new procedure sre practiocal and easily
administrablae.

Although the new procedure recognises the statistical

nature of the functions involved, the requiremants are
dsterministic. The choice of 1limit and omega conditions

is based on the expected probablility of exceeding the
condition. Once ths decision is mede, the discrete condition
beoccmes the requirement. DBecause the requiremants are
diesrete, they can be administered effectively. Proof of
compliance 18 & go, no~-go proposition which results in &
sharp line of demarcation betwsen the scceptable and
unacceptable structursl system.

¢, The structural and non-structural requirements are decoupled but there
is a well defined interface between the two.

In a Purely Statistical Structural Reliability Systewu, the
requirements and responsibilitles of the structural and
non-gtructural system become sc intertwined that it is
imposaible to administer the requirements. With the
decoupling associated with definition of discrete limit

and cmega conditions, it becomes possible to make decisions.
Even theugh & limdt condition is intended to be a condition
that is not axceeded very often, the designation of the con-~
dition ss limit carriss with it ths connotation that the
condition is ths upper bound of what is expected and
permissible. Therefors, once the limit condition ia chosen,
those concerned with the operation of the vehicls and the
non-structural systems cannot be held respconsibls if &
structural failurs occurs at limit condition or less.
Whether or not the limit condition is attained more frequently
than expscted becomes immaterial, The structural system is
responsible for surviving the limit condition whenever it
oceurs. In the same vein, the structural system is not
expected or required to survive beyond the omega condition,
If a structural fallure ever dces cccur dus to sxceeiing the
omega oonditlon, the causs of failure must be attributed to
an opasration of the vehicle or non-structural system to a
condition grossly beyond the specified permimsible limit,
Thus, the cause of failure and the zprropriate corrective
action will slwayes be clear-cut. This is a preresquisite for
an agministrable system. In effect, a desoision is made in
advance in regard to how the structural system should perform
to avoid failures under axpected conditions and how the non-
structural systems should perform by avoiding conditions
whers structural failures can be expsated to occur.
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d, The new procedure protects against the unexpected degradation of structural
integrity that may result from the use of structural systems: with large
scatters in strength.

Current trends in structural design indicate a growing use
of structural configurations predisposed towarde a large
scatter in strength. Structures operating near the extrame
of the high-tempsrature capability of the matarigl, large
shell structures, and the use of brittle materials are
becoming commonplace. These are all conducive to larger
strength scatter than erperienced in any structures of the
past except castings. GS5ince the new procedure recognizes
strength scatter as an important consideration in the
establishment of structural design requiremsnts, it ia
moet likely that sufficisnt provielion will be made to
sccommodate whatever degree of strength scatter occurs in
future structures.

e. The new procedure snccurages reductions in the ssverity of the structural
design critarie and, thus, the weight of the structure by stipulating
the situations Justifying such reduntions.

The Present System has no mechanism to justify a reduction

in requiremsnts. At best, any atiempt at reductions becomes

a subjective action based almost entirely on judgment. Tha
new progedure permits the reduction of dasign factors t.o any
level desired but sets the conditions necessary to justify

the reduction. Thia permits the desigrier the option of signif-
icant weight reductions provided the prica is pald in terms of
more carsful control of operatiors and mors stringant limitations
on the structural configuration. Multipls test articles can be
another Jjustification for reducing the structural critesria if
the cost and schedule problems involved can be accepted.

f. The new procedurs provides for the examination and positive control of the
environmental functions that significantly affect structural reliability.

By providing a line of demarcstion bstween the reglons where
the structural and the ncn-etructural systeme are responsible
for praventing failures, the way is opened to oontrolling
the excesdance of the specified conditions. The structural
oriteria is transformed from a passive documsnt that assumes
that future vehiocles will have the same structural and
operational characteristics as past vehicles to a procodure
that provides a framework for specifying the aotive stepes to
enisure that eritical functions are controlled to provide the
desired results,
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g€. The new prrcedure identifies a quantitative objective that leads to a
consistent and logical relaticnship between 2ll elements of the structural
systen,

A simple factorial relationship betwean limit and ultimete
loads, as in the Present Syastem, does not necessarily
provide the capability in all componente of the vehicle to
survive the same opesrational condition. Therefore, some
components are overdesigried relative to others, In the new
procedurs, the conditions to be survived are chosan and each
component on tha vehicle must survive the loads at that
condition — no more and no less.

h. Fatigue and high temperature considsrations are integrated into the new
procedure following ths same basic principles develcped for the static
conditions,

The approach to fatigue and high-temperature situations is
handled 28 a simple extension of the philosophy devsloped
for static conditions. There is none cof the uncertainty
axhibited in other propossd criteria for hot structures.
The requirement is that most of the structures must survive
the omege condition. This requires survival at the local
temperutures which are determined for the omega condition.
Thers is no factorial relationship between tezperatures at
limlt and omega conditions. The temperatures at limit and
omega are simply those appropriate to the two desizn condi-~
tions. The fatigue situstion is comparable in that a high
degres of reliability st the nominal or limit life ie
provided by designing and testing to multiplea of the
nominal 1life., Assurance that most of the atructures will
survive to & 1ife substantially beyond the nominal life is
obtained from the same design and test requirement that
satisfies the limit requiremsni.

7.3 DISADVANTAGES

Any proposal to change structural design oriteria procedures inevitably
will sncounter some arguments agalnst making such a change. These arguments
must be recognised and ensgwered befors thers can beé gensral accaptance of the
now procedure. Some of the potential disadvantages and problem areas are
listed in this section. It should be noted that it is not nscassarily agreed
that all items listed represent disadvantagas or problem areas. However, the
iist contains most of the pertinent questions ralased by those who have been
exposed to the new procedure,

a. The proposed new procedure raspresents a change from the Present System.
It 40 & simple fact that change is slways resisted —
scustimes rationally, sodetimes arbitrerily. It mmet be

recognised that there {s a built-in relucstance smong all
engineers to change any procedure that has been successful.
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Therefore, the advantages must be clear-cut and the problams
must. be resolved so that thers is no logical rsason for
resisting the change to the new procedure.

b. The new procedure calls for the dafinition of tLwo sets of design condi-
tions, limt and omega.

Traditionally, serospace structural systems have been

designed for a single design condition. The limit loads

have beor. miltiplied by a factor of safety to obtain

ultimate lcads. Thess ultimate loads are still considered

to be assoclated with the velocity, load factor and other
paramaters at the limit conditlion. In the new procedure, an *
omega condition may specify different velocity, load factor

and cther parameters from those at the corresponding limit
condition. It does not appear that this is a radical departure
from present practice, It is not unusual to perform an
analysis at limdt for buckling or ylelding and a separate
analysis at ultimate for total rupture. Conceptually,

separate limit and omega condition analyses are no different
than the analyses performed for any two conditions at present,
such as a high-speed and 2 low-speed flight condition.

¢. The analysis of the extra conditions may cost more and take longer.

The added requirements for two sets of conditions undoubtedly
will require more analysie than before, However, in moat casas,
it should be poasible to decide by inspection whether the limit
or the omega condition is critical. This same procedure is
used now to reduce hundreds of potentially critical conditions
to ten or twenty that are analyzed in detail. Whatever axtra
cost 1is Involved will have to be recogniged as the price peid
tc gain the advantages listed in the previous soction.

d. Establishment of requirements for an omega condition beyond the limit
condition repressnts an extension of structural responsibility into
operational regions not considered in past practice.

Actually, the omega condition reagquiremsnt is not as great a
break with traditicnel dealgn prastices of the past as it
may seea on the surface. For those design conditione
governed by mltiplying limit loads by the factor of safety,
somes overload capability has always bean available.
Although the amount of atruetural capability was fixed, the
amount of opserational capablility was not. In speclel situe-
tions, where the increment in opsrational capability was
cbviously smll, ultimate conditions have bean apesified in
the past. The landing gear situation represants a well-known
example of this. BEven if the landing gear has the strength
capability to withetand 150 parcent of the limit loads, it
may fall at an inpact velooity very alightly higher than the
) 1wt velocity. For one thing the energy involved increases
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as the square of the impact velooity. Poesibly more

important is the faot that the energy absorption character-

istice of the landing-gear system are criticslly dspendent

on such things as the geometry of the gear linkage, bottoming
characteristics beyond the normal stroke, and the design of

metering pins.

The nesd for an omega condition in a stetistically based
procedurs stems frcm the fact that most failures in mature
structural systems (after any initial defects have been
uncovered and corrected) are caused by conditions sub-
stantially beyond the limit conditions. Figure 26 and the

discussion in Section 2.3a(l) and 2.3f show that most failuras

will occur olose to the omege condition and ithat the

probability of failure approximates the probability of exceeding
the omega cordition. If conditions beyond limit were ignored,

any probabllity of failure or structural reliability so
determined would be meaninglsss. Thus, if quantitative

structural design critaria by statistical msthods is a valid

objeotive for the new procedure, omega conditions or their
oquivaient must be consldered. The only question is what
form this conasideration should take.

s. A requirement for structural capability at omega conditions might lead to

a requirement for opsrational capability at these conditions.

Coricern has been axpressed by rasponsible industry personnel
that definition of an omega condition for structural design
mdght lead to opsrational requiremsnts for the same condition.

It ie impossible to centrol what future responsible
authorities will do. However, the logic of the situation

should discourage any such action. The omega condition, by

definiticn, represents an abnormel operaticnal candition,
whereas the limit condition represents the upper bound of
normal. or expected opsrational conditions required to
satisfectorily perform the vehicle's miesicn, It does not
seel regsonable to esteblish any cperational performance
requirsments for an sbnormal condition, attained only as
a result of an operaticnal error. All efforts should be
directed towerd avoiding the omega condition in order to
avold the failure to be expested at the omega conditien,

f. Calculation of loads at the omsga sonditions will introduce meny
problems into the design process.

It i3 undoubtedly true that there will be difficulties in
celoulating omega loads., Deformations will be larger than
at ligit and in many cases will be in the permanent

deformation range. It is expesctsd that experience in such

new

anxlysis will relieve the problem to soms extent. It seens
more rational to face the problem squarely and maks the best

eoffurt possible, It is inconceivable that qualifioed
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engineers could not develop satisfactory analytical
techniquss to solve this problem. The alternative of
accepting whatever overload capability happens to result
from indirect requirements dces not seem to be compatible
with the logic of a quantitative structural design criteria.

. The conventional factor of safety provides blanket coverage for situations
that might not be recognized in & more sophisticated procedurs.

Past axperience has shown that this is a very real

danger. There is such a thing as being rational to the

point of impracticality. Concern over making thia type of
mistake cannot be dismissed lightly. Extreme care miat be
taken during the transition period betwesen use of the Present
System and implementation cf the new procedure. The problems
of implementation should be eased by the similarity between
the uwo gysicas. The dcsign requirsments under the new
procedure can be compared directly with those for the Present
System, If there is ever a drastic difference, this should
be a signal for caution. The reasons for the difference
should bs determined and the requirements re-examined.
Significant differences in the requirements of the two systems
should not be accepted uncritically. This does not mean that
such differences, either in the direction oif more critical or
1sss critical requirements, cannot be justified under
appropriate circumstances.

h. The new procedure raquires a determination of the strength scatier, Yo
of the structure. '

The discussion of Section 2.3 makes it clear that the strength
scatter, Yo, ia a significsnt parameter in the development of
structural reliability. Thnere has not been mich formal
documentation of the ¥, function in the technical literature.
Nevertheleus, there are data available, usually as a by-product
of other studies, on the strength distribution of various
mtarials. Although information on the strength scatter of
fabricated componerits 1s less availabla, some does exist. A few
programs such as those reported on Table 3 of Reference 29
furnish valuable information on the strength scatter of
components. These data can be supplemanted by organizing

data where multiple tests have beon run such as a series of
box beams at different temperatures or large shell structures
with various R/t ratios. If an envelope representing the
upper and lower range of the test data can be drawn using
engineering judgment, such data can furmish a satisfactory
approximation of ths strength scatter coefficient, Y,. The
range betwean the upper and lower envelopes of a typical
quantity of date approximates the ¥ 20 range. There-

fore, the incremant in value from lowar to upper envelcpa

can be dividaed by 4.0 to obtain o and then divided again

by the midpoint value to obtain YB. Such e technique

is not very elegant and might not be rigorous enough
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to satisfy a statistiolan, but it provides a reasmnable
enginesring solution. It is believed that enough data is
svailable now to begin lmplementing the new procedurs.

: Once the need for data on strength soatter is established,
ﬁ the availability of such date can be expscted to increase

rapidly.

1. The new procedure does not sclve the problem of how to avold the fallures
that often acsompany the early phases of the development of a new vehicls.

No procedure in the world can guarantee that mistakes will
not be made. Structural design criteria can and should mmke
provision so ¢he atructure can tolerate a reasonable level
or error or dlecrepancy in the design, fabrication, and
operation of & vehicle., This capability must necessarily
be very limi*ed or the criteria will require an excessively
heavy struoture. In any event, siructural design coriteria
should defins requiremsnts that the structure is obligated
to meet. Whether the design meets the cbligation with the
first strustursl configuration or whether the deaign cyole
mist be iterated many times ic immaterial to the requiremsnts.
The number of iterations depends on the technclogical skill
of the designar and analyst.
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SECT1C VIII

CONCLUSIONS AND HECOMMENDATIONS

8.1 CONL .3IONS

A new procedure for defining statistically-based, deterministic
structural design criteria has been developed and is presented in this volums.
This new procedure incorporates all ol the characteristics recommended in
Section 3,6 of Volums I as desirable for a structural deaign aystem. Tha
procedurs represents a modification of the Present System, not a radical
uphsaval, As a reeult, the proposed structural design criteria are practical
and easily administrable.

A new philosophy has besen formulated to deacribe the function of
structural design criteria. This new philosophy leads to a clesrer under-
standing of the obJectives of structural design as implemented in structural
design criteria. The essence of this new philoaophy is that a designated
levsl of structural reliability can be attained by providing for structural
survival in two apecified situations. The first is that 'no" failure should
occur at a condition defined as a 1imit condition. Since limdt conditions
are designated as permissible and expected to occur relatively frequently,
the structural system must have the capabllity to survive these expected
ccnditions with near certainty if a high degree of structural reliability is
to bo attained. To provide against the possibility of an under-strength
structure, the structural system should be designed to withstand design loads
significantly higher than those at the limit condition. The magnituds of the
increment or factor over limit 1s chosen so that an understrength of that
ansunt will be rare relative to the desired level of structural reliability.
The factor is a discrete number defined by the atrength scatter of the
structure and by the structural reliability desired.

Even perfect reliability for the limit conditions would not necsssarily
reasult in an overall low failure rate that would be acceptable. Most of thse
designated limit conditions will be axceeded on occasiaon, due either to
vehicle operation beyond the prescribed operational limitations or to nal-
functions and out of tolerance eitustione on subsystems that affect the
structural environment. Adcordingly, the second major strusctural provisicn
as established by the new philosophy is for "moat" of the structural systems
to survive conditions that are & specified incrament bsyond the limit
condition. The conditions associasted with these overload situations are
designsted omega conditions in this report. The omega condition should
repressnt a gross exceadance of the limit condition and should occur very
rarely. If the frequency of exceeding the omega condition in actual
operations is rare, then structurai failure will be rare and the desired level
of structural reliability will be attasined.

The requiremsnts for the new procedure are in the same format as those
in the Present System so that deaigners and analysts do rnot need to unlearn
their present mesthods. Where the struotural and operational aituations are
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comparidle to thoss of the past, the nevr requirererts will be eusantislly
unchanged. Whers the strangih scatier is wnusually low, whers uora than cae
test & "ticle can ve tesiled, whers the overloads cen be controlled, or where a
lower rtruoctural reldabllity can be accepied, the new procedure will justify
uss of iess severe structural design requliracsnts. If the sirengtl scatter
is unuvsvally large a¢ in tha case »f hot siructure operating nsar the upper
:imit of the teaperature capability of the materiai, or with brittle structures,
or with systems which are very scnaltive to minor gecmetrical variations as
in buckling of lsrge shell structures, the sadditional design requirexents
nesced to maintain a sonstant level of structursl reliabllity are defined by
the naw procedure.

if it 1s dusired to provide the Present System with a quantitative
objective and with the capability to systematically resolve the problems
agsociated with structures for advanced vehicles, the structural design
system described in this r~port is needed. The new proscedure retains the
deterministic typs of rsquiramsnts that give the Present System its practi-
cality and administrability. The determiniastic requirements are established
in such & way that they correspord tLo & structural reliasbility goel without
having to prove directly that the goal hae besn achieved. Ir such au approach,
all of the elements affecting structural reliabllity are sonsistently
directed towards achieving the quantitutively defined structural reliability
goal without imtroducing the impossible probler of proving complionce with a
structural relisbility requirement. The procedure described 'n thias report is
expocted to accomplish this result.

§.2 RECOMMENDATIONS

It is recommendsd that a carefully plarned program be instituted to
gradually impiement the new procedure described in this report. It would be
unrealistic to sxpeot that a new procedure with many unexplored ramificatione
couid bs substituted abruptly for the timo-teated approach incorperated in
present atructural design criteria. Engineers are traditicnally suspiciocus
{and justly sc) of new, "curs-all" procedures that ostensibly are more
rational than the cld procedure. Bitter experience hes indicated that a
"rationsl” procedurs may be rational only in e limited grea. Prequently,
there ars cousideratione that are covered by empirical requirsments without
an explicit definition of sush soverage. A new procedure Ay not recognise
tne need and inadvertently eliminate the necessary coverage. Tasre is no
reason to belicve that sush & situation exists in the procadure rescommended
in this report but the possibility suggests the nsed to proseed cautiously.

It appears that the most advantageous scheme for implementing the genersl
accepiance of thls new philosoriy &nd procedure would be to apply it on a
limited scale initially, Afisr some experisnce has been gained in using the
procedure, consideration could be given to expanding its usags. Thies would
permit all concerned to gain confidence in the proposed procedure &s a useful
approach to the structural design problex. The impact that the new prooedura
edght have on cost and schedule could be assessad from the wperience galned
during this suggested smell-gcils inplementation effort.




A Limited effort to apply the procedure to actual designs mght be
obtained in one of twc ways. The new procedure could be gpecified as a
permissible alternate to the present procedure. Specific concurrence by the
Procuring Agency could be required fcr each use of the naw procedure. This
implementation approach would almost vertainly result in the new procedure
being used only when it was less critical than the present procedure. However,
the requirement. for Procuring Agency concurrence would ensure that any such
reduction would be subject to close scrutiny before acceptance.

A second plan for implementation would be to choose & specific vehicle
and establish a requirement to perform a parallel but separate atudy of the
design requirements using the new procedurs. These requirsments could be
compared with thoss generated under the praesent system to determine whather
the new procedurrs would result in adding or aubtracting structure from a
structural system already satisfying the prasent criteria,

If the proposed new procedure ie deemed worthy of continued development,
there are a number of steps that are recommended to aid in the process of
implementation, Scme of these are listed balow.

a, The new procedurs should be reduced to th37precise language of
a specification comparable to MIL-A-8R60, In this form, all
concerned can make a better assessment of the impact c¢f the
new procedure,

b. A concerted effort should bs started to assemble the data
Eresently available on the strength scatter of materials and
fabricated components. Steps should be taken to obtain new
data as necessary to fill the gaps in the available data. In
particular, more data are needed on the scatter in residual
egtrength in fatigus situations.

¢. Uavelop better analytical capability to predict the residual
strength in fatigue situaticns. The residual strangth method
adapted from Reference 12 as deacribed in Soction 3.2 of
Volums III must be considered to be a first-generation
solution to the problem. Improvements can be expected to
foilow any serious attempt to use the residual strength
conicept in actual design.

d. Mora study is needad to develiop pracise rulas governing the
cholce of limlt and omega design conditions ir a multiple
parapelsr environmenv. Such casez have not been considered
explicitly in the examples presented in this rspoit,
Validation of the 1limit and omsgs design conditions, as
shown on Figure 46, comes as & result of a decision that
tha actual operations are sonusistent with the iritial pre-
dlctions used in chovsing the design conditions. The actual
re-ultas depand on the sffectivenssa of Lhe controls un
operations as iniicatec cn Figurs 45. When multiple parsmeterc
are invcelved, opsrationsl contvel of tnisse peraweturs
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usually resides with more than one non-structural system,
The interface problems resulting from this situation need
to be explored further.

It appears that more explicit control of the strength operations
affecting the structural environment would improve the structural

dssign situation. It is possible that a PERT-type operation

to ensucre that the various decisions shown on Flguras 40 through

L8 are made at the proper organizational level and at the
proper tims might result in more reliable structural systems
for less weight and cost. The problems asscclated with
establishing such a procedurs should be explorasd further.

The computer program for calculating structural rsliability,
as presented in Vclume III, starts with a factor of saflety
and printe out the resulting S.R. To determine the TFS
required for a given S.R. as in the curves of Figure 12, it
is necessary to iterate for several trial solutiona to obtain
the desired results. It would be a useful expansion of the
prog:sam if the option could be added so the precgram would
automatically perform the iteration. Then, a desired S.R.
could be input and the TFS required for that S.R. would be
caiculated in a single oparation. :

Ii waus suggested in Section 2.3e that it would be desirable to
mxi} Ty the computer program of Volume III to include a loads
error function comparable to thes strength function discussed
in Ssction 2.3¢. This would permit a computation of the
sonditional structural rellability before and after a flight
iocada measuremeni progrem. On Flgure 43 it is noted that a
declsion must be macde as Lo ths adequacy of the strength test
to simulate the failure wodes propsrly. It is believed that
the introduction of a quantitized value for this siemlatlion
adsquacy into the computer program would make the calculated
atructural relisbility more nearly rcorrect. This would make
provision for an asaseysmant of the type of test in comparison
to previous test uxperience, of Lhas effsctz of scele models
rather than full-scale test articles, and of other things such
as time and temperature effects. An error function for the
statistics governing the cholcs of limit and cmega design
conditions could be introduced into tus computer program.
Then, as data on the actual operational usage were obtained
to validate or raise questicns about the design conditions as
discussed in Sections 2.3f and 2.3g(3), the computer program
would automatically updete the stiructursl reilability values.

The conditional reliabilities and the net structural reliability
could be programmsd for visual displsy on a Cathode Ray Tube {CRT).
An easily interpreted picture could be genseratsd of the status of

the structure at sach atage in its development and as it is
axpacted to be after completion of &1l tests. This picture
would be comparable to Figurs 115.
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The curves defining the design and test factor of safety such

as Figures 12 and 24 are based on designing to the sams load

as the structure will be tested to. There is a potontial

weight saving if the requiremsnts for design are lowered at the

same tine the test value 1s increased. Thia would result in

mors teat failures but the final reliabliliiy would be maintained.
This would give the designer another opticn if the increased

cost and schedule delay dus to the extra test failures are acceptabls
in order to gain some weight resduction. Further study of this
procedure is recommended.

The philosophy presented in Section II 1s an outgrowth of the
oritique presented in Volume I. This critique discuased the
problems assoclated with the procedures advocated in 1
individual documents. It is suggested that the authors of

these documants be solicited for comments, both on the critique
of their paper and on the new procsdure proposed in this report.
These comments could be published at a later date as an addendum
to this report. Such discussions should be helpful in developing
a consenasus of what is the best procedure for future structural
deaign oriteria.

A study of the controls and procedures that would lead to being
right the first tims might be very useful in reducing net cost
and time for developing a new structural system. Suoch a study
could be accomplished within the framework of the Decision
Network presented on Figures 4O through 48.

The recognition of errcrs, their type and their fregquency is
vital to establishing rational criteria. It is suggested that
the data pressnted in Reference &6 be updaied to inolude tests
at contractors' plants plue those for other agencies such as
HASA and USN. Thie would provide data that could justify or
repudiate the contention that structural design ia becoming
more precige due to the extensive use of computers. The
answers would be reflected in revisiuns to Figure 5 which
serves a3 the basls for the strength error function programmed
into the routine pressnted in Volume III,

A study of the weight minimisation possible by a rational
reduction of structural design oriteris might be wvery productive.
It appears that weight reductione of the same crder of magnitude
as those achieved from more efficient structural design may be
possible.

At the present time somes of the matrices used as input data for
the fatigue reliability program (such as Tables IV and V in
Volume III) are hand caloculated. The computer program could

be modified to do these automatically. Addition of a buillt-in
error funoction coaparable to the Figure J function for the static
program would meke the fatigue program easler to use. The present

progran requires a judgment choice of valuss for PK (See pages
108 and 131 of Volume III).
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Section VI discusses some of the difiiculties anciuntered in
delermining the structural failure rate for a particular fleet
«f airplanes. It is recommended that the data-gathering
prccedurse be raviewed to see if the results could be provided
in a format mere useful to structural r=liability analysis.

Vihether or not the particular procsdure presented in this
raport is adopted, it is recomnmended that an aggressive
program be established to develop and implement structural
design criteria that will defline the structural performance

necessary to achieve a quantitatively definable goal,
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