
UNCLASSIFIED 
 

AD NUMBER: 

LIMITATION CHANGES 

TO: 

FROM: 
 

AUTHORITY 

 

 
THIS PAGE IS UNCLASSIFIED 

AD0221406

Approved for public release; distribution is unlimited.

Distribution authorized to U.S. Gov't. agencies and their contractors; 
Administrative/Operational Use; 31 DEC 1960. Other requests shall be 
referred to Central US Registry, 2530 Crystal Drive (3E40), Arlington, VA  
22202-3938.

AGARD LTR, 24 APR 1970



Armed Services Technical Informalien Agency 
ARLINGTON HALL STATION; ARUNGTON 12 VIRGINIA 



i "NOTICE: When Government or other drawing*, »pecification* or 

other data are u*ed for any purpo*e other than in connection v 

a definitely related Government procurement operation, the U.S. 
Government thereby incur* no re«pon*ibility. nor any obligation 

whatioever. and the fact that the Government may have formulr 

furni*hed, or in any way «upplied the »aid drawing*, «pecificatior 

or other data i* not to be regarded by implication or otherwi*e 

in any manner licencing the holder or any other per*on or corp 

tion, or convey'•'g any right* or permiwion to manufacture. u*e 

•ell any patented invention that may in any way be related the 

mm 



f
i
l
l
 

c
c
x

»
t 

REPORT 153 





■‘■-Vv-V.

\

SUMAIY

concept of structural safety of alrfraaes Is analyzed on the 
basis of its relation to the probability of structural failure, with a Tiew 
of establlshlnc procedures of auantltatlve eTsluation of safety factors 
for a predetemined ‘acceptable’ risk of failure.

The difference in the approach to the concept of safety for ultlnate 
strength and for fatlcue is discussed, considering recent developaents 
in fatigue research, particularly the results of fatigue tests under 
randoa loading, and aethods of safety analysis for both conditions are 
proposed.

In this analysis the ‘Halt load' or ‘liait load factor’ is a basic 
concept. It should, howerer. be noted that this concept is not identical 
with the conyentlonal structural design criterion of the ssae naae. The 
difference is fundaaental: while in conventional design the ’liait load' 
is a derivative concept, obtained slaply by dividing the ’ultlaate load’ 
by an arbitrary ’safety’ factor, usually 1.5. the concept as used here 
is the prlaary load criterion defining. Independently of the ultlaate 
load, a lialtlng condition of service by the aid of which fatigue design 
and design for liait !c>ad can be correlated.

Since it is a purpose of the present analysis to discuss and develop 
procedures for the rational evaluation of safety factors, expediently 
defined in teno of ratios of the ultlaate to the Halt load factor, it 
is obvious that both load factors have to be Independently derived froa 
operational criteria. Thus, while the aeanlng of the concept of ’ultlaate 
load* used in this report does not differ significantly froa its aeaning 
Ic rcnrantlonal design, the ’Halt load’ concept is significantly different.

629.13. 012; 824. OM
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La notion do In ndcurlt^ don celluloa d’nvion du point d« tm atnic* 
tarn not aanlysdnnor In tannn d« son rnpport 4 In probnbilitd do In 
rnptnrn do In striictarn. on rv» d'dtnblir dns procddorns d'draluntioa 
qonntitntion don fnctnorn dn sdcurit^ poor ■■ rinque do rnpturo 
‘ndnisaiblo’ pr4d^tornlnd.

Los dlff^renton fn^aon d'nbordor In question do In notion do Is 
sdcnritd. solon quo Ton dtudio In roptnro on In fntigao. nont ^Toqnrfos, 
eonpte tonn don ddoolopponents r^onts eoncornnnt In rocborcho do In 
rnticvo. on pnrtienlior. dos rdsnitnts d'osnnis do fntigao obtonnn sons 
don chargoo nppliqn^oo no hnnnrd. ot dos n^thodos d'nnnlrao do la 
sdcorit^ poor Ion dooi ens nont propondos.

Dans cotto nsnljrso In ‘chnrgo linito' ou Is 'fnrtonr do charge 
liaito' roprdoonto one notion do base. II sot 4 notor toatofois qso 
cotto aotioB n’ost pan idontiqno na clansiqoo eritdro do enlcul don 
stracturos. do In nine ddsigantioa. La diffdronco onsontiollo, c’ost 
qao, nlors qnt lo cnlcal clnnaiqao eatoad par In ‘charge linito’ nno 
notion do ddriodo obtonuo on dioianat In ‘charge do nature’ par an 
coofficiont do sdcoritd nrbitmiro, on gdadml d»l 4 1.5, la notion 
tollo qa’onplojrdo dans co rapport not lo crttire do charge prinniro. 
ddfinisaant, inddpaadMBsnt do la chnrgo do raptaro. one liaito 
d‘atilisntioa qai pomot do asttro on correlation lo cnlcal do fntigao 
ot lo cnlcal d« cuStgo linito.

Paisqao la pressnto nnnlyso a poor bat d’etadior ot d’dlaboror dos 
procddaros poor reoalnatioo rationnollo do coefficients do sdcnritd 
ddfinis, do fa$on oonoonable. on fonction dos rapports do coofficiont 
do charge do raptaro na coofficiont do chnrgo liaito. il rn anno diro 
qao los dooi coofficionU do chnrgo doioont Itro ddrio^ chncan don 
critoros d‘ati 1 isntioa. Coat niasi qao, bioa qno la significntlon 
do la aotion do la charge altine. Ullo qao 1‘on ropreaonU dans cotto 
coaMBicntion. no diffdro pan bonucoap da sons dnan loqool on I’ontond 
dans Is cnlcal clasniqas. 11 eiisto one differonco Inportnato qnnat 4 
la notion do la charge Unite.

«2«.13.012:624.04«
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SAFirr VID SAFÎTT FACTORS FOR AIRFRAMES 

A. N. Freud en thaï * 

1. INTRODUCTI ON 

A critical re-évaluâtion of the concept of safety and of the safety factor is a 
task of considerable urgency, if the elaborate and refined aethods of analysis aade 
possible by coaputer developaent are to he effectively utilized in airfraae design. 
The aost careful and rigorous structural analysis is largely deprived of its serIt” 
if the accuracy of its results is diluted by the use of eaplrlcal aultipllers, so- 
called safety factors, selected rather arbitrarily on the basis of considerations 
that are not always relevant or even rational. While an adequate degree of structural 
safety, has nevertheless been achieved by experience alone, such experience has not 
been acquired without serious setbacks1. 

The increasing use of so-called high-strength structural aaterlals, the rapidly 
changing operating conditions, the rising cost and the resulting Increase in opera¬ 
tional life and utilization of the nodern transport planes, as well as the increasing 
complexity and severity of the operational requlrenents with respect to ailltary 
aircraft, have, however, largely invalidated the safety experience gained directly 
from the perforaance of airfraae« of the past. Moreover, these effects, singly and 
Jointly, tend to reduce the structural safety of the airfraae by intensifying the 
effects of fatigue1 which, therefore, has recently eaerged as a aajor cause of 
structural failure. This fact, in conjunction with the increasingly rapid rates of 
developaent of new types of transport planes and of obsolescence of ailltary air¬ 
craft, sakas it iaposslble to rely on experience acquired through past perforaance 
in teras of accident rates of alrfraaea designed with empirically sp'cifled safety 
factors, apart from the wastefulness of such a procedure. Thus, aethods oust be 
devisad with the aid of which the safety of a structure can be effectively analyzed, 
aad design rsqulruaaats specified on a rational basis that would ensure the correla¬ 
tion of the selected aafety - or load factors eith specified failure rates (for a 
fleet of airplanes) or probabllltlss of failure (for the individual airplane). 

In the U.8. Civil Air Regulations1, Fart 4b paragraph l.e, the following stateaents 
appear - 

(a) A Halt load is the aaxlaun load anticipated in normt conditions of 
operation 

(b) As ultiaate load is a Halt load aultlplled by the epproprlate factor of 
safety 

(e) The factor of safety le a design factor used to provide for the possibility of 
loads greater than those anticipated in normt conditions of operation and for 
uncertainties in de-tgn. 

• Pro/eeeer of Civil Engineering, Colombio IMivernty, Hew York 27, H.Y. 
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It Is inpllsd that the load specified, in particular the fust load envelope. Is a 
Halt load envelope. 

In the excellent historical sunaary prepared by aenbers of the Los Angeles office 
of C.A.A. and given in Appendix A of G.N. Mangurlan's paper* of 1954, it is shown 
that the foregoing definitions are relatively recent and represent essentially an 
inversion of the previous definitions according to which the ultlaate load was 
specified as ‘design load*, while a load, obtained by dividing this design load by a 
factor of safety, called the applied load, was introduced as the load that could be 
withstood withorc permanent set. It is that load which was considered as the 'actual* 
or ‘■ost probable* maxima load ‘expected* in service, and which was later converted 
into the ‘limit load’ representing a flight load limitation for airworthy operation. 
That the numerical value of the 'factor of safety* associated with the earlier design 
concept is derived from the ratio of ultlaate strength to yield strength of structural 
aembers is laplled by the wording of the strength requirements in the 1934 edition of 
the Aeronautical Bulletin 7-A: The minimum factor of safety for any aircraft etruc- 
ture or component shall be 1.50 inless otherwise specified. This requires that the 
ultimate strength of any member shall be at least 1.5 times as great as its critical 
applied load*. - when coupled with the added requirement that the applied load should 
be withstood without permanent deformation. Considering moreover that, as IButgurian 
points out. 'the ultimate factor of safety of 1.5 was established In 1934 for ooamer- 
cial use at about the same time that 24S-T alminus alloy, having approximately the 
same value of ultimate to yield strength ratio, came into general me la aircraft 
design*, it is obvious that there la a discrepancy between the theoretical ooacept of 
the safety factor implied in its present definition and the method of selection of 
its numerical value. 

T*1* namerleal value of the safety factor is retalaed. although the dealga 
philosophy changed. It la only at thematically Irrelevant whether the 'limit load* 
factor Is obtain*! by dividing the ultimate load factor by 1.5 or whether the 
'ultimate load factor* is obtained tp multiplying the 'limit load factor* * 1.1. In 

design there is a great difference between the two procedures. If the latter pro¬ 
cedure is preferred. It is only logical to expect that the method of wealamt loo of 
the eafety factor be consistent with its theoretical definition. 

The definition given la the 0.t. Ovil Air Regulation is rather vagno. particularly 
With reaper t to the mem lag of the term ‘normal* operating ooodltioms and ‘anticipator, 
(bmpartag the apee I fled gmt urvelope with evaluated V-g data for 90,000 bourn of 
flight' the ‘normal* Halt load, as given Ip the gmt envelope, would be exceeded 
teice la about 10* ni#t alisa, or once every 3000 hours for pletou-e^lau utrera ft; 
this Is about ouce u year for every sire raft. Par a fleet of 30 aircraft, one plane 
la tie fleet amt therefore he expected to experience the Halt load la m average 
of 100 hours of flttfU. which in not the remote onadlttoa eh ich the occurrence of the 
limit load la generally *mtlctpatad* to ha. at Imat ta clelHm airplanes, «hile 
la the deatm «>f fighters a mt too tafrepueat oocarraace af the ‘Halt load* la 
considered *aofml*. a! thon* the entínate of the ‘mt I cipa ted* amber ef nach oocsr- 
rcacea varies oomldarably. It la not only a quest loa of enmallas whether, la each 
cases, the deal* leads rwprwaenu 'Hail leads*. These may he ‘normal* conditions 
sad. considering the eetml eafety record ef airframes dm!mod os this haste, they 
met likely repreneat adequate dest* oeadltloae for presently mod struct oral 
entórtala, pressât aircraft types and operating oomdltlooa. glace, heoever, the 



3 

zzxzir “v‘~ - .-r.rrr^“'t““wjrr 
»"ip Ín •«“ííwtl"^ «,'." "? ■e,,,*rl'"c'■ or '«Clnwrin, co«„ tlut could 

nntlclpatlnf* ..,1.0. low, undo, -no™.! conditio..- oí operation. 

The 8p«ciflc*tloM of the British Air Begletrstlon 3o«rd‘ u .«,11 M »k. T«* 
»tloral SiMclflcations’ do no, differ .f^flrantTf™ 1.“ ^ í^líLí. .- 

ÎLT^r.âf r,q“,r-”“ *• »»* ■»"■f o»t their lldulT ii .. 
rate of occurrence “ÍiwÍÍ’i^ '**”'*' f,“* »‘>«lf'““on of . -tolerable- 
inan V.< i “ losd, or rsther, proof*load*fsilures and of ultiMt*. 

.l-t-lo-.“^“*.^;”' *íf“* oorre*Pondln« raicee of clt,rate-rad pro.,-or 
streMea the ™ of the ^to erl.tln, fll^it-lotó record,. T»e 

^r.“?^rTrai r0.T *” 
period h.t^. p^fiXra6* “Hil““O'“1- « “"'<=*«■• 
extrapolation of Ue data ra^«l ^ " ï '“•«'•«i leradl.tel, arlara la the 
entrarad p.”oJ- «•-< on a I!.,,«, i«bar ., hour, to corra a «ch rare 

The realm,ion that the rafetp factor baa to preside for- 

‘01 the poralbllltp of the «entlraal Irade Moeram Ule dram lora raine. 

<W ÏrZ:1""1’ " “* *,r,r~ >- “» ». dram 

distrae«, '* ^ ^ 

K»> • l/Tftl ’ ,/T<*’ *“ “* **'** 

fsetor to be MPliod to tbe deelM lara<i <■_ 
tbe eeeetflsd •-teirf if nr_- m ^ ** **e—*Arl • f sect Ion of 
relatm Í. m^Homm Tir* 1' “* >«- >• 

» •-lerahli,- 1 « «rraZ t‘lrra.“,*»,r.,"i,,lrl“ —' 

“'iMr i^r’ii-rirrtr 
■slderlsf Ue fbet Ust Ue .1-1^-. —IoT •»tnou^ Uis procetare Is unjintlfled 

U*t tb. field strsMU of Ue stnrtere. se eell se U. specified 
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imt lo«d, are usually associated »1th 'average’ 
Ject to error» of estimation. 

return periods, and therefore sub- 

»lthIVíl»lVi°¡!í™íhthl!iaPP,?aCh t0 the safety f^tor precludes its identification 
lre?Äth 0,110 related structural material, or even to the 

tural fanure*and° f ^ ®peclficatlon of 'tolerable' rates of occurrence of struc- 
st^ti ind ^«•^«•MHty f‘llure alth respect to design for both ultimate 
'tolerahi«* ^ “j“® can not be »voided. However repulsive the specifications as 

to * fÍnute numerlcal fallur® rate, no matter ho» small, may appear to be 
is an unavoi^M *Ut °rltl®S' as *el1 as to 41 rframe designers and manufacturers, it 
factor * e prerequl8lte t0 the evaluation of rational values of the safety 

2. failure conditions and design criteria 

Halting condUlnñ T ! 0t th* operatlnf cogitions of an airframe are the 
,í tíil ar:cî Md the C0nditiOn °f failure; ^ ar® da'ined 
first condition ^ “• charmct*rlatlc for the specified condition. In the 
a oUtrr« Ih^'i^ " Tnmi 10 “ ‘una*"loaablltty'. the structure hM attained 
intact* **r fttBCtl0B «“•«■•I»1*, although it is structurally 
hy structural iMt.hn«» ( *" °M °f eolla,,a# of «tructural resistance, either 
ÖT structural instability or as a result of fracture of primary load-carrying Mers. 

the^Te “^í00* ** structure should be able to suatain an infinite or. in 

MlilillTTZl SUbJeCt 10 UtÍtU* d—‘*' • ^^1^ fl»»* n»->®r of load 
s^h Í ,>0tlC*4l,l# 9tt9ct 00 1U «•ial^a or 'a.rvicmbillty*. Because 
shapi tramai ' Pf °r 10 ,al,ur®' can be affected structurally only by a change of 

^tCh •OU,d ,ac*lr ^ aerodynamic perforce and thus 
condition la nl^ 0f ^ •“T»1"»*. the apeelftcatton of the limiting service 
the Halting tram ^ ^ T*^ #!th#r °*‘ *** r*'1ulrtm*nt of perfect reversibility of 

duna» omerat.«- .. . deformtln« »h en ever ere t> H the airframe proceed, 
'«•nag operation at elevated taverataraa. 

„,,1" "'“o*1 »Mm« of «t-trooMc r.,ur. ,1 u. Urfr». th. 

7^z]Tz'mn ‘,n'ur" ^ 

b P[l"“nr aln*rt"ra| •»—U or atructaral roMiactlomi under a atagle 
sppl (cation of aa eacenslvo load; 

<C> franchi *t0,cUr•, or connect loa. by fsttgue. renaltlng 
órL^rU~ll°\0f • «f the Intensity amd fre^^c, 
of occurrence of «ftlch ta denen bed by a rba me (.eristic ‘lomd-spectiW , 

1 undeíU»henL.P»rlr2! •tru?lttra’ *l*«ts or connect lona as a result of creep 
under the aostalned or latemlttmt application of a random seqnmnce of loads 
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T "■‘r10- d“r*t,°"- *nd of occurronc« of rt.oh 
I» dMorlbrt M- • three-dfoensional 'lood-tloo-Ífoo-nture’ «p^tnrn. 

oo.^cir. rit,on *h‘ch’ 

W .Tra ncL«:* ^“í *‘,“r',cr,t"1« • 0^0.0 in the npociflnd op.r.tlon.1 
«f-.ltnlflc^tlj. nffnct tho donljo criterion «d the e.f«, „f the deelgoo, „tmcture. 
el tuer by ch»n«ln« the intensity of the mxli&UB lo»d (ultimate load factor n wo ^ 

■r,tMJ“r,“‘ thl* per,0d' °r 61 0-.0.,0, the tot.1 „«her H Ó^JdCC- or the 
ti»e t under sustained load at elerated temperature. 

.r^rth1:1“ oí,:“ ^ • = “ 

r HS^irr - i“î.-r • ‘ ««tlaated sl^ly on the basis of the Poisson equation 

P(0) = eipf-L'T,,) = /(L) 
(1) 

b^ln. the probability that darlm the Ilf. L the aircraft sill not e«p.rlence this 
load erwe aact, -bich is the probability of sureleal Id) for M , ui , 
To k^ep thl. probability .ufflcl«tly bl«h. or the probability of^nÍrTíl 1 I) 
sufficiently loe. the ratio ÍL/T..1 —. ____ 1 r*,lurB > <« -O sufficiently loe. the ratio (L/Ty) 
probability of surelval at L Is Id) 

t be rather saall 
0. 99. eith (l/Ty) 

•1th (L'Tyi 0.01, the 

0. I the value i(L> 0. 90. 

Thaae flfvea shoe that, for an expected sere lee life of the order of 10* hour, 
the retara period for the sitiante low! factor amt not be leas thm* in* _ *7 ' 
to keep the probability of fallare s« ff lei rat ly loe. U 0ri'r 

, ««Ältlora are gelte different ehra failure occur, a. the r-ult of rebatí 

rfan-iLf;i‘:,.rth-:^roJtc¡cr^:crt“r-)- ,b - L7,r;: ^“,12 “irr: :1-7- - 

operational life thin probability rast not drap belo. , *.|M ^ 
««U»!, nu .f faltar.. Md Mal ba « tÎÎ 7.« 

M«. u. f.,,«.Mich m“ MtriTi:“ 
L* m 7L:r*“,,t'o' -"•»> « *»• - »' u. «.r., 
IbliTI TnlMlIü*”^ t>* ••'’‘’»I for tu .ItlMt. iMd fhctor. 

1717,717-' ^ 177^1171,77.771:7,r* 
«JH7- 717;,77777p ,m““" * •c,dl',*d -*'•« 
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It can be asauaed that, for the saae structural dlaenslons, the probability of sur¬ 
vival for ultlaate load of an aircraft is Increased by using a high-strength aaterlal 
such as AA-7075 Instead of AA-2024 alualnun, «hile the fatigue perforaance reaalns 
unaffected. The basis for this assuaptlon. which closely reproduces the real condi¬ 
tions, is the fact that by Increasing the ultlaate strength of the structure the 
return period Ty of a load equal to or exceeding this strength Is Increased together 
with the probability of survival 1 = 1 - l/Ty. 

Under the assuaed conditions, design ranges for ultlaate load and for fatigue are 
dellalted by the points of Intersection of the curves /(L) and 1(H), with abscissae 
Lj and for the two aaterlals. Since L1 < L?, it Is clearly deaonstrated that an 
Increased strength with respect to ultlaate load, expressed in teras of an increased 
probability of survival, without appropriate laproveaent of the fatigue perforaance, 
will significantly Increase the safety of only those alrciaft the operational lives 
of which are auch shorter than the operational life Initially specified. Por opera¬ 
tional Uvas Lj < L for AA-7075 and LJ < L for AA-2024, the probability of survival 
under the fatigue load spectrin is lower than that for ulti.aate load and, for a 
specified operational Ufe L, aust therefore be increased by Increasing the dlaenslons 
of the critical structural parts or sections beyond those required for resistance to 
ultlaate load, so as to reduce the rate of fatigue daaage to a figure which would 
Increase the aean fatigue life by ÁÑand raise the probability of survival at Ufe L 
byA HL). it, for a specified operational life L, the probability difference A1(L) 
cannot be coapletely ellalnated, poaslbly because of perforaance Ualtatlons laposed 
by the resal tint Increase of structural weight, the safety of the airplane and 'ts 
expected failure rate will be deteralned by its fatigue perforaance rather than by 
Its 'ultlaate' resistance; the design apst be concerned prlaarlly with fatigue. In 
this case the safety with respect to the alternative failure criteria will be un¬ 
balanced. 

It la Interesting to not* that the probability of survival for ultlaate o- for 
Halt load can be very appreciably increased if the structure is designed to sustain, 
without collapse or without uaservlceabllity. one or a very fee applications of the 
ultlaate or the Halt load, instead of falling under its first application. If the 
structure is designed so as to fall only at a repetitions or to sustain at least 
(a»l) repetitions of the ultlaate load without collapse, the probability of survival 
of the airplane will be equal to the probability of the airplane to encounter not 
«ore than (a-1) application of the ultlaate load 

¿(L) s eip(-L^Tp) (L/Tu)* 1 - P(e) (2) 

Thus, for instance, for (L/Tn) = 0.1 even the ass um t ion of a = 2 Increases the 
probability of survival froa 1 = 0.• according to Bquatlon (I) to 1 = O.M 
according to aquation (2). tor (1/7(,) = 1.0, the suae assmptlon Increases l free 
i s 0.27 to I s 0.74; design for a = 4 would further increase the probability 
of survival to i = O.gg. The functions 1(L) for a = 2 and a - 4 are ahoan in 
Pifare 1. It la obvious that the Inera sed and extended safety (high probability of 
aunrival) resulting fron a design for collapse or unservlcaablllty under a /ew rather 
than under the firat application of the ultlaate load or the Halt load is aignlflcant 
oaly if fatigue failure (or creep-rupture) is not the doalnant design criterion within 
the considerad range of operational life. 



3. LOAD POPULATIONS AND LOAD SPECTRA 

Ilf. pre*'"utlon •" ««ur. 1 of the offect of Clio raoclflod op.r.tlonol 
cL0 “:/ 'Tr ff frl* dUre«*rt*- '« WProilltlon. til. foot thot the 

»f «o .trocturo, .. .oil u the lood opoctruo. oro 

" î r ’TV0"- 0"1, th' •‘o“*'1'*1 »Tlotlon, of the occurr^ce 
the ultlMte lood (or the li.lt led) end of the f.tlgue Ilf. under e specified 

spectra« «re considered in terms of the return neriods T or T of th m liiiiif .eel / return perioas Ty or tl of the ultimate and 
eltha^r^ th* survivorship function in fatigue 1(^) associated 
with a specified, randonly applied load spectrum. 11 

areThohvrUr? Peri°d8 °f th* ultl*te load s"«1* in general, also of the limit load 
ÍÍL .Ó”?th“ c“ b' llrectlr obtained fro. rwords of obe.r,.- 

“• b' fr°* "'"poution 0t Ktm¡ th. 
*re' therefore, subject to the uocert.lnt, 

unaerrir-Kn!?1 4Mor®°ver' the Probability associated with the failure or 

n£t^ w Í ♦ ? C*nn0t ^ deflned ln ten'" of the occurrence of the res- 
load far! d Í!Ür ‘í00*' bUt 0aly in tems of th# Probability of coincidence of this 

0f the Ultl,>8te °r th<? 11,11 8tr8"«th ot «tructure that 
-niilr 68 8,,"lciw,t 10 it (Ref.9, P.1337); it can only be derived by 

oî I* "* if 'i<*d'PopoUtlon' *lth the population of ‘ultimate strength' 

(combination 80 “ ^ Pr0dUCe ^ *crltic*l design condition* 
l^ílif «îeiy structural resistance) associated elth a specified 

reJÍÜ 00 18 th8t °fdlnate 0t ** •‘•«»“«•"t load spectrum the 
collaneri ííin aiiï* r °?‘ 8nt>U,h ^ th* P^biiity of catastrophic failure by 
collapse « thin a fleet of aircraft so lorn as to be ‘acceptable'; the Halt load 

the uîtÎLÎI r9tan P8rl0d of "hlch• *h!1* "“b sborter than that of 
IbUiL rin ¿Tí;, ! ^n, 10 "k* 11 W unllk#ljr 018 “«it of wrvice. 
individual .i^i tUlnI? thmn ooc#,,durln* the anticipated operational life of an 
• 1th thriniilf “"i ! 0,8 l08d ttmcinm toT • Particular type of plane varies 
clítai ™e Íí°?!l“e °i ^ lBdl?ld«1 P****®' the design ahould be baaed on a 

V 8 r8pr888Btln* ib® Mticipated variation of operational 
sp^líllT 10081 requlreaenta. rather than on a single obaeîvH load 

:i8Pt8d ,U8t8 ^8 th* 'i0*1 "»ting ca>ise of fatigue wlU. rea- 
0f trwort sirplanee, «hile the dominant fatigue daaage of elnsa 

J ^810 -8^ ^18 81,1 .. ■¡tiBete aad the Halt load factors, although It is theor.Hically possible that 

r»iu i Jîîîè and the Halt loads fora part of the aaneuver load apactna. 

andiî ^11681100 of sthtiatical aethods to prob la. of Mira load, 
and of load spectra is to obUin by eitrapolatlon eatiaatea of the probability of 

«■ourr«¡Ln* th* ntr8T1,r k1^ d®®i«n 1<wd fectora of very lorn expected frequency of 
ined- ..1.,, 8811 ** 10 obut» estiastes of the rate of accuaulatlon, under rwdoa 
be*nh*t Ü8^1!1“1 8lth C®rt*1> l0* spectra, Of fatigue or creep>danage. It ahould 

probabiÍítvtfunétí*CA?** ?f ** “8C8Mltp of «trapoUtion. the selection of a 
probability function Involves more than staple curve fitting. Unless the selected 
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probability function Is germe to the problea. and adequately represents the inherent 
statistical variability of the phenomenon which results from certain basic assiaptlons 
concerning Its origin, extrapolation towards the extremes (tails of the function) will 
result In erroneous predictions within this range of variation, which is Just the 
relevant design range. 

It appears that the probability distribution of the maximum values obtained from 
successive series (samples) of records can be utilized for an effective estimate of 
the required extremes for design. Ihe statistical theory of the distribution of 
extreme values indicates that for initial distributions of the most common type which 
approach zero exponentially, a limiting form exists for the distribution of the maxi¬ 
mum values of large samples10. The use of this asymtotic form should therefore 
Increase the reliability of the estimate in convarlson to direct extrapolation from 
the observed initial distribution. 

While the character of the probability function of extreme gust-intensities, with 
the aid of which the ultimate load factor can be estimated, is chus completely*deter¬ 
mined by the extremal nature of the phenomenon, independently of the nature of the 
underlying distribution of gusts (gust spectrum), this distribution can either be 
obtained hy statistical Interpretation of actual gust records or by a theoretical 
study of the effects on the airplane of atmospheric turbulence and of buffeting, and 
of the response of the airplane to these random disturbances, by means of generalized 
harmonic analysis and power spectra technique. 

The design gust spectrum should extend from the limit load downward. However, the 
small probability of actual occurrence, during the operational life, of loads in the 
vicinity of the limit load maltes this load region rather insignificant with respect 
to damage accumulation over this life. The specific shape of the spectrum is there¬ 
fore less significant in the limit load region than in the region of higher fre¬ 
quencies; thus, discrepancies between actual load distribution and the asstaed form 
of the spectrum can be tolerated in the vicinity of the limit load. The conclusion 
appears, therefore, to be justified that the initial frequency function of gtats can 
be fairly well represented by a simple exponential probability function over the 
entire range. The seme can also be done for maneuver loads for fighters1*. 

There are other loads that may be significant in design for failure and for 
unservlceablllty, or represent important sources of fatigue damage for various parts 
of the airplane, such as take-off and landing loads, taxl-lng loads and pmanure 
cabin loads. The total frequency of these loads, which occur only once or a few times 
per flight, is low in relatif» to the frequency of gust- and maneuver-loads; with the 
exception of the landing load, their range of variation is relatively narrow and 
cannot be dealt with statistically, because of the essentially non-random character of 
this variation. (Wily the landing loads are of sufficiently random nature to be rep¬ 
resented hy a spectrum. 

The maximum intensity and number of repetitions of the non-random loads can. in 
general, be estimated from Halting operational conditions, and suitable design limit 
and ultimate loads specified on this basis. With respect to fatigue design, the 
daaaglng effect of the non-random loads may alone be critical, aa la the preasure 
cabin, or It should be considered together with the daaaglng affecta of the maneurer 
and gust-load spectra. Where non-random loads represeat the critical design conditions. 
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the statistical design aspect associated with the load spectru» vanishes; the vari¬ 
ability of the strength and of the fatigue life of nominally identical structures 
designed for a single, closely specified loading condition remains as the only signif¬ 
icant statistical aspect. 

4. THE VARIABILITY OF STRUCTURAL RESISTANCE 

The variation of the structural resistance at the limits of serviceability and of 
failure is the result of the variation of the pertinent mechanical properties of the 
structural materials, of the dimensional tolerances and of the inaccuracies and varia¬ 
tions in the manufacturing process. The variation in the fatigue life is the result 
of the same effects, nagnlfled hy the inherent highly statistical character of fatigue 

sensitivity to residual stresses of all kinds, local surface conditions 
and atmosphere. 

The approach to the analysis of the scatter of the characteristic structural strength 
values, such as the yield limit or the ultimate fracture strength, is similar to that 
used in the analysis of load spectra, with the difference that the predictions that 
have to be made on the basis of the observed data refer to values that are smaller 
than those that have actually been observed. As for loads, such extrapolation can be 
made with some confidence only if the fitted probability function represents the 
characteristic pattern of variation that can be expected as a result of the nature of 
the phenomena. 

(h> the strength of the plausible asswgttion thaï only the lorn range of the observed 
strength values are of significance In analysing the safety of a designed structure 
or its probability of failure or survival, extrapolation of the observed toeards 
extremely loe strength valum of very loe probability of not being attained can be 
based on the distribution function of extreme (loeest)values. Similar to the case of 
loads - ehere, hoeever, extrapolation is required toeards a saxlmua • asymptotic form 
exist for the distribution of slnlmas values of large samples of observation* of 
strength. The use of auch distributions eill necessarily increase the reliability of 
the eatlaate of design slnlms in comparison to dlrsct extrapolation from the (observed) 
initial distribution; it la obvious that, mithin the range of high strength values, 
the initial distribution provides a better fit of the observation«, but thta range doe* 
not determine the safety or probability of failure. 

Relatively fee ayatematic observations exist concerning the scatter of yield stress 
and of fracture strength of aircraft materials, and still ferner concerning the strength 
of structural parts, fhenever structural parta eere tested to failure It became evident 

»catter in the strength of the part eas euch elder than the scatter due to 
variations Is the strength of the etnrteral esterIsl Itself11. The observed distribu¬ 
tions of such strength eere either normal or logsrlthmlc normal, »tille the coefficient 
of variation of the material Itself, including thickness tolerances, eas usually not 
more than 7-lOg. 

No data are available concerning the scatter of the yield Unit of structural pirts. 
The yield strass of slructsrsl aetals shoes, la general, a narrower range of variation 
than the strength; it can therefor* be aasusad that the variation of the yield Halt 
of structural paru la auch na r rue er than that of thslr strength, particularly since 
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the Utter Is strongly effected tar the extensive plastic redistribution of stress that 
occurs before the ultleete strength is reached. The coefficient of variation of the 
yield streas observed in aore than 1000 tests of a typical structural steel (Ref. 9, 
p.1358) was found to be alaost 10%; considering the aore stringent controls in the 
selection of aircraft structural »étais, it may be assuaed that the coefficient of 
variation of the yield stress of such metals may be as low as 5-7», with resulting 
coefficient of variation of the yield limit of structural parts of the order of at 
least 7-10¾. 

5. THE RISK OF FAILURE (DECISION RULES) 

The probability of failure or of unserviceability should be specified in relation 
to the expected service life, so as to reduce the risk of failure or unserviceability, 
either to an arbitrarily specified 'acceptable' max laue, or to a value derived on the 
basis of an econoalc balance between the 'cost' of Increasing the safety or of 
reducing the risk of failure and the 'cost' of such failure. The tern 'cost' aay 
refer to actual cost of construction alone, or it nay also Include operational coats 
or it aay be defined in terna of (allltary) performance such as range, speed or cl lab, 
independently of aay econoalc considerations. 

In the first case, the cost of increasing the safety depends only on the rate at 
which the construction cost A of the whole structure increases with decreasing prob¬ 
ability of failure Pp or unserviceablllty PL, while the coet of failure or of 
unservicsablllty can be considered as a charge against the structure equal to the 
(capitalised) coet of failure Cp or of unserviceablllty divided tv the respective 
return period Tp or TL, or aaltlplled by the respective probability of occurrence Pp 
or PL. The optlaal conditions are therefore defined by (A + P.C.) - aln and 
(A ♦ PpCp) - ala, or 

■jr * Pl * Cl = o and ár ♦>;=“* Cp = 0 (» dPL dPL ^ dPp dPp r 

The coet of failure le aade up o* too parts: one part, CpQ, which le independent of 
Pp and include' all direct and Indirect loases resulting fron the failure, the other 
which represents the ooet of recons tract ion or of a new const ruction end depende on 
Pp in a alai lar aay aa the taltlal cost A. The latter can, la first approx last ion. 
be assuaed to Increase linearly with decreasing (log Pp). 

The econoaically optlaal risk of fallare or of unserviceablllty increases with 
¿•rr—mlng ratio of ooet of failure to initial coast radios coat, and with i aereas lag 
range of ecatter of the relevant strength propertlaa. then the econooic consideration 
are extended to Include not only the initial coot but also the coat of operation, the 
coat of inervas lag the safety of a transport of specified groan weight will be aade 
^ °f The (capitalised) total loss of 1 scone due to the Increased ratio of structeral 
weight to groas wel^it. leas a possible capitalised gala In reduced aatnteaaace costs, 
la addition to the increase la oom tract ion coats; the cost of failure will necee- 
aerlly laclado a tern representing the capitalised loan of incoas after failure. 

An «tirely different set of conditio« has to be set op If the «tinte of the 
optlaal d«lgn riak of failure or unserviceablllty la to be baaed on (allltary) 
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perfomancp Instead of on économie considerations. The cost of Increasing the safety 
mv be expressed, for instance, in tertss of 'range* by relating the increase of the 
ratio of structural to gross »eight to the resulting reduction of the ratio of fuel 
weight to gross weight, which determine the range, and by expressing the cost of 
reduction of the range in military terms, for instance in terms of the number of 
missions lost as a result of the reduced range. If the ‘cost’ of failure, which is 
the military effect of the loss of the aircraft as a result of structural failure, 
is formulated in the same terms, an equation equivalent to Equation (3) is obtained, 
which can be used for the estimate of the optimal design risk of failure. A similar 
approach can be based on 'speed', 'rate of climb’ or any other relevant performance 

criterion. 

The estimated optimal design probabilities of failure refer to the total number of 
aircraft in operation, and thus also express the acceptable risk of failure of the 
individual aircraft during its specified operational life L in hours or in miles. The 
associated optimal design rate of failure is therefore pp = Pp/L per hour or per 

miles of flight. 

Uc<ng the optimal failure risks Pr or failure rates pp, the design probability of 
no failures in fleets of n slrplmes or in a total of a flying hours or flying miles 
(survivorship fisKrtlon) can be specified on the basis of the Poisson distribution: 

!(n) = exp(-nPp) and 1(a) = eip(-mpp) (4) 

with similar expressions for unservlceabillty. 

The correlation between dealgn for limit load and ultimate load on the one hand, 
and for fatigue on the other, la established by the fact that the limit load should 
rarement the «lima ordinate of the load spectrum forain* the basis for the fatigue 
design, with an average return period equal to the operational life of the structure. 

Vhlle in dtsign for failure or unservlceabillty the probability of failure or 
survival la releted prtmrtly to the probability of encountering or not encounte. »ng 
c er tala critical bwt rare load intensities, the probability of fatigue failure, being 
the end result of a process of progressive damage during the operational life, 
essentially determined by normal operating conditions, depends on the statistics] 
variation of the fatigue damage rate for Individual airplanes of identlcwl design under 
a awl of nominally identical operating conditions, as sell as on the statistical viris- 
tion of theme conditions. The difference In the basic approaches to risk and failure 
rate In design for alt imite load end for fatigue Is therefore the same as that in the 
approaches to accident Insurance and to life Insurance: th* accident Insurance preslus, 
shich la a measure of the risk of occurrence tnvolvsd. It practically lndepend#«it of 
age shtle the dependence of the life Insurance premium on age reflects the fact that 
the mortality Is a fiawtlon of age, eubject to ramloe variation for individuals In s 
certain age gn>«. depending oa the physical constitution of the individual as sell 
as on hta occupation and mode of life. The opera tin* conditions of the designed air¬ 
plane are specified in ter« of a tingle critical load spectrum or of a range of load 
apsetra. In conjunction atth the renpsctlve aurvlvorahlp functions for the vnrlous 
spectra obtnlned from apectrum fatigue teats under different assuptlnns concerning 
the stress «plitude at the extreme or the moat probable (characteristic) liait load 
in terms of the yield stress or the ultlaste strength; they determine the 'eslgn 
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survivorship functions fro« which the expected probability of failure at the specified 
operational life. In terms of the total number of load cycles, can be deduced. 
Because the risk of fatigue failure at the end of the operational life must still be 
‘acceptably* low, the estimate of an optimal risk must be based on this life. 

6. SAFETY AND SAFETY FACTOR 

The only rational expression of the safety of an airplane structure is the specif¬ 
ication of Its probability of survival under the full range of possible operating 
conditions of various probabilities of occurrence, up to a critical cordition under 
which the structure would be expected to fall, and the probability of occurrence of 
which should therefore be rather remote. This specification implies an expected or 
average operational life as a basic design parameter, with reepect to which this 
probability for a fleet of airplanes can be expressed in terms of the expected failure 
rate per mile or per hour of flight or per mission of specified duration. On this 
basis there Is no other difference betwjen the approaches to the design for ultimate 
strength and for fatigue but the fact that the ultimate strength design Is concerned 
with a single critical condition, while in fatigue design the whole range of operating 
conditions must be considered. In both design approaches, survivorship functions 
expressing the probability of survival as a function of the expected operational life 
can be constructed (Fig.1), and the difference is only In the basic character of the 
respective survivorship functions 1(L) and l(N) reflected in the methods of their 
derivation: while the survivorship function 1(1.) for ultimate straigth design Is 
determined by purely statistical considerations, the survivorship function i(N) for 
fatigue deaign Is the result of the combination of physical and statistical effects. 
Thua, a rational unified deaign procedure for a specified probability of survival 
under all conditions, including fatigue, can be devised eithnut any reference to the 
concept of a ‘safety factor*. It is, in fact, not lanwdlately obvious how such a 
concept could be Introduced without disturbing, by arbitrary asauaptlona, the sequence 
of this unified dealga for a specified pmbabIHty of survival. 

The necessity for the concept of a safety factor in the design for ultlante strength 
*ro" difficulty of p«rforwiag an effective structural analysis of the air- 

condition of laiaamt col lapne, for ehlrh the us tail Idealizations 
of strwctarel response (linear elasticity, anal 1 detonations) tint «alie each analysis 
possible are ao longer Justified and for which, moreover the critical alalana values of 

******* strength characteristics are not easily obtained hy materials testa, uni 
thelrnnwber la lacransad far beyond the aiaber usually considered as practical. It 
beconaa therefore expedient to introduce deaign operating commun« for eh I ch the 
etrwctaral analysta can he performad, and to relata the structural rsapoose under these 
conditions, using the nena val wee of the respective strength parapetare that ara easily 
obtained fron a snail aanber of tasto, rather than the extrañes (winlana valúan), te 
the (alaloun) ultlnate stnwgth developed under the critical cuodltlom elth the aid 
of a safety margin or *safsty factor*. The required safety factor will necessarily be 
****** **• larger the difference beteeeo the too conditions; Its s«allast vain# la 
obtolaad if the limiting operating conditions (Unit land), ehlch are the rood It loos 
at to# limit of ansarvtcanhlltty. are Introduced as deaign rondttl 
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7. SAFETY ANALYSIS FOR ULTIMATE STRENUTH 

If S denotes the applied load or the stress In the critical section resulting from 
it, associated with the return period T(S) or with the probability l& = l - 1/T(S) 
of not being exceeded, and R denotes the carrying capacity of the structure under this 
type of load, or the strength of its critical section associated with a return period 
T(R), or with the probability 1R = 1 - 1/T(R) of being exceeded, the probability of 
survival under the combination (S,R) is 

I (S, R) = ls lR (5) 

and the probability of failure is therefore (1 - Ig iR), provided that the relation 

R - S = 0 (6) 

déliaits the range of survival, R - S > 0, and the range of failure R - S < 0. 

Assuming extremal distributions of S (distribution of nauliaa) and of R (distribution 
of minimal the lines of equal probability of ‘survival* are shown in Figure 2. In the 
same coordinate syst«, the condition R = S is represented by the equation of a 
straight line. The ratio of aodal resistance to nodal load is defined as the ‘safety 
factor* V associated with the design condition based on the modes if and ï: to ensure 
that R = S, it is necessary that l( = v 

The optiaal condition for a given safety factor is obviously that associated with 
the highest probability or survival along the respective straight line, which is 
defined by the coordinates of that point on this line at which is touches a contour 
line 1 = constant (see Figure 2). 

Values of the optiaal safety factors v for the probabilities of survival l = 
1 - 10"*, 1 - 10'* and 1 - 10'* have been computed and are pre-ented in Table I for 
different coefficients of variation of 8 and R. 

Table I shows that a certain inter-relation exists between the specified coefficients 
of variation aad the aaxlaaa probability of survival that can he attained, a conclusion 
that is borne out by a staple inspection of Figure 2. Thus for instance a probability 
of survival of 1 = 1 - 10"* cannot be attained unleua the coefficient of variation 
of the strength charadterlstlc vR < 0.15; tor l : 1 - io* the restriction is to 
vR < 0.10. Failure to control the streagth characteristics within the respective 
Halts cannot be nade up by increasing the safety factor, if the design is to a speci¬ 
fied probability of survival, whi’ uncertainties in the load specification can be 
counteracted by iaprovlng the control of the variation of the atrength parameter, which 
is most effectively done by atteaptlng to reduce the considerable discrepancy between 
the variation in the aaterlal properties and the variation in the respective properties 
of the finished structural parts. 

The values1* of y in Table I indicate that design on the basis of the nodal values 
fr and t would raqui re relatively high safety factors, auch higher than those used at 
present, even for the smallest values of ths respective coefficients of variation. 
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If Instead of the aodal values S and R new velues SQ and R0, with return period or 
return nuaber of 100 (1% probability of values > S0 or < R0) are selected as design 

conditions at the Halt of serviceability, on the basis of the consideration that the 
optiaal probability of unservlceabillty is of the order of 10*2 (see Section 4), a 
new set of safety factors v referring to those conditions can be coaputed. These 
factors are presented in Table II. Por liait load or *proof load’ design, with snail 
variation of S and R the appropriate safety factors 1.0 ¿ v ¿ 1.10 are of the conven¬ 
tional order of aagnitude. 

8. HETKOOS OF SAFETY ANALYSIS IN FATIflUE AND CREEP DESIGN 

A rational design for fatigue should ensure a probability of survival of the 

aircraft structure under conditions of fatlg** at least equal to that on which the 
ultiaate load design is based. However, whereas the latter probability is signifi¬ 

cantly deterained by the expected risk of occurrence of a rather unlikely extreae 
value of the liait load or of the Halt-load stress in a critical section, the 

foraer depends prlaarlly on the load spectra representing conditions within the 
actual operational range, and is therefore sore affected by the spectra associated 

with the likely average values of the Halt load, than by the unlikely extreaes. 

The fatigue daaage produced by a spectrua extending to the liait load or liait 

load strees can be associated with the return-period 1(8^) of this load, which 
increases as its intensity is increased; the lunger the return period of the Halt 
load, the larger the aaount of fatigue daaage produced by the associated load 

spectrua. However, while the probability of survival under an unlikely, excessive 
value of the Halt load, oaaaonly identified as the ‘nltlaate load’, is practically 

constant for an operational life selected on the basis of its return period, the 
probability of survival in fatigue decreases continually and. at any aoaent, depends 
essentially on the past load history. 

The slalliarlty in the safety analysis for fatigue and for creep is in the fact 

that coaplete load spectra representing conditions within the operational range, 
rather than highly Inprobable load aaxiaa, mat be expected to produce alaost all 

the daaage la term of atreagth reduction or psrannent de formt loo. The difference, 
however, is in the additional effect of tine t and of t«aparatare T. so that the 

creep-daaage at a certain load level depends not only on this level itself, but also 
on its deration and the t«aparatare during that tine. The ‘spectrua’ for safety 

analysis under creep condition« should therefore be considered as four-dimesloml# 

expressing the prohabilltiee of encountering ooubInstloas nore severe than the con¬ 
sidered set of variables (g.t.T), unless dsfiaite functional relations between 

certain of these variables, for instance between 8 and t, or 8 and T. or t and T. 
can be aatablisbsd oa an eapirloal basin, so that the basic four-diasnslouai spectrua 
am be reAieed to three or «veo two d 1mmIans. This coaid be done if, for instance, 

certain load Intensities could always be correlated with the mas tiaas of application 
and/or the sane teape ratures. Ry introducing workable express ions for creep-daaage 

aocumlatioa and for emulative crwep-deformtioo under a specified load-tim- 
t«aparatare history and ooabibiag these with the load-tlm-teaperature spectrm. 
survivorship fmctioas la creep i(t)B,t) T oaa be constructed froa uhich the 

probability of surviving certain criticai design load-tim-taaperature histories 
could be estlaated. For a specified operational life this probability mat not 
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ftil below the probability for ultlMte load design. Because of the necessity to 
consider creep-rupture and oaxlaus permanent deforaation as alternative design 
criteria, two survivorship-functions i’.'r' T are necessary, one with actual creep- 
rurture as a criterion for non-survlv* ne other with the aaxisua acceptable 
pemanent delcraation delialtin^ 'survival* and ’non-survival’. 

The absence of cúoqw*** expression for creep and creep-dasage accuaulation oakes 
it aiTficuli; J»t p c/.;nt to develop the outlined nethod im oore detail. 
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