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1.0 INTRODUCTION
| The dosigr e¢f gay struoture is dependent on the individuel
| study ef a "lead” charasteristic and a “"strength™ praperty, and

the adequasy of the design is gexerally sssured by maintaining &
"faster of safety” between 3ush a leod and strength, Ordinerily
theae three eusential elements for deaign, i.e., the lead, the
otrength, and the safety factoer, :ro the respoensibility of eer-
tain spesifisation writing bodies, the only responsibility eof
the deuigner and structures engimeer being te nmeet the criteria
speeified by suoch gronpaol Thus, the aetusl safety of the final

I
| }
[ {
| structure dopends, first ef all, on the adequaey ef the design !
| oriteria, and seeondly, en the sbility of the preduet te meet :
|

specifieations, |

Ae is well kmown, esnsiderable effert has beem expended ever
the past half-sentury tevards improving our understanding ef the
behavior of stiruetures and structurcl materials, Great pregress
haes been realised in metheds of astrasa anelysis and mere effieient
materials have bees introduced. Unfortunately, hovever, the de-
sign oriteris phase of the préblem has been relatively ignered, |
especially the role of safety faotors., Ounly resently has it beum ;

realised that, pe matter how eeaservalive A dealZa may he. thare

" yxiata a real shenes eof it g£allnre, and that suoh s feilnre *
Rrebability must form the bapis fer say ratleval desien precedmgs.
The use of rather arbitrery constant multipliers, as faotors of
safety, results 1a a design whish may be highly unbalaneed vith

respect to safety, and whiech has me olearly discernible predability
of faflure, It iv senseless to empley highly refined metheds of
sdrength enalysis unless equal comnsideration is alse given te she

lead analyeis and to the safety margin betveen strength snd lead.

S—1

| 1. Struetural design eriteria for aero-space vehicles axéd GSR cre
prepared by the centraster's structures group, These structural
design oriteria repesrts define loading eonditions, estadlieh or
referenee factors ef safety, list appreved specifications,
sourees, oto., and are submitted to the contraoting ageney for
appreval,

fORM NO A-702-1
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With the realization that current design proctdures lack a
ratisnal bdasis for safety, several qmestioens naturally ocome te
mind: Yhat really {s the significamce of & safety facter?

What practiocs! henafits can be derived from attempting te
establish mere realistic weasures of safety? What facters in-
fluence the probabdility of failure? What probability of failure
is realistically acceptable? What is the statistical nature of
loads and environmental conditions? - of astrength ef materials
and behavier of structurzs? Aad fipelly: Vhat steps must be

taken to provide more ratioval bases for design decisiens?

In the paat dogen-er-se years a fleurish of writings has
appeared endsavoring to answer such questions. Imoreasing
enphasie en these problems is apparent in beth the civil engineer-
ing and aseronactical engineering fields, as can be sezn from the
bihliography at the end of thie report, O0f partioular significance
in the fieid of ocivi]l engineering is the recent organisation of the
Commfittes on Pactere of Safety by the American Socioty of Civil
Engincere (ref. I-3T, A%, 62). The purpoae of thia committes is
to define faoters of safety im relation to probahilities of fail-
ure or unserviceability and to recommend ferms of such factors for
future uee. The practical benefits possible through these studies
sre quite obvious. Not only can the reliability of atructures bdbe
contrelled, but savinge in weight and cost, and ipncreased per-

fermance, cau be realised without sacrificing safety.

The {iatent of this repert is to summarise the fundamental
concepts of structural safaty and review the progress being made
tewards understsanding ite true nature., The probubility of failure
is introducesd sas a struotural design criterisn, and the role of
safety factors in design is discussed in rolation to probability
concepts. The variable nature ef lecade and material properties
is only briefly discussed ao it will be the subject of later re-
ports. Threughout this report the terms 'leads™, strength", and

“fajlure” are used in their broadest sense. By "load” {s wmeant

A0
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apny imposed condition of feroes, tomporature, vidbration, deformatien,
eto;, by “"strength™ is meant the capacit; of a structure te
resiat such "leads”; and "failure¢” implies any undesirable

conditien of fracture, ylelding, vear, oreep, ete.

PORMON . R 7021



KePoRT___AZ 8008
CONVAIR ASTRONAUTICS PASL

©.0 ENGINENMNG DECISEON PROCNSHED

In order te understand the preblem of struotural safety
it is well te firet consider the basie logic behind deeision
muking precesses, Thev fundamental diffjeulty in engineering
is that eenclusions must be¢ drawn abeut a future situatien the
exect nature of vhioh is unknown, ¥Thus, the real prodlem is
one of precdiotion of future behavier and events and, as such,
is not expliocitly selvable., In waking & dec¢imsion abeut a reel
situation the engineer or scientist wust resort to abstrastioens
of the real preblem and base his eenclusions en the inter-
pretation of abstract results. Such a degision precess is

shown schematioclly in Figure 1.

REAL SITUATION

THBORETICAL AES8TRACTION

L?XPERIHINTAL ABSTRACTION

OF REAL PROBLEM | OF REAL PRODLEM
APPLICATION APPLICATION
or or
BXFERIMENTAL MATHEMATICAL
METHCDS | METHODS
EXPER IMENTAL MATHBMATICAL
RESULTS RESULTS

STATISTICAL INTERPRETATION ;hKORBTICAL INTERPRETATION

CONCLUSIONS ABOUY
THE REAL BITUTATION

Figere 1; BSchematic Hepresentation of an Bngineering Desision Preqess

(ref. IV - 10)

FORM HC A 7021
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Thoe flov diagram ilinstreted in Pigure 1 shews that sen-
clusions about a real world prodlem may be reached by twe fun-
damentally differeat paths, the eme based on sbaervetions eof
actual past events, and the ether on the laws of abstraed
science. This is, of course, a simplified representation, as
each path usually involves some songcpts from the other, and
sach operation may include many separase decision precesses,

By fellowing beth paths simultanesusly amd eeerdinating reanlts,
the reliability of the final ocemelusiens ean eften de inereased.
Adother, more svmmon, procedure for inereasing cenfidenece is to
run several analyses ia series, using the resuits of eash pre-
ceding investigation to obtain a better abstruct model for the
next analysis. Suoch a continual refinement prosess hae been

the usual course of events throughout the history of sciecoe and

engineering.

The important thing to realise is that the selution to am
engineering provlem is not as olear-gut as we wonld like t¢
think. In fact, the exact nature ef the preblem itself ie wun-
known sinee we are ignorant of future realiiy. We ocan omly deal
vith an abstraetion of the real problem, spply experimental legie
And/or mathematical legie te the abstraot model, and use the
abstract results as a guide to decisienm making, 8uekh a precess
alvays invelves a certain amount ef judgement. JNeither mathe-
matical deductions mer statistical inferenees cam provide us
vith a real delutien, bu! beth san beeeme effovtive toeles whieh,

if preperly used, will lead us te more rational senelusions.

FORM NC A T021
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3.0 THE PROBABILITY OF PAILURE AS A STRUCTURAL DESIGN CRITERION

In establishing criteria on which to base a structural
design we are required to defime conditions of "lead” and
"strength” (ref. pages 3, 4). We therefore must predict realistiec
levels of these conditinns; generally, the extrsme levels which
eur etructurc may posesibly envounter within its lifetime. Sinece
it is impessible to predict such oconditions with certainty, we

' must ebtain rational estimutes thromgh the use of the logical
deoisien precesses previously discussed: In doing thias we
acoept a certein degree of rick that eur conclusions are in-
eorrect and, oconsequently, there will always exist a definite
prebability of fajlure. It is logical that, as our first nt;p
in deaign, we define an acceptable maximum valune fer this predb-

adility of failure.

The level of failurs prebability to which structural
ceuponent should be designed must be determined by weighing its
functional importance and ecenomic valus against the conseguences
and coest of failure. As previously mentioned, there are aeveral

types of struotural feilure conditiens to comsider. Cntnotrophicl

e e = S i - e

1. In erder to establish and define vhe oritical conditien eof
catastrophie fajlure of a struiture, the differemt medes of
collapse of structural resistance mmet be considered. Collapse
can be preduced by:

R, The instability er fracture of one or several primary
structural elomsnta or connections under a single
appl _ oation of sr excesoive load or load-temperatare
condi tiem,

b The fracture of one or several primary struoctural
elements or connections g8 a result ef creep or
fatigue under ti~e sustained or intermittent appli-
cation of a ranaeam (er periodic) sequence of leads
and temperatures, the iztensity and frequenmoy of whieh
is desoribed by a three dimenscional load-.emperature-
time spectium

PR ANS AT7020
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as well as -inor2 failures may result from instadbility, frasture,
or fatigue. Unserviceability will be caused by such conditions
as yielding, exceasive oreep deformation, insufficient stiffness,
vear, and cerroesien. It is apparent that some of these failure
ceonditions are mere important than others. W%e cam accept, feor
example, agreater failure probability for yielding ef a struct-
ure then for catastrephic fatigue. Thus we have te consider each
type of failure and urserviceabiliily condition separately and
evaluate the different risks involved in order to arrive at de-

sign levels of failure probability.

The probavility of failure of airoraft or missile structures
uay be expressed in various forms (ref. I - 38, 39, 43, 44, 81).
Por exampie, we may express the failure rate of an aireraft
as the expected fallures per mile of flight, per heur of flight,
or per missien., Typical design values of tolerable failure
probabilities of oivil uiroraft, expressed in hears of flight,
would be of the order of mugnitude of 1074 for yielding, 107"
for failurez under grouad-lead oonditisns, 1o‘a for imn-flight
failures other than fatigue, and 10-9 for catesstrophic fatigue
failures (ref. I - 44).3

Apether form for specifying failure probability, suggested
by Preudenthal (ref. - 35), is te define the scceptable risk eof

———— —— — - 8 . N . = E — e o e o e eu——

2. Miner fajlures would reault from similar modes of cellapee
of one or several gegendary struotural elements er cennectiens.

5. One should met assume thgt an, aorocs-the-deard, increase in
the allovable prebab;lities of failure for misssiles is advisadle;
the centrary may be true, "It sheuld be remembered that cempe-
nents used in guided miseiles must be mere reliable than these
ef pileted aircraft by abemt omg order of magnitude” (ref. I - 11)
A thorough statistiocal investigation along a missile life-mission
conoept approach and acceunting for considerations of scfety
(ref. p. 11) is required to determins allovable prebabilities
of failure.

47021
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fallure ever the entire service 'ifetime of the structauro.
Taking the abeve example of ar aircraft failure rate eof 10"8
por heur, and suppesing that the airplane is expected te have a
sorviee l1ife of 20,000 hours, then the chanoce of ar aircraft
ever having an in-flight struetural failure ino ite lifetime
would be 1 in 5000, Tuis methed of expressing failure riek in
relation to the overall life of the structure seems to previde
the simplest snd most rational dasis for a design eriteria. It

is expecially vell-suited for miceile structures.

Ia cennection with lifetime failure predabilities, Freudoms
tml defines the fellowing two terms (ref. I - 38):

Retury perjod - the axpeoted time botween eccurences of an
extreme high lead - lov stremgth combinatien whieh, upon ite

single application, causes structural failure,.

Beturp mugher - the number of repetitions or oycles of &
standard lead pattera that will result in a atruetursl failure.

Sinoce the predadility should be extremely small that 2 struectare
will, ia its lifetime, encounter a load-sirength cembimation

| that canses faillure, the “"return peried" of such a lead-strength

cembination sheuld be 7Tery mueh longer than the design life o

| the strusture. Ia the previeus example, for instanmce, the

| "return peried” of the oritical lead-strength cembdbinatien that

| caurer in~-flight structural failure ia 3000 times the desigm
l1ife of the aireraft. Similarly, the "retura number” eof a
lead pattern sheuld be made very much higher than ths tetal
number of lead spplicatioms ezpected during the lifetime of

the struoture.

FORM NG A 702 0
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4.0 THE SIGNIFICANCE OF SAPETY PACTORS

In afiroraft and missile fields the ocurreat practice is te
enpley the "limit lead” design comoept, as opposed to the “"workiag
stress” appreach wsed in meochanical and oivil engineerimng (these
twe comcepts are discwssed by Geldim im ref. I - 38). Onmly tho
"limit lead™ type of criteria will de considered im this repert.

The term "limit® (as applicd t» aireorsft atructural design
critaria) first appeared in Part 04 of the Civi] Air Regulations
of 1938, It was umed tv speocify the actual maximum lead feotewms
expocted te be experienced by airore?t in given flight and greund
handling cenditioms, As such, "limit lead facters represented
actual "limiting® ocenditions of aoéalorntiol of an airerafs, the
factoras themselves bdeing the ratie between lcads in the accelerated
and unacoelerated (lg) cenditions. The term "limit" was alse
adopted by the Army aand Navy threugh the oafforts e¢f the ANC Coem-
mittee en Airoraft Requirements (a history of the develepment eof
airoraft design oriteria is given by Mangurianm imn ref. I - 21).
Current Civil Air Regulations (Parte 3 and 4b) define limit load
as "the maximum load anticipated in service”, Similar definitioms
appear im verresponding Air Ferce and Navy specifiocatiens fer
airoraft and missiles. Desigm criteria based on the limit lead
philosophy have preved to be adequate for fi.ight strucstures of
the past. Hewever, wita the advent ef misesiles and high spped
airoraft, and with the use of new materials at high working stresses,
oonsideration must be givem, net just to mgyximum load coadi tions,
but, te the entire ioad-temperature-time history of the vehiocle.
*Limit coaditiens™, defining lead pattern, cycles of leading,
temperature, and time durations, should replace the "iimit lcad”
coenocept ir order te effectively account for aersdyuamic heating

aad fatigue preblems in dosign (ref. I - 38, 39).

L7021
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| Simce limit leads, or rather limit conditiens, represont actual
I situations likely te de on:euntcrod,1 certain facters eof safety

are required to ensure agaiust failure or urnserviceadility of the
| structure under these conditions. Such safety footors must acovuat

for all of the following:

n

1. The accuracy of predicted leads and envirenment.”

2. The degree of variability and the mature of the frequency
distributiens of the design leoading conditiens.

, 3. The acouracy amd extent of the stress analysis, fatigue
| analysis and/or the degree of axperimentatien.

4. The variability in the resistance eof materia)}s amd structures.
8. The degree of inspection and quality centrel,

6. The variabiliity of regidual atresses c¢r eccentricities
resulting frem tolsrance build-up, misalignment, ete.,
due to pesr design, material control or assembly.

7. The degree of maintenance of the original strength standard
(eftects eof deterioration due te corresien or defieciont
mairtenance) by the eperaters during the life of the vehicle.

8. The degree of workmanship, teleramoe limits and surface
finish specified fer the manufactaure of structural elements.

i - - - — ———e e —————— e i e e

1. Within tbe oalowlated probability of their escurremes.

2. Leads and environment fer lagunch and flight cenditiens fer
aere-space vehioles are usually predicted with safficfenmt
accuraey so that the reduced faotor sf safety fer these
vehicles does not account for any lead er envirenment errers
or uncertainties.

FORM NO A 702!
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9. The eatimated vyolue of the ltrloturo.3

3; The value of all the benefits which the structure can be
expected te provide for its users, cad be oxpreased as s
capital sum which we might call the service value of the
structure. It {s the engineer's task to design the structurs
se that its service volue exceeds, by as much 48 possible,
the cost of producing and maintaining it. This preductien
and maintenance coet is made up of the eriginal cost ef cen-
atruction, the copitalised cost of eervice and msaintemance
during its service life and the cost of repairing or recea-
stracting the whele struoture or its ssparate parts because
of deterieration, failure er cellapse., In the cost of eush
mishaps mugt be included the cost of damage te means eof
preduction ether than the structure itself (dher structures,
vehiclas, eto.) and the costs of injury or less of life.

FORM NG AT021
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5.0 THE EFFECTS ON STHUCTURAL DESIGN OF A PROBABILITY OF PAILURE

FACTOR OF JAFETY APPROACH

At present, ihe engineer is faced with the joint effect eof
uncertainties in externa) leadings snd internal strength of
materials. The importance of a coyrelation of these two random
phenemena cannet be emphasised eneugh, and a reauson vhy this has
been neglected se¢ long is that there are usually two entirely
different groups of specialists vho formulate or influence design
loads and minimum strength values: There are government officiale
or teohnical greups, on obe side, while on tne other side are
materis! manufacturers, gevernment meterial specificatien writers
and specialists in the technelogy of materiels. (Mest aecre-space
vehicle manufaturers are attempting to close this gap in strmetural
design technology.) Clearly, it is the structures engineer whe
stands between the two groupe and who has to bring the tve sources
of infermation together by means of the structural snalysis. 1If,
however, the structures engineer asks for informatien frcm the
neighboring dbrarches of enginecering in a greatly simplified form
(e.3., furnish a single constant for what in reality is a whole
distribution functien), the tws neighboring groups are ferced te
round their figures off and put a certain safety muyrgin inte
their specifications on acocount of the later overeimplified treat-
ment If, hewever, a certain saZety in the load assumptioms ie
already included in the form of an unlikely or infrequent
oourrense, the same is done in the field of material technel!ogy,
and the structures engineer superposes his own safety facter,

then it is Hkely in some cases that the end result is unreagenably

safe.

Ir an effert, therefore, to achieve maximum economy and at

the same time ensure adequate safety, the structures engineer

FORM N A 7021
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has te insist thet u}l information on the strength properties of
materials and the avticipated loads oo the structare are givenm

te him in a completely unbiased fora amrd ac realistic as peasible.
Howerver, in most cases, this is only pessible by means of statistics.
The struotures engineer sudsequently ought to be inm a positien te
read this statistical informatiom and derive results and conclusions

therefrom.

When the structures engimeer has this statistical infermatioa
for loads and envirenment, he should be able to divide certaim
design anpects into two categories and atteck the ®*facter of
safety - probability ef failure® appreach. Thia will result im
an inoreased and mere balanced level of reliability, reduced

cests, reduced weight and adequate safety for our future designs.

Im beth of the fellewing categories, adequate consideration
" must be given to the factor of safety requirements (specified
on p. 11), serviceability and maintainability.

Category A. - Design aspects vhersin a reduction in ultimate
factor ef safety shoanld not be coneidered at
this time. In faot, an investigation, through
2 probdability ef failure approuch, may indieate
an increarne in the "factor of safety” would be
required te gttain the required level of safety,

Examplee in Category A

H Yhen eperctionsl requirements of a new vehicle are not defi-
nitely determined, and design maneuvsring and ground loads
and loading distributions ocannot be definitely asaertained
‘withio small tolerances’

2 When pesitive ateps are not taken to prevent exceeding the
specified design limit maneuver load faictorse, inadvertently,
dus to undesirable lew stick foree in peunds per g and unduly
light contrel forces in general.

3 When adequate experimental data are net aveilable for use in
design, and befere delivery of the vehiole

FORM N A T02
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ixamples in Categery A (contd.)

"

5.

Yhen structaral tehavior due te asecrodynamic heating or other
phenomens camnot bhe accurately determined.

¥hen non-linearity in aerodynamic data or structural 2e«flaetiona
can be catastrephic if the limit design conditiems sre exceeded
by only & amall amoumt, This 18 especially serious, since

many people have thought that an ultimate facter of safety

of 1.5 indicates that the vehicle stirength is good fer an
ultimate load facter of 50% above the limit lead facter

Category B - Design aspects erein a reduction in the ultiamate
factor of safety should be gousidered and can
best be determined through a prebability of
failure sppremeh. (Structure designed in this
category would etill have no perceptible set,
or yleld, at or below the limit leading conditien.)

Exampies in Categery B

(In the follrwing Category B examples, it is assumed that where

the term(s) "load(s)”, "leading(s)" or "loading condition(s)" have
been used, 1t or they will be based upon the mean or sperating
value, plus some constant times the stundard deviatien of the
distribution; in order that a true limit value will be formed,
having a specified low probability of occurence.)

lo

Lopsdings resulting from ram pressurs,

These loadings can be dets . th falr accuracy and
it is not likely that limit design .. 4 will be exceeded
if the vehicle stays within ite aspecified apeed altitude,
trajectory nnd/or orbit timits. Structures such as {ntaite
duerts would be considered under this peint,

Loadings from pressurisation, such an pressurized cabins,
personnel enc.osures, propellant tanks, sto.

Such leadings are controlled by a pressure relief or
control valve and it is not likely that limit design leadinge
will be exceeded, unless malfunction occurs. It may be xmere

FORM KO A 1021

Where, generally, the ultimate factor ef safety now ia 1.8, o
reductien, to an approximate level of .. 1 - 1.2, o0 1d be
pesrible with an adeyuate statisticaily based, struc ural
analysis appreach,
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Rxamples in Categery B (eontd.)

3.

4.

8.

7.

8.

FORM NO. A-T03-1

eeonomiec]l to install dual relief or centrel systems rather
thaa te provide excessive strength in the structure for sueh
malfunotiens. In any detormimation of the recomuended factor
of safetly for the bursting of pressure vessels, account should
be taken of the diffriremoe bewwsen real and apparent ultimate
fuotors of safety eaused by waterial preperty effects (prim-
arily, strain hardening).

Leadings frem hydranliec systems whieh have relief valves.
Thrust leadings frem engines, ineluding rockeds.

These loadings are determined with fair socursey and it
fe net likely that limit design leads will be exceeded,
Gemeralily, a larger percentage variation ef the ratie of
standard deviation of thrust e mean thrust will be found with
sclid roekets, than that feumd with liguid rockets,

Vben leadings are due to buffet boundaries of am air vehiels,
This is a rather questionadble {tem witheut flight teet ™

infermation, sines {t j» difffeult to determine load magnifi-

oations vhen the buffet boundaries are reached or exeseded,

¥hen loadings are due to presswure levels approashing absolute
vacuum,

When leadinge are due to terminal veleecidy,

It 1a net likely that a limit terminal veloeity will be
exeeeded, Affeoted struotures may inelude samepies, tail
surfaces, inlet drets, nose conss, re-eniry vehicles, ote,,
depending upem the load distridutions.

Yhen loadings are due te hinge mement limitatiens,

Many eontrel surfaees, suesh as flaps, ailerens, elevens,
ete., have hinge wownent limitations due to the available ferce
of a serve motor er a hydraulie eperating eylinder, Therefere,
the Laximum available hinge mements on the surfaces som be
decormined with falr asoeuraey. If adequate tolersnees hawve
been estadlished for senter of pressure and eenter of gravisy

locations, shen the design leads can be determianed ea the eemtrel
surfaee strueture and it {a net likely that they vill be exceeded,

In many oaues, over-all wing, tail, and fuselage loads and tetal
vehiecle lead facters are limited te probability based limtd
levels beeanse of sueb hinge mement limitetions,
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Examples in Category B (contd.)

9.

10

11.

12,

13.

14.

FORM NC A 7021

When limit loadings vesult from maximum control surface (er
other aerodynamically loaded surface) deflections.

Some demign criteria specify maximum control surface (or
other aerodynsmicully loaded surface) deflection, for surfaces
such us specd brakea, dive brakes, tabs, cowl flaps, etc., at
all design nir speeds up to maximum. If goed data are obtain-
able from [light or wind tunnel tests, then it can be stated
that the tmit loadings should not be exceeded, within the
oalculated probability.

When practical g-limit*r or guat alleviator inatallations are
available.

In such cases, it is not likely that the limit loading will
be exceeded. However, malfunoion of such installiations should
be taken into consideration., Hsre agein it may be more economi-
cal to install a dusl system, than to penalize the structural
weight to take care of malfunctions.

When automatic controls are i1nstalled on vehicles for ground
or flight conditions and the loading conditions will be restricted
to the specified loadings.

This method is already in use on missiles and the criteria
of an ultimate factor of safety less than 1.5 has been accepted
practice with considerable succesna. In order for aero-space
vehicles of the future to accomplish their misnions successfully,
it will be necesaary to rely more aud more on automatic ocentrols
rather than manual operations. Probability of failure of such
automatio controls may be high, and therefere, dual systems may
be required

When the factor of safety times the limit loads encountered from
the limit guat velocitiers remsalt 1n ultimate gust expectancies
conaiderably in excess of the estimated air life of c<he vehicle.

When the fuctor of safety timzss the limit eaxternal loads
encountered in flight or greound conditions resunlt in ultimate
external dosign loads considerably in excess of ultimate external
londa based on the factor of safety times the iimit load factors

When strenses are due to uerodynamic heating.

Jt 1 not likely that such atresses will be exceeded, if
the limit design speed of the vehicle and the rate of temperature
rise arc within the Hmit load-tempersture-time conditien.
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Exampples in Categery B (contd.)

15, Wheu lead limits have been determined by sdequate flight
and/er ground loads demonstrations,

If a vehiole has b2en subjected to an extensive loads
program and {t has been demonstrated that certain loading
conditiens should not be exceeded, then it ashould be pessible
to take advantage of these Joad limitetions by fermulatiuag
nev prob,bility based limit loads for ddsign of any future
modi fications of the vehicle,

FORM NO A 7021
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6.0 CONCLUSIONS
The oconcept of ‘'probability ef failure' will not supplant the

|
I conoept of 'factor of safety' in the entire structural enginsering l

profeesjon for some time, The agencies and the professionel
people involved are not veady for suoh a radical ochange in the
engineering spproach to structural design and analysis. Enough
will be gained i{f thev are gradually reconociled to the faot that
the conoept of 'factor of safety' ie measningleas, unless it is
supplemented by the specification of the probability of failure
assoocisted with {t, Therefore any reasonable, effioient design,
' even the most ocomplete and conservative one, tacitly impliess an
| accepted risk of fatlure., The difference between the safe and
unsafe design is in the degree of risk considered acceptable,

nat in the delusion that suech a risk oan be completely eliminated.

Structural engineering ip the aero-space vehiole field, however,

is ready for a probability of failure approach to factors cf safety
and structural analysie; the folloving oconclusions apply to the

deveiopment of that epproach:
|

1. Correlaticn of Pactor of Safety (or Factor of Serviceability)
with probability of survival and probability of serviceability
for eagh individual struotural element designed is imprsoticaly

2. It {s practiocal to coneider such oorrelation in framing
design rules and regulations. In fact, it is very desirable.
It should be inquired, "What is the probability of loss?"

3. Statistical and probability studies are only guides (like
mathematioal tools) and must be sup)lemented by the appli-
cation of common sense and enginecring judgment,

4, Work on safety factors will be of little avail until
structures engine rs have acquired:

a, A statistical background of information on the
renistance of materials and etructures, including
time~yleld, dynamic and fatigue effecots,
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, CONCLUSTONS (econtd.)
b, A eimilar background for lead effeots.

| ¢. Competence in probability and statistical eanalyses
(tovolves consideraktla educatiomal effort).

FORM NO A-7021
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7.0 RECOMMENDATIONS

This survey pointed out the need for much additionsl investi-

gative and educational effert,

1. Research ard publication of results should be ande:iaken,
as soon aa possible, in the fellowing fields:

a. The variable neture of the resistance of materials
and s tructures.

b. The variable nature of leads and envirenment.

2., The education of structures engineers should be fostered
so th:t they may acquire:

a. A statistical bjokground regarding the resistsnce
of materials and structures, including time-yield,
dynamic snd fatigue effects.

b, A similar beokground regarding lead effectm.

¢. The necessary competence in the calculus of
probakility, which includes the elements of
statistical analysis.

3. Research leading to rocommended facters of safety, and
the associated prebadilities of failwure, for general
ntrgeturnl components of acre-space vchiclc-l, GHEZ cad

GSEY should be started, neow,

4. Additieng]l statictiocal duts should be collected em loads
whioh occur very rarely, so, as to make pessible, a more
reliable¢ estimate of the magnitude of standard leads.

e — —— - —_— —= —

1. Astronsutics work, for the present, would be limited to ICBM,
satellite and re-entry vehicle compenents (engines, engine
mounte, vings, tails, comtrol surfaces, contrel., pressure
vessels, hydraulic or pneumatic lines and fittings, prepellant
tanke, personnel enclosures, eto.).

2. Components of humehewrs, erection booms, trailers, eto.

3. Compenents of towers, propellant sterage tanke, blezkhouses, ete.

FORM %0 A-7021
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RECOMMENDATIUNS (ocontd.)

§. The applicntion ¢f optimum deeign considerations to
structures subjected to two critical load conditions
(e.g., a maximum positive load condition and a marimum
negative lond conditien) which affect largely different
amounts of material, so as to establish the beast dis-
tribation of the probabilities of failure hetween the twe
individual lead conditions and their effect ¢n structural
weight ’

6. Most mechanical and physcial properties of material used
in the construction of aero-space vehicles, GHE and GSE
should be evaluated on a probability basis for design
allovuble properties (methods similar to these presented
in ref. IV - 15, should be employed)}4,

7. Tests for determining design allovwables of structural
elements, critical in {netability, or structursl connect-
ions, critical in fracture, sheecr, etc., ahould be eval-
uated on 5 statistigal basia (-cthod. similar to these
presented in ref. IV - 15, should be employed)4.

FORM NO A-7021

Unlean the seleoted probability function is germane to the
problam, and adequately reprenents the ifunherent statistical
variability of the phenomenom, whioh reeults frem cortaim basic
assumptiens concerning ites origin, extrapolation toward the
extremes (tailea of the funotiom) will result in erroneous pre-
dictions vithin this range of varisgion, which {s just the
relevant design range

Preliminary study of the statistical variantions of struotural
design parameters indicate fair correviation, ,e follows:

Type of Distribution ‘ Stractural Applicuatioen
wf

Normal . Anelysis of rundom loads, leadimg
conditions and material mechanmi-
ocal properties.

Legwaermal or Analysie of frequency fumction of

Exponential gustes, materiani fatigue propoerties
and mgXerial mechanical properties
(0.0 7gus ?ty) effercted by a
guod to fair level of quality
control

Gumbel's or Poisscn's Analysis of material mechanical
properties (e.g., rtu' | 1Y ) effect-
ed by a peor level eof qnn‘ltyeonhnk
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RECOMMENDATIONS (contd.)

8 All structural element tests conducted to preve structural
adequacy or properties should be run with a sample sufficient
in size so that roalistic statistical conelusions ecan b~
drawn,

NOTE: An existing fallaey, in the practiocal applieation ef statisties,
is the use of, lus eor g s to estimate

the maximum or minimum expected value. is "Three-sigma" precedure

is quite eommon in the estimation of structural design parameters for
aero space vehicleas,

In the firot place, s is meant, net 0 ., Sigma implies that the entire
population {e knewn; which, in moet structural design eases, is quite
unlikely, The sample standard deviatiem, s, is the best estimate of
0", the trues standard deviation ef the entire populatien,

The falluey of this "Three-aigma™ eook book rule should be obvioua.

If the initial variate is unlimited, the largeat value is unlimited,
too, and if the sample sise 1is inereased, the largest value encountsred
vill likevise inorease. Therefore, for yery gusu]]l sample sisen, the

38 ("Three-sigma”) criteriom may give an unconservative (net extreme)
estimate; for vory large samplo sises the 3a ("fhree-sigma") oriterion
may give a too censervative (toe extreme) estimate. Some examples

of this fellevs

g Prebability of Probability ef
dsmple Sise Seiterien Exeeeding (with 99% net Exceeding

7 Mean + 3s 224 78%
11 Mean + 3o 0% 1%
17 Mean + 3a 5% 05%
66 Mean + 3s 1% 99%
oo Mean + 3o- 0.13% 99.87%

A more soientifie and realistiec method of satimating maximum or

minimum values would be te use extreme vulue theory and estimate
these max eor min values to & certain lovel of probability (o.;.

00% probability, 1% probability, eto.) of eccurrence,

FORM NO A 7021



J

[

CONVAIR I ASTRONAUTICS e M

1)
1)

2)
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BINLIOGRAPHY (7 STRUCYURAL SAPBETY
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8.0 §.11 (OGRAFHY OF STRUCTURAL SAFRTY

I. STRUCTURAL SAPXTY, SAPLTY PACTORS AND DESIGN PHILOSUPHY (cont.)
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in Qef, I-5),
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