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Although not without criticism, the factor of safety desiyn concept has
Secome an almost universally accepted measure of flight safety, There is,
however, a tendency among engineers to hoth challenye the continued application
of factors of safety for efficient airframe design, and yet to aveid any
changes that would challenge the confidence of fulure designs.  The use of
reliability based concepts will probably increase but their application to
airframe desiun may be Vimited, The factor of safety still covers many
contingencies and it’ appoar at this time theve will be a continuing need for

some factor, ‘
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FOREWORD

The authors, Mr. George E. Mulier, Aerospace Engineer; and Mr. Clement
J. Schmid, Technical Manager, are located in the Criteria and Applications
Group, Structural Integrity Branch, Structural Mechanics Division, of the
Air Force Flight Dynamics Laboratory (FBE), Wright-Patterson AF8, Ohio '
45433, The work was accomplished under Project Number 2401 “Flight Vehicle

- Structures and Dynamics Technology”, Task Number 240101 "Structural

Integrity for Military Aerospace Vehicles", Work Unit 24010104 "Structural
Design Criteria Specifications and Design Methods." The effort was

_accomplished during the time period January 1977 through September 1977,

The basic text was originally presentcd at the 45th meeting of the
Structures and Materials Panel of the Adviscry Group for Aeronautical
Research and Development (AGARD) in Voss, Norway on September 26, 1977.
The text in this report remains essentially unchanged. Some figures

have been added and minor clarifications incorporated. Corrections of a

historical nature were made to the discussion of the V-G diagrams near

the end of Section 11.

Acknowledgement is made of the assistance provided by Mr. Robert L.
Cavanagh, Dayton, Ohiovand the Air Force Museum, Dayton, Ohio in providing v

the photoqrabhs:

. Cavanagh Collection

Fiqure 3. CROL

Figure 4. A. F. Museun Collection
Figure 5. A. F. Museum Collection
Figure 6. A. F. Museum Collection
Figure 8.~ CR.L Cavandgh follection

Acknowledagement 1s made aiso for the valuable assistance lent the
authors by Or. John W, Lincoln and Messrs. John C. Grogan, Donald B. Paul,

and John C. Sparks for their critical review of the report.
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SUMMARY

The 1.5 fa-tor of safety is a highly visible aivframe design para-
meter. The factor is empirvically dvrfvvd and provides an almost
universally accepted measuve of flight satety.  Although the measure is
qualitative, the level of safoty‘pruvidvd by the 1.5 factor has become
an accepted standard. - These foots have dvvolnpod:d tendency amony
engineers to bath challenge {hv’coptinuvd appiicatioh of the 1.5 factor
of safety tor efficient airframe desian and yet avoid any change that
would challenge the confidence of future designs. The unsettled position

on the factor of safety may never completely stabilize but it can be

clavified by reviewinu its historical significance.

In 1S, design practice the significance of the 1.5 factor of

safety can be placed in perspective by reviewing its development for

both military and civil use.  The factor evolved as a compromise opinion
based on fliaht operations. . The approximate 1.5 ratio of ultimate stress
to yvield stress for cortain materials coming into use during the same
time period supported the decision but did not influence the selection of
the 1.5 factor of sarety.  Since the time of its selection, variations
and Jdahtdtinnu to ather aireraft types have been proposed aﬁd somet imes

used,  Several variations and experimental applications ave reviewed.

the factor of wafety desiun concept has recently Tost some of its
appeal and reliability based concepts have been vmphu§ired. As part of
ity stractural desian criteria development progeam, the Air Force has
sponsored invest fgations to deve lop vreliability based criteria.  Three
of these investigations and similarities botween the factor of safetyk
and rvlinhilitv'(nnrvpt\ are veviewed.  Althouah the use of FvliahiTity
based ynurvptn will probably increase, thvir‘avnlicdtinh to airframe
vaiqn may he bimited,  The factor of satety <Ll covers nany cnntin-
geneies and it appears at this time there will bea continuing need for

Cosome Factor,

b it :
i i e i ¢t e ©
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SECTION 1
INTROBUCTION

From the beginnihg of flight and even before power was used the'
concept of safety was considered. Wilbur Wright, in a letter to his
father, Bishop Milton Wright, on September 23, 1900, wrote the following:

“1 am constructing my machine to sustain about five times my wéight
and am testihg every piece. [ think there is no possible chance of its

breaking while in the air.”

Early designers, researchers, and pilots were interested in safoty

and were anxious to establish facts and information identifying maximum
loads on various parts of the airplane. Wind tunnel measurements made
before and after 1900 were used principally to predict airplane performance
rather than structural strength, but in-flight Toads measurements to
_assess. strength were also made durinq'fhose early days. To this day,
occupant safety is a primary concern in designing manned vehicles and

the “factor of safety” has become a prominent design concebt.

The historical development of the 1.5 factor of safety in U.S.
practice is Targely unknown, even among theiéngineers who use the factor
frequently. Althouqh not without criticism, little if any thought or
concern is given to using the 1.5 factor in day to day design applications.
This fact would seem to reflect its basic écceptance. This is not true,
however, with other structural design réquirements which are frequently
challenged and modified. Design specifications and practiCes are con-

“tinuously reviewed and revised.

A concerted effa' t to rationalize airplahe design requirements took
p]aée during the 1930‘5'as a joint effort between the Army, NaVy, and
Civil Aeronautics Administration. The development of the 1.5 factor of
safety is closely related‘to; and interacts with, this rationalization

effort. The tern rationé] in this case refers to a derived rather than

an arbitrary requirement.
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standing af actual relane aperat fons as they occurred during the 1900
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thisn torsula to 5S¢ anrelable,

The state of knowledge at that tire
provided move Tvtormation about the actual sanisgs Toads that could be

expected T FTEaht than weee Rnewnt abvit the srameters used in the
.

formuda, theretore Dimiting 1ts otfectiveness.  However, as g resatt of

continging fhaht and ground tests, and emdineering stadios, overan)

hnowledae grew qutck v and the rationalbisation of carlier roquirenents
could beoseroas Ty constdered,

e

AVthdaah ey tarad desbae regirements tend to change roquent by,

the 1o macter of satet ae ddopted and amnliod to desian Toads, has

pot chanaed. hen dosian or operaliong] prabless arise or stracturs!

raihin s oo certam corrective changes are asodthy rade o the
destan e icat tons o load erediction tectnigues s et ac taes g 1ooh-

¢

nigues, envorontental candards . or oberat tonal resterctions of the

atrplace.  No known ot ficnal act ton na ever beer taken Tooingredase the

Closotactar o ate s e oty Knewn alterpt o chanae D woa b tase

redic e She acter oWttt s a e Deenr reated et e lat nye s
SIndenendent Coanrer w1t Treeec b ather desan and oberationat oritera.
Spec s erevenges relatiea ta e arigrn of e 1o tactor o

N TS R Y TR I I Yt TO RN I T F SU B | CUSNEN TR WIS LR SUTT I SR KR DT TE RN ALY

phrdisation ot che e o tar o ety o ied over g perte b ot tow

and 1ot an bmderendeat develarent s e vterac bron Ot engineeting
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Titerature for intorsation vebdtitag ta the hastory of the Tk tgotor of

safety but e weve directhy eetat
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hose tew assovidted retevences that were found are related teo the “new

interest in rationalizing structural safety ona reliability basis, This
interest hodgan in the late 1950"¢ and early 1@60'a. It 5 concernad
almost entirely withvrépldcinq the current 1.5 factor of saftety with
probabilistic interprvt¢ticn§ of structural safety.‘vk\rta1n1y. today's
t?vhnoloqv cdn‘hettvr hanile the matheraticai and computational aspects
of "4 nore (omplvx safety evaluation and may have pfnmp{ed the current

interest,

Variations to the conventiore! factor of safety and probabilistic
techniques that have been considered and used by the USAT, as they relate

to static structural strength, will ai.o he reviewed to show how they

evolved and are related to the 1.5 factor of safety.

The history of the 1.5 factor of safety has already been documented
hy two of the people actually involved with the formulation of design
reQuirGMcntﬂ during tho’lQBO'} and 1930's. Mr. A, fpstein worked for
“the United States Army Air Corps Materiel Center from 1929 to 1940 and
prepared the original Air Corps Structures Specification X-1803 in 1936.
He ‘continued Fiv career in the U.S. aircraft industry working in the
stractural leads and oriteria arca until his-retivement., My, . R. Shanley
workea for the Civil Acronautics Administration in the 1930's and was
knowledgeable of the development of civil airwortiiness roquirements,
Another source of vivil airworthiness requivements, as they relate to the
factor uf afety, is a history prepared by the Los Angeles Regional Office
of the Fiyiervrundutits Administration.  These histaries are given as
P {Military) and 3 (Civil).  The history of the 1.4% factor of

satety qiven in this paper is derived almost entively from these refer-

ences, which are the only specific sources hnown to the authors,




Corplane e ran

AFEDL-TR- T

SECTION 1]

DEVELOFBENT OF THE 105 PACTOR OF SATETY

The T.h factoe of safety inths ) destan practice is fundamental and
represents a devel of -desian safety which bas become an acepeied <tandard.
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Hper1od1c vev151ons and was replaced in 1938 by Part 04 of the Civil Air

Regu]atlona. in keep1ng thh adoption of the Civil Aeronaut1cs Act of

1938 (Refcrence 3a).

The Army and Navy specfffed design load factors for three flight
attitudes, as shown in Fiqure 1. Two of these, low and h%gh incidence
(angle of attack) attitudes, were associated with dive recovery initiation,
and final retovery from a pull-up to maximum load factor. The low inci-

“dence dive attitude with its aft center of pressure usually designed

the rear wing spar. The associated design load factor, which was two-
thirds of the high incident value, was based on a 1ift coefficient of

one-fourth the maximum 1ift roefficient This was a rea11ft1c design

concept at the time, cons1der1ng the relat1ve1y Timited speed range of

the a1rp1anes and the reduced 1ift coeffici nt at the Tow 1nc1dence

d951qn point. . The range of ;peed from stall to maximum was sufficiently
restricted that when a high load factor maneuver was performed the
airplane would generally come close to the maximum 1ift coefficient.

To achieve the same maximum load factor at low incidence, where the 1ift
coefficient was one-fourth the maximum; twice the speed would be required.
Such ayipeed could not be achieved and thus, the reduced‘factnr was
realistic. The third flight attwtude for which desvgn load factors were
spec1f19d was that of 1nverted f11qht

Civil dirplaue design lpad factors were originally baséd upon actual
acceleration measurements during Air Corps tests in the early 1920's.

“To avoid establishing categories or weight classifications for various

airplane types, the load factors were made dependent on airplane gross
weight”and power 1oading. Until 1932 load factors were given in chart
form using these two variables. - These load factors were modified

é]iqht]y‘in §93? for airplaheé having low power loadings. The require-

ments in Civi® ~oronautics Bulletin 7-A were revised in 1934 to include

certain basic performance and design character13t1cs by using empirical
equations based on prev1ous operat1ona1 pract1ce Although the joad

factor charts were known to neglect important airplane characteristics,

such as wing loading and drag, no 5uhxtant1a1 chdnqes were made in the
maneuver1nq 1oad factors thomﬂe1vos The 10ad faczor charts were replaced

.
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in 1934 by an empirical equation and the minimem design toad factor was
reduced frnm 4.0 to 3,75 becaune of satisfactory experience with lTarge
flying boats (Reference 3a).

fThnvtorm "factor of satety” was recognized in a general sense but

- various intorprvtatinnxlwvro applied.  During the 1920's and early 1930's,
all loads were ultimdtv?and airplanes were desiyned to load factors which
varied for each type  Reference | defines factor of safety as the ratio
between d1timate load and maximum probable Tead, Tt states that the
Teast factor of safety used for aivplanes is usually 2.0 and that the
term “factor of safety" is often used incorrectly in place of the temm
"Joad factar." A‘noér]y identical definition for factor of safety was
in use in Bulletin 7-A in 1979, and its use may have been the result of
Mr. Niles' influence (Reference 1), In a minor sense, terminology was

a problem and Reference 1 also gave definitions for deﬂihn load, normal
“load, vitimate load, load factor, and mavgin of safety. Similar temms
‘were also defined in the 1934 edition of Bulletin 7-A.

“While writing Air Corps Specification X—IRUS in 1930, Mr, [pstein
noted the amhiquougno§s 0f:thv tevis "applied” and "desion® and proposed
“lihit" ard "ultimatef"  The new terms were later adopted in a joint
meeting of Army, NnVy; and‘Commorcv Department rvﬂrcsontativos. the
forevunnér of the group that Tater 6riqindtvd the Ay, Navy, Commerce
(ANC) programs, which ave shown in Yigure 2. The accopted temms fivst
appeared in the 1940 chanqos to Specification X-1803,

The first oditioh of the Civil Air Requlations, issued in 193,
included a similar terminology Ehdngé. The terms Mdesign® and "applied”
were replaced hy "ultimate" and "yield." :Hoth of the new terms referved
to loads requived to be withstood by the stiucture. The term “1imit"
was also introduced to specify the "acteal™ or “expected® load factor.
The Timit Toad factor represented a tlight limitation for which the

airplane was expected to be completely airworthy (Reference 3b),

As defined in Reference 1, Mr. Niles seems to have ignored the
maximim maneuver load factor capabilities of the airplane in his assess-

“ment of the factor of safvty of 2.0, He app.orently used only the more
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typically achioved maneuver 16qd factors when assessing the difference
between actual and dosiQn loads. There were no flight restrictions to
Timit manouvvbs; fnr ﬂxémple. to half {he ultimate design load factor
3(L0 insure a factor of safety of 2.0) and it was characteristic at the
time to use the move typical (or aVerage)‘maneuver load factors as a
basis for desion roquiationﬁ. The Civil Aeronautics Administration
during the s w period ahecifivd only a Yoad factor value (ultimate) in

x‘thvynrdervuf o.U for a’typical airplane, The impiication was that the
airpune structure shddld not fail before veaching 6.06 in flight. There
were no maneuver load 11m1tat1on< specif1od but there was the assumed
fattor of Sdfﬂtv of 2.0. ‘ '

~Daring the l920‘s. oporatinhal fiiqht'load factors began to increase.
In 1907, Reference 4 sfatéd‘that a load factor of 4.5 was sufficient for
'ﬁtuntfnq based on fliqht tests using a JN-AH airp]ano\(FiqurO 3}, The
Air Corps, in flight tosts vonductea 1n 1924, recorded a Toad factor of
7.8 in a PW-7 aivplane \ilquro 4) f\own by James Doolittle, This factor
‘was the highest veached and accurred during a sharp puil-up at 162.5 mph
(Roforonco b, lhe 7, 8G (nmpanod to tho theoretical maximum of 8.156
at ‘l max. and a design fantor of 8.56. The 7.8 load factor certainly
“eould not be considered )n the "maxinum prohah]o Toad" cateqory when
» &nnsidoxlnq the factor of xatetv def inition in Reference 1, but rather
as an improbably high ]ﬂu . Similarly, the thought that airplanes had
an a;pyuxxmatv factor of eatoty of 2.0 was more of an opinion which was
kba\nd on liwited upv'atluna! data and not on aeredynamic capability.
Pursuit airplane design load factors were 1nnreasod to 12 when it was
realized that the 8.5 d9\1qn load va(tnr thon in effect could be readily

vx«vvdvd

‘ In 197 (Reterence 6), @ Névy F6C-4 airplane (Figure §) developed a
Toad factor of 105G during a pull up and in 1930 (Reference 7) a PH-9
pursuit aivplane (Tiqure 6) Poachpd accelerations up. to 9G during flight
Toad test programs. Both of these dirp1anes were dosiﬁnéd to ultimate
load factors of 176, However, there were no furthvr‘intrpasns in pursuit

airplane design Toad factors as a vesult of these experiences,
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: Reference 7 werc’again evaluated in Reference 9.

AFFDL-TR-TR-2

The Army, Navy and CAA began during the eariy 1930's to rationalize
their dosign requirements.

closely to actua) flight conditions. This effort eventually resulted in

the introduction of gust loading conditions, airplane speed, the velocity-

acceleration (V-G) diagram, and the use of aerodynamic derivatives. A

number of the more significant milestones in the evolution toward rational

‘criteria are described in Reference 2¢.  The 1.5 factor of safety evolved

from this rat onatization process as an outgrowth of the flight test
programs conduicted.

The formal introduction‘of a factor of safety of 1.5 into Air Corps
requirements occurred in 1930 but it only applied to establishing design
tail Toads. The HIAD (handbook) design loads for the horizontal tails

at that time were admittedly arbitrary and insufficient for the éxpected

service of many airplanes. Reference 8 established a new method which

consisted of dPterm1n1nq the steady-state flight path and speed of the
a1rpiane with zero power. aasum1nq a complete range of angles of attack
from maxinum positive to maximum negative,

The balancing tail load was
then computed for each of these points.

The balancing tail loads so ,

defined were ‘further adjusted by a velocity factor and increased 50 perceni
for desian.

The 50 percent factor over the computed load was termed the
factor of safetv for‘materiaf. The adoption of this design technique
also introduced the use of airplane speed and aerodynamic derivatives
(wing moment cnefficiénts)'as reqqirements.

_The flight Toads program reported in Reference 7 was the most
comprehensive undertaken up to that time (i930).
the request of the Air Corps to

of loads over the wing and tail

It was conducted at
determine the magnitude and distribution

surfaces of a PH-9 pursuit airplane
during maneuvers most likely to impose critical loads. The maneuvers

tncluded pall-ups, \olls, dives, and inverted flight. Pressure distri-

bUthﬂS and load time h]@torxes wero recorded. The distributed loads

measured over the tail Jurfapos were two-thirds of the design loads and

assuming:that the factor of safety of 2.0 applied, the report concluded

that the design load criteria should be increased. The same data in
In Reference 9, the

™

14

. ik i oy hom et .

The objective was to relate the air loads more ;
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My, Shanley oapeessedd aimi e thodahts in Reference 3da. He favored
uning a by factor pf safety to keep the permissible Timit loads rela-
tively Nigh, as compared to 4 factar o 200 Al*hough ¢ vegquirement
Felating Jimit loads to the abence of pvrManoﬂ* set had net vet been
written, Mr. Shantey -interpreted Timit Toad at that time &y sot ‘exceeding

vield strenath.

v

As aammariced by Me, Epstein in Reference Jo, the factor of saféty
value thaf e considered to apply was a variable which depended upon the
sample of fhvgn? data used and personal gudaement as to the base to use
in assessing the factor. I temiz of actual strenath, there was no way
of hnowing a true factor of satety in‘&iﬁw of the limited knowlcdgb

of Toads and stress analysis, ‘\\\\\

At this point 4n time, a factor ot satety bhiﬁupnphy had essentially
evolved but Bad not been formedized.  Airvplanes were fd}ﬁng at two-
thirds of ultimate load factor, permanent set was not dvsifiblg. Dermis-
sitle Timit Toads should be as high as possiple, and & 1.5 fart&r was
Alveddy 10 ase to establish design tail Joads. - Yot, there was no fbrma]ly
extablished relationship between desian Toad factor. maximum aerodynamic
maneuver capability, and operational maneuver Vimits,  These relation-

Ships would evolve with the development o the V-G diagram.

The concept of V-0 Jdidagram that detines the design boundaries of
an airplane s ogeneral hyattributed to Richard Rhode.  Prior to the
adoption of this concept, e tactor of satety had Dimited signiticance,
e draaram et Cpne o abuioues dnd o lementaey but it represents a
TOY e estone A to vatonar oriterta, the Nayy Burcau of
Aeronaut o was the st to specitty ths diaaram, shown an Frgure 7 as

Lregutrement an VAR

In the anterest of establishing standardized desnn voquirvement
with the Navv, the Are Gorps had indtiated a stdv of the Navy servies of
CETeria ape i Sreations (Reference 10Y G My 19350 The resatt of this
studv i feund i Reference 110 Mach of e diagran's doevelopment effort
vyvolved around !'n"\h‘!im[i.m ot the upper Tet? oand okt hand Cerners

ot the onvelepes Dhe Navy had et red vaanded cornerss s dAn evisting
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“facter of <afety of L0,

“in Reference 7
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authors assumed that the mavimun oferational Toads were the specified
ultimate desiun loads divided by a Loy factor of safety.  The measured

tai},lOJd\'Jctudlf\‘wvyo about twos thivds of the design values and

Chelved to substantiate the 1.5 assumption, althounh it was a weak

assumption in @ statistical sense. 1t was their belief that the require-

ments were based o sy anticipated Toad factor plus a margin of S0 per-
eent o allow for possible jmperfections of material, approvimations of

analysis and general lack of knowledae of foads."  In References 7 and 9,

then, we wae two conclusions based on the same data,  Fach conclusion

occurred by assuming a different factor of <afety.

Althoudh some disaursement and possible confusion seemed to exist,

Cit could have been warse, - Presumably, it the 2.0 factor had been con-

sidered the noem, the 100 PR-9 aieplane Shoutd not even have been

permitted to exceed ﬁu.* It the highe<t W6 Toad factor recorded by the
P-9 airplane had been condidered and campared to the 106G design load

Cfactor, an even Jower 133 factor of safety could have been assumed when
evaluating the fliqh!‘datd in Reference

Now consider anain the
Uit was ot the accepted nomm as assumed

o then the "new” conclusion in Reference 9, that a 1.4

- factor of satfety prvxqiléi during tlight operations, was not adequately
Csupported. The dssumeJ ncpd for . fattur of \afo!y of 2 an 1975 was
Cdust dsovalid o as Jﬁnuﬁwng the 1. factor evisted in flight operations in
1931, Neither value vould be Substantiated statisticalive Clearly, a

Cehande incthinking had occurred as a result eof operational practice and

available tlight tost data.
Mr. bastoin notes m Reterence v that his thinking fo)lowed thiz

pattern.  In the exrly 100G a tacror of 0.0 was considered necessary

Aas implied in Rererenes Dby Nates e the Tate 19005 actual opera-
Ctional flying of the newer atrplanes were coming closer to the ultimate
“toad factor than carlior models, Airplanes weve flying up to two-thivds

and more of the wltimate oad factor and nothing was harpening to the

structure: therefore, the ovolution of thinking toward a lower tactor of
safety was a natural one.
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Ajr Corps requirement called tor the mavimun Joad factor te occur at
maninem Vit coofficient and it was theretore recorsiended that the maxi-
sl accaTeration wnd casdeam TR Coelriciens Yone tore the upper 101t
hand corner. This point Wi adopted. For consitency, the lower left
corner was made the intersection of the negative masumam Vift coefficient
lige and the negative desian load factor.  The Ay Corps alsp reconrended
that the apper riaht hand corner be o right angle to provice a definitive

Tow anale of attack desian boint,

To counter the arqurent that airplanes pertormed satisfactorily in

service with reduced load factars for this low incidence lanale of attach)
corner, Mo ipstein noted that Strons anmalysis was inhocently conservative
and the Stracture wias actual Iy stronger than analysis indicated. . Further
evidence fu Justifsy g rigbt angled wper ridht hand corner was provided
by data i Reference 1) where 2 92100 (Dgure ) Airplanv was showa to
have mnitiated a pull up from g vértival ditv. starting at U5 miles per
hour. A adire speed of DhS aies per hage was reached and J maxinom
Toad factor of 805 was developed (at Tow andde of attacky at 238 miles
per hour, whicn v onty a shisht veduction from the maviran speed,
Mavirmue speeds were ohready defined tor dv\iwn‘vurpunv\ a6 oither
the terminal welocity oy g vér{iuJi dive, which was apoadicable tor pur-
sastoairnianes o oroan g |‘¢'~;n"h'!(u1 ~peed given in g tercentage of high
speed, These speed detinrtions were alse wae ' o torm the maximum
speed D10e ter ihe V-G didaran, The adper and fower viaht hand corners
were D1aally adopted an right angle ivterae Crors ot the masimgm speed
Prne wnd fue v e peeitive and nogative doceleration Vines. With the
adoptron ot tee VUG dragpe e, tee tad oo ”v‘\;“l”.“ Al 0t Reterence o
Povare obaolete b e gieplores wote 10en resfo red 1o e balanced for

. ,
ooty gt i naardn

The g .i(*-‘.\ni Toad tavtor bowndary o1 the Voo dragran had s
vasence dbedandy hoen t‘w(‘.ll‘il‘.?n‘d. Ihe '.’l't‘\‘l‘\h"ﬁt not e design to the
mantmge vecorded Foad tactors e ar anrlane nad aleeay been established
inReterence o whioh wbates that s U che altempt e made to design
present seryice it airplanes to fake caee o the highest accelerations

A rtar obeerved ) T s and i retadn g e tar of o atety ot 1A the

' B
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ultimate design Toad factor would have (b be raised to 15.75." This high
factor was felt to be unwarranted by virtue of the accompanying weight
increase and loss in performanéo. Therefore, the principle of nnt
designing to the maximum recorded load factors was recognized and the

maximum Toad factor boundary for the V-G diagram was established by the
Toad factors then in use.

‘Having agreed on the boundary of the V-G diagram, the question of
how to use thé diagram in conjunction with the factor cof safety as a
design and operational boundary remained to be resolvéd. The Arny and
Navy differed in opinion as to whether the V-G diagram should be an
ultimate or a limit diagram. The Navy V-G diagram represented an elastic
Timit requirement. Yet the Timit was diffichlt‘to define because the
Navy did not have a fixed factor of safety. Appendix IT of Navy Specifi-
cation $S-1 {Reference 10) states that the ratios of ultimate strength
ta elastic limit strength should be equa1't0'0r qreétor than 1.35 for
all conditions except the dive, in which case the fhctor is to be a
minimum of 1.5, Wina cells were to bb' designed to any point w%thin the
V-G diagram without exceeding the elastic limit of any structural
member and the horizontal tail had to sustain th° maximum balancing ]oad
multiplied by 1.5 without permanent set, and by 2.0 without failure.
The Navy also had ¢ f1ight V-G diagram and a requirement that the flight
Toads should not exceed the elastic Timit of the structure. Appendix 11
suqgested a factor of 1.05 or 1.10 as the flight G]dSt]L true (yield)
factor of mfuty

the Air Corps study in Reference 11 recommended the adobtion of a
single factor of safety as a prvforéh]b alternative to the variety
specified by the Navy. Since an Air Corps precedent for using a 1.5
factor of safety had already been pqtah1iqhod, it was recommended that
the 1.5 factor be adopted for the V-G didagram, Howvvvr, the Air Corps
also recomended that. the V-6 dlaQtam be an ultimate rather than a yield
diagram as the Navy had been using it. The Air Corps proposed flight

Timits were to be two-thirds of the ultimate factors shown by the
diagram,

Ju
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STRESS ANALYSIS CRITERIA

BASTC FLIGHT CRITERIA

’WiNGS AND WING BRACING

ALTGHTING GEAR

CONTROL SURFACES. INCLUDING FIXED SURFACES, AND AUX]LIARY DEVICES
_ CONTRUL NYS&EMS |

ENthE MOJINTS AND NAUELLES

FﬂSELAUE‘AND ﬁULL

FITTINGS

Figure 9. .Specification X-1803 Classifications
(Referencq 2c).

The Aeronautics Bulletin No. 7-A retained the previously described
factor of safety philosophy and the implied value of 2.0 until 1933, The
1934 revision involved a correlation of Yoading conditions with actual
Flight conditions and it was necessary to redefine the design or “ultimate"
Toad factor. 'An "expected” or "actual” load factor was defined in con-
Junction with the ultimate Toad factor and a factor of safety. The
ultimate load factor was divided by the factor of safety to obtain an

"applied” load factor which was nat allowed to cause any permanent struc-

Ctural deformation.  The actual strength requivement in the 1934 issue of

Bulletin 7-A state - that. "The minimun factor of safety for any aircraft
structure or componsnt therefore shall be 1.50 unless otherwise specified.
This requires that the ultimate strength of any member shall be at least

150 times as qreat as ity eritical applied Toad" (Reference 3b).

COver the years, some writers have attribeted the Qriqin of the
1.5 factor of safely to the characteristics of the newer 7024 atuminum
(2481 at that time). It had a ratio of ultimate to yield stress of
dpproximdtvly 1.5, Acteally, the precedent of a 1.% fartor of safety
{for desiqn tail Joads) had already been established when the Air Corps
Formadly adopted it tor overall structural design. Mr, Epstein has

stated i Reference 2 that aaterial properties were not an Air Corps
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Thié design philosophy wés incorporated into Revision 6 of the HIAD,
dated March 1934 and the 1.5 factor of safety became a formal Air Corps
requifement The use ot an ultimate V-G diagram was later changed by
“the Air Corps to a des1gn Toad factor dlagram in August 1936, when
Specification X-1803 was issued. The original recommendat1on of an
ultimate diagram was based on potential structural problems due to

- .. secondary wing bend]ng effects in b1p1ane° By 1936 the rapid trend

~toward unbraced nonoplanes replacing both b1p1anes and braced monoplanes
in Air Corps procurement caused the or1gjna1 concern to disappear.

The originaT concern that Jed to the ultimate V-G diagram recom-
~ mendation was related to the secondary nonlinear bending load effects
with 10ad factors found in the wing spars of biplanes and braced mono-
© planes. ~An explanation of this concern is given in Reference 1 and
relates to a DH-4 wing test as repbrted in McCook Field Serial Report
2391. ' The report concluded that wing spars should have sufficient
'Iatera1 bending strength to prevent a tendency to twist under some wing
Joading conditions. To prevent 1atefé1 spar failure, the strength
requirement for the infernal wihg drag truss was increased 33 percent.
‘The Navy engineérs d1sagreed with those of the Army regard:ng the need
for the additional factors and did not adopt them.

When Spec1f1cat1on X-1803 was issued, th1s and additional drag truss

“design requirements were g1ven as part of the Wings and Wing Bracing
classxf1catlon {Fiqure 9)1 To insure tors:onal r1g1d1ty, the desiyn
requirements for 1nterha] wing truss designs were increased as a function
of the wing type and rdnged from a factor of 1.33 to 3.0. These factors
“were used in addition to the 1.5 factor of safety. However. as previously
noted, the 1926 change%ffom an ultimate to a limit V-G diagram was
solely the result of new airplane design trends. The change did facili-
taté‘the use of one diagré for both design and operation, but the
des1rab1lity of a single dnaqram was already apparent when Reference 11
was prepared. Consequently, the 1934 Air Corps recommerdation to use an
ultimate V-G diagram was only reluctantly proposed bééause of the
botentiaT structural behding prob1ems‘in biplane winge,
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coincidental association with material properties) in that its adoption
“in conjunction with the use of the V-G diagram recognized "the‘princfple'
of an airplane being Timited operationally to a flight envelope'within
whfch it would not experiénco any significant pérmahent set."

He further notes in Reference 2c that, “the factor of safety of 1.5
has withstood many moves to alter it, but there was a period in 1939
when the Chief of the Structures Branch of the Engineering Division at
Wright Field thought seriously of reducing the value of the factor.
Newer aluminum alloys were becoming available with higher ratios of yield
to'ultimate’strenﬁth and he interpreted the factor as the ratio of
ultimate'to yield. However, no action was taken when the’fo]]owing
-explanation was offered: 'The factor of safety is not a ratio of ultimate
ta yield strength, but is tied in with the many uncertainties'in airplane
design, such as fatique, inaccuraciés in stress analysis, and variations
of material gages from nominal values. It might also be considered to
provide an additional margin of stréngth for an airplane subjected to
shellfire.'" ' :

Final?y. Mr. Epstein notes in Reference Ja that, "In subsequent
years‘there have been various assessments made as to the significance of
the 1.5 factor of safety but actually its origin (in USAF requirements)
was an opinibn‘of what was representative of service flight operations”
(relative to design load factors).

The 1.5 factor of safety remains today in an intermittent state of
assessment.  Its use in U.S. airplane desian practice has never been
fdrma11y designated as a4 fised design entity or as a single design
entity, althougb it is often viewed in that sense. OthervimDOVtant
structural desian factors affect safoty but they are normally viewed in
a less rigid fashion. Fach factor that has evolved is applied in a
specific way. The 1.5 factor applies to the basic exterﬁa] ground and
flight loads while other supplemental factors app?y.'fnr example, to
pressurizcd‘cabins. castinys, and fﬁttings. The sizo of the safety

factors selected usually depend on the design application, wanufacturing
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considerafion._ If they hadibobn. V75T, which was the a]uminum alloy
used at the time, wbu}d‘havévdﬁctdtnd a factor of safety of 1.7, since
it hadianyultimato value of 55:000 psi and a yield value of 32,000 psi.
The cofrespondinq‘vélue of 4130 spuvl which was widély used at the time
is 1.2, The 1.5 ratie for the newer aluminum, although not a direct
influence'on'tho decision to use a 1.5 value, did support the selection.

Théro were also opinioné,?as noted by Mr. Shanley in Reference 3a,
Which dttempteﬂ to velate airplane operation and pennanent set of the
~structure, or a lack of it, to the selection of the 1.5 factor of safety.
This is often Cited s the basic reason for the choice of 1.5 rather than
‘some other number. The approxﬁmate 1.5 ultimate to yield stress ratios
of conmbn]y‘used materials and the apparent lack of permanent deformation
“appeared to mean that airplanes had not been developing more than about
two-thirds of their design load factor in flight. Mr. Shanley points

out that he‘Qas not. convinced fhat the permanent set philosophy was a
"Souﬂd‘érqument. for at least two reasons: (1) Tt did not apply to
compressioh members that failed by buckling, and () tension members

were alhnst‘a]ways critical‘at‘joints, for which the effiéiency was
generally below 80 percent.” As previously cited, Mr.'Shanley's main
reason for favoring a 1.5 factor was to allow limit loads to remain
rélﬂtivoly high (as opposed to the assumed factof of safety of 2.0).
Since he also interpreted 1imit load as a requirement to preclude
perianent set during normel operations, he concluded that the only
siqniffcanco to be p]acedion the two-thirds ratio was that it imposed

no penalty on uxistinq airplanes whun\workinq'backward from existing

load factors, using a factor of safety of 1.5.

 From the point of vinw‘nfitho Air Torce, the history of the 1.5
fﬁctor'nf safety can best hvrSQMNdrizud by several of Mr. Epstein's
- observations. “ln Rofbronbv cay Mr. Fpstvih noted that the‘decision by
kthﬂ AirICnfpa to stipulaie a 1.5 factor for subsequent design in conjunc-
tion with the V-G diagram wa% supported hy, and not the result of, the
kfact that the 24ST aiuminum alToyimaforial then coming into use had a
.5 ratio between ultimate tvnﬁilb andg yield strength. He felt that the

adoption of the 1.5 factor of safety was much more significant (than any

03
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SECTION IT1
DEVELOPMENT OF OTHER FACTORS OF SAFETY

As seen in the previous section, the 1.5 factor of safety did not
evolve as the result of a concerted effort to derive a useful factor,
1t evolved together with other design reduirements as part of an overall
desire to rationalize structural design criteria. Other comonly used
factors of safpty 2150 evolved in a simitar but more direct fashion than
did the 1.5 factor of safety for airplanes.

The history of the 1.25 factor of safety for missiles as a require-
ment is relatively complete. The factor evolved as part of an overall
effort by the Avny, Navy. and Air Force‘tobdeveiop strength and rigidity
requirements for missiles. The derivation of the actual value of 1.25
which finally evelved is not as well defined, however, at least with
reqard to Wright Field records. The value seems to have evolved through
a philosophical trial and error process, Missile strength and riqidity
requirements, including the 1,05 factor of safety, were fonna]ly‘publishéd
by the Air Torce and the Navy in Specification MIL-M-8856 (ASG), which
was dated 07 June 1959, '

Missile design requirvements weve actively pursued by both the Air

Corps and the Navy but they were preceded by those of the pilotless
Cairplane. In 19460 the Adr Corps compiled requirements for such vehicles.

The document, “Stress Analysis Criteria for Winged Missiles," did, in
effect . apply to piletless airplanv% and was dvrfvédkfrom Specification
C-1R03-10 0 This specification vetained the airplane factor of safety
of T.ho The Navy wrote g “General specification for the Desiagn and
Construction of Pilotless Adrcraft,” in April, 1949, 'Ihis document was
reterred to the Aevonautical Standards Group (ASG) by the Ndvy in
December, 1949, A letter from the ASG to the Chief of Ordinance

(Pentagon), vecommended coordination of the specification with all

hranches of the services.
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standards, and the ‘intended operational use of the airplane which existed
at the time they were adopted. Since cirtnmstances change, a review of
the origin of each factor is always of interest and worthwhile. Perhaps
this rev1ew will: help place the s1qnif\cance and future applicability of

the 1. 5 factor of safety in proper perspective

The rpmm1n1nq sections w111 discuss the history of other well
known factors of safety and variatlonq to the factor of safety design
. concept from an Air Force perspective

YT
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coordimatier antil July, Dosoand al D activioies were terainated in
March, D9se. The remarning tri-service ¢oordinaifon activities were

daatgaed o the Ay Suredu of Qereidat tos, Mirector of Standardization.

Changes vontinued to be made to the "tinal” dratt id several
Harations evolved -ln.Un‘Jum{JndihwvaW'lﬂh‘\hurts.(hv factor
ot satety was rernstated il n a ditterent torm than had been used
previousty dohrce gas gnen to ‘Ih(‘ usor. He could select factors
of Lo yedld and LAl timate s o o vield and oo altimate factor,
W 1y chatce of detnr\ ud« tseried and why the 1338 waé'solvcth
is not clear from avrilable dir boree records The oS factor was a
stanuard Navy vicld design factor and ocoiginal recomended oy missile
applications by the Navy, as pro\10u<f3 stated.  The 133 value was 2 ‘
commen tactor used tor prvssurv versel destans, which was amador design
Jspvc( tor mam oaissiles, Ihvyapvdrvnt tntent wan to allow reasonable
destan frades bvtwvﬂn's}fufturdlbvowronvn(\ whivh hcré Jostaned pringi-

PATTY by pressare considerations and those that were not.

A reviston fo the Deceshor, 1 drart, dated Sopiember Tass,

vy

revised that factor of Safefy o 1LY for vield stresses and 1.0 for

ultimatc stresses. s ropresents an apparent vhange in Ry desian
phatosephy. The s witimate facter s rthfnvd for hamdling and

b R St Taancn desran vondi b tens. the Jecesbor, 19w drat? and the finad
‘ pudlished specitication retdined these factors which are still i use.
ATthough MUL-M-S8op was pubdishied 1 rinal form as an Are borce: Na
spevriicatien, e drey <Ol retains an intvaﬂt iu Tt is hept

INTOrRed el ey b ons Qre e,

The fiosd inreresimg aspect of e i e apec T tian s not the

torrat antrodection of e To0n ractor of satety to stractural design - ‘

but the troducDron of probabi histie dostan tednnigues.  the specitica-

tion requirements stipulated that "all cotnations of loads and loading
conditions naving Jn‘atvvvtablv probaprlity snall be constderesd.” 4 -
SPRCTE I requarerent was 1u'1udvd Tor the desisdn it anererental Just
FOSPONSE o rvl)nh1111\ hdsvx. A probebrlaty Qr LAaveedanye has
stipalated tor the destgn ot a1r- to-a1r, surtace -0 sartdee and sartace -

to-aite missiles, Stractaral Toad respoases towus iy were te e derived

vy
[
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n IQH.; a tri-service huxdvd M\x\xlv ‘ash Group was formed by the
ntf1ne of %tandavdlzat1on Defense Supply Manacement Agency. The task
SGroup was (nmpn\od of ftvv \uh(nmnrttvns. one of wh1(h was to prepare
Cstructural criteria and‘data vquIremcnts. This subcommittee first met
in Januarv.‘1ﬂﬁi ' The Navy Wroto’tho first draft of a quided missiie
strenqth and riqidity \DOL1f1kdt10H for tho Criteria Subconmittee in
Fohruaty; 1053., This dvaft \thlfi(d'lnn nequtrod a 1.15 factor on
‘yihld strength, a 1.k ult\mate factwr for Joading conditions hazardous

to personnet or to the launth a1vp1ano. and a 1.0 ultimate factor for
all othvr lnadrnq conditions.

Tho Axr Eoucv, pr\or to thlk t\mo had been usina a variety of
u1t1mdtn safety factors including 1.0, 1,15, }Lo. 1.30 for its winged
and bailistic missiles, | (ceasionally, more than one factor was used on
the same missile as occurred on the Matador. The ultimate factor changed
from 1{15 to 1.4 between early desians and the "R" model. At the time
the athekNavy draft specification was written (1953) the Air Force had
already informatly established the 1.f5 u]tiMatv factor of safety as a
standard vatue for missi1v<. This difference in Air Force and Navy factor
of safety philosophy became very evident by the thivd mecting of the
Critoria Subcomittee and the factor of §afbty became the most contro-

'vvrsidl issue to be resolved.

- dhe mdttvr was said tn be "resolved.” as noted in the next draft
xpo\1r1xat1nn. by deleting the use of any specitic factor of safety and
allnwlnq each user of thc spvclflcatvon to insert their own value, Tiis
approach to the factor of sdfoty disaqreement appeared in what was tormed
the “final draft® of the specitication in dune, 1954, However, the

cactual finadization of the specification took considerabiy longer.

The Army hnd \n|t|a11» participated with the Air Force and Navy
Cduring the tvrst fow nwvtlnus of the ‘omumttoo but did not attend after
O(tuhot‘ 1953, The Annv Uvdlnan‘v Corps felt that the state-of-the-art
‘d'd not wareant the issuance of A specitication at that time. They did,
meovm . sutmnt \nulm‘nt\ on l.m'\‘ drafts when they were civculated for

aonvd1ndt1nn‘ Ihe \nnthtvv s final dratt did not circulate for forma)
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stress. Because of the uncertainfy related to the desian of large,
integral pressure vessels in combination with flight loads and tempera-
tures, a 1.1 factor on yield was selected in combination with a 1.4
factor on ultimate. The study contlusions emphasized that High safety
factors and high reliability are not necessarily equivalent, nor do

they negate the problems of inadeduate desion practice or analysis,
ineffective quality control, or prevent brittle material failures. The
yield and ultimate factors were’to apply to all combined aerodynamic,
inertia, pressure, and thrust loads for both the solid and liquid pro-
pellient boosters then being considered. The Viquid bboster propelient
tanks, however, when subject only to pressure loads, were to be designed
to a 1.25 ultimate factor because the internal pressures were considered

more predictable than those in a solid propellent booster.

The 1.4 ultimate factor of safety, as initially developed, was
intended for a specific vehicle doﬁiqn. the X-70 booster, It was not
intended for broader Application ar to be used without the 1.1 factor on
Cyield stress.  Tts use established a precedent, however, and it has
since been quoted in many publications. Presumedly, the two factors are
Still considered applicable to curvent designs, since they have appeared

in both Aiv Force and NASA desian requivements for manned space vehicics,

Currently, both missile and space vehicle structural design phi-

Tosophies are factor of safety oriented.  However, the overall desian

requirements for these vehicles are more closely related to a reliability
based criteria than are current airp1dnv'&vs1qnx, In the neat section,
other bawic concepts which relate to both atrplanes and missiles will be
reviewed,  These convepts will anclude modifications td the conventional

factors of <atety and certain reliability based criteria interactions,

o
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“from the method found in NACA TN 4330 (Reference 13) and a definition of

the atmosphure in power spectral density Form was taken from NACA
Report ]57‘k(ROfOIen(u 14) The pvohah1]1xt1u gust requirements replaced
the 0rlq1ndl discrete qust vequ1tenwnt\ found 1n early drafts of

The earlier dqs\rete gust requirements were patterned after
airplane'requirenwnts and were viqofuus]y objected to by the aircraft

Th ‘alqo emphasized the need for a common atmospheric
dewul1pt1on for the de~1un of the <tru\ture and the control system,
onbab111xt1xnllv def\ned wxnd and quxt do\<V\pt1ons were iacluded in the
*1n11 spe\1f1(atxon

In all, an extended pvr1od of time was required to develop, co-
ord.nato and issue the original MIL-M-8S856 (ASG) missile specification,
but many of tho'requirvnvnté wore new and never before tformally

&nnrdlnntvd batween the orv1(e~

A related side light i§ the development of the 1.4 factor of safety

~which is used for manned space vehicles.  This factor ariginated within

the Aircraf( (qhoratorv. Nrigh( Afr Dovelopment Center (WADCY,  The

Sfactor was defined by the same office rosponsible for all other Air

Force atrplane and missile ¢riteria (Retference YhY. The 1.3 factor grew

out of a laboratory study to evaluate the applicability of the 1.b

factor of safety for large separable boosters for manned space.vehicles,

“The i Soar (=000, mannbd mancuverdhle reentry svatem, was under

development at the time and the booster sy stems were an integral part of

“the development.  The manned alide veentry vehicTe was being desianed

by the 1.6 factor of safety, but the factors applicability to the booster

was duestioned. The Taboratory stud considored the usual desion,

gmnnxlvu.tlnn, and nanutattnnvnq \lWltJ!!OH\ and interactions, but the

pateral properties provided the maior wvvu"tvnq factor.  dhe wltimate

to yivld'&frvs\ ratios for the two candidate nag Soar booster materials
wore nearly identical.  lo mavimice structural safety and efficioncy,
the material Characteristios Were ves tevied J”h‘\d(vtﬁ favtors were

to the design yvield
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their influence on current design practice. These variations {0 current
factor of safety design concepts tend to blend with reliability-based
concepts. One effectively leads te the other because some of the
variations are an attempt to ratfona]ize criteria and are intended to be
3 step toward a reliability-based criteria.

The 6perationa1 environment has become increasingly hostile and more
and moré demands are made of the airframe. To improve airplane performance
and accufate]y appraise structural design réquirements, established
criteria must be «ontinuously updated and supported by adequate technology.
The technical support must include analytical techriques for determining
aerodynamic derivatives, vehicle dynamigé. heat transfer, stress-
temperature distiibutions, material properties after prior random
exposures, a suitable means of qualifying a structure tc actual or
reasonably representative envirdnments. and a satisfactory means of
flight test demon<tration. Regardless of the design concert, the
parametefs that atfect the structure and its recponse must be further
explored. A realistic appraisal of our current ability to guarantee
the design of a reliable structure and tc definé the steps required to
obtain a- reasonable assurance of structural relisbility is also required

{Reference i6),

Statistics have formed a basic part of airplane criteria from the .
time that sufficient data were available to judge the reasonableness of
values used for maneuver load factor and design gust {Reverence 16).

Material properties, sink sneeds, and other parameters used for esti-

mating futigue 1ife are also derived statisticdlly. However, all current

requirenients for static strength call feor a specific factor of safety 190
be apnlied tu maximum expected loady even thosah come of the design

parameters and resalting loads were statistically derived.

For about two decades, which span the 1950's and 1960's, two
additional design‘conuopts.'"qafp»lffo“ and ' fail-safe," have been used
in combination with the factor of safety to design military airplanes
for the fatigue or repeated load environment. Chief emphasis hés been

placed on the favtor of safety and safe-life approaches. The fail-safe

et ———+ o ok e i . »wapniiinde b il
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SECTION v

FACTOR oF SAFETY DESIGN CONCEPTS

The desire to rationalize design criteria has never ceased. Structural

design requirements (mi]itary specifications, for example) are in a
constant process of review and revision.

Because of its encompassing
influence on structural des1qn

‘the factor of safety has received

cons1derab1e attention in renent years. This attention, though, relates

prxmar11y to the factor ot safety as @ design concept. The specific
-va]ue of the factor of safetv is usually a secondary consideration. The
actud] value does not readily equate to a specific level of safety and it

is difficult to judge the difference in safety as related by a change in

faLtor from 1.5 to 1.4, for axamp]e Similarly, the factor of safety

concept “does not readily equate to an identifiable design objective that
provides or defines structural inteqrity.

3

Integrity is achieved through
many interacting design facets, some of which are obvious and scme
abstract. ‘ |

The concept primari]y provides a safe ope}ating margin between

- an operational and design level of strength. Just how "safe” this margin

makes the airpléne is always open o question because of numerous

P 2 Puss s 7w Y

unknowns and parameter variations which affect structural lvads, design,
analysis, materials, operation, and the natural enviranment. Because of

these unknowns and variations, the actual degree of structural opti-

mization achieved is also questionabls, The apparvent high degree of

structural .integrity achieved by the factor of safety concept is often

ki the result of indirect, intditive cong iderations, and reactions to

s . ‘

ke Y preVIOuQ‘problemc Design and opovat1ona1 PAPPTIPHLP has essentially
L -y

Ey . ‘ : pruv1ded the basis fur the accuptabxlnty of current tequ1rements and
E N . ] ‘

the safety provided bty the defO! of safety munuept. To overcome this

apparent lack 0f~prec4siuv. definition and objectivity, and improved
design floxibi ility, the use of probabilistic t(LhW}quD% and re}1ab111ty—
based desigrn criteria are often proposed.

“Having reviewed the nistory of several well known factors of safety
for wirplane and wissile desigr “in Section 11 and 111

a number ot A Forde studies of varidtions to these factors and note

LWE CAn now review

[
—
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concept is added to a design when high reliability is required (as in
transport airplanes) or when performance penalties are not incurred (as
in fighter airplanes). The safe-11fe cohcept attempts to identify,
througn analysis and tsst, the fatigue <ritical areas of the airframe
and offset problems which might occur within the specified lifetime of
the airplane. This presants a conflict between the nonpfobabilistic
factor of cafety concept and the probabilistic doncept,of'safe service
Tife. Faced with an increasingTy complex operating environment and a
demand for more reliable (economical) airframes, the designef has
attempted to make the most of each concept. The factor of safety, a
static strength parameter, will not provide for time Varying effects,
and the safe-life concept suffers from a lack of appropriate operationa!
and structural component test data. Therefore, the task of designing a
reliable structure has been to incorperate analysis methods which
combine the useful functidns'of each concept (Reference 17).
More recently the term of "safe-Tife" has become obsnlete and the
terimns “damage tolerance" and "durability" hava been introduced The
design intent to provide‘structdres that are safe and ecohomical to
maintain has not changed but the approach is different. The current

~Air Force design philosophy emphasizes both t.e demage resistance r

tolerance to manufacturing or service induced flaws for some specified
period of service usage and the economicai ma' nienance of the airframe.

The term damage tolerance s not new, but the emphasis on assumed »
initial or service induced flaws in the airframe is relatively new. The

~damage tolerance concept is intende to minim ze catastrophic structural
failures due to the_propagatfon of undetected flaws in critica] Tesutions.

To contain the damage, faiT—safe and slow crack growth'design concepts

are used. The'fai’-safe concept contains 10ca1_damage by use of multiple

Toad paths and tear stoppers. The s?ow'crack growth concept protects

safety by not permitting flaws to grow through unstable rapid propajation.

This is done through inspections, or Jife Timiting in the case uf

. noninspe: table stiructure,

— waaiacl AN At s st b i S o i i
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 ‘f The db*ahi]ity requirements emphasize Iow‘méintenance costs during
the life of the airframe. The durability conéept is intended to minimize
airframe maintenance due to cracks and re]ated structural degradat1on.
The safe-life concept used a factor of 4. 0 in predicting fat1gup life
~and was & combined determ1n1st1c/probab1]1st1c concept. In essence, the
damage tolerance concept (whlch does not use a d1rectty applied factor)
can be cons1dered as determ1nlst1c as the safe-1ife concept because the
st1pu1ated 1n1t1a1 flaws are in fact, factors of safety on time.

" The most. argued’“advantage” for reducing the factor of safety is
the reduction in airplane weight and the accompany1ng increas2 in
pérformance. An impressive discussion in favor of raducing the factor of
sdfety to save weight is pfovided‘in Reference 18, which was written in
1954. The discussion considars permanent set, allowance :or defects in
mater1al and workmar5h1p, Stlffﬂ°‘7‘ and meneuver load exceedances.
Proper account1ng of these points during design is shown to support.a
decrease in airplane we1ght The arguments seal factual and are still
‘?furrenc Some facets can be updated to tcdajs desigr phrilosophies and
‘technology to further suppori the rontenf|ons glven The advantages to
reducing the factor of safetv are shown by decreases in gross weight as
a function of factor s1ze and proport1ondte increases 1n performance for
representative m111tary a1rplanes. 0f spec1al interest is the note that
airplanes fréquent]y excead design 1imit load factors and that such
factors mdy require éh increase, rather than continuing to count on the
1.5 factor of safety to cover such nccurrences. The projected control
of limit load factor exceedances by the ce of entirely automatic flight
controi systems has not materializec tor piloted airplanes but is quite
cmwnon vov missiles and 9pa(e craft, o ‘ k

Reference 18 also points out the erroneous idea that the 1.5 factor
of safety always provides an actual operational level of strength
50 percent above Timit Toad factOr. Structural deéign procedures assume
a linear load increase bétween'!imit and ultimate load when the 1.5
factor of safety is used. Dué to aeradynamic nonlinearities, soue
parts of the airplone redach loading conditions greater or less than
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.5 times the Vimet Toad when the airplane achieves altimite load tactor,
Dperatiomal conditionsand related doesiun requirements ataor impose
difterent Ntrenath vequirements e specitic components at different

Limes. L borcany one design condition there will be ab imbalamee ot

uhwwqﬂldiuhﬁhuthnnthnﬁmhou!rhv.nrfnmm. s can be minmi zed
but vost, schedules, and the Tack of apprepriate acrodvnamic load dald
eavlv o in desian often hinder the deveiopment of 4 more o1 ficient, or
balanced, aivtrame.  Then, adin, there are many unknown reaarding the
influence that a weiaht veduct ien pragram may have on the airtrame in
Liter yvdrs‘ or it fie weiuht savings will sianiffcantly fmprove per
tnrmdnvv‘ahd redu e obnrJtiunai NOREN '
The signiticance of roducing airfknmv’wviuht‘!rartiunu below curvent
averdqes in terms of pvr{ﬁrmunrv. Prtetime operational cosfs, and
structural maintenan e i dfti!rult‘tu ovataete, Svaten dependency, the
initial Tevel of wfructural desian conaery itism, the in\eruinq severity
of npvralinnal‘hnvfrnnmrn(u. dndvdamjuv thvrnnrv desian requivement s
turther complicate the evaluation,  {actual dosian interactions can be
established bost whein dosian Texibility is highest, earlv in design
Yeto tactund dewian amd operational usage Jdata are norma v not well
derined candy inddesian, - Weight redoct ion prograns, often conducted
ATer the fact, soncontrite Too Heavi o reducing onty airtrane
we iht aed winimadl v cvaluate the mamy other Jese prhminvn! hut imporiant
norformanee and devian interac tione. Althouah cont sy i e often
correlated with aivtvame wniuht.‘thn>prnhahkli2y of J?tually realining
tin theoret fval savings ahnwn,ior projecting the impact of the savings
on stedctural maintendnee ahJ rv?iahilit\. Jrv e Tdonm evatuated,  Many
of todays Jvrndyddmlrullv etficient airplanes are volume limited, rather
[han weiaht iimi(vd. vhen Toaded. Hence, the aivtrame weiaht waved does
nat necessarily pnw,vvliﬁ }\ pOrtori e o operat fonal \id\\|”(x‘ﬂ(‘ and :1Nl‘d
pos by be pat to better uae Ly dweproving the duvability ot the
it rame, anﬁriundlvlv. very Clitrie tactual data i nailable to

acenrately weigh the validito o8 fhese pointe.,
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Any change in structura] weight is further reflected as an even
1arger change in gvoss weight. This re1at10nsh|p is described by a
weight growth factor which is the ratio of the delta chdnge in gross
weight for each one “sound change 1n‘structura1 weyght. A certain range
or value of weight grthh factor can be used to dércribe an airplane
category (transport,'fjghter, or bomber) but a sper1f1c factor must be
calculated for each airp1ane to be accurate. Although airframe weight
. | o trends have not varied 51qn1f1cant1y in recent years., we1ght growth
‘ factors have been decreas1ng and the overa1l >ens1t1V1ty of airplane
pexformance and operating costs versus ‘structural weight have also been
“decreasing. The reasons for the chanqe in senswt1v1ty are re]ated to
technological improvements, These 1mprovements include the use of more
- efficient materials and construction techniques, greater aerodynamic and
- propulsion efficiencies, and Higher internal packaging densities,
V‘Conversgly,‘the structural weighi tréhds‘(as‘déstribed in Reference 19)
show an insensitivity to higher strength to weight materials and related
structural improvements. Apparently, increases in structuval efficiency

are offset by the 1mpos1t1on of nmore severe de51qn and operat\onal
raquirements. ' ;

"'The influewré of curfen* structural design concents and packaging
density can be illustrated by reviewing the wing content and structure
of a current flghter a1rplone The installed wing structure weighs
about 1800 pounds. The prlmary wing bending strength is derived from

“ the upper and lower wing box skins which weight about 735 pounds. A
‘\factok of safety change would have thé largest impact on the wing skins
~ which comprise about 40 percent of the total installed wing structural

- weight. A large percentage of the total wing we1ght is composed of ths
; flans, actuators, and seals. These and other m1sce11aneous components

would not be greatly affected by a chdnge in the structural factor of
‘ qafety

Recent examples ov the factor of safety's influence on airframe
we1qht have resulted from an unofficial Air Force design phwnosophy for
. experimental or prototype vehicles., The unoff1c1al philosophy modifies
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the normal airplane development cycie whfch includes a series of ground
and flight tests to validate airframe ihtﬁgrity. Initial flight tests
“are wormally vestricted to 80 percent of certain design maneuver load
Yevels, until ground static tests are completed tw ultimate Joad levels.
Flight test airplanes are normally instrumented and critical 1oéd points
are closely nonitoved, Flight and ground test loads are then correlated
and ground tests are repeated, if nvcossafy‘ to further validate the
<structure for the actual flfght']oads before the airplane is rc1eased to
fly at 100 percent of design limit load. Such Lestfng’%s complicated,
expensive, and time consuming. Although jusfifiable for.an airplane
system, when structurdl efficiency must be dptimized. experimenfal and
prototype vehicles cannot be as rigorously tested because of cost and
time constraints. To insure uQua!'fiight safety at 100 pefpent of design
limit load, without the extensive testing and associated delays, the

following procedure has been established:

a, The éxpvrimvntal/prntutypv dirframe nfimodificarions to existing
Cadrframes ave designed using a 1875 factor of satety on lodds, which is
Cequivalent toa theoretical margin of safety of 10,75, The initial ‘
B0 percent flight restriction normally imposed on an airplane system is

Calsoequivalent to a H0.0H nargin of satety.

b,  The experinental/prototype airteame is stross instrumonfnd at
critical do;iﬁn paints and proot tested on the qrdundktn 1o percent
of design Vimit Toad, to inswre design/manutacturing intvqrity. The
installed inqtfumnntdtinn is turtbey wonitored in flight and compared to

the proot Jead vesults as a further safely chock,

I this desian procedure s used, the aivplane is alluwéd to fly at
100 pervent of dosign Timit Joad capabilivy withbut an u]tfﬁJtv Toad
qrnuﬁd test and without reducing uvordil'qaroty. Artually‘ tho 1.87%
factor dnd‘llU‘pprrvnt.prunf Taad test provides o Idrubr ultimdtv/]imit
ratio (l./)'than7thv‘runvvntiuual ratio (1.b). Theretors, testing to
110 percent of Timit Joad is e Likely to cause detrimental yielding

of the airtrame thas conventional testing to o percent of Vimit load.
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‘For'the experimental/prototype vehicle, the philosophy imposes no real
{‘penalty because of its one-of-a-kind nature and flexible mission status.

- Two examples of this pHi]osophy will be discussed in the following

- paragraphs.

The first examp1e is a prototype Mach 2 fighter airplane design which
emphasized exceptional meneuverability and typical mission objectives.

. This prototype désign was to be built and used as a technology

~advancement demon$trator; the design was completed but manufacturing

© plans were CanCe11edJ The technology objectives have been rechanneled

i t0 an éxisting aikplané which will be modified instead.' During the
_design of the propose denonstrator, a dual airframe compérison was made
“using the 1.5 and 1.875 factors. The comparison evolved as follows:

a. The design réquirement specified the use of a 1.875 factor for
- flight loads. COmputerized design techniques and a highly detailed
ifinite:element structura: model were used. The available design/analysis

‘if1exibi1ity allowed the Weight of the aiplane and airframe to be

1established separately fo bqth the 1.5 and 1.875 factors.

b. Two weignut comparisons were then established: (1) The airplane

“gross‘takeoff weight using the 1.5 factor was 26,465 pounds. Using the

1.875 factor it weighed 27,056 paands,”or'un increase of 2.2 percent.
(2) The structural weight using the 1.5 factor was 5,095 pounds. For the
“1.875 factor, it was 5,433 pounds, or an increase of 6.2 percent. These

weights reflect a design service life of 12,000 hours {a service life of
3,000 hours and a scatter factor of 4.0).

The W9ight growth factor was calculated to be 1.75 (pounds gross
weight increase for each pound of ¢tructural weight), which is a
‘reasonable value for a fighter airplane.

‘ The setohd\ekamplc‘is the YF-16 prototype airplana. the 1.375
factor was ap;]ied to‘the flight ¢ .ds and increased the structural

- weight by 6.6 percent when compared to the 1.5 factor. The weight
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increase has not been detrimental to its overall performance and would
be further minimized if the 1,000 hour design service life of the
prototype airplane were increased. The weight increment caused by the
larger factor to safety would be'ﬁart]y absorbed by the weight increase
required to meet the servicé life requirements. '

Using the same design analegy, a comparison of the weight increase
required for different service lives can be seen in another design study
of a fighter technology demonstrator of the same weight class. For a
1.875 factor of safety and a scatter factor of 4.0, the airframe delta
weight increased about 25 pounds per 1,000 hours of service life.

- Because of the 1.875 factor, no additional weight was required to achieve
the first 1,500 hours. Damage tolerance requiréments were not applied
during this study but they would have further influenced the airframe
weight,iincréasing it to some/degree. Similarly, the 1.875 factor would
have lessened the weight sensitivity of the airframe to these requirements..

If, instead of increasing the margin of safety by 25 percent, it
were decreased by the same amount, a simiTar airframe delta weight could
‘be expected for the tecinology demonstrator.. As noted in Figure 10,
which is based on the first example, the factor of safety equivalent to
the 25 percent margin of safety reduction is 1.125. The use of this
"small" factor, when compared to the 1.50 nominal factor, would probably
not be considered by a deéigner.even if a large reduction in airframe
weight were desired. The airframe weight reduction shown (6.2 percent)
may be optimistic because the normal damage tolerance/fatigue life
reduirements are not incorporated. A 1.25 factor of safety is perhaps
a more reasonable value to choose and is shown for c0mbari$on. It would
provide dn approximate 4 percent weight saving and a 16.7 percen:
reduction in margin of safety. These percentage weight changes and
margins of safety are reasorable and reflect current jet fighter design
technology trends. Similar data can be found for other'airpiane types
in References 1& and 20. ‘
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Reference 18 reflects téchno?ogy of the 1950's but the trends are
still applicable. Data are given for fighter, bomber, and transport

“airplanes and factors of safety between 1.0 and 1.5. The average

structural weight saving shown for the three airplane types using a
factor of safety of 1.4 would be 2.5 (+0.25) pértent as ‘compared to a
1.5 factor. If a 1,25 factor of safety were compared to a 1.5 factor,
the average structural weight saving would be 5.0 (+0.75) percent.
Although these struétura} weight trends are still current, the rahge and

- gross weight trends in Reference 18 do not represent today's airplanes

as well. The range increases shown for the lower structural weights

assumed a weight growth‘féctor of seven for all three airplane types and

additional fuel was substituted for the gross take-off weight saved.

15 percent range increase and jet bombers a 5 percent range increase or
an average of 10 percent for both airplanes. Theée range increases are
based on a gross take-off‘weight and fuel adjustment that averages

156 (+3'5) percent when a 1.25 factor of safety is used. These gross
weight and fuel adjustments would average 6 (+1 25) percent when a

1.40 factor of safety is used.

The weight growth factor of seven and the substitution of fuel for
gross weight saved will give optimistic grdss weight decreases and range
increases today since weight growth factors are less. Factors in past
years for airplanes have ranged from about five to ten. The weight
growth factor for a fighter today would be about two instead of seven
and for long range airp]anés 1ike bombers and‘transpofts a value of five
would be approbriate. To jllustrate, the trend in Reference 18 for a
fighter and a weight growth factor of 7 gives a gross weight savings of
17 percent for a factor of safety'of 1.25. The fighter technology
demonstrator study gives a gross weight savings of 2.4 percent for a

" factor of safety of 1.25 and a growth factor-of 1.75. For the same

factors, Reference 18 gives a.gross weight saVings of 13 percent for a
bomber as compared‘to 6 peﬁcent in‘ReferenceVZO; which used a growth
factor of 5.50." These are only trends, however, and they are debatable,
since weight estimating and the establishment of weight growth factors

4

Using these assumptions, jat fighters are shown, for example, to yield a
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" is a sensit;ve art. To establish accurate va]ues. the factors must be
~ based on'a detaiied evaluation of a spec1f1c avrplane and its basic
) missions.

4

Reference 20 bresents‘a simp]ified but constructive parametric study
of the factor of safety. Three differentbvehiclé types were selected
and designed using a raﬁge of'ultimate factors of safety. For comparison,
three other structural design concepts were included: the modified factor
6f safety cbncept defined in Reference 21, Part I; a yield factor‘of
safety concept; and a reliability based concept.

The conventional facter of safety'was applied to the limit design
Joads of each vehicié in increments between 1.0 and 2.0. The modified
factof'of‘séfety concept applied a‘fa;tor*of 1.05 to speed, 1.15 to
maneuvbrability and 1.10 to design loads. A yield philoéophy applied
factors of 1.0 and 1.10 to design ]fmit loads.

The demcnstration incluaed Lru1se, ballistic, and glide reentry type
vehwnlea Althouqh hypathetical mission profiles and performance figures
were used they were pattevned after real vehicles and designed to
reallst1c structural requirements. The structural concepts used were
‘mongcoque, semlmononoque, truss, preésure stabiljzed, and sandwich
“honeycomb. Two strictural concepts were applied to each vehicle, as
appropriate to the vehicle type, and radiating and ablative thermal
wrotection systems were applied sebardtely to the reentry vehicle.

The cbnventiona] factor of safety phi]dsophy normally considers

| only one factor to establish ultimate design loads, without regarding
the variables contributing to the Timit loads. The yield design
philosophy uses a sing1e:factor of safety to prevent the‘design Timit
~stresses from exueeding the material yie1d stress; an ultimate load

| factor is nbt used. The modified factor of safety philusophy also
“applies a factor 10 the design limit loads bit these leads are first
e'tabllshed by factoring two pet.ormanue parameters. as previously
“noted
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A reliability based design philosophy normally considers the
statistical distribution and the probability of the combined occurrence
of a finite number of structural design factors in order to establish

design loads. In Reference 20, the various factor of safety design
philosophies were also compared to a structural reliability value. The
reliability value was established by consxdernng the statistical dis-
tributions and the simultaneous occurrence of two stat1st1ca11y variant
des1gn factors.’

The parametric study considered both rigid and flexible structure
and aerodynamic heating effects when applicable. - Weight, weight dis-
tribution, and stiffness characteristics were determined for each major
component. These parameter variations were correlated to each vehicle's
performance and structural reliability. ‘

The scope of the investigation can be considered limited in that
the structural concepts used were simplified, the aﬁainis methods were
not elaborate, and only one critical design point was sefected for each
vehicle. Howaver, structural weights were optimized, the effects of
plasticity were accounted for, and interaction equations were used to
account for Jocal and gereral instabilities caused by combined loading.

The vehicle design is similar to a B-52 bomber in performance, size, -
weight, and'structural'flexibi]ity. Gust and maneuver were the critical
design conditions. These two parameters formed the loading interaction
curves used to establish an equivalent reliability based design, as
shown in Figure 11.. By using available gust and maneuver statistics.,
the rost probable combination of the two design parameters that could
cause structurai failure at each strength level were located on the

. interaction envelopes, as shbwn'in Figure 12. Although not an optimum
design, considering the complexity of other reliability based concepts,
the most probable failure point is used to illustrate that a lighter
structure can be achieved by a reliability based concept as compared to

~a factor of safety concept, even though both provide the same
* (theoretical) reliability.
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The wéight reduction fpr‘the equally reliable design is achieved by
bringing the stréngth of the individual comporents closer togethe..
This is similar to using différent factors of safety to contour the
shape of\the‘interaction curves of overstrennth compnents to fit the
shape of the‘composite failure boundary of the vehicle. This takes
advantage of the fact emphasized in Reference 12 that all components do

not reach 150 percent of limit lToad simultaneously. Part of the study
resul ts fby the cruise vehicle are shown in Figure 13.

The rénge increases shown in Figure 13 are the result of decreases
in the inert (empty) weight‘of the vehicle, The ratio of inert weight
change to structural weight change is about 2.0 and the growth factor

between structural weight change and gross take-off weight change is

about 5.5. The decrease in inert weight due to the structural weight

change, for example, when uéing a 1.25 factor of safety is about 1]
percent, which increases the range 1.6 percent. The dramatic perfor-
mance increases often seen in such cowparisens is not seen here because
of the more realistic value of the weight growth factor. The substi-
tution of fuel for either the inert or gross weight saved, although a
fuel substitution for inert weight saved is shown, is not considered a
realistic design trade. The performance of a specific airplane design
“is normally dptimized using available fuel volume; any additional
,,3tructha} weight saved as a rasult of a concerted weight reduction
pregram would normally enhance fhe performance based on the original
| fuel volume, independently of wdditional vuel,

Fatique 1ife and flutter were not design considerations n
Reference M0 and their interactions are anknown.  Similarly, the proba-
bitities shown in Figure 13 are based only on the interaction of qust
aid maneuver Joads and do not “cansider other facets such as material

‘prupsf!fpn and workmanship that would altso affect the structural
veliahility. - ‘

he' gross trends ostablished in Reterence 20 shoold not be signif-

cantly attedted by the Timited scope of the study and the use of
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‘sfuplffivd structufn‘ models, Asa qeneval trend, the reliability
 based desiyn concopt provided @ Tower strectural weight and hetter
‘ﬁovfnrmahrv than did the factor of <ifety concept having an equal
ro]iwhility. The Modifivd factor of sately caonceopt gave resalts closer
to the reliability hdsbd‘concvpt using two parameters than did the

single factor of safety used to obtain fhe ultimate design loads,

Theoretically, a higkor confidence can bn‘pldcvd in g structure
“dvsignvd by @ reliabilicy concept then by a tactor of safety concept
bocause the ¢ tual rollahilfty ol the factar of safety design is never

known.  The reliahility based concept, by contrast, considors the
statisiical nature of the design pa?amutdr& and thus dequiires a khown
ré]iahility‘nnd the associated confidence Tovel of the statistical data
used.  Ina practiced sense, hu&nvur. this iy ﬁut truae because the
design parnmbtoru are not el dofined and the actial reliability of the
structure cannot be authonticated.

The modified factor nf“wfv!_y concepi, ds incorporated in the
comparative factor of satfety stﬁdy‘in Reforence 0, is documented in
vaofvnro P, Pavt 1. The concept was developed as an intorim desian
mothad to be used unti? Targer number of parameters could be defined
and a formal reliability based concept established.  In Reference 21,
forty-one design parametors ave described as significant to a reliability
based structural design comcept. Fifteen ave related to the design
eanrohmvnt and operating conditions, - The related analysis parameters
are: Jbrndvnamir 10rt6s.‘prnpuluiuh‘xyutcm torces and pressures,
material propertics and prnpnrty'variatinnu‘ therimal utvosﬁnu; creep of
materials, weight and weiqht distribut ion, vomponent misalignments ,
construction, propulsion ¢yst§m thrast mlsaiiqhmvntw. avrnvlhativity
and avrnthormnvlnutf\ity. hhffv(inq. flutter, <hock and vibwatjon,
wnrkmanshfp.‘fatiquv; noise, fuel sloshing and surging. structural

temperature, ablation, corrosion, axidation, and erosion.

As a concepty the moditied factor of satety can be applied to any
“vehicle desian but it was originally developed tor missile devign

applivation.  The use of three parameters seomed Teasible within the

an

T T
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current state-of-the-att and the concept is onsidered tc be more
rational than the ultimata factor of safaty concept because 1t rec-
ognizes parameters other than load as significantly affecting strdctural
integrity and retiability. Although the structural reliability of a
missile design using the 1.25 factor of safety could not be given a
numerical value, the reliability seamed high, and the three factois
selected (1.05 on speed, 1.10 on lsads or "quality," and 1.15 on
maneuverability) were chcsen to give 4 combined strenqth effect 91m11ef
to that provided by the 1.25 factor. The 1.05 factor on ~need is
>1gn1f1cant because, for some miss1le\. small 1"LP€&€€§ i speed resu]t
ia rapid degradation in structua?l capacity due to waterial degracation
with rising temperature. Thus, with the'iniiial Jgs{gn ba:~d on a
higher speed {and hence highet temperature) the dcqiqner is ‘orced to
avoid the use of ma*er1dls which are unduly sensitive to temusratures.
The 1.10 “qudllty" factov is dp“'1ed to the structural loads incurred at
specified maximum design LOHd]tiO"S rather than at convent1ond1-y def1ned
limit conditions, This con<ept more vationally accounts for the
nontinecarities in aeroelastic and aerodynamic data that frequent]y occur
betweer Yimit and ultimate {design) conditions. The 1.15 facter is
applied to ihe maneuver load factor to protect the vehicle from
inadvertent maneuver exceedances

The modified factor of cdatfety concept was used ic design the ASSET
glide reentry vehicles, ASSFT i< an acronym for Aerothermodynamic/
elastic Structural Systems Eavivonmental Tests, The ASSLT program
consisted ot designing and flying a series o winged glide reentry
veriicles which were boostod into suborbi tal flight paths. Fach vehicle

was designed o explore an area of ql1de vvont|y technology that rould

not ‘be defined in ex1st)nq yround test fac'll*ze ﬁtvULtural tlight
test lcsullq and dato Lnn'eldt1qn< which \th*dn’ldtv the adequacy of

che d951qn concept, at ieast for vehicloes hav1nq a prnqxamlvd trajectory,

is q)an in Rofevenco 2.

for an airframe that is 2ot aeredvnamcally heated, the 1oad factor

parameter is usually sufficiert to vonvey its overall stvpnuth capability.




Cairplanes,

Caivframe and the need for (umputznu «(ractural
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With the introduction of transient stresses and veduced material
properties due to thermal gradients dnd high tenperatures, there {s ng

'simp]e method for cohvovinq strength capability (Reference 23). Although

a thermal factor of satety is not neces sdtiiv a true factor of safety in
the conventional sense it repteaents 4 design concept that is intended to
pvov:do an equivalent measure of conservatism and confidence in the

“heated airframe as that provided by thv Lnnvont\nnd] factor of safety
1ntheuohian%rmw

To date, unottficial Air Fovce policy has been to avoid using any

factor on temperature, heat transfer, or on time at tempervature for

~This has been a reasonable policy sinte service experience
has demonstirated that there is little problem in keeping within a

sheed-altitude design enVelope, Thus, in.a sense, the temperatures

normally used for design represent the actual maximum to be expected
tor the structure.  This philosophy of not fdcturinq‘romporaturo is an
appdrent contradiction when Lompdted to the ph1.0sophy of factoring

11m1t load, whlth is also (onsldevpd tho maximum to be expected

| (Reference 15}.

The factors nf sdlvly used in \onvvnixondl dirframe design to

incorpotate xunxorvaf1xm also apply to dt!nuvndmlkdllv heated aivrframes
but the conventional factors do not account for

auﬁociated with e‘evated temperatures. The adoitiecnal conservatism
~ogt velate dltvttly te the un<urtd1ntlos ausoviated with the prediction
of \f!ULtU'd] tompordtu'ps and therimal-structural design analysis.

Howvvnr the fact that an aivaamv Pay have been built to resist aero-

o dynamic hna*wnq effects does not nec essarily imply an increase in con-

ventional dosvgn and manntdeU|1nq defiviencies,  Initially, the use of

relatively unfaimiliar materials and forms of construction in the heated

tomperatures with only
1nfntmat|nn. does tend torincrease the
In time, however, these tUHSIdPFd?]UHS

improve dand the moditication of conventional <tructural safety factors

is not warranted (Reference 14).

H)

the additional uncertainties

L
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As part of an overall Air Torce effort to establish a rational
“design criterion for aerodynamically heated airframes, the velocfty
factor has evolved as a simple and expedient way of providing and
controlling thermal-structural design conseryatism throughout the
design cycle. The details of tnis concept are developed in Reference 24.
The techniques investigated included factoring structural Toads, temper-
ature or heat flux, angle of attack, ve]ocify, and atmospheric density.
It concluded that only factors on velocity or structural temperature
(or heat flux) are likely to provide an adequate margin when considering
the exceedances of performance variables. Of the two choices, the factor
on velocity is considered the more logical. The velocity factor provides
conservatism in a uniform way at each point in the design mission as a
function of Mach number and the selectnd size of the velocity factor
controls the imposed conqervatuqm

A thermal factor of safely on 1oads would introduce an arbitrary
{unknown) conservatism; however, a direct, rather than a présUmed.
margin of safety would exist at the operational level ifimargins were
placed on performance variables instead. Factoring a performance
parameter (speed) provides conservatism in a way parallel to that
achieved by f¢ctoring‘1oads and is preferred to factoring temperature
or heat flux since perforhance mairgins introduced over operational levels
~are more evident and coutrollabie.

By réquiring a design speed beyond limit, the velocity factor, is
in a sense, a factor on heat transfer. However. to specify a direct
and specific factor on heat transfer would be a design weakness, in that
a nunber of analytlcal technrques may exist for a particular area and
ftzghL regime, with a large spread in the values they provide. From a
structural point of view, the factor of safety should be associated with
a particular analytical method. For ablation, varied factors uf safety
have been used (generally to factor the thickness of the ablator), with
different considerations being given to each pavticular flight dpplltdflJn
and for applications of the materidl as an insulator. A factor may

also be used ic represent a combined factor on heat transfer and on
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the scatter of the db]dtive‘mdforidl characteristics. Factors of safety

relating to tnormal structural dpp]ludllnna can only have meaning when

' relatsd to the trajectorias o flight paths for whxah they arve nheeded.

A factor of safety on a nominal trajectory may be appveawablv highey
thdn those Lorrespond’ng to deq1qn trajectories based oh a broad

‘ parametyric 1nvest1gatxon or one wh1Lh places a margin on altitude which

represents a deLDT of satety on temperature (Referen&e 23).

No single techniqﬂo can be expected to provide conservatism in a
rationelvway for ail contingentiés.* At best, oné»type of factor will
come closest to providing the desired conserVdiism and this has been
true of the velocity factor. ‘Its use seoms teasonab]e in view of
existing factor of ssfety precedents. A SDQLIfIL design requirement

1f0r aerodynam1ga11y heated airframes is beiny fo:muldted and tested by
design application. The basic L:ltet1a is conventional but it is
modified to incorporat= the vélocity factor cohcept and attempts to
account for ma.ty of the design and ana]ys.b variables which affect
thermal stru<tu'dl dLs1gn The criteria have not been finalized and are
based pF]ﬂMl]]y on Referenues 16, 23, and 24, which provide insight to
time related load and temperature interactions and the selection of
critical therm&l-structurai design points.

Most of the studleq and design L("LUPLS reviewed in this section
have evoIV\d as an attompt to further vationalize structural design
‘Ltlterla. As previously noted, thvse vav1at1on< to the current factor
'of‘safety design concept tend to blend with tel!dbl]lty based concepts.
The next section will discuss certain reliapility based concepts

investigated by the Air anco.'roldiod‘design parameters, and data
collection programs.
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SECTION V
RELIABILITY BASED DESIGN CONCEPTS

The number of publications treating reliability based design increased

appreciably in the early 1950's. Initially, reliability design seémed

to imply, at least withinvthg Air Force, the eliumination of the factor

of safety as a design concept. Statiética]ly defined design parameters
~and parameter interactions were to be substituted for the discrete -
paramaters and the factor of séfety. Too often.;however, the magnitude
of the problem was overlooked and the acquisition of essential elements
were overly simplified. | '

The Air Force initiated the development of a‘reiiability based
structural design criteria for missiles in the mid 1950's. Missiles
were one shot devices and unmanned. There was little *o lose. Aivplanes
in turn, were to become mere missile launching platforms that would not
require strength for rigorous design maneuvers. Combat was to be con-
ductad remotely. During this swirl of revised conﬁitment to systems
development, the Air Force established a brogram to conduct a series of
investigations that were to encompass and define the total life cycle of
a missile. Consideréble priority was given to this effort. The
rationalized criteria were tozbe based on information obtained through
data gathering programs and operational experiences. The broad goal
was to estahlish a reliability baéed structural design'criterid'to
replace the factor of safety for missiles. This rationalized criteria
was to be placed in the new structural strength and rigidity specifi-
cation MIL-M-8856, ihitidily dated 22 June 1959. However, the data base
" npever matorialized, the 1.25 factor of safety is still used. and the
emshasis to develop a reliability based criteria for missiles has

diminished.

When the need for a reliability based criteria is considered, a
comparison is usually made to exicting design requivements and the
need is often questioned: "Why are reliability based critera required

when current vequirements and industry practices have produced airplanes

CX!
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having a,(scemjngly) high reliability?” The answer that evolves must
in some way relate to realism in design. A reliability based design

concept, as stressed by same in the literature, is inevitable and is

the only neans of provid%ng greatér realism; the only way of rationalizing
the factor of safaty concept.

- The Air Force fi%st deviated in a significant way from a deterministic
© design cdncept by defining probabilistic fatigue design requirements.
- Although they were applied deterministically in the final analvsis, the
‘»realism that operational, environmental, design and manufacturing
variations prec lude thé deveIOpménf of no-failuretairframes was implicitly
emphasized; This‘is further emphasjzed in the later changes in Air Force

philosophy by changing from a safe life concept to a damage tolerant
concept, as described in Seccion 1V,

A related chﬁnge in design philosophy should alsc be noted. In 1960,
in conjunction with the Navy, the MIL-A-8862 (ASG) Specification,
"Ajrplane Strength and Rigidity, Landing and Ground Handling Loads",
waé established and incorporated an‘unfactored design load concept.

This concept applied only to the landing loads analysis. Limit and
“ultimate loads were not specified for these‘conditions. The incentive

to deviate trom the 1.5 detor of safety concept was the realism

provided by’avaé]ah]e‘operdtional statistics of the‘type describea in
Reference 17. A general dissatisfaction with the design load concept
resulted in a change back to the use of a 1.6 factor of safety in the 1971
Air Force revision of the specificatien which became MIL-A-008862 (USAF) .
However, the design Toad concept for landing loads is still viewed
favorably and is being used by the Navy.

The Air force anly applied the design Tanding loed concept to two
airplanes. On one airplane the concept was applied to the first two
models; latef models of the airplane were changed and redes igned using
the 1.5 factor of safety.  Unfortunately, the limited application of the
design landing load concept also Timite the experience base available

Cfor evaluation. Apparentiy, there was very 1ittle, if any, penalty

-
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involved between the models which employed the two concepts. The in-
fhequent application of the design load concept and its eventual
elimination from MIL-A-8862 can be traced to: (1) an Air Force requirement
that transport airplanes be compatible with and certified to FAA

- requirements; (2) a Tack of clarity in the specifications and differences

of opinion regarding which loads are affected by the design load concept
and which ones are nct ([carry through structure, nacelle attachments,

“external tank and store attachments. etc.): (3)'difficu1ties in the

interpretation of interactions with other requivements velating to
material yielding and deroelastic effects; and (4) the added difficulty
of applying static test loads to the airframe through the lYower strength
‘ The overriding reason for these implementation problems,

landing gear.
Tha concept was conceived and

however, appears to be poor planning.
~implemented too quickly and without appropriate trial applications.
loss in design efficiency is expected, with respect to static strength
requirements, by using the 1.5 factor of safety. Current durability,
damage tolerance, and dynamic taxi requirements will add move weight
than could bc'saved"by using either the design load concept or the

No

factor of safety concept. -

Design philtosophies, such as those noted above, evolve over a period
of time and revisiong normd]]y follow a series of trial and error
,applicdtions. Basic philosophies are formally adopted and maintained
in spécifications and handbooks. The design specifications and handbooks
preserve past experiences, correct previous mistakes and prevent design
oversights. This effort attempts to maximize struc;uré\ integrity and -
'reliahility but the conceptkis not foplproﬁf. New mistakes are always
possible with the rapidly changing state of the art and the increasing
severity of the operational environmeﬁt. Because of these complexities,
the documents are aifficult to heep current and new or revised design
requirements are hdrma11y written into the statement-of-work for any new
systen deyelopment.‘if they occur between the reyision intervals of a
specification. Criticism, then, that certain specifications are not
current or that certain requiremnents are not rational, may be corrett
but they do not hinder new system developments. When similar criticisms
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are Jeveled at the‘1.5 factor of safety, however, the evaluation is not
sovsimple: should it be replaced with a raliability-based concept?

What is generally not appreciated is that the basic airplane design icads
{static strength) are essentid]Ty sgatistical in nature. The design
values dre derived from a broad spectrim of operational experiences.

If a distribution were assuméd. then' the design 1iwit and desiyn ultimate
loads would represent a certain brobabi]ity ot occurrence and exceedance
‘(FigUre‘ld)' A justifiable criticism of the factor of safety, tnough, is
thit a fwxed factor does not recognlze the variation of load or strength
and does no* provide a un1form1y eff1C1ent structure {Refarence 25).

This effect was illustraied 1n Refetenres 18 and 20, as discussed in
Section IV

Unofficial Air Force recognition of a variable factor of safety
~concept has been established by allowing certain structural design

deviations. The static test failure of an engine inlet duct at 1.3 times
~the limit pressure, for eAamp1e, was accepted when it was established
that the internal dynatic pressu.e in the duct would not exceed the
design pressure in a dive. The resultant delay, redesign, and cost to
bring the duct structure hp to the norma? strength level of 1.5 times
limit pressure was therefore avoided (Reference 25).

The Air Force has not formally adopted a reliability-based st vctural
design criteria, although Sdme'Fequirements have an associated
probability of occurrence.’ AvaiTable procedures that could be adopted
vary in concept and detail but their philosophical rrinciples are the
same. References 26 and 27 sunmarize some of the philosophical aspects
that appear in the oben literature and also note the complexity of the

reliability" based design problem, as pataphrased in the following two
pasagraphs

The many proposa]é for a more rational criteria are related to the
appearante oF'new structura] mat rials which exhihit improved strength
and stiffness or weight characterjstics. Other considerations are the
extreme increases in the structuval Toading environment and concern with
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economic costs. Designing to an acceptable risk while keeping all design
factors in proper etonomic perspective‘wou1d seem tc be effective but

the concept of risk must be quantified before an acceptable risk level
can be determined. The new materials also tend to exhibit variations
which could, in a deterministic design, require such large factors of
safety as to nu11ify'the improvements. The increase in extremes of the
structural load environment are primarf1y new to the civil engineering
field while economic costs are perhaps new to the aeronautical field.
[Réference 28 notes that the aeronautical engineer has for many years
considercd new failure critéria (fatighe and creep), new materials and
construction (brittle materials and‘fiberous weaves), and more complex
]bading conditions (temperature-load histories). This has resulted in
greater variability in the applied and\failing Toads than has been
enéounfered in the past.] Picking the worst possible load conditions

for design is no longer considered ecbnomica?ly feasible under a broad
spectrum of load conditions and the statistics of extremes must be
considered for rational design. Reliability based analysis permits a
more consistent approach to structural safety hy including the statistical
variability of load and strenath in'the factor of safety evaluation
(Reference 26).

Most ‘of the early studies in probabilistic design considered only
the fundamental problem in which ali of the strength variables and the
load variables Were lumped into two random variables. These studies
‘concentrated on the effects of different safety factors, coefficients of
variation; and frequency distributions. Léter studies included multi-
member and multiload structures. different levels of failure, and the
applicntfon of decision theory. Several problems must be considered in
the context of a reliability based desian. First is the reliability

analysis of structures with derived or assume.! probability distributions
for random variables, including load and strength distrisutions;

‘ déve]opinq and constructing the necessary computational models which
account for indvtvfminangy. the types of failure wodes {including

elastic, brittle, and collapse modes), the number of load conditions

and failure modes, and their statistical correlation. Another problem

is the desian of @ Structure in the contest of a candom variable of

HR
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safety for a giVen probahiTity of failure; the random variable could be

cost or weight. An additional probliem is that of parameter sensitivity

and determining their effécts in the load and strength descriptions.

Most reliability analyses assume that strength and load distributions are
known. The high cost of obtaining load and strength data will probably
necessitate the acceptance of lower confidence levels in structural

design than professional statisticians usually recommend. Subjective
statistical dnaiysis is negded together with‘studies to determine the

effect on optimum weight and cost due to changes in choice of'fréquency o
discribution, coefficients of variatioh.'and otner parameters (Reference 27).

As part of its program to maintain and develop structural design
; criteria, the Air Force hdévsponsored various investigations intended to
e ‘ead to ' reliabili*y basea criteria for both airplanes and missiles.
: One “investication (Reference 1) was partiilly presented in Section IV,
This investigation will he further discusced with two others {References
29 and 30). These threeqinvestiqations erphasized static strength
reliability, althouah fatique or durabilicy requirements can be in-
corporafed wf;hin’these concepts. 0 her Ajr Force investigations have
mere thoroughly emphasized the frtigue a:pects of a reliability based
ciriteria. Reference 37..f0f exarple troats‘fdtique design considerations
while Reference 3. emuhdsi:éstfafigue'huf also provides limited treatment
of static design considerations. Reference 31 is an extension of
Reference 32 and Reference 33 is an evaluation of the concepts in
Reference 31. These tatigue related references are hotedlhere erly for
compléteness and will not be emphasized further, The three investigations
relating primarily to static strenath dv§iqn cons iderations, however,
will be sumnirized in more detail because of their direct correlation
with the factor of safety corcept.  In expanding these three reliability
based efforts, the philosophy of the techrniques will be emphésized and ”

net the technical aspects of their development or application.
A statistically based concept developed for missile desian is found

in Reference 21, Part I, The concept is broad, however, and can be

applied to almost any reliabitity based desian probtem.  fhe design
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i‘concept is basically a framework devéloped to be consistent with the

premise that there is no definite demarcation between safe and unsafe

i design, but a gradualfthange in reliability between safe and unsafe.

The idea that a sharp change exists between safe and unsafe can cause
unnecessary redesign for every slight Chénge in design Yoad or reduction

" in allowables. Redesign should be requifed only when the overall

reliability of the system decreases appreciably. The term “framework"

applies because the wide scope and complexity of‘the problem did not
allow final refinements to be made. Tpis‘concept. as discussed in
- Reference 21, is described in the following paragraphs.

This concept uses any number of desigh variables that are essentially
independent of each other to determine interaction envelopes that separate
failure from nonfailure regions. Design parameters are presented so that
criticality Continuous]y increases as parameter values increase or

: decrease. By superposition, 4 single interaction envelope is formed

and the probabi]ity‘of not generating points in the failure region is
the guantitative reliabiiity of the system for the time period considered.

" To simplify the computation of ré]jabi?ity {which could be obtained by

integrating the content), an equ#valent value of each parameter is

defined such that the envelope content is approximated by simple
Cmultiplication of the probabilities associated with the probability

“value of each parameter. - Any number of statistical parameters can be

used. Limits are imposed only by the analysis time and data available.

As data is defined, the number of parameters cantbe optimized and should
Cinclude five to eight that are random varying and fifteen to thirty that

are systematically varying: any distribution can be accomodated without

the necessity of having to find a special function of the variable.

The intersections of dany two interaction curves are defined as

"nodal points," which are used as design paints. The analysis is

relatively insensitive to the exact interaction envelope shape because

any reasonable envilope shape having the same content will pass near the

same design points (Figure 15). The desiun conditions or nod:l poinis

Care defined by two pardmeters, one having a limiting value (XL v ) and

60




ot oy gr—aran

AFFDL-TR-78-1

3

EGREE

CoNo D

=3

—
> o »

l

N A0 NoLLaR IS 1
ALPTTHVHONA

nteraction

-
S




o heference

AR TR

the nﬂ\q‘l“\l Feteren e \.!h‘u‘ \\R,\,"' The probabitity vatue \\i‘.V.\ Wt
each point i equal to the limitinQ value mings a correction tator
(\V_I.\‘whi‘h i Jup{u\imatvd‘h\ dualy g vepreasentat ive probability
distribution \hapvu'ﬁt \iuniilkant parameters (Viguve 16Y0 The pictoriad
'rvprvﬂ»ntatinn s Vi ted but 2 mathematical oxtencion is completely

valid and teavible for any number of parameters.

Powesy xpv{trJl tocigques ave used to evadaate time depemdent ettocts,
and ather samplitied techmsques were doveloped tor hand] ing syvstenat i
Vdrldliﬂﬂh¥ Amethod for determning the vequived contidence tovels o
parqmcfﬂru 1 alsanven to Juuufv‘\pnuixtvnt Feliabi ity anadvain and
J\‘hmmndai:nnn are made for tatique and creep eftects, Greater approag
mab rons are dHowesd 1o wecondary desan et et than for primgey of et

“he Uqﬂn\ \un\vbf thbn ot semioempirioal method t&r quantrtative
determinimg the verb b bty o o detmed st ture o tor the desoan el
&ontra tare to e presg e tbed reliamilots o The developnent s based on
amd Jun(l?lv\‘tﬂn (INCS h{um1avn IV that by e gadicrons selection
ot e ran vodal pninW» the trae anterac b on emelope shape i
arnmportant and (0 that the reliabn bty ot soetem can be vaboutated

with suf h\M Accaracy by comple multplcatien of the prababrbitios
Cof equnvatent pavaceter prabala bty vatues raoner than by iniearat ion
ot the ]H‘PIJ\(IUH‘PH\P]UPU centent o ATthonah seeintimg Iy comples when
reviewed, The method of Reforen e Mo Pat T oo by uang o cinimam ot
‘parnmutcr§ nnd LT rettneents and with some additronal development

And ppraprnite e tacappraach the tctor o satety method noomplicity,

A terent et th Beaed concept ey tound n Reterence [
SEdevedoped asratecca b baeaed quantitative st tueal
Adesran crrterta that velates the prabaln b thuvv'nf deogn,
: npurthonJT'JﬁJ vu\{runmvnkal v\nvylrnQvu te v tural pevtorean e,
CReferende Y develope a detormine s e turd D odes an ey that
Hses qnﬁurlldtr\ﬁ ehtectne and vanves ctat e read ey hngues a

Jeserabed o the ot legma parao gl

T e MR AR DN e o




w
r—
Q
C
3
(9]
=
(7S

‘A~N.mucmgwmmmv Siutogd ubrsag o usigesnq

‘At ¥

AFFDL -TR-78-8

[ v NI ey Vi)

Lxb. st acn s 35

63

S

3d013n83 2OHHU<MNHH~. ;
A<MDHUDMHM Q3RIASSY - h
' - | *atd

SINIOd
NDIS3Iq




AI!D[ TR-?% ]

This design method ig charac tor zod by tho thoight that the uhility
to calculate’ @ ptuhahx11tv of failure when load and strength spectra ar
assumed to be hnewn, vs quite difforeni than the ability to deteraine
the true stroctural reliability of an operational stractural system.

The method alsa incorparates certain considerations that appear ty be
overlaoked in othes approaches. These oversights are: (1) arrors ar
discrepancies which occur betwoen et and valewlated speciras {0) the
intluential effect of toxtan as a means of desian ervor disclosure:

{3} thQ,HOkOSslty for demonstrating proof of compliance wyth requivamnis;
and (4) the necessity for assiqninﬁ‘rbépunéihiliiy fo.r actions which
affect structurdl rb!iahility. Othier interactions with nonstiietural,

operational, ‘managerial, and contractura® arcas cre also inctuded.

The overall invvs{igation and pruﬁosnd desian concept ovalved in
three Stvps; The first step evatuated the varinus functions which
contribute to stiuctural design.  The second step evaluated and compared
the‘curvent factor of safety concept ahd a {hypothetical) purely
statistical structural reliability \0ﬂ\opt to the structnal pertformanee

!
and design furctions established in tnn fivst step. The third step k
evaluated exx:tan and p»npoqod tol1ahxlsty hased concepts to the same i

standards of ovnlunt\nn used in step two.  These evaluations concltuded |
“that: (1) the current factor of safetyv design tvthniquo is a <ati factory

system but taat more §£ringont futurc pvqhirpmvnts will minipize the

effectivoness of the system; (9) a pdroly statistical structural !
reliability based systom is not practical since there is no way to

accurately measure structural reliability and it is net passible to

P

wirite dﬁfinitivn requivements to demepstrate the reliability (proot of

compliance); and (3) that none of the known stractural reliability based ?
. . - ‘ : \ . PN . . . !
concepts in the literatwee today provides a satistactory foundation for ;
s X + . g ' . - . ’ . n ‘

a quantitative structural design criteria hased on shatistical methods, \

To elaborate sTiyhtly and provide an npprﬂfidti‘n for the design concept
which 9vnlvod the philosophivs which quo»n‘d the developuent will be
expanded in the fnl\nwxuq paraygraphs,

0l
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The fundamental pUrpose of any structural design effort is to develop
as operational structural system that satisfactorily performs 1ts mission.

~ This development is the resull of many managenent and engineering decisions

which are a key element i1 the success or‘fai]ure of the design effort.

One aspect of the factor of safety'concept is that the design effort can

he practical and easily administered because it has an inherent proof of
compliance (test) provision. Its fundamental problem is that it has no
clearly identifiable quantitative desigh objective to satisfy.' The
available iegic cannot resolve the camparative adequacy of different factor
of safety values. In some design areas, such as fatigue or high temper-
atures, the factor of safety is not even directly applicable to the
definition of the design requirements. Thebconcept only defines a
relationship hetween limit and ultinate load, which normaily contrals

‘the design strength level and does not allow for an assessment of its
correctness,” other than failure. Positive margins of safety do not

prevent failure. Gross errors in design loads. analysis, and large
strength 3cattefs(¢0ntribuxe to failure at limit load o less. Structural
tests, on the other hand, are a nearly perfect disclosure of gross errors
if the strength scatter is small, as is customary. The trend toward
greater scatter and a lessening or inability to disclose analytical
errors requires that the possibility of failures below limit be con-
sidered move seriously iu the future. Further, test conditions are
normatly selected on the basis of the strength analysis and the actual
design conditions are becoming more difficult to simulate when testing.
Successful ground tests, thevefore, do not guarantee successful
operational performance and flight testing will renain an important

destni development consideration regardless of the design concept used. .

Surrent requireients have evalved primarily as a veaction to past
probioms and the assumpticn that fuiure structural systems will have the
same characteristics . past systems s not nn&osgdrily valid. ‘When
structural failures do occur, the deterministic nature of ihﬁ tactor of
safety concept alluws the determination of the cause, the rosponsibility,
and the corrective action to be taken. Unfurtundtvly‘ because of the

many interactions between the structure and other design aveas which

(h
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contribute to structural integrity. kesponsibility‘is not always
recognized untilafter a failuré has occurred, as the result of a design
, oversjght. These and other considerations previously noted relate
primarily to the factor of safety concept but they alsc interact with
reliabiIfty based concepts. Especially important are the considerations
that establish design compliance and‘respohsibility when failure occurs.
When cause and responsibility are not determinable, neither is the
corrective action. :

The structural design concept that evolved in Reference 29 utilized
the desirable features of the factor of safety concept and improved or

rep]acéd those‘not‘désirab1e. The following basic characteristics are
included in the concept:

1. The deterministic type of requikements that give the factor of
Safety'conceﬁt its practicality and administrability are retained.

2. A clearly identifiable objective that serves as a basis for
judging any proposed modification to the factor of safety concept is
established. - ‘

3. A structural veliability goal is part of the objective. The
goal is not a requirement since structural reliability, per se, cannot
be determined accurately enough to serve as a contractual requirement.

4. The techniques to convert the structural reliability goal into
deterministic requirements based on'statistical considerations are
developed, ‘

5. The capability to deal with structural systems having large
- strength scatters is incorporated.

6. Specific problems such as fatigue and high tewperaturve desiyn

can be integrated into the structural design to attain the defined
ohjective.

pe
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7. The crucial interfaces with nenstructural design requirements
are identified. Provisions are made for assigning responsibility for
every function that affects structural integrity.

8. The concept of testing as a disclosure of error in formulating
design requirements is utilized.

Basically, the structure should have a Cabability to survive
designated averload and underétrwﬁqth situations caused by undetected
errors or oversights. The factor of safety concept provides this
capability but the provision is indirectly and inconsistently applied.
Structures with large strenath scatters are basically more prone to fail
trom understrength considerations vather {han from ovérloading. The
concept in Reference 29 establishes separate and distinct requirements
for understrength and overload situations. The requ +oments are based on
probabilities and statistics and are selected to be consistent with a
level of structural reliability appropriate to the airplanes mission.
The design‘dnd mission relationships are illustrated in Figure 17. The
central bar indicates that the limit design load includes a provision to
handle an undevrstrength structure to avoid failure at limit load. The
right or left bar indicates the overload provision. The left bar
illustrates a large overload provisinon and 0vorrides'the understrength
pravision. This could represent a relatively Tow reliability. high load
factor fighter airplanc.  Tue vight bav llustrates a design situétion
with a smaller overload rvqufrpmunt. The understrength provision is now
more critical and governs the desion. - This could represent a design
requirement for a highly re]iahlv.‘low Toad tactor transport airplane.
Once the appropriate desian valuss are chdson, they become deterministic
and dare as edcy to adwinister as the conventional factor of safety

concept.

The fiest implementing step is {o select a structural veliability
goal consistent with the mission,  The goal i< ot & requirement and
suquested values are given in References 29 and 30, The limit and
ultimate design conditions are two separate canditions based dn the

cotiability aoal and established by statistical or qualitative

h./
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considerations. which reflect available experience. The design limit
condition is the upper bound of a normal or expected (permissible)
operdting condition while the ultimate condition is an abnormal opera-
tional cordition reached only as the result of an operational error or
failure of a nonstructural system. Failures within the understrength
design provision are a structural responsibility and requirve éorrection.
while failures from overloads require operational corrections. There is

. nc fixed factor of safely éeparatinq the 1imit and ultimate condition:

the ultimate condition in Reference 29 does not represent the conventional
meaning of ultimate load. The

limit condition, whose meaning
is a design condition based on

does not change. The ultimate cond1tion

a rare or abnormal situation and may be
significantly different from the conventional ultimate load.

The basic structural design is qualified and approved by conventional
ground and flight tests. Ground test loads are defined by a limit or an’

ultimate test factor of safety. The Factor select. d aries according to

the established structural veliabi ty yoal and by the nunber of tests
conducted.  Example values are shown in Figures 18 and 19, Flight tests
are conducted in a conventional manner and operaticnal flight load
monitoring are required to verify operational consistency with desian.
1f not consisiont. the structure would require modification when
operations are determimental or the operational procedures may vFogquitre
some‘chanqv. k

There are many ramitficat s, gualifications, advantages, and dis-
advantages related to reliability hased desiun concopts as expressed in
Reference M. Most of the associated disadvantaaes or problems are not

new bui have alwavs been probloms, such as the statistical definition of

desian data.  No new problems are vreated byointroducing reliabitity

based cancepts but old problems become more cieairly defined.  The basic
advantage of the broposed cohcvpi in Reforence M ieits abidity to
establish structural porforpance i terms of & quantioatively definable
goal. Ihisbpvrmitﬂ tae detinition of the minimu strucioal requirements

to meet the qoal. Tt alse permits the justification of 4 iess severe

siry

pectural docian oritorte shon warvanted, Becaise cach ot the dosign
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aspects ic quantitized., trade-offs can be made betweei: criteria reductions

and the difficulty (technical, cost, time) of providing more efficient
structural characteristics.

- The proposed reliability based concept in Reference 29 is reviewed

“in Reference 30 to identify data requirements, necessary changes to

design specifications and handbooks, interactions with honstructural
design areas and the steps required to implement the concept. To

cillustrate each step of the concept Reference 30 uses several design

examples.  First, simplified dummy data is employed and then realistic
The categories of required data are defined further by a study of
data pertinent to the €-141 carqo airplane and then by a trial applica-
tion of the concept fo its wing. The revision of data to reflect an
jmproved stite of knowledgé at each design stage and during the life of
the vehicle} and the form in which the required data might be standardized,
is also discussed. Although the limited stUdv did not allow an extensive
- treatment of data requ1nements Reference 30 provides insight to the
COmplex1t1eq of the ‘data puob]em as it relates to reliability based
des1gn and similar concepts. The data requirements, Timitations, and
design intpractious are presented in the following paragraphs.

Jo be effective, data must be established and updated continuously.
Fundamental dat. ave operational load spectra, error functions, and
strenath distribations.. These data will change perindically during the
total lifetime of a specific airplane. The particular periods that
po'mxt progressive up1at\nq are the 1nxt1n1. detail, and final desian
phase, betore dnd after tests, Jnd ho'nlv Jnd during airplane operations.
1t s through the airplanes aperation that cuantities of new data can

be obtained; the data are also pertinent to other desian concepts.

In June 1954, a special panel veport (Reference 3d4) of the NACA
Subcommitfee on Alroraft toads recommended a program to obtain sta-

distreal intormation on mancuvers and related inthioht Toads, whether

Ccaused by pilot indecement or atmospheric turbulence.  The panel also

~opecommended that the Air Force and Navy obtain time bistories of three
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Tinear and three angular accelerations about MUtually nerpendicular

axes, airspeed, and altitude to establish a,statistical design base. The
recommended statistical maneuver load program was initiated as a joint
effort by the Air Force, Navy and the NASA in 1956.

In 1958 the Air Force outlired a ang‘term program te collect and
utilize flight measured data. The program, initiated in 1959, was to
develop techniques for intégrating the statistical data into existing
design criteria, review and improve the data recording and reduction, -
and te establish,fundamentél requirements for structural criteria based
on statistfca] methods. The resulting effort identified certain
problems which were grouped into three categofies: the definition of
design cohditidns. the definition of component strenqth distributions,

- and mathématical procedures relating the first two to structural
reliability. The program also led to the sizing and establishment of a
data reduction facility by the Navy and an 8-channel recorder developnent
program by the Air Force.  State of the art limitations eventually
terminated the recobder development program and in turn closed the data
reduction facility in 1969. References 35 and 36 are documents relating
to this effort. Other investigations whith havn defined data requirements
and collection programs for missiles are described in References 16, 24,
37, 38, 39, 10 and 41, | |

‘More recently, the operational data recording program for airp]énes
has continued as the Air Force's Aircraft Structural Integrity Program
(ASIP). as defined in Military Standard 1530A, by the same title, dated
11 December 1975, As part of the ASIP, each airplane system will be
menitored to obtain time history recnrJSQ The parameters neceséary to
monitor operational usage and derive Stress spectra fo critical
steuctural dreas will be measured in appfoximnteTy 20 percent of the
operational furce. ' ‘ ' .

To accomplish the ASIP, the Air Force initiated plans in 1968 to
develop a new and more universal multichannel recordinu system to less

stringent standards than the previous 8-channe recorder.. New requirements

9
13
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were prepared and in June 1970 the development of a 24~channel digital
recording system and a ground playback unit were started.

The system
“has been deve]oped and is now in 11m1ted use,

The data tapes for each
‘ system will be co]lected and compiled at a single tocation when the

program is fully inplemented. The parameters measured and sample rates

‘can be varied to the specific needs of each system.

‘Figure 20 is
typ1ca1 of the data to be collected.

Plans tu establish the necessary

parameter correlations and des1gn load spectra from the ASIP data are
being formu]ated

The major objective and justification for the multichanne] progran
is to prov1de a better tool to accomplish fatigue tracking. Howaver,
because of the high comnont1ty hetween data needed for fatigque and

statistically based strength desicn, the reliability based dcsign

“concepts will also benefit. When a recorder program on a certain system

matures to the point that statistical stability is obtained and no new
operatiohal fatigue related information is produced. or when certain
parametersla;tdiq statistical stability and need not be recorded full
“time, the resultinq éurplug of recorder capacity can be used to establish
,statist1ua] strenqtn criteria or to fill knowledge gaps: for example,

the phasing of power spectral density {(PSD) loads.

In gust analysis,
current PSD methods allow a fairly prLi\o but s

separate, determination
of %hea». bend1nq. and torsion at d given Tocation,

the phiasing of the
three vectors is largely a quess.

The addition of strain gage clusters

or rosettes at selected locations could nrovide actual exampies of the

Camplitude and frequency relationships, Such data will be essential in

future doxlqn\ to oxpnoxs applied 1nad and structural strenath in g

Ccommon set of terms.

Ideally, derived data can be standardized and categorized. A
convenient Jpprddth would be provided by chavts relating the required
‘desiun and test factors to the reliability Yevels in terrs of pavametors
dvs»ribinq the Toad strength di\tribut}on\, the ervor tunction, and the
lﬂmMor.nhitym;ﬁf tests,  thearetivally, it would appear postible tu

develop a single foad spectrum tor each Yocation, which weuld contain
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NO. TN o oNAME
i, T Clock Time
R o "p Pressure Mtliudo
B Voo o i Equivalent Afrspeed
4. NZ C  Normal l‘\\‘&‘lvbh‘l'.'lliun at C.G., g's
b, ‘ ' N_H o Lateral Acceleration at €.6., g's
b. 2 : Piteh Rate
l. ¥ " Yaw Rate
LR \\"‘ : Elevator Posttion
q, .\r C ‘ ‘ Rudder l‘tfﬁi( fon
1o, i .\'l : g Flap I'n.-a!:t fon
11. v o Ground Speed
R .
1., ’{N‘ o Nose Gear Steering Angle
11, M o Strain at l.nr’.-xl fon 1
: ’l-’o. o, o Stratu at Location 2
14, o “ _ Strain at Location 3
lo, Y% » : Strafn gt Location (o
1/. . u“' ‘ Stradn at Locatton
18, } Ar o Cabin Pressure Dty cn;m {al
tu, N' ‘ Total Welght ot Fuel
A \\ ’ o ‘ Squat Switeh l‘iukv-nf-l’.n‘uk Signal
2. S hate
AR n! : sertal 'Nu‘mhi'r
SO PR [LILE N ' ‘ Rase ot Az d gument
S v ’ N Infrial Carge Welght or Cargo Update

RN C nph ‘ Potal Fueld Welght

Pigqure JO0 Proposed ist of Multichanne] Recorder Pacameters
tor the -1 Aivplane (Reterence 30)
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the totai load occurrences for an dirplane lifetime. However, th.

simuTtancous consideration of both 1imit (normal) aund ultimate ‘
‘(abnormni) lndding conditions wi?l se ldon ho‘pnsséble because the

permissible strength Tevel will generally be different. ELach structura)
location wi11 require separate analysis, since bath load and strength
dfstributinh will differ from boint to poing,

The statistics available, even oi wivplanes which have extensive
operdtjondf experionce, are nol adequate.  For example, additional
infortation i< vequired on the probabilities of: {1} weight and weisht
distribution; () speed and altitude; (4) tyses of Joad conditions
(qust; pulT-up, rudder kich, etc.): {4) teve) of Toading (in terms of a
basic pqrdmofﬂr); (h) time historyinfvlnddinu (to describe local loading):
(6) associated Toad §y§tvmx {pressure, thermal gradient, etc.). These
protabilities arv‘nqt independent and the resultant probebility of each

combination is also needed, - In addition to the average o typica’

conditions defining each sequent of the mission profile, it is gecessory
to devive or assume the shape and disteibution sbout the mean.  Without
this detailed Icv&l of data, no reatictic estimate of the risk of
failure can hv‘quv.

AVthowgh extensive iuterial strenath data exist, the allowables
represent only one discrete peint in‘thv distribution,  The Yo ot data
rvquirvd ydnai»(x ot the wean and standard doviation and the shape ot
the distribution to be used.  The stra turd] <teength ot the fimal
component wilt also retlect the variation inposed by ail ot the ‘
inherent uvvrqtinné in tabricatron and aeaembly s Data on the strength of
Vdriuu\’u(}Uleral \Unf\durd!iﬂni‘v\i\!\ anly 1o J random manner and

usudd iy Inoansattctent quantity to provide adequate statisdi gl
| 1

Cdistrrbution,

IS RN (rvqupntlv ﬁv\vuudty tocassume that all obervvations are ot g
single homogeneugs population whase distobution tollee s stand rd tor,
Such dn\umﬁt|unn Otten give aoad Tits neat the most Pregquent by acourrimg
‘vuluv\ but tar the st fural rvlfqhi!itv prablem ather tactors require

pphas i The major difterence between stractursy and commen reliability

't

i
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analysis is that the mean time to failure is not o desirable measure of
reliability. It is the risk of failure that is required for a structure.
There is no acceptable failure rate and much more emphasis is therefore
placed on high (abnormal) loads and unusually low strengths. - This
emphasis, then, requires that the statisticael representations match the
appropriate tails of the distrihutionﬁ‘rnthor than the reqion near the

more frequently occurring values,

The formal recoanition of po&%ih]P‘PPPDTS is prohahly more imnortant
‘than the snecif}v definition of an error funttion. The error fuhction
may describe any number of diﬁcropancivﬁ.'howevor caused, in terms of
the distribution of the probable mean strenygth of the structure, A
number of suitable functions are available for initial desi@n use. - The
degree of dispersion (coefficient of variation) has rpl&tively little
influence once the tect results have been incnrpnraied. when tests ave
used 45 ar error disclosure, A relatively low iisk would probably be
introduced by the adoption of a4 standard error function.

The uplementation of an u\linhilitv hdﬁud technique will present

certain problems and vaoron\v 30 \uquoats a4 two staqe pFnL9§§
Inmitially, there will be IH\Hf'lLlOHt(L\h'dle‘dh]P to lmpleOnt a
total reliability based desian concept and Pmphdﬁiﬁ should be placed

on the comparaacive similaritieos with the existing factor of safety
dpsidn voncept rather than the ditferences. Nn&ovorv even roﬂtrictinq
the reliability comept to dvclqn qundit\nvx for which data is dVd\lablo
will help v\\dhl|\h docorrect undelxtard\nq at the probabilistic
processes and encourdage the dcqu\qrt1nn of the data requirea for further

implementation

The tirst phdsv would dpblv the rviiahi\i\v concept to selected
design vonditions and primarily emphasize famiiiarity with terminology
and mathematical relatvonships; the velative importance of parameters;
evaluatim the 1mplied rvlidhiii(iox'uQ existing airptanes, and insuring
that continuivy with existing desiyn concepts exists <o that no abrupt

changes 1 structural integrity will exist. The interactions hetween




AFFOL-TR-78-8

static stvenqth fail-safe strenqth, fathue strength and damage

‘ tO]ETﬂHLQ strength also requ1re identification to permit the whole
‘ speutrum ¢ - tructural reliahility to be expressed in a consistent

manner.

The second or final stage, that of achieving a meaningful, completely
probabilistic concept will not he‘possible until quantities of additional
statistical data arve obtained, especially for asymmetric flight cases and

comhinations of parameters which are not independent. Not only must

~every possible cause of loading he established in probabilislic terms but

every factor affecting the strenqth must be established. Unless a total

plLfUlP is as Rembled, nothlnq wrll be known about the relative importance
of the various desian conditions anq interactions, about ways of

changing the reliability results by modifying the operating conditions,

or by redesign of the structure. Nhen reliability results are further

specified as a single numerical value, even when specified as a goal,
the relative merit of difterent values reogarding safety and possible

rodoﬁiqn must be considersd.  The concept of a single numerical value

the tvildhtllty of an a1tftame or even a specific Tocation on the
dirframe is supewtxx\ally attra(t1vv but any vreal advantage is

completely offset by problems of interpretation of the number. Any

judgement as to acceptability of one reliability number over another
that is slightly different will remain arbitvary. It is probable that
a relative rish assessment teunnique will preve to be worth while even
~when all of the no;oss.ry statistical datn are available and a completely

~pruhdhi!isti( design concept can be achieved,  Tinal “implementation will

be governed by experiences gained during the first phase and the
availability of desian data.

The next section will attempt te place these thoudhts and ideas, and
those 0f provious sections, into perspective by further rvelating thew
to current dv%huu;nﬂctivv.
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SECTION V1
‘CONCEPT INTERACTIONS
The factor of safety has lost some of its appeal in recént years and

probability analysis has been emphasized as a more rational ccncept. ..For-
merly, the complexity of reliability based concepts centered around the

- analytical espects of the solutions but this difficulty has been offset by

curre: computer technology.  Today the prime restraint is available design
data in the proper statistical form (Reference 21). '

Dissatisfaction with the factor of safety concept became more apparent
during the early 1960's when surveys of airplane and missile manufacturers

‘were conducted in conjunction with various Air Force structural design

criteria development programs. The general industry feeling that the fac-
tor of safety is growing more and more inadequate has aprarently not changed.
The initial dissatisfaétion applied primarily to missilés, but éirp]anes
wore not excluded. The surveys also found that the degree of availability
of tlight measured data varies qrvdfly between systems.  Its quality and

" quantity are both deficient and the paramétérs most needed for reliability
~ based design concepts are often not measured. Cost and the inability to

access a systom for the purposes of instrumentation and data measurement

often hecome insurmountable prohlems.

Whether using a factor of safety or a reliability based concept, the

Cairframe’s probahility of feilure will be sensitive to the number of

'xignifivant desiyn parameters (assuming a1l significant parameters are

acceunted fur) and their statistical distribution. The design data must
encunpass -all ot the natural environments, induced environments, opera-
tional variations, material propertices, amd built-up structural properties;
the total nunber of specitic parameters rveguiving statistical definition
Becomes significantly large. The state of the art and practical limitatiuns
in establishing accurate statistical data for each siunificant parameter is
such that the dotual results may be mufé academic than related to actual
needs.  Unless tne avarlable data are cavetully \(“t‘("tt‘d and reduced,

considerable ettart could be svpended with tew conmensurate results.

iR
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Although the validity of extrapolating data for «:sign use is taken
for granted certain precautions must be exercised. Too often design data
have‘been compiled from inappropriate or limited sampies. Data must re-
flect oueratiohal conditions‘froﬁ ai\ segments of the Air Force; pilots
‘,must be qualified or typical, not highly experienced flight test pilots;
weathev condxtxons must be prnport1oned between good and bad flying condi-
t‘ons, and daylxght and night operat1ons, and weather cycles occurring
‘ dur1ng the year and over a period ‘of years must ‘be considered. Some para-
meters have phys1na1 limits or pra&txcal Lpper ]1m1ts_and any assumed distri-

‘hution must consider a reasonable cut-off value. Extreme values become less

accurate as they‘pr09reas away from the mean and influence design confidence.
Values selected closer to the mean could affect flight safety. As a logical
extenswon of the realization that all airplanes of a certain type cannot
(stat1<t1cally) meet the design econom1c or fatigue tife expectancy, there
1s a trend to deve]op axceedance cdrves for design that represent average
rather than extreme environmeants Fonuerlj, éirplanes were always designed
to the maximum expected or extreme env1vonments for both static and fatigue
strength and the static loads induced were increased by the factor of safety.
The effect of this design trend on flight safety cannot be assessed but the

juportance of selecting proper design parameters and having a factual data
) k I
base increases. ‘

The 1 nitétions whicn inhibit induced load measurements have led some
to believe that the factor of safety should be retained on loads but that
all other deﬁig@ considerations (whiéh are assumed to be well-defined)
should be evalu1?pd by 'a rational statistical analysis. These concepts
‘ m.ght lead to a 'Pf1nement ‘of curren. design precedures but do not change
the procodures since \tﬁtl%tl\d} considerations have lony been a part of

airplane and missile dps}gn criteria. Although probability factors for
“structural design are seldom expressed in current criteria, the choice
of limit load factors for static and fatigue strength and various environ-

“mental design parameters are tundamentally based on flight and environ-
méntal statistics (Refevence 23).

80
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Perhaps the most important contribution t@vairfrdme safety is that
of testing. As so aptly noted in Reference 47, "safety requlations. how-
sver good and sophisticated, should always prnvidu’fof approval based upon
relevant experiment. such as the measurenent or control of actual loads, the
measurement of the actual strehqth of components, and the demonstration of
the performance of the complete. structure by proof or stiffness tests.” This
practice has Jong been the custom of the aeronautical engincer. Both ground
and flight tests are used to demonstrate design integrity and optimize the’
conflicting requirements of minimum weight and maximum structural reliability.
Optimization and economic airframe life réquivements have in recent years placed
considerable emphasis on developmental testing. This emphasis will probably
increase in future years. Although testing is a very cost effective design and
substantiation tool, the expense of testing s a major obstacle to obtaining
more appropriate statistical data for reliability based dpsiqn concepts and
statistical substantiation of structural reliability. Some of the interacting

roles of structural analysis and testing are discussed in Reference 43.

A ndturd] oxtension Lo current practice is the use of additional factors

and design parameters.  This concept is Tess cumplcx and easier to manade in a
rapidly changing design enviromment than using a variable factor of safety.
The modified factor of safety concept {Reterence 1) factors three perfomance
variables and it could be expanded to include others.  Going further. Reference
38 suggested that the factor of satety on loads tor missiles could be reduced in

certain instances when a particular load source is highly predictable, thrust
for example. However, Reference 16 expressed the view that although some de-
sign Joad sources are highly predictable, the combined design load may be on-
ceeded for some dosign‘(nnditionS‘whvn'ynmbonvnts aof the combined Toad are

reduced.  In effect, known conservatisas compensate for the unknows.

The additional dvéiqn complexity imposed by a now or revised concept
on structural analysis must also be considered.  Associating a specitic face
tor with é specitic variable, rvthdlvn& ot the number of tactoved variables,
“will provide a certain Tevel of additional complexity to a lo.d/stress analysis,
using a variable factor of satety and specitic parameters will add qmdiffvrvnt

tevel of complexity,  Computorised analy<is technigues can relisve some ot the

R
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bookkeeping, but considerable additional judgement in design is required as
compared to using a single factor of safety on load. Although less complex,
the single factor of safety on loads will not satisfy the objective to control
structural ré!iability; the‘single factor is a function of numerous variables
which can vary structuﬁal re1iabi1ity appreciably and not impose a change on
the factor itself. Also, if new factoré of safety are applied to additional
‘design parametefs or if reviged or variable factors are applied to loads, the
yeafs:of éxperience and backlog of compensating design limitations and related
‘requirements‘which we have fdr‘the conventional factor of safety will be lack-
ing and design confidence will decrease until 4 new base can be established.

Major changes in airframe design technology are usually ccompanied by a
'comparisnn'With‘existing techhiques‘prior to adoption. Reference 30 illus-
trates a limited comparison of this type as discussed in Section V. Other
studfos have made comparisons relating equivalent factors of safety to a com-
patible4reliéb51ity. Such comparisons cin be found in References 28, 44, 45,
and 46. There is a similarity between reliability and factor of safety con-
cepte which‘becomes more ohvious‘when the factor of safety is viewed as a con-
cept hesed nn‘the statistica!_definitions of many basic design parameters.
Each‘design‘haﬁaheter, however, 1s nommally reduced to a specific value and
the cdncept becdmeé detorministic rather than probabilistic. TJo further the
analogy, the design (ultimate) and operational (limit) stresses can each be
assumed I?nnar and represented by a frequency distribution. The ratio ot the
mean stresses of each assumed distribution can then be defined as a factor of
safety.  Refer.nce 44 uses this analagy to show that the level of reliability
can vary widely for the same Yattnf of safety value,  As proportional changes
are rade to thﬁ‘stféxs ratio 0r‘t0“thv shape of the distributions, the over-
lap . the tdi]u'uf‘tﬁv‘distriputidns varies and, in tura, the reliability

varies. A fixed tactor of safety cannot, theretore, ensure a constant leve)

of reliability without considering the statistics of the design strevqth and

operational stresses.  Reference &« turther exbiadrys that the tactor ot satety

can be placed on g wore rational besis andy o fact, only has meaning when

related to the convept of relvability.
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The degree of safety'désired‘or required also varies according to
the particular point in the V-G diagram which is involved. The left hand
corners of the diagram represent maximum 1ift coefficient and thz maximum
load possible (not considering the small increase maximum 1ift coeffi-

Ccients that can occur under dynamic conditions and which may be used in
constructing the diagram). Thus, if a static test has been conducted
satisfactorily and validated by flight measured loads, it would be physi-
cally impossib}u to have a staric‘structurai failure at these points when
operat ing normdiiy. A similar statement may be made of the flight controls,
which are Timited in Yoadiny to specific boost capacities, and in a more
gener 1 sense, to inlets thCh are designed to specified pressures corres-
ponding to maximu spéedS'ét which the airp!éne will fly. The airplane may
physically cxceed che design speed and maneuver limits, but it has turned
out in practice that pilots have kep* the aircraft within speed and maneuver
1imits without difficultv. ~In these cases, it might be Togical to consider
a lower factor of safoty than that considered for the right hand corners of
the V~G;diaqrdm (Rcforenro 25). »

Fxcoptfnns to novmaliy contrelied flight conditions are instabilities
which cause design Yoad factors to be exceeded.  The factor of safety does
not recogn re derodynamic instaﬁi]ities in dvﬁiqn.‘ Even with an éxtonsive_
operational hdctlrnuud.,pﬁst exporiences show that all static flight failures
cannot he pees et Several late 1950 airplanes have been lost because of
unaveounted 1o aerovlastic offects.  Some losses were the result of aero-
dymamie intora: crons dind Gne resultod from inproperly predicted spanwise wing
Toad-" Some -Q:uctural f&ilures cuhld haVe boen’préventvd within the state
e art ! ithers have resulted from new phénnmvnd‘ﬁut anticipated or a.

4 subsequert oot ta a prior turbulence upset [Reterence 4.

More cesors ovamples of st ] failure can be cited tor both fighter

Sodoiransge cadanes Cthese wampley cosutted fram control systom malfune-
ST TR “Paght sbracteead failoares subsedaent v eccarte] o the wings
V?hc ;vfg‘ Po Ay Q»rv craveed anid saoor tadck-shn wing planks became

Getaches beoocee cntabr bbby were oventad b by overcome L T fhese strgctures

SN T N T fnwm‘ fator ot Catety or to NERVISER TR TR N |
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concept havinq‘ab effective Y@ctor of safety lower than 1.5, these

, airp]anes”WOu1diprabably have féiled catastrophically in flight. This
failure projection is hypothetical, hut these real examples of structura’
overload reflect the inherent conservatism in today's airframe and the need
for overload protection. It is unlikely that the dollar value associated
with the cost of the airplaie and crew training, for any one of the several
airplanes affected, could be of7set by the savings in weight, the performance

gained, pr operational costs saved by using a désign concept that might pro-
“vide o lower le el of structural safety.

There i< another measure of safety to be accounted for beyond the normal
overload/understrength probabiiity Vimits of structura1 failure. Extraneous
“causes of structurai failure may arise which are not part of an original de-
,sign evaluation. Instances of p o maintenance, improper assemtly or reassem-
;b]y.'substitutioh of improperly heat treated components, etc., are well known.
Other phnhomena U as‘hydrogén embrittlement and stress corrosion may not
he adapthhTe to statistical design procedures and the statistical limitations
of small coupon or structural component tests are alsa well known. Even it
these evénts‘can be‘statistica11y accounted for, their significance could
‘ overshadow‘the probability of normal structural failure when considering
reliability based criteria (Reference 25).

There 15 stili another safety aspect to consider. The factor of safety
does interact with other design and analysis requirements, although it is
often viewed as an independent measure of structura’ safety. Reference &7
is a s uay of comparisons between existing and proposed civil enaineering
requirements that emphasize a similar interaction. The study first notes the
many uncertainties in desian and coﬁstruction that are cuvered by providing

“ overload prote fion,  Thé facets notéd are identical in context to thowe
considered within the factor of séfety concept Yor areframe desian. Similar-
1§} tﬁe‘tictor of safety concept is noted to be & crude method of covering

~analytical and‘twustruction ervars, but the reference also notes that it has
the merit of simplicity. The study evaluated 4 variety of structures exposed
to three }oadinq'Cbndjtinﬁé. It comparbd the quantitic  of flexural steel

required for vach desian case and assessed the theorety al overload coacitie

RE
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of the structures. The steel requiremehts‘using both the old and new
requirementsiwere found to be very similar for each loading condition but
the presumed overload protection was found to vary. It was initially pre-
sumed and implied in the specifications that the theoretical overlcad pro-
tection would be proportional tec the factor of safety associated with each
load system. However, the strength was not proportional to the factors of
safety used. This occurred because the design of theuadjacent spans in the
structure used different factors depending on how they were loaded; in _
some cases, the loaded spans were counterbalanced by an’exaggerated.(factbr-
ed) dead load on the adjacent unlvaded spans. The overload capacity of the
loaded spans was not direct?y\praportiona? to the chtor of safety.

Even though the study showed a variation in overlsac capacity, exicting
structures designed to these requirements were still considered safe for
several reésbns: Occurrances of actual overload were heg]igfb]e, fhe proba-
bility of understrengthkwas low, and inevitable detailing excesses (design
conservatism) existed. One additional reason, however, is most jmportant and '
relates to:the éléstic analysis, ‘Until,recent!y, the comb]exity of the e]és-
tic_ana]ysis‘encduraged the use of simplified assumptions whjth_required up
to 70 percent more steel than would have been reauired by a more rigorous
anaiysis.. The additionai material, in turn, greatly incréaseq the overload
~ capacity of the structure and led Reference 47 to conclude with this question:
"With the increasing use of computers, which make more rigorous,analysis, ---
wili structures designed according t6;--- (exist1ng reqhirements) ---0r simi-
Tar fypes o7 loud system(s) still be adequately safe?" This question i:
equally applicable to the 1.5 factor of safety design concept‘for airy lanes.

The f011owing are similar points emphasized in Reference 9. The main
point emphasized is that the conventional factnr of safety provides for

" (unknown) situations that might not be recognized in a more sophisticated

(ration¢l) design procedure. Any attempt to be too saphisticated can also
lead to design procedures that are impractical.. To avoid these possible pro-
blems, new and cld cohcepts should be closely compared. Any 7argp‘differenceq
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in the results should be viewed with caution and not be accepted uncriti-
cally. It 1s further noted that different resu.ts, either more or less

critical, are not necessar11y adverse and can often be justified under appro-
o opriate c1rcumstances

- The concluding question in Reference 47 should also be expanded to

'reliability based concepts: If more complex reliability based design con-

~Cepts are eventually implemented to rationalize existing requirements, save
afrframe wexght and improve performance, will the new structures still be

adequately safe? There is no 1mmed1ate answer avaw]ab:e Hopefully, any

change in des1gn concent will bring w1th it an adequate and equivalent level
of airframe safety; hcwever, any desigh concept is a balance of requiienents
~ involving numerous pafameters andjdesign interactions and any new concept for
which expérience is limited must be thoroughly evaluated and closely woni-
tored to;ascertéih‘the true affect of the change on structural safety.

~ Generally, reliability based concepts are not proposed to improve
flight éafety.‘ F]ight‘éafety is always a concern and new design concepts
are qeheral]y not adopted until an equiva]ent'or better Tevel of safety is

“assured 1he most significant reason normally given for adopting a new

'lconcept is to achieve a reduction in we1ght when compared to the accepted
norm, Thls reason 15 well intended but could also de misleading. The
accepted nort can be elusive and difficult to define and the projected <av-

“lngs in structural weight cag be easily overstated. Every design concept

attempts to maximize‘efficiéﬁcy and avoid either an unconservative or an
‘overwe1qht structure.

very effective.

In this respect, cufrent design praciice has been
Refeve'ce 19 provides some 1ns1qht to the history of struc-

tural efficiency for bomber and transport airplanes up to 1964, The obser-

vation is that airplane weight trends and structural weight fractions are

very con<1stent It makes no difference whether an airp]ane is jet powered

ar propeller dv1ven whether it was built 2% years ago or is of recent (1964)

~vintage. There remains a balance between ay efficient structure and/or

material and the design requirements jmposed on‘them. Studies of future

airplenes (beyond 1964) also supported this trend (which still seems valid

‘today). 1t is apparent that if wore efficient materials and types of
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constructionvare found, that more stringent operational requirements will

be imposed on them. Timé and state of the art advances seemingly have littie
effect on basic structural weight trends. Reference 19.describes the weight
trend curves as basic, and as such, a technological breakthrough would be
required to significantly change them.

The trends, of course, are based on the conventibna] factor of safety
design and metallic materials; any improvement in structural weight trends
that might result from the use of a reliability baSed design concept or from
composite materials when used on an actual aicplane is unknown. These con-
cepts may prdvide the necessary breakthrough. How fer, an airplane design
is the result of many‘éompromises and interactions which have a neutralizing
influence on overall design with respect to any one parameter. Too often
weight and performahte improvements are estimated supérficia1¥y and the opti-
mistic conclusions are not achievable, A thorough study that incorporates
‘the major performance and airframe parameter interactions ih a design eval-
uation is required to obtain a confident weight impact assessment and many
desiyn variations would be required to establish a new trend. f(he pabing
influence on performance improvements to date have come from advances in
propulsion concepts, not stfuctdfal‘concepts. Structural designs have
successfully kept pace, however, and structural efficiency has improved.

But as pointed out in Reference 19, when greater structural efficiency is
achieved, greater demands are mage and the structural weicht fraction has
not changed appreciably.

The actual -impact of design Jata, analysis, weight, and test interac-
tions on the development and application of futuré reliability based con-
cepts cannot be clearly defined at this time. The similarities between -
the factor of safety and probabilistic techniques indicate‘that'any state
of the art improvements intended to benefit the implementation of a proba-
bilistic concept would also henetit and improve the factor of safety concept.
This is especially evident when considering a design data base and may be
a3 additional pbint to consider when evaluating changes in current design
concepts. | '

o
~J
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~ There appears to be aksljghth subdued, but continuing interest with-
in the éerospace industry to develop a design cdncept that corrects tha
deficlencies associated with the factor of safety concept. It has been
assumed that any lack of clarity in the merit, goals, or direction that
might be associated with a reliability based concept will be resolved
satisfactdfily as the concept is implemented.

The remaining secticn Will briefly summarize the salient traits of

‘the concepts reviewed and projéct a possible balance in their future
-application. o .
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SECTION VII

"CONCLUSIONS

To have emphasized only structural design concepts with respect to
flight safety is in keeping with the intended scope of this review, but
emphasizing too limited a view could be misleading and detract from other
important safety aspects. Safety considerations in a broader view are
discussed in References 48 and 49 and serve as a reminder of the overall
scope of the'séfety problen. Safety is a total operational system and all
aspects must be considered in unison.

_ The static strength saféty aspeCts'of the airframe have been controlled
primarily by the 1.5 factor of safety. To be more precise, the factor of

safety has been the most visible design aspect of‘airframe safety and it
serves as a unit of measure in that regard. It provides protection to
occupants from both understrength airframes and inadvertent overloads.

But the overall concept of safety must again be emphasized and not just
the factor of safety; the factor does not function alone but in concert

_ with many other structural design and operational requirements. '

} The 1.5 factor of safety in U.S. design practice is fundamental and
represents a level of design safety which has become an’accepted'standard.
Although the concept is accepted and used without reservation, it has
remained in an intermittent state of review. Its efficiency as a design
concept has been challenged and the objectives of its design application
cannot be clearly identified. There are proponents whe have encouraged
change and proponents for the status quo. To define the argurments and
differences between them is sometimes difficult.

Perhaps the 1.5 factor of safety is rational and does not require
revision. Or perhaps the 1.5 factor of safety is avbitrary and its -
basic function cannot be defined sufficiently to establish a revised
value. 1Its history seems to say that the 1.5 factor of safety is a
mixture of bnth elements. The 1,5 factor is rational because it is
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hased on what were considered to be representative ratios of destyn to
operating maneuver Toad factors experfenced during the 1920s and 1930s
{which have

not appreciably chanqed todav) and {1t is arbitrary hecause
we still do

not bnow the exact desion, manutacturing, and operating
Intricactes and variations it jrotects against, or how to quantify them,
the degred of In-flight safety provided by the 1.5 factor be

quantif}Gd‘hut fts successful history cannot bhe Fightly dismissed,

Neither cﬁn

vaiahi]iiy and realism Séﬁn‘tn qo together.  Probabilistic design
cOncobr$ are considerad more rqall&tic and have been proposed as being
more r«tinnal‘than the facter of safety.  Reliability hased concepts
have, therefore, heen proposed ‘to replace the factor of safety concept,
Because of anticfpafvd fmplomentation dvlay«. interim design techniques
have been prapdsodkand consfst ot muttiple factors of safoty which are
related to specific design p«ra@otevu and vartable factors of safety
which are related to specific d(}ﬁh)l\ needs.

The primary Justitication Jnd‘final obirctive of the probadistic

cconcept s tn_improvb atrplane performance and veduce operattng costs,

These iMprbvvmuntéydrv to be qained throuh reduced afrframe wetght.

Howover, recont afrplane weidaht studies and past wetght trends have

shown thatithv‘actual afrplane weight saved i often Tess than antici-

pated.  Durabilityv, fatioue Vite, aﬁd damage tolerance requivements also

influence airframo weidht and tend to supersede savings gained through
CAmproved destan techniques.  Those requirenents add wefaht beyvond that
‘needed for <tatic streagth,

There are many desiun, upvrdfiundl. ad possible Teaal vamficat tons
to hv defined before the tactor of safety concept can be formatly changed
with a\;urvd‘Juati(icatiun. The Tack ot appropriate statistical doata,
the need for procedures to establish the trae steuctural reliabitity ot
a destun and to dmunn&{ratv contractual requiranents will also hinder
imp]unvntdlidh of a reliability ha\nd desian concept.

R
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Reliability based concepts are difficult to define and understand
in summary form because of their complexity, but regardless of the
advantages or disadvantaqes alluded to herein the concepts cannot be

'liqhtlv discarded.  They must be examined vritica11y and objectively.

simultancously defining the nezded desian parameters. Yet, a comp]ete?y
rigorous reliability based concept may be so impractical for structural

" .destgn that it may be less destrable than the casily administered and

less rigorous factor of safety concept. In time, the application of
reliability based concepts to airframe design will increase but the
deqree of their apblication may have a definite 1imit. Future concepts
will prebably evolve tu incorpovale bolh afaimplification of the purely
statistical reliability based concept»dnd the qross simpticity of the
factor of ‘safety concept. The factor of safety still covers many
contipgnncio€ and at this time it appears there will be a need for some

factor, and to a greater degree than is <ometimes implied (References 21

and Mh).

The ‘objective has not been to support or minimize a barticular
structural design concept but to underscore cortain points seldom
emphasized. A1l of the disadvantayes nofvd apply to both the factor of
safety and reliability based cuncvpt%. The point is, that the reliability
based concept will not eliminate all of the problems of the factor of
safety concept ar necessarily offer a safer design.  In fact, the problems
may tend to increase because of Huited desion experience with statisti-
cal concepts and the use of statistically defined parameters that may be
of questionable va]idity. Furthermore, there may be nn’unjustifivd confi-

dence in computed reliability estimates although reliability based desiqn

concepts have been assumed to be more rational than factor of safety

concepts. The phvsical vesults of a veliability based design and the

related statistical data must be more thas a mathematical nicety: the

“statistical confidence expressed in the design must be realizable, in

far{. Finally, regardless df the destan concept adopted tor future use,

the Safvty of the airtrame will depend not only on that concept but on

the adequacy of the total «tractural desfan criteria and the ability

of the concept to meet the proot of compliance requirements of the

design specitications (Reference W),

\)]
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