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FOREWORD

This report was prepared by Lockheed-Georgia Company, Marietta, Georgia,
for the Design Criteria Branch of the Structures Division, Air Force Flight Dynamics
Loboratory, Wright-Patterson Air Force Base, Ohio, under Air Force Contract No.
F33(615)-71-C-1129, Project No. 1367, "Structural Design Criteria, ** Task No,
136714, "Airframe Structural Design Adequacy.”

The study which led to this report was conducted by the Advonced Structures
Department of the Lockheed-Georgic Company during the period February to Novemker
1971, with Mr, M, C. Compion as Program Maneager and Principal Investigator. Major
suppart was also given by personnel from the General Sicuct - and General Aero~
dynomics Deportments. In addition to the authors named, the o tributions made by
Me, E. J. Bateh (materials data), Mr. W. J. Huggins (operational dato) ond Miss 8,
R. Thompson (programming) are freely acknowledged. Mr. Grorge E. Muller of
AFFDL (FBE) was the Program Monitor for the Air Force, and his encoursgemsnt and
ossistance are olso ccknowledged. :

‘For reforence purposes, the report corries the Cuntroctor's interna! refarance
SMN 311, The report wos submitted by the authars in MNovember 197%.

Publication of this report does nod ¢onstidute Al Force ouproves! of the report's
findings or conclusions. it is published anly for thy sxchange and stimulolion of ideos.

R T Ry

Sordon R, Negoard, Major, USAF
Chief, Dasign Celrerin Branch
Stracsuens Division

Ajr Foeg o Flight Dwngmics Loboratory
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ABSTRACT

The proposed reliability-based static strength criteria system described in AFFDL-
TR-67-107, Volumes 1-lll, was reviewed to determine the data requirements

and availability, the implications of such an approach on the structural design
process, methods by which implementation can be achieved without discontinuity,
and necessary changes to specification and handbooks. Volume | describes the
studies made using data for the C-141 cargo transpert. Volume i describes the
findings and includes five appendices. The principa! conclusions are that insufficient
data exists for the imminent implementation, but that studies of the relative refiability
of different configurations and components or of different conditions at the same

location would provide a short term means of using the system to gain familiarity

and confidence.
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SECTION |
INTRODUCTIOQN

Many cttempts have been made to achieve the realization of techniques for apply-

ing reliability mathods to the definition of structural strength. The most compre-
hensive of these was prepared by Innes Bouton and others and is described in

AFFDL-TR-67-107. The three volumes of that report discussed previous mathods
and derived proposed methods covering both time-independent (static) and time-
dependent (fatigue) strength. The full range of interactions with non-structural,

operational, executive and contractual areas was discussed.

The study described in the present report was aimed ot reviewing the proposed
method for applying probabilistic techniques to the ossessment of stotic strength
reliability. This review was to identify the dota requirements of the proposed
mathod, the necessary changes to spacifications and design handbooks, the inter-
faces with non-structural design areos and the steps to be token during implemento-
tion of the method. A -




SECTION i
SUMMARY

A clear understanding of the various operations incorporated inte the proposed
static strength relicbility anolysis of AFFDL-TR-67-107 is necessary 1o its suc-
cessful implementation. Section Hl provides o simple worked example which
illustrates each step in tu-n using, first, dummy dota and then realistic data.
The ‘categories of required data are defined.

Sections {V through IX discuss sach cetegary in turn, by means of studies of dato
pertinent to the C-141A cargo transport aircroft, Section X then summarizes the
findings in the form of o trial application of the methed to the wing of the C-141A.

Sections Xl ond XH discuss, regpectivaly, the updating of the data to reflect the
state of knowledge ot each stage duting the design and operational lite of o vehicle,
and the form in which the required doto might be stondardized.

Specific step: requirad to achigve the thortaterm and long-tarm implamantotion of
the mathod ara deswcribed in Section Xlii, and the necessary chonges o existing
MIL-A wecifications gnd AFSC ﬁésign Hondbouks are wmusarized in Section XIV,
Sachon XV centoins the conclutions ond recommendations resulting feom the study .

Five sppendices follu . the main text, Appendin | outlines ¢ technique foe the

use of bi-modal (double-fomily) stotistical distributions; the Gumbel disteibution

of extremes is employed o1 an sxomple, but the methad is volid for o range of
statisticol disteibutions.  Appeadix [i contoing the besic eguations of tha computer
‘progrom used in the ytudy; this uses double-fomily Gumbe! disteibutions, o constont
celculation interval, ond employs Bayes' theorem 1o incotporate the effacty of test
tewits, but is otherwise similor to the originol program; mony of the intenvediate
tesults ore, however, printed. Appendin 11 describes the progerum, its input require-
ments ond operation, '

Appendix IV contoing wample runi made with the progrom, end Aspendix V shows
the analysis of lood ond strangth doto using couble-family representations.
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3.1

3.2

SECTION Il
EXAMPLE OF PROPOSED ANALYSIS SYSTEM

Introduction

Reference 1 discusses in detail the underlying philosophy of a reliability~
based system of structural design criterio. Reference 2 summorizes the
essentiol ingredients in brief fashion. Both doguments are basad on certain
ossumptions, some coniciously recognized, but some unconsciously incor-
pocatad in the analytical procedures.  Certain basic decisions must be
mads of intervals throughout the application of the proposed system, ond
many of those who would be responsible for the decisions will probably not
be fully conversant with the mathemotical process s involved.

The purpose of this Section is to illustrele,as Tor os possible, the physical
meanings of the various steps in the process. The doto required for esch
step will be identified, end il ute demonstroted.

Comater Progrom

The comgytet pragram used for these exemples was a madified varsion of that
in reforance |, since mony of the intermediote stages, which ore nsseuary

10 on yndentanding of the implicotions are not mode visible in that progrom.

The modifisd program, which is dewribad in Agpendix U, diffess from the
original in soveral rewects. The oatisticol functions uied are bosed on
Gumbel's first osynpictic Hieory of axtre o3, rather than on o choice of
rormol, log-normal or Weibull airtributions.  Furthermiore, the thewnass
of the loeds wextrum it giwmed pasitive (Yo toil extending towands highet
loads), but the shawnenol the strength disteibution iy ossumed aegative (the
toil extending towards lower strengths).  Uke is olw mcde of double-fomily
distritutions {tee Appendin i} o enable r&ag\qelim of measuied sampias
exhibiting such chorocterittics.
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Provision is made for the resultant strength of the structure to be
represented by a basic material strength dishiibution on which may
be superimposed a second distribution attributable to the variations

caused by fabrication processes.

Two interpretations of test results are incorporated in the modified
program. The first is the same as that ii. the orivinal program of
refarence 1, and recognizes the consequences of survival of the

test load. In the case of multiple tests, this need not be interpreted

as N tests surviving the lowest lcad carried.  The second, which has

been added, permits recognition of the implications of failures at

different known loads. Bayesian techniques are employed to perform
the modifications to the probable strength distribution, as recommended

in reference 3.

Data Used'

To provide greater clarity of the steps involved, the data used have
groater dispersion that «osuld normally be expected in practice. Hence,
the numaerical values rust not be regarded as realistic. A realistic ap~

pliceiyun is described in sub-section 111-6.

The Two_Dasign Conditions

a. The philose hy of the proposed system incorporates a number of
interesting feutures, and the relationships betwean these must
be fully inderstood if the application is to be realized. The
operctional regime of the aircraft is divided intc the three areas

shown in figure 1 (see reference 2).

At all conditions up to those possikle within the specified limits
of normal operation the probability of structural foilure should be

negligible; the desired reliability must be very close to unity.

At conditions gbove these, but only up to some "overload" level
considerad to be feasible, the structure should have a progressively
diminishing chonce of survival. In the proposed system this is
represented by evaluation of the caiculation of the risk of failure

at a chosen design overload level defined as the amega condition.
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At toad levels beyond the cmega condition, no structural

performance is evaluated. Failure is regarded as inevitable
and the responsibility for failure is assigned entirely to opera-

tional or sub-system mancgement.

The structural design process must therefore start with the recog-
nition of two simultaneous design conditions. Figure 2 shows

the various steps involved. The critical load system occurring
within the normal operational limits is evaluated to determire

the unfactored design !imit load. From a knowledge of the
strength distribution appropriate to limit conditions (load inter-
_-action, temperature, pressure, etc.), a design factor can be
selected which wiil enable the desired reliability goal to be
"m‘?ained;' this should recognize the probability of discrepancies
between the intended and actual strength levels {see sub-sections
-5 (v) and 11-7 (iv) and Ssction VH). This is applied to the
unfactored design limit load to give the factored design limit joad.
A corresponding sequence of calculations will result in a value for

the factored design omega load.

These two foctored load levels must then be compared. If they
are equal, then a structure designed to the common load will
meet both reliability requirements without penalty. The two

other situations are more likely:

(1) if the factored limit lood is less than the factored omega
load; then either the umaga condition should be reduced
in level or reliability, or the limit condition can be raised

in level ot reliability without penalty

if the factored omega condition is less than the factored
limit condition, then a grearer overload capacity can be
provided (load or reliability), or the limit condition penalizes

a design with the chosen overload capacity.




g. The test procedure becomes a means of disclosing the
probability that the actual strength distribution differs
from that intended. The test results will change the pre-
dicted reliability levels in a manner depending on the
number of independent tests and on the test load. Pre~
dictions or assumptions may be included in the choice of
design factor if so desired.

3.5  Worked Example

a. The first step requires the selection of the unfactored design
load (UNFLD). This may be based either on the normal oper-~
ational regime (limit load), or on the overload regime (omega
load) as discussed in sub-section lli-4; the difficulties of
meaningful Jefinition are described in Section IV and V, but
for the present example it is sufficient to assume that a limit
value of 100 units has been selected, as shown in figure 3. This
unfactored dasign load is used as o basis for defining the initial

sizing of the structure.

b. The second step matches the factored design load {DSNLD) (a
de:ign safety factor, FS, on limit load may be incorporated if
so desired, together with o design margin of safety, MS} where

DSNLD = UNFLD x F5x {1 + M$} -(1)

to some specified strength leve! defined as o number of standard
deviations (S ALL) below the intended mean strength. Conventionally,
this will be implicit in the design allowable strangths, but must be
specifically recognized in these statistica! terms. The . -iended mean
strength, AMSTR, is therefara known, since

USNLD = AMSTR (1 - SALL) -(2)

Figure 4 shows this step in graphical terms. The assumed: strength
voriation was assumed to be o double-fomily distribution containing
o sub-fomily of weaker specimens.

e




I.OW\

/ PROBABILITY THAT LOAD s X

.«PROBAalLlTY THAT MAXIMUM LOAD WILL BE X £ {/2 dX

50 250 300

B g s e




= s er —

UNFLD

l—- FACLD
AMSTR
Sall ©S
150

MEAN STRENGTH

217.0
-5 5 -
'33.5 | 33.5
0.2
f’xs G.1¢}
PROBABILITY THAT STRENGTH
IS X112 dX—__
o150 0 350 300

X
- FIGURE 4 INTENDED MEAN STRENGTH (FIRST EXAMPLE)

0




SR oTh
v TEAE T
T

oA

AR S A

So far, the procedure is virtually indistinguishable from that
in use in the present deterministic criteria systems, but from this
point onward the added consequences of a probabilistic system

begin to emerge.

The intended reliability can now be evoluated, based on the
premise that the actual meon strength of the whole production

run of the porticular structural item under consideration will
actually be AMSTR. This implies not only that the loads and
strength variations are correct, but also that there are no dis-
crepancies of any kind in the design, the anglysis, the material,
the fabrication or the assembly of the structure. If this assumption
of "no error" is made, then the probability of failure, if the strength
is X {2 1/2dx), is given approximotely by the product of the
probability thot the strength is in thot band multiplied by the
probability that the load exceeds X (i.e. foilure occurs if the
load exceeds the strongth). This can be expressed as '

where  8Pp(X) is the contribution to the total probability of
failure,

pS(X) is the probability that the strength is X (& 1/2dx)
Pt()() is the probobility that the loud exceeds X

Summing the incremental volues of EPF(}{) gives the total prob-

ability of failure

) | .
PAX)e X $PA{X) «(4)
F o F , _

Figure 5 shows the two stoges graphically.

The next stap represents o major change batv een the conventional
end probabilistic processes, nomely the quontitative asassrent of
the probability of a discrepancy between the intended mean steength
of the fleet and the achioved strangth. This point iy discussed ot
length in referance 1, but since it must be fully recognized, it is
briefly outlined here, ond described again in Section VI,

R
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It is commonly accepted that analytical methods alone are
insufficient to guarantee the strength of a structure, particularly
where design and monufacturing processes are advancing more

rapidly than the suppurting analytizal tools. Arithmetical errors,
either major or mizur, are encountered in practice, as are deliberate
processes of underdasign to save weight. The net effect is reflected
in accumulated test failure experience.

An interesting numerical observation described in reference 1 may be
reiterated for emphasis. Suppose the design allowable strength to
correspond to the 99 per cent probability of survival; then only one
test article in 100 should be expected to fail at load levels lower
than the fully factored design load, a situation which is not con-
firmed bv actual test experience. Even i1 the mean strength (as
determined by small-scale tests) is used as the allowable strength,
then no more than one half of the static ultimate tests should result
in failure.

Objective consideiation of real-life stotic test performance leads to
the inescopoble conclusion that the ochieved mean strength of o
design may be less than the intended mean strength becouse of
discrepancies in design, material, fabrication or assembly.

The choice of the specific error function to oe used is discussed in
Section VI, For this iHustrative exomple, o double-family distri-
bution was assumed for the ratio of probable actual mean strength
to intended mean strength. Figures 6{a) and 6(b) show the assumed
distribution; the sub-family with its meon ot 1.0 .0 be regarded

as covering tolerances in reading design data from curves, in “round-
off" errors and ather similar ?noctices; the other sub-family has its
mean at 0.8 and can be considered to represent discreponcies due to
arithmetic errors, to faulty quality-control of material, poor assembly
ond so on. Ten per cent of the total population is assigned fo this
second sub-family .

13
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) g The assumed distribution of mean strengths is then combined
2 with the assumed strength variation to produce a distribution

of probable individual strengths. This is achieved by taking

each mean strength level, X, . in tumn, and assuming a
sub-group containing p(x.) of the total with o distribution scaled
from the basic strength distribution; this results in a series of con-
tributions to the probability ps(xi , X,) that the strength is X; when
the mean is x,, as shown in figure y(o) Summing for eoch X;
gives the total probability of each strength level, as shown in

figure 7(b).

h. The faflure risk and the reliability can now be revised to recog-
nize the assumed probable discrepancies, but bafore the incor-
poration of kncwledge from any tests. Figure 8 shows the two

. stages involved, which ore idenhcol to those dmcrtbed in parogreph
(iv}) above.

i The ~axt step, the incorporation of test results, requires o different
interpretation of the puiposes of static testing from thet commonly
“held, The conventicnal view is that i the test article survives
the designated load, then the detign is proved, but this has no validity
In o probabiiistic context. The sssence of probobilism (referance 4)
is that o discrepancy remaing, howsver slim thot chance may be.
This is dus to the pousibility that the tast article may be from the
stronger and of the distribution; the relicbility estimote must recog-
rize the existence of the weakest mumber of the Flest.

Hence the {ntention of the test requires ro-interpretation, ond @
stated In rafarance 1, becomes tha means of disclosing whathar
thers are discreponcies in the design, fobrication or assembly
processes which resuit in thc octual strength tevels being diffmt
from those Inténded,

i The mathamoticel application of Boyas' theorem to this pecific
problem Is well-understood; reference 5 is ons sxomple of the
available literature.  Briefly, tha reassning is as follows, for the
care of “survivel” tews:

15

~~ R e




0,10
0.08¢
0.05¢
0.04}
0.

€

X=i10

X=120

{a) Incrementcl distributions

FIGURE 7 INDIVIDUAL STRENGTH DISTRIBUTION {FIRST ENXAMPLE)
1) '




1

o
L_| :

.'Baf”“ A....mjn *\\“E&‘MM D

X

(b) fosudiont o i;hi‘&uiimi

FIOURE 7 - CONCLUVED




0.03

L

0.02p

0.01f

P.= CUMULATIVE FAILURE PROBABILITY

F

RELIABILITY

.

0.86159

SP = FAILURE PRQBABILITY

F WHEN STRENGTH =
Xt 1/2dX

™~

4 Q.15

40.10

* UCQS

FIGURE 6 RELIABIL:TY WITH PROBABLE ERROR (FIRST EXAMPLE)

18




let P(xi;z,) be the probability* that the strength exceeds

X4 when the mean strength has the value F(i; and_

let p(x.) be the probability that the mean strength is
R (4 1/26%)

Initially, on assumed distribution cf X. is used as a prior distribution

p(-i). Now let one test be performed to a logd KT and let the
i

specimen survive this test. The posterior distribution of meon strengths

is then given by

'Gi%p) = X %) e 5
Z‘P(XT{%) ‘ P(;i)}

where the summation is performed for-the whole range of X, required
to ensure that Z{p(xi)} equals unity, and the denominator repre-
sents a normalizing factor which retains the total posterior probability

of ;i as unity .

The effect of equation (5) is therefore to update the assumed distri-
bution of mean strengths as a result of knowledge gained from the
test, this knowledge being that the strength of the specimen was

greater than )(T .
!

If several tests are made successively, the posterior distribution
from the first test becomes the prior distribution for the second

test, and so ~n.

Figure 9 shows the revised distributions of probable mean strength
which are derived from one and two tests to survive a load of 150.
These revised mean strength distributions lead in tum to updated
distributions of prabable individual strength (figure 10 shows the
effects).

The failure probabilities and reliubilities ara then re-avaluated to

give values appropriate 1o the new state of knowledge (see figure

.

*The semi-colon denotes that P refers to the distribution of X, for a given value
of ;i
19
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An alternative test interpretation will exist when the failing
load is known.

let p(x.,x) be the probebilii, that the strength is
x; (+ 1/2dx) when the mean strength is

xi (+ 1/2dx)
let p()?i) be unchanged from the previous definition

The posterior distribution of ;i is then

l,- - v W o
p(xi,' X.T!) = p(XT';xi) p(xi) T -(8)

3 {p0 ) ple)
and is used as before to yield the updated distribution of indi-
vidual strength (see figures 12 and 13 for the example of two
tes: failures at 150).

The revised failure probabilities and reliabilities can be computed
from the updated strength distributions to reflect the known fact
that the strength of each test specimen was 150, Figure 14 shows
the results graphically.

In general, tests will not lead to the same result, and the methods
described above remain valid if the Xg values are changed from
test to test. The order in which the values occur is immaterial
the same fina! results being obtained, for example, for a test to
150 followed by a test to 180 and for a test to 180 followed by
a test to 150, The intermediute estimates after the first test will
differ. The difference in interpretation between survival tests
and failure tests is discussed in Section X,

The results of the computations in the differant steps of the analysis
are summarized in Table |. Comments iliustrating the intervatation
of the values are:

(1) the process of matching the (factored) design load to an
allowable strength set ot two standard deviations below
the mean implies thot the intended mean strength of the
fleat is 217.0. The basic strength distribution (double~
tamily) has a standard deviation of 217.0 x 0.154 = 33.4
which explains the large difference in values. Practical

data would reduce this substantiolly {see Section H}i-*®
22
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TABLE | - SUMMARY OF RESULTS OF EXAMPLE

MEAN COEFF. OF | TOTAL*{ TOTAL
CONDITION STRENGTH VARIATION RISK REL.

. No error, no test 217.0 0.154 0.01823| 0.98177
- ‘Emb. error, no test 152.0 0.170 0.13841} 0.86159

Survival tests:

1st to 150 158.0 0.155 0.a2312] 0.87688
2nd to 150 159 .4 0.154 0.11906 | 0.88094
. {Failure tests:
1st to 150 154.2 C.156 0.13387] 0.86613
2nd to 150 153 .4 0.155 013619 0.86381
st to 150 154.2 0.156 0.13387] 0.86613
2nd to 180 163.3 | 0.5 0.10844] 0.89156
1st fo 180 164.0 0.151 0.10667| 0.89333

2nd 10 150 : 183.3 0.151 0.108441 0.89156

- UNPLD =100, FS= 1'5, M5 20, DSNLD = 150, SALL = 2:0




03

(3)

{4)

(5)

(6)

)

©

The intended failure risk is 0.01823, the intended reliability
being 0.982.

Recognition of the probable existence of discrepancies reduces
the predicted actual mean strength to 152.0 and, at the same
time, increasas the coefficient of variation to 0.170, resulting
in a standard deviation of 25.8. The predicted failure risk

increases seventy six times with a corresponding decrease in re-
libility to 0.862.

After one test surviving 150, the probable mean strength of

the fleet reverts upward to 158.0 wiin the coefficient of varia-
tion dropping well back to 0.1535. The Bayesian update uses the
test result to indicate a smaller error than was assumed, and
revises the reliability to o slightly better value of 0.877.

The second tost hos less influence, resulting in an improvement
to 0.881.

A test fallure ot 150 tends to affirm the assumed error definition
implying o fleet mean strangth of 154.2; the revised reliability (0 .866)
is only a little better than that corresponding to the “no test" situation.

The second test follure at 150 confirms the error assumption, and
lowars the fleet mean strength furthor (to 153 .4), the reliobility
drapping very slightly to 0.864. '

I¥ H\a second test failure 'iﬁ at 180, the rasults of the first test
(faliure ot 130) are raited by o significant amount. The flest

 mean strength improves to 163.3, the reliability moving to 0.892.

However, the voluss are still well balow the intanded ("ro error™)
volues,- which emphasizes the fuct that testing to load levels in the
neighbuthood of the fuctored desian lood do not prove the absance
of discrebomies between the intended and octual -smmgth variation
among the total population, '

It is swen from Yable | thot roversing the order of the two failyre
tests leads to the same final values. The intenmediate vaolues,

~ofter the first test to 180, are compatible with the achievement of

this test level .




3.6

Example with Realistic Data

Q.

An example based on realistic data for the C-141 Cargo
Transport follows. The procedure is as described in the
previous sub-section but more reliance can be placed on the
absolute values of the results. The assumptions made are as
follows:

(1)  The loads distribution was based on a single-family
Gumbel distribution of the maximum load occurring
per aircraft lifetime; integration from right to left yields
the necessary probability that o load less than or equal
to x will occur: design limit lood was set at 100 with a
design factor 0¥ 1.5,

The basic strength distribution was assumed to be of
Gumbel form with coefficient of variation of 0.06.

The design allowable used for sizing the structure was
taken to be 2,326 standard deviations below the mean
(99 per cent uxceedence).

The ossumed error function was bosed on retrospactive
analy:is of C-141 wing tert data (component and static
test); this is discussed further in Saction VII,

Testing was assutmed to consist of two separate tests, euach
surviving 150 (I.e. the test factor was equated to the
design factor of 1.5 in the conventional manner). -

Figute 15 shows the load distribution and the intended strenyth

disteibutions. Bocause of the wide numerical ranges, logorithmic

plots nave been chosen throughout, Figure 16 gives the corre-
sponding foilure probability distribution and reliability. 1t will

be noted that the (low) failure risk is due almost entirely to the

few very weck specimans which are certain to Incur loads exceeding
their strength, and thot there is little risk of the high loads cousing
failure. This emphosizes the interpretation in reference 1 of "under-
strength protection”.
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Figures 17(a) and 17(b) shows the effect of the assumed arror
function on the probable strength, exoggerated by the logarithmic
scole. The same figures show the updated distributions following
the tests. It is important to nota that the assumad error function
implies o low probability of surviving the test; the foct that the
test was survived thus effectively danies the existence of the
weaker sub-family of strength and amounts to o self-compensating
process. In practice, this will tend to alleviote penaltias which
might exist dus to over-conservative assumptions; conversely, pre-
mature failure will correct the strength distribution by implying o
grecter probability of o discrepancy. Techniques such os the use
of Bayes' theorem moy prove to be the key to the affective use of
the proposed system of reference 1. '

Figure 18 illustrates the variction of the fallure distribution and
roliability os the test date is eccumulated.

The C-141 exomple is summarized in Table , ‘ond lsads to the
" foliowing comments;

(1) motching the fuctored design load {150) to on ollowable
strength at 2.326 standard deviation below the ‘meon ims

o plies' thot the Intsnded meon strength of the fieet is ot
174.5 (i e. ot 1.745 times the unfectored lood). The
probobility of surviving one test to 150 & found 1o be
0.972, which implins thot only one swecimen in 38 should
foil to cary the 150 per cent test food.  The intended re-
Iiahi!ify is olmost one. :

the usumed emor function reduces tke probeble mean steangih
of the Hoeet to 146.3 ond doubles the coefficiant of voriation.
The prabability of surviving o tast o 1390 drops t0 .50, w-
that if the error elumplions ore correc?, one ypecimen in Two
should foil below 150 por cent lood.  The predicted reliobility
reduces to 0.5986. '
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TABLE 1l - SUMMARY OF C-141 EXAMPLE

MEAN COEFF, OF { TOTAL
CONDITICN STRENGTH VARIATION RISK

TOTAL
REL.

No error, no test 174.5 0.960 0.0000005
robable error, no tast 144.3 0.133 0.001374

Afier one test
hsurviv!ng 150 152.5 0.06% 0.0000018

After twe tests
urviving 150 153.5 0.065 0.00C0017

0.999999
0.998625

0.999998

0.999998

UNFLD = 100, FS=1-5, MS=0, DSNLD= 150,




survival of the first test indicatas that the likely errors

are less extreme than assumed. The update process raises
the predicted meaan strength of the fleet to 152.5, re-
ducing the coefficient of variation almost to the intended
value. The reliabiﬁty‘ (0.999 998} is also restored almos}

to the original value.

(4) the second test has virtually no effect on the reliability.

3.7  Data Categories

Q.

This sub-section identifies the data requirements of the proposed
method in general terms. Each category is discussed separately
in later Sections of this report.

Load data:

The philosophy of reference 1 (summarized in a clearer manner ia
reference 2) considers the operational experience of a flee. of
aircraft to be divided into three areas, separated by boundaries de-
fined as "limit condition" and "omega condition" respectively (see
sub-section 1i-4). load levels up to the moximum which is

likely to occur in normal usage must not result in failure due fo
unduly weak strength; in different words, the probable risk of

failure of the weakest likely member of the fleet must be acceptably
remote. A corollary of this is the necessity that the operator must

be able to apply the limit definition in order to achieve the desired
reliability.

Now the kernel of the reliability prediction is the comparison of
the probability of a certain strength and the probability of a greater

load. |t is therefore essential that load and strength must be expressible

in terms of the same quantity.

When only a single parameter is involved (as in the cases discussed
in references 1 and 2), no real problem arises. In most realistic con-
ditions, combinations of parameters will be necessary for both load
(load factor, weight, speed, etc.) ond strength (bending, torsion,
pressure, etc.), and the choice of basic parameters is less obvious.

These points cre discussed in later sections.




When multiple parameters occur, it is not possible to select
a single iw.it (or omega) load level with a probability which
can be directly related to a reliability levei  Neveriheless,

o single value is necessary for the initial sizing of the structure.
The bosic data required therefore consists of:

() design unfactored load levels (based on normal operational
or limit conditions and based on desired overload, or omega,
conditions)

(2) design factors (and design margins of sofety) to be used in
conjunctio.. with the unfactored loads in order to determine
the structural configuration

(3) declared load levels {limit and omega) at which the chosen
reliability goals are to be met

(4) probability distributions of the limit and omega loads, which
may be quite separate since the parameter being overloaded may

not be the primary parameter.
Sections IV ard V explores these fuatures in greater detail.

Strength Data:

A means is required for establishing the probable variation of

strength relative to the mean strength, and this definition must

be in terms of the single principol parameter used to define the:
load. It will genarclly be necessary, therefore, to perform separate

analyses at constant values of each secondary parameter. The resultant

“strength of a real structure will invelve not oniy the properties of

the basic material, but alse the variabiiity introduced by fubrication
and assembly processes. A design allowable level (o number of
standard deviations below the mean) is raquived for establishing the
initial sizes of the structural members. The basic statistical properties
of the resultant strength distribution (i.e. the coefficients of variation
of the sub-families, the relative locations of the means of the sub- 4
families and the relative proportions of the population assigned to the

sub-families) are assuined constant as the predicted mean strength of

the system is updated. Section VI discussss the nature of these items.




Error Function:

~In order to employ the automatic update feature introduced

by Bayesian methods, the predicted actual strength is raquired

to be a function of two variables. These are taken to be the
basic strength distribution relative to the mean strength, and

the probable distribution of mean strength. The “no eror" con-
dition con be cnalvzad independently as described in sub~section
111-5, but carnat be assumed as the prior distribution of Bayes'
theorem since equations (5) or {6) do not result in ony change.
when only cng yalue of x, exists. Hence, some assumed distri-

bution of mean strength is required, however narrow this may be.

Ine practice, there will be few instances where the design and
- construction, methods are so. welt esiablished that the choice of
an undisclosed error can be truly claimed to be negligible. The

cheice of error function can initially be arbitrary, or may be

" based on an individuai company's experierce of its own procedures.

it is importonr that the interaction batween the original error function
and the updating by test results is appreciated; a gross error function
implies little chanca of surviving a high test leyd, and if the test
load - is survived, it will result in o drastic improvement of the ore-
dicted strengths. Conversely, an optimistic error function implies
near certainty of passirg the test; if the test fails, a drastic re-
duction in the predicted strength will result. The whole process

tend to be self-comper:ating. Figures 19(a), 19{b), 19(<) and 19(d)
illustrate this tendency. "

Section VI! de -ibes the pactical atsessment of suitable functions
from test experiencs.

Reliability Goal:

This sbbiacf is addressed in Sectlon Vill and the only comments
necessary at this stage o.e that no obvious rationole has been
detected for the values to be used. Even if the remainder of the
system is probabilistic in nature, tha chosen relicbility levels
will probably retain o, daterminlstic choracter. - |
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Test Factors:

Once the essenticl nature of the static strength tests is accepted
a@s the means of disclosing discreponcies between the intended
strength distribution and the probable actual strength distribution,
and not s o means of "proving compliance” with a design obli-
gation, then the logic by wvhich test factors can be selected
can be developed.

The fundamental aim is the prediction of the risk of failure within

a specified ronge of load levels, and the selaction of a target

test level which will indicete that the chosen risk {the complement of
the reliability) will be met. If o lower test strength is achieved,
further studies can be initiated to evoluate the trade-off betwaen
load probability and reliability. The test factors can therefore be
selscted from a knowledge of the pra-test dots and cost-optimized
with respect i~ the probability of destroying the specimens, the
number of specimens and the lave!l of loading. Section IX givey
fusther detoils.

One other feature emerges from the example dascribed eariior;
a test failure at, say 150, con also be regerded as o tesi surviving
149, However, the probabilistic differances moy net be negligible
for the failure imo'ies no probability thet the specimen has a
strength axceeding 150, whereas the survival does Include the prob~

ability of greater strengths. This anomaly is pursued in Section IX,

The final date requirement is simply the recognition that of any
given stage in the design, tesi and operational life of the aircraft,
the appropriate data should refiect the currant stage of knowledge.
Progressive updating of all parameters is necessary to the full ossess-
mont of the reliability of the fiset.




4.1

4.2

SECTION IV
CHOICE OF INITIAL DESIGN LOADS

Introduction

At the cutset of the design of a new aircraft, little definitive
information will be available to define the probabilities of the

loads or the strength levels. The maximum uss must be made

of approximations to permit the preliminary design iterations to
proceed; the structural configuration, materials and methods of
fabrication will usually be varied during this stage. It is necesary
for a deterministic definition ot the design loads to be cluarly defined
as a means o the sizing of the structure; this item in the design choin
cannot be treated on a probability basis within the procedures currently
in general use, and any change to introduce such a basis would be a
cause of disruption.

This section examines these related problems as they would occur during
the design of a cargo transport aircroft (C-141 data was used), but with
the implied advantage of prior knowledge of the probable utilization (in
practice, this could frequently be obtained from accumulated data on an
existing aircraft of similar type).

Available Statistics

Appropriate data which can be used in the application of statisticol
mathods to determination of design loads appeor to exist in quantity
only for the following parometers:

a. Symmetrical moneuver load factors
b. Gust intensities
c. Londing sinking speeds

The information which is availoble conceming these parometers in many
cases is probebly inodequate to establish probebility levels appropriote
to Omega load levels without extreme extrapolation. Also, It is quite
obvious that loading conditions cannot be defined with these parometers

alone.
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However, where at least one significant parameter of a loading

condition can be defined adequately through statistics it appears

that the statistical approach can be used. This caon be done in
the following manner:

a.

Select approprigte stotistical data concerning o significant

parameter and extrapolate the data as necessary {using ex-
treme value techniques, for example),

b. Select other significant statistics from mission profile infor-
mation, also extrapolating to necessary extremes.

<. Combine the above statistics using joint probability techniques
to select conditions appropriate to the designated structural re-
liability goals. (See Section VIil.)

d.

Select other parameters necessary to completely define loading

conditions from the basic requirements of the MIL-A-8860 Series.

Dasigg__l.imit Conditions

In the context of the new procedure, limit loads reprasent those which

may be ottolned in norma. operations within normal operational envelopes
and' Omega loads are those which result from exceeding normal limitations

due to on unusual occurrence. Therefore, in selecting limit conditions,
norma! operational (imitations should be used, such os:

a. Speads not exceeding VH
b.

Center of gravity limits not including o design tolerance
<. Waeights not exceeding maximum gross welght

d. Paylcods mot exceeding placarded limits
e Ete.

Design Omago {Dverload" Conditions

However, in the selection of Omega load cases, statistically defined
parametars, mission profile extrapolated parameters, and MIL-A-8860

Series porometers should heve no individuol limits except those set
by reasonability .

For example, weights exceeding maximum design
gross weight should be considered if statistics or extrapolated mission

profile data indicate such, speeds up to VL and possibly beyond should




be used if statistics are available for verification, paylouds exceeding
limit payloads should be included, and center of gravity limits should
include at least the Militory Specification toleronce.

4.5 Example Using C-141 Data

a. As an example of how such a procedure might be applied using
a minimum of statistical data the following C-141 landing loads
analysis is offered. Table 1l shows the C-141 landing weight
occurrences for one design lifetime of 12,000 londings as derived
from the C-141 design mission profiles as shown in Reference 7.

Applying extreme value theory to these statistic results in the
cumulative occurrences of fanding weight shown in Figure 20.
Extreme volue theory applied to landing sinking speed data is
shown in Figure 21. Two sets of sinking speed data are shown,
one from MIL-A-008866A and the other from Figure 7.5 of
Reference 8, for aircraft weighing over 150,000 pounds.

b. Figure 22 results from applying the joint probobility of the
landing weight statistics and the sinking speed statistics to
obtain the combinations of landing weight ond sinking speed
to be gonsiderad. A probability of sceurrence of once per 12,000
landings was used for limit conditions ond o probability of 10
per 12,000 landings for Omego conditions.

The sinking speed data from MIL-A-008864A appears to be
quite high as compared to thot from Reference 8. Since the
source of tha MIL.A-008866A data is unknown and the reference
- & data is known to be statistically bosed, the Reference B data will
- be used in the subsequent analysls.

s
AN

c. Limit ccmbinations of landing weight cnd sinking speed are chosen
olong the 1.0 probability line and analyzed in accordance with
MIL-A-00BBA2A requirements. The anly requiraments of MIL-A-
008862A which have veen replaced are the landing weight sinking
speed combinations. However, since limit conditions represent
normal operations, the moximum gross weight which should be con-
siderad is the landplone landing design gross weight of 257,500 pounds.
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TABLE 1|
C-141 LANDING WEIGHT OCCURRENCES

WEIGHT . CUMULATIVE
(LBS) © OCCURRENCES OCCURRENCES
)] i
b2, 650 ] 34 12,000
143,090 17 11,966
145,067 17 : 11,949
147,060 f 80 11,932
149,355 ' 7 11,852
164, 040 138 11,835
174,530 857 11,697
180, 074 672 10,840
197,105 8200 10,168
206,150 1968 1,968
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Also, o decision must be mads as fo what the sinking speed
restriction is for normal operctions. |f this is selected as

ten feet per second, then the range of limit conditions to

be invastigated is very small and is os shown by the heavy

part f the limit line in Figure 22. This region of invest'gation
is olso very close to the aciual C-141 design point »f 10 feet

per second of 257,500 pounds,

Omega combinaiions of landing weight und sinking speed are

chosen along the 10'3 probability line and analyzed 1% accor-

donce with MIL-A-008862A requirenents. However, the energies
involved in using these data are extreiely large and lead one to
question the validity of ihe data, particularly when the sinking
speed statistics used did not include any data ot higher sinking speeds
than seven feet per second. |t appears that, sven for Omega con-
ditions, rationus limits must be set on extrapolation of statistics

in order fo result in a reasonable structural design. A possible
rational cutoff of sirking speed for the Omega case might be the
reserve energy absorption value of 125 percent of limit sinking
speed given in Mil-A-008862A. This would still make the Omega

case the designing case in terms of energy requirements.

Another example of an approach to selecting design load conditions
using @ minimum of statistical information iollows. This example
deals with the selection of positive symmetrical maneuver conditions
for the C-141 using payload statistics derived from C-141 usage data
and maneuver load factor statistics from MIL-A-008B66A,

Table IV reproduces the positive moreuver load factor spectra for
CTRANSPORT aircraft from Table VI of MIL-A-008866A. The
values shown are in terms of cumulative occurrences per 1000 flight
hours by mission segment. Table V shows the percentage of time
the C-141 spends in each of the mission segments based on actual

usage data.




TABLE IV

MANEUVER LOAD FACTOR SPECTRA CTR ANSPORT
REFERENCE TABLE VH MIL-A-008866A (USAF)

LOGISTICS TRAINING REFUEL
ASCENT | CRUISE} DESCENT ASCENT | CRUISE ] DESCENT

11,000 825 3,000 60,000 45,000 | 35,040
380 30 435 5,600 4,000 3,500

25 3 28 500 350 800

4.5 0.7 5 70 35 250

1.8 1 5
1

20

35

3
4.5
1.5

TABLE V
C-141 USAGE DATA (FLIGHT HOUR BASIS)

LOGISTICS TRAINING
84.3% 15.7%

CRUISE | DESCENT CLIMB | CRUINSE DESCENT
81.1% 5.3% 18.2%] 49.6% 32.2%




Extrapolating ihe wmaneuver load foctor data of Table IV
and epplying the percentage utilizations of Table V results
in the manauver load factur exceedances of Figure 23 for
one C-141 lifatime of 30,000 flight hours.

C-141 usage data oiso provides payload utilization information
which is summarized in Figure 24. The data points are shown
and extrapolation is used io determine possible extremes of pay-
load. Note that payloads are extrapulated beyond the design
limit payload. Truncation of payloads at 120% in this case is
arbitrary. However, in actual cases, reasonable upper limits

can probably be established through cargo density-available volume

relationships or other means.

Maneuver load factor - payload joint probabilities are shown in
Figure 25 as derived from the data of Figures 23 and 24, In ac-
cordance with *he recommendations of Section VI, o 10"3
probability of occurrence per aircraft lifetime is used for Omega
conditions and a 1.0 probability of occurrence per aircraft lifetime

is used for limit conditions.

In order to facilitate the selection of design loading conditions
from these data, real pavicad and gross weight values are intro-
duced and the product nt maneuver load facto. und gross weight
is plotted against payload as shown in Figure 26 for [imit con-
ditions and in Figure 27 for Omega conditions. Lacking further
statistics, it is assumed that the load factor - poyload combinations

can cccur with any given fuel quantity present.

in Figure 26 the range of limit conditions to be investigated is

shown and since limit conditions represent normal operations, the
envelope is cut off by a design payload limitation and a maximum
takeoff gross weight limitation. To complete the loads analysis,

the symmetrical maneuver analysis requirements of MIL-A-008861A
are to be applied using limitations on center of gravity limits, speeds,

etc. wustablished by normal operational piacard.  Note that the

maxirmum NZW of some 874,000 in Figure 26 is of the some order
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as the C-141 design limit nZW of approximately 800,000.
The relative criticality of the two levels is not known, however,
since they occur at entirely different combinations of fuel weight,

payload, and maneuver load factor.

In Figure 27 the range of Omega conditions to be investigated

is shown. With the lack of further statisticy, these combinations
are analyzed using the symmetrical maneuver requirements of
MIL-A-008861A. Note that the maximum nzW of approximately
1,400,000 in Figure 27 is of the same order as the C-141 ultimate
nZW of approximately 1,200,000. Again, the relative criticality

of the two levels is not known.




SECTION V
CHOICE OF DESIGN LOADS

5.1 Introduction

a. Reference 1 has shown that a purely probabilistic determination

of design load requireraents is not acceptable for the design of
flight vehicles. Rather, the probabilistic loads descriptions must
be used to obtain discrete deterministic {imit and omegu design
conditions. The loads for the design conditions are then utilized
for stress design analysis just as if the lo:ds had been calculated
using the present deterministic design criteria, except that the
factor of safety is that requireu for a given structural reliability
instead of an arbitrary value such as 1.5. Thus, once the de-
terministic design conditions are obtained, continuity is maintained

with the present design procedures.

b. There are three main problem areos involved in the determination
of the design conditions and foads for a structural reliability analysis.

The three problem arees are as follows:

1) The determination of loads spectra which adequately reflect
the utilization of the flight vehicle and the axtreme maximum
{oads.

2)  The representation of loads by o single porometer which is
compatible with strength.

3)  The selection of limit and omega conditions and loads in

a multi-parameter, multi-load source envircnment.

c. it is the intent of this section to determine the data required and
available, solutions to the three problem areas and to recommend
procedures for determining the design loads while maintaining con-
tinuity with the present design procedures.

5.2 Data Required for the Determination of Loads Spectra

a. In order to determine design load requirements on a structural
reliobility basis, separate limit ond omega load spectra must
be colculated. When only one or two parameters determine the
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external foads, such as longitudinal load factor for o rocket,
load spectra can be easily calculated. However, for most
uircraft the structural loads are o function of several parumeters
which are often dependent upon each other. Therefore, the
probability of occurrence of each of the parometers cannot be
saparately determined and then combined to get the joint prob-

ability of occurrence.

Two separate influences can be postulated whose combination

is essential to the proper definition of probabilistic load spectra.

1} Probability of Configuration: The combinations of parameters
such as gross weight, weight distribution, height, speed,
and gerodynamic configuration.

2)  Probability of load Source: Several further paramaters
are involved in the determination of structur8l load levels
for each load source (e.g. gust, symmetric maneuver, vtc.),
In the case of wing steady symmatric maneuver loads, for
example, the principal porameter is verticel load factor.
The probability of lood cccyrrence must be obtainad for
gach of the toud sources. 7 ‘

The probability of configuration can be deturminad either by the
anglysis of ossumed mission profiles or, in the cose of operational
oircraft, by the anolysis of aircroft viage duta. The mission pro-
Files are based upon the cperator's -intended or octuol usege of
the aircraft. In the past, mision profiles have been generoted
primorily for fatigue analysis. As o resull, only overege flighl
conditions within the operational limitations {no omega conditions)
were considerad. For exomple, the C-141 logistics design mission
profiles consider only stendord hondbook climb, cruise, ond descent
spead-altitude schedules. Such profiles are occeptable fo- fatigue
analysis where primary concem iy overoge loeding conditions, but
not for o siatistical determination of extreme locding conditions, as
required Tor the proposed structural design criteria.  Figure 28
demonstrates the scotter in the speed-oltitude statistics for the
C-141 medium range logistics mission data a3 obtained from the
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analysis of V-G-H data. The statistical scctter of flight
ond mass parameters can be accounied for in the mission

profiles by one of two methods.

1) Develop a large number of mission profiles which
encompass the significant ranges of the parometric
statisticgl scatter. V

2)  Develop o limited number of mission profiles but
bias the parameters such t+-t extreme loods due to
the actuol porometric scatter ore included. For
exampla, sinca increased airspeed couses increased
gust loads, rather thaa use the mean airspead for o
given altitude, the airspeed should be bicsed obove

the maan.

In crder Yo account for such stetistical scatter in the mission
profile paramerers, doto must -be obtoinad either from similar

oparational aircraft ar from computer yimuloied onolyses.

Omego conditions must olso be included in the minion pra.
files. Such conditions moy be the rawlt of intentionsl vielotion
of the cperoting restriction. wgh oy ux:éeding maximum cargs
Cwolght, or the rowit of the foilure of such tes: o3 outomotic

w
.
H

contrels, enginay, el . Tha wlestion of e omeyge sondition
is bosad wpon the unslysi: of operstadal dote For dmifor gite
crof? gndior computer simuloted caciyier which incivde probe

abilistic syatem failure:

it iy ot recomverded that teporate wt of ansion profiles be
developad for fatigue and s1otic otrength struchyral ratiabiliny
onalysss. Rother, oae sef of missien profiles thovid be esteb-
{ishes which odegustely meel the requitemsnts for boath unolyses.
Probabiitty of Locd Source

For o given lood wuce, wech oy steady verticol manguver, the
probubility of occurrence of the principo! parometers swit ke
deturmined. Tor o concentional circraft the probebilitier of

sceptrenca tor such poremetens con be determned from either
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aircraft V-G-H/G-L-S'data for similar aircraft or from
Reference 9. For instance, the probability of occurrence

of vertical maneuver fector is delineated in MIL-A-8866

for various types of au. aft. However, there are some parameters,

such as aileron input during rolling maneuvers,which reguire

measurements nof only of  al deflection (magnitude), but also
a time history so that deflection rates, and deflection duration
can be ascertained. As a result, much of the data needed to
determine probabilistic loads spectra are either not available at
all or not available in sufficient detail. Also, in the case of
a radically new design such data would not be available (with
the possible exceptions of atmospheric turbulence and runway

rough.iess data) until either V-G-H/G-L-S data for the aircraft

has been collected and anclyzed, or obtained from computer
simulation analyses.

In order to evoluate the significance of various parameters for
strength ~crtical maneuver, a statistice' analysis was performed
for the C-141 cargo transport.  As discussed previously, steady
vertical maneuver is just one of the many load sources which
contribute to the total probability of load occurrence. Figure
29 presents the results of the steady vertical analysis for the
30,000 flight hour design lifetime. Three different parameters

were selected to represent per cent limit load as follows:

1}  Vertical Load Factor (NZ) - This parametier reflects only
the mission usage of the aircroft.

2)  Vertical Lood Foctor - Gross Weight Product (NZxW) -
This paramefer reflects both mission and gross weight
utilization.

3) Actual Wing Bending Moment (M'x) - This parameter
reflects mission, gross waight, weight distribution, center

of gravity, airspeed, altitude, and aerodynamic config:ra-

tion utilization,

*G-L-S = Ground Load Survey
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- Grussly different probabilities of loads are obtained based

upon the choice of parimeter. As tabulated below, the prob-
ability of 100% limit load occurrence decreases significantiy

as more of the utilization parameters cre included in the analysis.

Parameter: N, NZW M'\(
L ;

Cumulative Probability R 2 7

of Limit Lood 10 10 107

Stotistical loads analysis must therefore properly account for
the utitization of all parameters which significantly affect the
loads. Overail ioad parameters such as NZ or NZW can lead

to overly conservative design load requirements.

5.3 Data Available and Methods of Determining load Spectra

a.

Table Vi presents a summary of data available, recommended
analysis methods and significant analysis problem oreas. Even
where it is indicated that large amounts of data are available,
more Cata would be useful, as the available data is primarily
within the operating restrictions. Therefore, the data must
often be extrapolated to obtain data in the omego operational
regime. Such extrapolation can be accomplished by fitting the
available statistical data with o probabilistic distribution such

as Gumbel's extreme-value distribution.

Of the loads sources considered in Table VI, there are only two,
atmospheric turbulence and taxi, takeoff and runout operations,
for which power-spectral rather than discrete loads analyses are
recommended. Power-spectral methods are recommended for the
analysis of atmospheric turbulence in lieu of a discrete gust
approach. Reference 10 contains an evaluation of power spectral
gust analysis.  The response of an aircraft to atmospheric turbuience
and the resultant structural loads depends not only upon the gust
velocity and wavelength at a given instant, but also upon the
immediately preceding turt.ulence.  Clear air, thunderstorm, and
low level turbulence pr._uudnately display the characteristics of
continuous turbulence with some severe discrete gusts. The turbu-
lence is random in nature with varying gust velocities and wave-
lengths, which supposts the continuous turbulence model of the
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atmosphere used for power-spectral gust enalyses as epposed

to a discrete gust model. Also, in & discrete gust analysis,

the elastic mode effscts are highly sensitive to gust wave-
length. Thepredominant practice for discrete gust analyses

is to assume a gust wavelength which is a given multiple of
the wing mean gerodynamic chord fength. However, in order
to be reclistic, the discrete gust analysis would have to account
for the joint probability of gust waveiength and velocity. Such

data are not available and are not likely to become available.

c. It has long bzen recognized that atmespheric turbulence is three
dimensional with spatial distributions. Recent analyses have
indicated that moximum structural loads may be obtained from
combined vertical and lateral gust velocities. Power-spectral
gust anclysis can be extended to include the response of the
aircraft to three dimensional spatial dependent turbulerce.
Reference 11 has developed a feasible approach to v_ch
analysis. Further work along these lines is being continued
at the Lockheed-Georgia Company under contract with the
Air Force Flight Dynamics Laborcteey .

Therefore, it is concluded that the power-_pectral gust analysis
will yield design loads which most cdequaiely reflect beth the

actual atmospheric turbulence and the elastic mode effects.

d. Power-spectral analysis of atmospheric turbulence does have
one significant problem which involves the determination of
locd componert phasing. For o large, dynamically responding,
flexible aircraft, the loads are not in phase. For example,
wing root bending may moximize at a quite different time thar
wing root torsion or shear. It is necessary to determine load
phase rclationships in order to obtcin discrete load conditions for

the structural reiiability ond design stress onalyses.

e. Power-spectral analysis is also recommended for the arnalysis
of taxi, takeoff and runout, for assentially the same reasons

as for atmospheric tuibulence. Power-speciral analysis for such




ground operations is analogous to that for atmospheric turbu-
lence except runway and taxiway roughness is the source of
the power~spectral density rather than atmospheric turbulence.
References 9 and 12 contain criteria and methods for the

power-spectral analysis of tax! conditions.

As noted in Table VI sufficient data is not availuble for a
purely probabilistic determination of all loads spectra. This
is true particularly for abrupt control input conditions such as
abrupt vertical maneuver, aileron roll or rudder kick. In
such instances either assumptions can be made in order to
obtain the loads spectra, or loads spectra will not be deter-
mined, thus forcing the selection of limit and omega load

conditions on an engineering judgment basis.

5.4 Recognition of Aircraft Limitations

a.

It has often been suggested, as in reference 13, that there is

no practical [imitation of muneuver load factor capability for
modern high speed transports.  This is true at high airspeeds
coupled with low mach numbers, but ot the airspeed « Mach
Noumber combinations at which the aircraft is predominantly
operated, there can be definite limitations. Figure 30 presents
the 2.5g symmetrical maneuver stall speeds for the C-141
transport at two different gross weights. Approximately 65% of
an average C-141 lifetime is spent in cruise during logistic
missions. The flight manual cruise-climb schedule is also shown
on Figure 30 as a function of gross weight. It is noted that for
the two gross weights shown the cruise equivalent airspeed is well
below tle corresponding 2.5g stall speeds. In fact the maximum
ontainabie load factor obtainable for the cruise-climb schedule

is approximatels 1. 6 for both gross weights. Therefore, it is
concluded that it is not realistic to take limited measured load
foctor spectra and exirapolate to some extreme load fuctor without
accounting for aircraft limitations such as aerodynamic stall or

control limits,
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Figure 31 shows the effects of considering aerodynamic

¢ all limitations on @ C-141 wing vertical bending moment
spectrum. At 100% of limit vertical bending moment, the
truncation of the load factor spectrum at stall lifi coefficients
causes an approximate three decade decrease in the probability

of exceedance.

It is therefore concluded that statistical analyses which neglect

aircraft limitations can be overly conservative.

5.5  Loads Representation Compatible with Strength

a.

One of the basic requirements of the proposed structural

design criteria is that the loads must be expressed by a

single purameter which is compatible with strength so that
the loads and strength probability distributions can be inte-
grated to obtein the structural reliability. This is o difficult
problem, as the strength reguirements for a given “fight con-

dition are determined by

1) six component external loading
2) internal loading due to such sources as pressurization
or thermal effects

3)  possible strength degradation ot extreme temperatures.

The most accurate woy to account for tha six component
external loading together with internal loading due to
prassurization, etc., would be to perform a stress spectral
analysis. Strength degradation due to elevated temperatures
could be accounted for by grouping similar strength dagradation
conditions and performing individual probability of fait.re cal-
culations, the sum of which must be equal to the desired
probability of failure. Also, since stress spectral analyses
are performed for particulur structural locations, such as a
joint at a given wing station, an error function which is ap-
plicable tc joint structure in particular could be used rather
than ¢ generol error function. However, stress spectral analyses
are not feasible during initial design stages. Therefore, an

alternative approach must be raken in order to initially define
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the strength requirements. Obviously some concessions
must be made in the exient that the loads representation
is compatible with the strength.

Under present design procedures, design loads are often

obtained by developing load envelopes at selected com-

ponent stations. The conditions which define the loads
envelopes are then the design load conditions. After stress
analysis of the design load conditions, tirgngth envelopes

are obtained by expanding the load envelopes to zero margin

of safety. Figure 32 presents typical envelopes for a C-141
wing station. If vertical bending moment and torsion are taken
to be the significant load components, an approximation of

the per cent strength for a given load cond'ition can be obtained
by ratioing the magnitude of the bending-torsion vector to the
magnitude of the envelope vector having the same direction.

A similar procedure can be adooted for the proposed structural
design criteria, except that the envelopes are defined by the
statistical limit and omege load conditions. The load spectra

for limit and omega conditions are then defined as a per cent

of the appropriate loads envelopes. Pressurization and thermal
stress effects either result in increased or decreased external
loads capability at o given component station. The loads spectra
could be adjusted to approximate such effects by factoring *he
loads spectra for each individual flight condition. For instance,
if pressurization for flight at a given altitude ware lo decrease
bending moment capability by 10% at a particular load station,
the load spectra for flight at that oltitude should have the load
magnitudes multiplied by 1.11 (1/.9). Strength degr dation due
to extreme temperatures can also be handled by factoring the loads
spectra for such conditions if the strength coefficient of variation,
(S ) does not vary significantly. If S does vary significantly,
then loads spectra for separate strength degradation regimes can
be calculated ard separate probability of foilure analyses performed
with the total probability of failure divided amongst the strength

degradation regimes.
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It is rec- .nized that suc upproximations may involve
considerable error.  However, for the initial design
analysis such apprc<imations must be made in - 'er to
mak~ the locs representation cc npatible with the* for
strength.  More sophisticated methads such as stress spectral

analysis can be used for subsequent or update anaiyses.

5.6  Selection of Limit and Omega Ceonditions and loads

a.

As previously discussed, deterministic 'imit and omega

conditions must be selected i order to maintain continuity

with present design procedure:. In general. several limit

and omega conditions will be necessary in orde to adequotely
design the structure. Figure 33 presents o vertical bending
moment - torsion partial limit strength envelope .gether with
the original design load requirements for a C-141 inboord

wing station. Fositive manguver alone causes Lix different
design conditions with wideiy varying vertical benc ng moment-
torsion combinations. Othar C-141 wing stations heve different
design conditions. For exomple, the vertical bendina moment
requirements for the outboord wing are primarily causea by aileron
roll conditions rather than vertical moneuver In addition,
different major structural components have diffgrent looding con-
ditions which cause maximum loads. Fur instance, loteral gust
may cause significant verticol stabilizer ond fuselage «'tbody

loads, but have negligible etfect on wing loods.

. Following the determination of the aircraft vtilization data re-

quired, data available, « d the nethcls to be used in the
determination of the limit ond omega lona spectra, the following
paragraphs outline the procedures used to determir» the limit and
omego logd cenditions,

The normal operationa!l limits for the parameters which are user
controlled must be determined in order to ditferentiate between
limit and omege operational conditions.  These limits shouid be

bosed upon satisticy whete possible.  For exumple, moximum

ollowoble vertical moneuver load factor con be presented as o
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function of cargo weight or any other significant load
parameter on a joint probability of exceedance basis,

such as is demo. strated in Section V. As also discussed

in Section IV, when lacking applicable statistics the limit
airspeed can be token as VH’ the maximum level tiight
speed, while the omega airspeed can be taken os Vi, dive
speed. Maximum limit fuel-cargo combinations con ba ob-
tained from fuel tanks full with the intended fuel density and
limit gross waight considerations while those for omega con be
obtained from fuel tanks full with increased fuel density, and
omega gross waight limitations. The cente: of gravity limits
for imit conditions can be those without adverse tolerancas,
while those for omego cenditions ore axponded o include ot

least the Militory Specification toleronces.

The limits on user conitolled parameters define the normal,
overioad, ond grow overlegd operational regumes for each of

the parameters. A such, tha limity must be prosested in o
form which con be reod'ly odhered to by the vier.  For ine
sfance, masimen manguver lead fogter sheuld not be o function
of sevaral parametars ek that the sliowable toon tacter would
ba constantly varying during o flight. Figure W presents exe
amplos of limihs for usar controlied poramsters. It must be noted
that the combinations of the war cen olled parvmaeten to be
uted for desi: have w0t been detormined yat.  Swch combinotiom
ore ohtgined L, ae determingtion of limit and omego dengs cone

itions.

Load contral stotions must be selected for each major structral
component In order t¢ obluin @ minimum feasible aumbes af
structuial locations far comidoration in the design loads investi-
gotion. As pre-iously discussed, sighificont combinations of load

comparent ore ibea sele’ed in order to obtain joad envelopes

which a0 the rmost compatible with the strength requirements.
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(.1'
It o stress spectral analysis is conducted, the load com-
ponents are converted directly to stress at individual locations.

As such, envelopes are not needed.

e. There are several loads sources for which the foads are deter-
mined mainly by user controiied parometers. These loads
sources are: directional, lateral, and vertical maneuvers,
and manual landing impact. The maximum obtainable loads
for such loads sources are mainly determined by the limits
on the user controlled parameters. Such maximum loads may
occur for combinations of parameters having a remote probability
of occurrence yet they still represent operations within the

- defined limits of normal operation.

- There are two ways in which the load envelopes can be deter~

" mined for such loads sources. The first approach is purely statis-

tical in that the loads envelopes are determined on a probability
of occurrence basis. That is, the moximum loads would be those
that occur for the limit and omega probabilities of occurrence.

Such an envelo‘pe is shown in Figure 35,

However . there is a drawback associated with this approach for
multi-parameter environments. The limit and omega envelopes
define the normal, overload, and gross .overload regimes. As
such, the individual user must know what combinations of user

- controlled parameters will result in loads which are within either
“the normal or overload regimes, If the envelopes are defined on

‘_ a probability basis, then it would still be possible to obtain loads

] o _ " in the overload or gross overioad regimes for combinations of user -

. o - controlled parameters while each of the parameters is within the
previously prescribed limits for normal operation. ‘

It would also be possible to obtain loads in the gross overload
regime for combinations of parameters while each of the parameters
is within the previously prescribed limits for overioad operation.
Granted, the probability of occurrence of such combinations of

porameters may be remote, nevertheless, in order to maintain
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FIGURE 35

EXAMPLE OF LOAD ENVELOI ™S
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T

confidence in the structural reliability design analysis, the
user must know what combinations of user controlled parameters
will maintain the flight vehicle loads within either the normal

~or at least the overload regimes.

in @ multi-parameter environment, the determination of the
limit and omega conditions on a purely probabilistic basis

will ot adequately define such combinations of user controlled
parameters. Therefore, it is suggested that at least initially the
limit and omega conditions should be those which cause the
maximum loads for all combinations of user controlied parameters
when each of the parameters is within the respective limit or
omegoa restrictions.  As a result, it would be impossible to have
foads in the overload or gross overloed regime if the loads are
caused entirely by user controlled parameters and if each of the
parameters is within the prescribed limits of normal operation.

It would also be impossible to obtai. loads in the gross overioad
regime {f each of the parameters is within the prescribed overload
limits. Thus, the user can confidently opemte the flight vehicle
anywhere within the prescribed limits and still remain within the

desired load regimes.

Such an approach not only maintains continuity with present design
procedures, but alio provides additional confidence in the structural

reliability analysis.

"As previously discussed, separate envelopes must be developed
for flight regimes where such effects as thermal stress or pressurizae
tion significantly affect the external load copahility of the struc~.

ture.

£ There are several loads sources which are beyond the control of

the-user. Such load sources include atmospheric turbulence, ond
landing impact for autematic lundings. Severe atmospheric turbu-
lence can be avoided to some extent, but sich avoidance tech-

niques are reflected. in the models of ntmospheric turbulence which
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are based on measured data. As a result, other thon
adhering to the intended utilization of the flight vehic.e

o:d maintaining the user controlied parameters within the
prescrived limits, the user has relatively no control over

the probability of occurrence of such loads sources. There-
fore, the limit and omega conditions for such loads sources
can be established on a purely probabilistic bosis. Limit

and omega load envelopes for the selected loads control
station are then developed such that the probability of
exceadence of the respective envelopes * ‘hat for limit

or omega conditions as discussed in Section «il. The limit
and omega conditions for each of the individual joad sources
are theq ihose conditions which define the corners of the logd
envelopes.

As previously discussed separate lsady envelopes must be doveiaped
for flight regimes where such effocts o3 thermal stress or prassuri«
zation significantly offect the axternal lood copability of the
structure. ' '

As previously discussed, the leads spectra must be rapresentad in
terms of o single parameter which is compatible with strength, The
loads spectra are therefors represented a5 percentages of the perti.
nent envelopes. Whare sufficient dota is not available to develop
foad spectra, load pectns must either be aswmed or o glven load
level dastgnated which has o prabiohility of eccurrence of one.

If o stress spectral amalysis is parformed, the loods are expressed
directly in tarmry of stress of 6 givin siructoral location, which s
the idsa! situation.

As previously discussed, thare ore seversi boods sources, such os
vertical monsuver, pust, and landing impact. Each of the loads
sources has an irdepardent probability of occurrance.  Therefore,
the loads spectra for anch lowts source ore independent. For {nde-
pendant probability distributions, the total probabifity of occurtence
is expressed by the following low, @ stoted in Referer o 14,
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Where: Pr ( -,Z.'y A;) is the total probability that o given lood

will oceur for at least one of n loads sources.

Pr(Ai) is the probability that the load will occur for the
ith load source, A,

Pf(ASAi) is the joint probobility that the load will occur
for either the ith or jth lood source, Ai or Ai.

and so on,
For three loods sources the law is:
P(A, A, PA4) = P(A)) + P(A,) + P(A5) - P(A|A,) - P(A Ag)

-PlALANP (A AAL)
{8)

it should be noted thot although ctmospheric turbulence is inde-

_pendent of other locd sources, such as londing impact, the various
components of atmowheric tutbulence, such os pesitive and aegotive

verticol and loteral gusts, are not. This is due to the isotropic noture
of atmospheric turbuience. Therefore, if the structural reliability of

@ gliven structure iy 999 for positive vertical gust, ond the sama for

regative vertical gust, oo *otal struztucal reliability is (999, not
998, '

Thars ote 1w reasons for initially not using the preceding low.

3] ':_  Discrete deterministic design conditions must be obtgined.
: In order to obtain such Jesign conditions, the individug!
-food sources must be anolyzed independently .
iz Thete are ome lood soui. . for which load probability
spectio aay not be developed.




Therefore, the procedure to be used is as follows:

)

2)

3)

4)

5)

Perform a separate reliability analysis for each of the
loads sources and obtain the factored design load require-
ments for each loads source at a given structural location.
Merge the individual load source design requirements to
obtain the overall requirements at the given structural
location.

Use the law of total probability for all of the load spectra
available, and obtain the total reliability for the overall
design requirements from (2).

If necessary, apply a factor to the overall design load
requirements in order to obtain the desired total reliability
at a given structural location,

The structural reliability for eoch individual loads source
can then be determined based upon the overall design loads

requirements.

~ The preceding methods therefore account for the relative distribution

of the total structural reliabliity between the individua! loads sources
and also allow the selection of deterministic limit and omega design
conditions, together with the required design load levels.
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SECTION Vi
CHOICE OF ALLOWABLE STRENGTH

6.1  Introduction_

a. It would seem at first that a probabilistic criteria system only
requires knowledge of the mean strength and a measure of the
dispersion (the standard deviation, for example). Two factors

Wl R R AT SRR

dispel this iliusion; the first is the necessity for some simple

st

O

definition whicn can be used by the designers to assess the

1}

required sizes of the structural members, and the second is
the restraint imposed by the need to associate load and strength

distributions on a common scale.

b. Present practice uses particular values in the observed statistical
distribution as design allowables. In terms of local linear stress,
these are adequate. Difficulties arise as soon as the realistic load
systems are invoked. The combinations of bending moment, shear,
torsion, end lcad and transverse pressure which exist within a struc~
ture such as a wing make the selsction of the allowable load less
than clear, Other sections of this report describe the definition
of the load system in g form which permits the probability of failure
to be assessed (failure being the cssoclation of o loed with o lower
strength, or of o strength with a higher load). This section des-
«.'bes some of the featuies which constitute the description of the
oilowable load for a structure,

¢. Present design evaluation nrocesses frequently require the assess-
ment of the permissible value of one load parometer, ond this is
generally performed for discrete values of other paramsters. For
example, the permissible normal pressure on @ certain wing panel
might be assessed at specific levels of vertical load factor, or even
ot spaciflc combingtions of vertical load factor, gross waight, Mach
“number and aititude: The solution in deterriinistic tarms is arduous
and inexdct; if the statistical distiibution of the permissible pre- e

* s required, then the problem expands by severol magnitudes,
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d. The most practical approach, within the present state of
knowledge, appears to be the relatively crude one of

determining the allowable statistical properties of one
parameter at a time, assuming conservative and constant
values of the other parameters. This will generally lead

to over.-estimates of the risk, a result which is ot least con~
servative.

B

f. The remainder of this section discusses the current methods
of defining allowable strength, together with areas where

SRR YR

L)
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further work would permit the derivation of at least part of
the data required by a probabilistic system of design criteria.

R

6.2  Materigl Basic Properties

spae

a. The choice of materials in the initial design is based on
structural integrity, cost, weight, ease of fabrication and
maintenance requirements. Trade-off is also corsidered for
each of these factors to determine the optimum material for
each aircraft component. The material selection process
bagins with analysis of the problem, which results in detailed
specification of the material requirement. The material require-
ments are derived from the study of the attributes, functions
and performance of the product being developed as well as the
environment in which it will operate. The successful functioning
of a product is heavily dependent upon the materials. The
functional requirements are directly dependent upon the desired
attributes of the product or upon the function the product is
designed to perform.

The design strength can be related to that of the material and the
geometric configuration The material strength is designoted
as an allowable strength. This strength can be either tension,
compression, shear or bearing depending ¢ the load. The geo-
metric configurotion defines the strength of o component und ils

load carrying capability prior to failure. Such strengths os column,
panel buckling and crippling strength or instability, fall in this

category.
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b. The material allowable strength data are established by
standard well-established tests, The Mil-HDBK-5A Guide-
lines define the types and number of tests and the number of
heats or production lots needed to generate the required test
data. These data will include sufficient specimens for o
statistical analysis to be performed to determine the data scatter
and distribution.  Statistical values have o notation of "A"
value which represent a $9% exceeuence with ¥2% confidence,
“B" value a 90% exceedence with 5% confidence or "S" value
a guarantee of minimum by the producer ond normally included in
the procurement specification - "$" value does not have ony
statistical significance. These properties normolly pertsin only
to the yield and ultimate tensile stresses of the moterial. Qther
material properties or allowables such os shear, bearing and com~
pression yield are derived using limited amounts of test date and o
presumed relalionship as a rotio of the A and B values of Fu ond
Fty. Fatigue propucties vital in design are not within the scope of
thisy study.

c. The environmentol effect onthe design strength is ol accauntea fx
in component design where environment exists oz o reol focio-. The
influence of temperature on material strength alfowablas i3 usuolly
expressed s o fottor to reduce the room temperature awterial strength
ollowables depending an the sevetity and duration,  Creep ond

. theemat - instability ere also matericl properties to be lokan info con-
sideration where severe thetmal enviconment is a design conditios of
the vehicle. Maverials in coitact in o humid environment should be
chosen 15 avoid gatvanic corrosion. '

6.3 Elfect of Processing ond Fobrication on Metedial Properties

o. The processing operation will almost alwoys hove wme effe! on the
moteriol functional or service performonce properties. The motetio:
ollowoble documants (Mil-HDBKs, Spec., etc.) present allowobles
for material as processed by the producer in sheet, plate or extrusion
form ond with subsequent heu® heatment imposed an thete materiols.
it should be cecognized, however, that the users' final conligurotion
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of the material bears little resemblaonce to initial materiols on
which the alloweble strength parameters were based. A point

of controversy which has alwoys existed and hes not yet been
clearly resolved is the problem of heat treatmant by the vendor -
or producer (T6 temper) os compared to heat treatment by user

or fabricator (T62 temper). Thase two conditions are known to
give different allowable properries yat the designer does not
differentiate between the two tempers due to lack of knowledge

in the initiol design os i the severity of igbrication requirements.
Anather probilem of significant impact on material properties that
has been ignored is the degradation of proparties of extrusions due
to stretch forming in the O or W conditions. The stretch forming
severely strains the moteric! which results in surfoce crystaliization
whaen the material is wiution treated ond agad with an appreciable
reduction of allowebles. Precoutionary notes ore currently inclided
in materiol oliowsbles documents which point to thiy degradotion.
However, since the degradotion depends on the parcent stretch and
thickness, this knowledge is indefinite in the initial design and
usuolly ignored in the strength Casign of the pant. Procesning ond
manufacturing techniques such o3 chemamitling, grinding, onodizing,
mochining, thot peening, etc. ote wually not considered in the
stotic moteriol properties used. : i

6.4 Dasign Strgngth Reloted to Ltilization

Q.

_ Tha strength design is not confined to moteriol properties per se; the

conliguratio: and/ce geomstn- of the gart controls the load carying
copocity. The geometry of a port designed to cotry column lood
{imils the comprassive strews of the moteriol os reloted 1o comprestive
yield streagth of the baiic materiol. A number of design alloweble
curvas ore usuaily generated for aoch moterial to relote sirength to
utilization. The buckling or crippling strength of ponels or stiffeners,
skin buckling, column curves, torsion ond bending moduli of rupture,




fug efficiency curves etc. are geometry-dependent. Typical
test data for elastic moduli (tension, compressive and tangent)
"are used in the equations defining the design allowable with no

consid( tion for stotistical variation of the material properties.

b. Another parameter that has significant affect on the strength is
assemb!y technique. This inciudes zurication processes, such
as welding, bonding, riveting and bolting. Each of thess processes
is uni.qué in the method of loa: transfer and application. The most
'widelf used method of assembly is by mechanical fosteners. Each
fostener system will have its own effact on the overall strength of
the fabricated structure due to such voriobles as type of insiallation;
tightness of the fit, manner of loading distribution, sheor and bearing
strength, joint yield and deformation and the relative stiffnes of
the fostener ond sheat. Many of these effects are offsot in design by
increasiag the auicknoss of the member in the region of the connaction,
but this in turn introduces eccentric loading paths and unaven stress
distnbutions . Appendix V ing¢ludes the results of analyes of somple
groups of rivetad and boited joints.

¢.  The design allowobie value: for mechenicol and welded joinls ote
mioblished by experimentel mean in eccordance with Mil-HDBK.S
Guidsaiines {reference 13, The doiign joint stigngths are conputed
from e rimental doto by tuking the overage of Yest velues in the
beoring and thear beering ateos snd dividing by o foctor uch as 1,135,
The thaor strength af fostaners is computed wing the crom sectional
areo of the fostener and the pecified fortener materiol thear strength,
The strength of welded {oints is olse ssteblished tmzim&!alty; however,
the strength is comporad fo bosic ot porent moteriol doto and o reduc .
ton fector iy imposed to compensate for the degredation, if any, due

to the welding process. Similar opprocches are utilized in etriving
ot design dota for chamicol-and diffusion-borded joints.

d. Other voricbles thot con contribute to tome extent to the differences
in moteriol properties ore testirg technique, test mochine ond instru-
mentation used, ond interpretation of the data,
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6.5

Design Strength Scatter Assessment

a.

It is evident from the preceding discussion that the strength of

a component is dependent on the accurate assessment of the
variables involved. The interaction and contribution of the
different parameters such as fabrication, assembly, environ-
ment, etc., will have to be incorporated into the basic material
dato in the component design to attain a realistic estimate of

the reliability and probobility of failure.

Basic material strength and scatter are functions of the inherent
characteristics of the alloy os produced by the manufacturer,
ond the quality control measures for acceptability. Generolly,
the scatter of strength of the moterial used in aircraft ports has
been truncated. This truncation is an adjustment of material
property date distributian to compensate for the censoring effect
of on imposed specification, The effect of censoring iy of mojou
concern in attempling to predict the oc urtence of extreme values
of deviction. If go crsumption is made that the specification is
100% affective, and there is no probability that a value in the
procured produc! will be lower that tha wecificatica minimum,
then this would 1olve mast of the matarial probless v:ith rewpect
to minimum volues and teliobility of strength vre fetiae Tl
rarely hoppens. In teality the dismbmiéﬁ of st.uemth iy probobly
wmewhare between o complete or uncemated distiibution and o
truncoted disteibytion. Thetefore, the miniswr strength values
used in design and analysis are conevative ond the use of stotise
tical material strength doto thould recognize the non-Gaussion
distribution of the truncoled dots. Thiy con be occomplished by
plotting materigl test doto to determine the mean ond o prevde.
stondard deviation as shown in the examples wing C. 141 dota.
(See Appeandix V).

The motetial strength in the cbove discussion is contined to yield
ond uitimote strangth {Fiy and Fry; which are governed by wpeci-
fication. The other matericl design volues ore derived s rotics
of Fty and Fiy using paired tests to estabiish the tatios, ond ate
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usuesily limited ro ten pairs of tests each, for compression yield,
shear ultimate, and bearing yield and ultimate (Fcy’ Fsu’ Fbry
and Fbru)'

The material strength data distribution for the purpose of deriving
allowables is assumed to be either normally distributed or skewed
(Reference 15). An evaluation of test data on three metallic and
one non-metallic materiul indicate thot a double family type of
distribution fits the test data closer than a single family normal
distribution curve. The second family lies in the tail extending
toward the lower strength, the region where the "A" & "B" values
of material strength is determined. The double family distribution
curves for an alumi,.um, titanium and steel alloys are presented

in Appendix V to illustrate a means of recognition of measured
samples exhibiting such characteristics. The double family dis-
tribution make the statistical significance of the customary A &

B allowable strength values other than values at 2,36 & 1,232
standard deviations from the mean; alternatively, they can be
interpreted at these locations, but having properties other then 99
per cent and 90 per cent exceedence,

Design strength scatter of members that are influenced by geometry
and loads (other than tensile) is difficult to define. Members such
as columns which depend on geometry, material thickness tolerance,
and zompression stress-strain relationships will have a wide scatter
variution. Limited numbers of tesls are normally performed to dz-
fine a design curve for a matericl and related geometry with no
attention paid to scatter, mean or stcndard deviation. The final
strength is verified by testing o typical component with the assump-
tior: that the behavior of the component will represent those of the

structure,

The offect of manufacturing and fabrication processes on the basic
design strength is seldom considered in initial design. Only when

a problem arises or where past experience has indicated a degrada-
tion to exist, s an adjustment in the material allowables applied.
Vhe scatter in the material properties and the definition of the mean
and variance is not considered. An assessment of the strength dis-
tribution of the basic material pricr and after processing, to validate

the strength allowable used, is generally overlooked.
7
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As indicated in this discussion, the initial design contains a

series of factors ond conditions which affect the overall strength,
scatter and reliability, that are difficult to evoluate and incor-
porate in the basic design. For implementation of the proposed
statistical design method these factors and their effect have to be
accountad for whether individually or collectively, through initial
component test and empirical derived error functions typical for
certain types of structure.

It is felt that certain parameters such as material allowable strength
and joint design strength cre basic and should be well defined and
established in the initicl design. Design detail, fabrication and
process methods should be considered based on similar design of
earlier aircraft. However, prior to the final design release typical
component and sufficient material strength test should be run to
verify the initial de.ign and establish o backlog of strength data for
each process for future analysis and usage .




SECTION Vi
CHOICE OF ERROR FUNCT{ON

7.1 lntroducﬂgr_a_

An error function is required to describe design strength variations. Mony
mathematical expressions for the error function can be formulated. The purpeze
of this section is to outline different error functions available to define the
variation of actual strength from the intended strength and to present the C-141

wing test dato available to aid in the choice of the error function distribution.

7.2  Basis for Error Function Definition

a. The initial design contains many factors affectina its overall stength and
scatter which are difficult to evaluate, For implementation of the proposed
statistical design method, these foctors can be grouped together through
component tests into empirically derived "error functions" typical for
certain types of siructure. At the beginning of o design, data obtaired for
similar designs on earlier aircraft can be used as a basis for sizing the
members and for reliability estimates. Prior to design release, element
tests and limited component tests will have been run to confirm the sirength
of the design. (These tests can be evaluated in conjunction with the eorlier

tests to provide a broader data base for meon strength and scatter estimates.)

b. It is felt that the basic material strength should be considered a separate
entity from the "error function." The material sirength and scatter are
basic to the design, and are not entirely under the control of the aircraft
manufacturer; whefeas, design details, fabrication methods, and test detoil
sffects may be updated through later redesigns or retests, and are more

under the manufacturer's control.

|
i
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7.3

Possible Definitions

a.

The choice of error function definition has a significant effect on the
(pre~test )zalculated reliability. A number of expressions can be used to
describe the error function. Six curves using four different definitions are
shown in Figure 36; these are plotted output from the computer program
described in Appendix HI. All curves are based on an intended design
strength of 100 percent and do not account for variation in material

strength.

Curve | represents the error function defined by Bouton in Reference 1,
based on data collected by Jablecki (Referencels). The "Standard
Jablecki" curve is characterized by a reliability of .99 at one-third of

the intended design strength.

Curve 2 is o Jablecki distribution which results in 0,999 reliobility ot

* one-third the intended design strength and corresponds to the "ten times

' better_" curve used in Reference'l.

Curve 3 represents the type of error function suggested by Freudenthal

- (Reference 17) with values based on a reliability of 0.98 at 80 percent.

- Curve 4 isa Gumbel disiribution which matches Curve 3 at 80 percent

and 100%,; these two curves show the effect of using the two different

error functions for the same two points input into the computer program.

Curve 5 is a "worse" Gumbel distribution which illustrates the effect of

changing the point at which a reliability of 0.98 is demonstrated, from 80

_percent fo 50 percent of the intended design strength.

Curve 4 is an ‘example of the double family Gumbel-distribution mentioned

-in Section H1.5(vi). This type of u.stribution is used throughout this report

to approximate both the exhibited material scatter and the exhibited C-141

wing strength scatter .
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TABLE VII

C-141 WING COMPONENT STRENGTH TESTS

X

Tested Tvpe Numbar | TestFailure
Conponents Reference T);pt of Test Loads Remarks
pon s Specimens| % Ultimate
Center~to~inner 18 Tension 4 96.3 |[Four different
wing beam cap 110.0 | beom ¢ap joints -
ond panel joints Compression 2 117.0  'one pons! joint
176.7
90.3
94.3
Inner -outer 19 Tension 3 90.0 |Specimens 2483
wing joint 123.0  |redesigned con-
126.0 ! figuration of 1
Rib diagonals 20 Compression S 52.2 | No two spacimens
83.5 | same configuration
89.0
105.4
136.5
Center wing 21 Compression 2 98.0 | One specimen
panal 104.7 | had access cutout
Outer wing 22 Comgpression 2 ?1.0
.0

panel
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7.4

From the above, it is seen thot the distribution can be described in severc!

~ ways and the definition employed in a particular application must be

choten to fit data appropriate to that application. The reliability estimate
will be offected by the choice of distribution equation.

C-141 Wing Shmgth Scatter

Q.

to determine the amount of data available pertaining to the strength

watier of a specific aircraft structure, the C-141 wirg s used as a typical

.-exemple. During the development stage of the C-141, component static

- tests of selected parts of the wing were conducted. The complete wing was

b.

then static tested during the full-scole test progrem.

Cmpmam shatic tests of the C-141 win_ structure were conducted in
t962??-?§4 to éetermine either the optimum configuration or ultimate
strength: of selected ports of the wing. Toble VIl summarizes those test
results which ore used herein. During review of the tests, the following

characteriscios were noted:

{1 "Mq&t..pf the test specimens were the same scale as the actuol aircraft

siructuie.

(D The ?yb&\ber of specimens per test group ranged from two fo six; the
mxi;wréé{umb« of specimens of the same configuration was two,

3) Nmiy all sé«:imeni were uniukiolly loqded._

7(42;: Losding jig effects invalidoted some of the test results.

{5 The design sirength of mony specimens was not reported., Becautb of
the time interval log from 1964 to 1971, bockup doto (stress analyses
not formally reported) were not avuiloble for any fasts. Thersfore,
dotormination of the design stvengﬂ\, where not reported, was not
‘tiempted. Four tost gfoups (oot listed in Table Vi) were found to be
in this category.

9




TABLE VIii

C-141 FULL-SCALE WING STRENGTH TESTS

Principal Loads

% Ultimate

Test Condition Critical Structure Bending Torsion | Reached
Up | Down

2.0y taxi Inner wing x 100
Abrupt Maneuver Inner wing x 100
Negotive accelerated roll | Quter wing x 100
2.53 maneuver Center & inner wings | x 80, 95
2.0g flap mec ~ver | Rear beam x X 100
SSCBM transport { Inner wing X 100
2.0g roll moneuver Outer wing X x 100
Transient gust _ Outer wing X x 100
Negative checkad roll - | Outer wing X x 100
Wing jacking | Jacking points X 100
'Pyl‘on tosts li-t)) Pylon support str. 100
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¢. Sixteen wing/pylon tests were conducted on the C~141 full-scale static

test airplane to confirm the design ultimate strength capability of the
structure. These tests are listed in Table VIll; detailed test procedures and
results are presented in Reference 18. During one test, impending failure
of some rib diagonals was detected at 80% ultimate design load; the test
was discontinued at that point, the diagonals were redesigned, and the
structure tested to the scheduled 95% ultimate design load. All other tests
were successfully completed to 100% ultimate design load, Therefore, the
structure was evidenced to equal or exceed the design ultimate strength,

but the extent of oversirength is not known .

Qbviously, the available data are insufficient to define the strength
scatter of a particular part of the wing structure, However, for the over-
oll wing, the combined data can be used to indicate the probability of
fatlure. The exhibited probability of failure of the original design is
shown in Figure 37; the observed dato include the component tests of
original design configurations and the one static test which was discontinued
at 80% ultimate design load. The fitted cui ve is o double family Gumbel
'disfribuﬁon; the values of the shaping parameters for this curve are shown
on the plot. The Stondard Joblecki and Freudenthal error = ~ction defini-
tions (Curves | and 3, respectively, of Figure 36) are superimposed for
comparison ,

I the full-scale tests are assumed to represent the ultimate strength of the
wing and used to modify the probability of fallure, the observed data and

corresponding fitted Gumbel distribution shown in Figure 38 result, All of
the {ow strength struclures detected during component tests, however, ore
still inclided in the observed dota., To update the strength variation, the
tests of these obsolete configurations are deleted and the component tosts
of the corresponding fédesign configurations substituted.

The ohserved data and fitted curve of Figure 39 result; this con ba con-
sidered to represent the achieved strength of the final configuration of the
wing, os best con be defined using the available data.
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7.5

Error Function for Initial Design

o.

d.

At the time of the initial design, the error function can be estimated from
the mass of background dato provided by Jablecki, Freudenthal, ond/or
such data as are shown herein for the C-141 original design configuration .
An appropriote expression for this error function con be formuloted. The
C-14] tests, using o Gumbel double-family distribution, ofter considera-

tion for material scatter, shows an error function as indicated in Figure 37.

The error function for initial reliability estimates can be used to predict
reliability prior to compleﬁcn of tests and the resulting redesigns. This
error function can be used in conjunction with pre-tcst~completion flight
restrictions 10 evoluate the reliability of the oirgroft with the fimited flight
loads resulting from these restrictions. it con olso be used to predict the
probability of suevivol of static test loads, os discussed in Section IX. This
moy. permit radeoff decisions between design foctors, test factors, and

reliobility predictions which can minimize ove 1l test cost,

During the corly design phates, 1everol arror functions can be uwed which

~ are bosed on vorying amounts of date. One function, tased on pre-test

{other oircroft) dota, is dewribed obove. Another seyor functivn can be
estirmored bosed on asumed test results to provide o reliability prediction

- for the finol configuration. An iniermediote efror function based on com-
ponent tests con olxc be estimated. These error functions ond the -ewlﬁng
reliobility peadic Hons con oid in decisions regutding the aumber of component
- and full-scole teshs 1o be parformed, probabilities of survival of the tests,

twmber of wpe:imens, ond cceeptubility of the fircl configuralicn.

M

Qbvivurly, updoting of the initial errar function definitions is necestory os

“date become availoble, 1 provide ¢ proper bose for loter decisions ond
predictions. ' ' '




SECTION Vil

CHOICE OF STRUCTURAL RELIABILITY GOAL

8.1 tintroduction

The selection of structural reliability goals for flight vehicles is a formidable task when
one considers that the relationship between the chosen goal and the fina!l computed
structural reliability is unknown. The chosen goal may be used as a meons of selecting
levels of limit and omega loads but the computed structural reliobility depends olso on the
shape of the load spectra, the strength scatter of materiols and structural components, and

the chosen error function.

8.2 A Proposed Approach’

a. Reference 24 recommends space vehicle structurol reliability levels and
associated probabilities of exceeding limit and uitimate {omega) conditions
which are repe duced herein os Table [X. This table is also shown os Toble |
© in Reference | where it i implied to be opp'ied to aircroft, |n fact,
elsewhors in Reference 1 typic.! structuol reliability gools of 0,99 for
fighter oircrofr, 0,9999 for liniton aircroft, ond 0. 999999 (or tiompom '
are meationed opparently in occord with the }gsp'ecﬁve highe eisk,
standard risk, and low rish vehicle columes of Toble IX.
b, In !kg presentation of these doto, the actual relutionship bytween
probobilities of exceeding Limit or onwgo conditions and steucturos |
reliability goolsis not expounded upon escep! for the assumption ot
the probobility of exceeding the amega condition is the complement
of the structural reliability, Yhatis; $.R. « 1,0 - Omego condition peobability .
¢,  Figuoe 40 shows the probobility of Exceeding Limit Cohdition and P!Mi!h'y o
of Exceeding Grmega Condition volues of Teble IX plotted o3 o function of {ref. !) |
Toble | Structural Reliobility Goole. The volidity of the limit condition trend |
of Figure 40 is very questionable. In por'zuloe, it does not follow tha? the
structural relichility is zero mecely becowe o limit load is esceeded once

per aircroft liferime .
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TABLE X

REFERENCE 1 STRUCTURAL RELIABILITY OBJECTIVES

T Standard Low Risk H_agl; Risk
Class Vehicles Vehicles Vehicles
Structural Reliobility 0.9999 0.999999 0.99
1Goal
Probability of Exceeding 0.01 0.001 0.1
Limit Condition - :
Probability of Exceeding 0.0001 0.000001 0.01
Omege Condition
Conditional Limit 0.999999 0.99999999 0.9999
Reliability
Conditional Omega 0.99 0.99 0.99
Relia-ility :
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8.3 Exisﬁng Data

a.

Reference 13 presents mission onalysis recults for gust exceedences in terms
of frequency of exceedence per average flight hour of limit strength and
ultimate strength of various components of the Electra (188), Canstellation 749),
and 7208 gircraft. These data are reproduced in Table X. Assuming that
these are all 30,000 hour lifetime aircraft, the number of exceedences per
oircraft lifetime are also shown as well as the implied structural reliability
for each condition assuming that structural reliability is the complement of
number of exceedences of the ultimate strength.

Examining the structural reliability values derived from Table X, it

is quite obvious that the Constellation (749) tail is not critical for

vertical gusts and that the value.? for Electra (188) aft bo_dy and 749 tail
occurrences of ultimate strength due to lateral gust are unbelievably high.
There is evidence that the lateral gust statistics used in these analyses

were excessively conservative which would explain the derivation of such

low structural reliability values for supposedly successful aircraft.

Table XI derived from Reference & shows data similar to that of
Table X of overall computed failure rates due to gust.

Using only the structural reliability values of Table XI and those of
Table X which appear to be rof}onolly derived, it may be seen that
the structural re'iability of these aircraft on the basis of gust condition
lies betwaen 0,999 and 0.9999 in almost all cases.

If aircraft such as these have been operating satisfactorily at such implied
structural reliability levels, then the 0.999999 typical structural reliability

goal suggested in  ference 1 for transports seems unduly severe,
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In Figure 41, the values of Tables X and X are plotted to establish trends
of limit condition occurrence versus structural reliability geal. In addition,
C-141 limit ond ultimate vertical gust levels are shown with structural

reliability levels derived using the methods of Reference 1 with a coefficient

of variation in strength of 0,05, An extremely high structural reliability is
indicated for the C-141 data since it is not a gust critical aircraft,

Note that in Figure 41 the structural reliability levels are derived as

the complement of the number of exceedences of ultimate load per

aircraft lifetime, Limit load exceedences are placed at the structural
reliability levels derived from the ultimate exceedences. The 7208 limit
data is shown as a horizontal line since there was no corresponding ultimate
data available from which to establish a structural reliability level.

The mission analysis portion of the continuous turbulence analysis criteria
developed by Reference 13 and adopted in the U.S. SST criteria and in
Reference 23 colls for a limit load exceedence not more often that 2.0 x 10-5
times per flight hour. Reference 23 states that the probability of survival
to this gust encounter should be equal to or greater thon 0.9995. Using this
s the structural reliability gool, the point is placed on Figure 41 wing o
lifetime of 30,000 hours for which there are 0.6 occurmnces., The sume
structural reliabiiity on the ultimate lood line corresponds to the C-5A
ultimate lateral gust design case .

Bosed on these statistics it appears that, in ordet to maintain o level of safety

comparable to present transports, a structural reliability goal of 0.999 to 0,9999
is applicable rather than the goal of 0.999999 implied by Reference 1,

It is recommended that a structural reliability goal of 0.999 be used for military
transports since they are primarily cargo carriers ond can be sumewhat more

risky than commercial transports from which most of the aveilable statistics

were derived.




In Figure 41, a line which represents fairly well the limit strength exceedence
statistics lies three orders of magnitude higher than the ultimate (or omega) line .
If it is thought to be feasible to establish occurrences of limit conditions versus
structural reliability goal, this line should be a better representation of such
levels than the line established in Reference 24 and shown in Figure 40 of

this dowment_.

In present transport design practice, a limit lcad is thought of as a load level
which occurs approximately once per aircraft lifetime. For the recommended
structural reliability gool of 0.999, the proposed line does in fact allow

exactly one occurrence of a given limit load per aircroft lifetime .

8.4 Other Reliability-Based Criteria

a. Reference 25 established the following probability of occurrence concepts

for use in the design of the Concorde supersonic transport:

1. Frequent. Occurring more than 10‘3 per hour of flight.

2. Reosonably Probable., Ot the ordar 10‘3 to 10‘5 per hour ui Flight .

These terms are collectively known as recurrent and are expected to
occur from time to time during the operation of each particulor oirplane
of o type. | _

3 Remote . Of the order of 197 to l0~7 pet hour of fight . Not likely to occur
often during the operation of an cirplore type but moy happen a few '
times during the total operational life of the type.

4. Extremely Remote. Not expected to occur more than 10‘7 per hour
of flight. Unlikely ro oceur during the  sral operational life of oll
oirplanes of the type but, nevertheless, hos to be considered os being passible .

5. Extremely Improbobla. So Extremely Remote that it can be stated with

" confidence that it should not occur.

For a 30,000 hour sircraft the occurrences per lifetime for these levels are:

Frequent More than 30
Reasonably Probable €.3 10 30
Remote 0.003100.3
Extremely Remote Less than 9,003
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b.  Examining the data of Figure 41 using this nomenclature it may be seen that,
for the recommended structural reliability levels, limit conditions fall in
the Reasonably Probable category which is where they should be. Ultimate
(omega) conditions are in the Extremely Remote range which is also the proper
placement. The minimum structural reliability necessary to place Ultimate (Omega)

conditions in the Extremely Remote category is approximately 0,997,

8.5 Fighter Dota

a. Table XlI show. F-100 limit wing bending moment occurrences and computed
structural reliability levels derived from Reference | for a coefficient of

variation in strength of 0,08,

Surprisingly high structural reliability levels were derived in the meferenced
analysis when it is cor. .dered that the implied recomi..ended fighter
structural reliability is 0.99.

b. In Figure 42 the F~100 data is superimpased on the limit and ultimate (omega)
variation with structuial reliobility previcusly shown in Figure 41, Note
thqt the proposed limit condition line correlates fairly well with the
F-100 limit data. Also shown is the Reference 23 mission analysis

v
2 Qe
T N e S L ey

continuous turbulence limit condition point of 2 x !Oqs occurrences
per hour applied to @ 4,000 hour fighter which results in 0.08 occurrences
per lifetime . Even though it is unlikely that a fighter would be gust
critical, it appears that the 2 x IO-S occurrences per hour is not

" appropriate . The value was darived in Reference 13 based strict!y

on commarcial transport dota and application of the same vaive iu
other aircraft types may not be valid.

8.6 Sugpested Goals
Based on the preceding analysis, the structural reliabiiity goals and corresponding

exceedences of limit and ultimate (omega) conditions of Table Xiil cre mcommended for

.
W o o a5 MU SN

onalyticol applications of the new method.
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SECTION IX
CHOICE OF DESIGN AND TEST FACTOR

Required Factors

The basic choin of events in the reliability calculotions hos been described in
Section . Figure 43 summarizes this chain for reference. The chosen
unfoctored lood (limit or amego) is multiplied by o design factor (FS) and
increased by o design margin of safety (MS) to give o foztored design load
(DSNILD). This is matched to an allowable strength, defined as Soll standard
devictions below the intended mean strength, AMSTR, which is therefore
determined. The intended strength distribution is modified by the error function
30 03 to give probable strength disiribution, Tests, made to load levels defined
by UNFLD « TEST FACTOR, then yicld updated probable strength distributions

" which in turn leod to foilure probabilities and mlidbili_ﬁes.

Design Factory
a. It isopporent thot the intended (no arror) strength lovel of the structure s
ealoted o the unfoctared load by thrae foctors, FS, MS, and 5,41+ which
oll achieve o similar effect. They provide o morgin to cover the likely
presence of resultont discreprncies batween the intended minimum streng th
ond tha actusl tirengih of the weakest oircroft in the fleet. i

For conven ence, the enwing discussion oisumes the design morgin of
safei, fo be 2evo. The logic it eosily modified to incorporate non -zeto
values where approgriote. ‘

The value of Sa_" establithes the design allownbles currently in use, but
whareos current methods require no other doto, the probobilistic system
olso requires the stondard deviation (and disiribulion function) to be known.

Figure 43 i’ shrotes ogoin the nead for o single lood vaive (DSNID) which
con be vied in conjunction with design cllowobla: % enable the sizes of
the structuco! membens to be established.

13




PROBABILITY OF LOAD & X
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[ Son*? "{

AMSTR
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{see pors. §.¢)

FIGURE 43  SUMMARY Of DESIGN CHAIN
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GUMBEL DISTRIBUTION
X =80
s =4,0
v =0.050

FIGURE 44 TWO DIFFERENT LOAD SPECTRA
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*See para. 9.6,

Raference 1 suggests that relanonshups can be established between the
probubd ty of occurrence of the unfactored load and the desired reliability .
This ascorrecf, provtdad that a number of particular assumptions are made

regardmg othe: pcrameters, nameiy

1) load spectmm logation, and- diSh‘lbUﬂOn parometers
2 strengt‘h distribuﬁ_on shape and distribution parameters
3) error %;mctidn

4) test Iood !evg_i__- -

The influence of load spectrum shope is nllustrcfed by the following

example, Figure 44 shows fwo load spectru thCh both veach 65,0 at @
probability of_one, and both reach 100at a Pl'Qthtlufy of 0.000185, One
is @ Gumbel distributios and thg_.;;ther a normal distribution: The common
vaiue of 100 is chosen os UNF'LD'. Rél,icbi_.l;t{y_ estimdtes wers made for
both load spectra , assuming identical values for all other functions

(strength, error and test le‘QeI).

Figure 45 shows the faiture density dishibutidﬁs before testing and after
surviving one test to' iSO. Figure 46 shows the cumuiative failure proba-
bilities and the reliabilities. Table XIV summarizes the results. It is seen
that whereas the demonstrated fleet mean strengths do n._ot:'vary, the failure
risks differ widely althougn they are low. The porﬁculdé values in the |
example show the intanded failure probabahhes (no error, no test) to differ

by a factor of 2.5, decreasing to 1.6 when the probcble error is added,

and.i mcrecssmg to 2.6 after testing. In all cases, the normal Joad distribu-

“"tlon gives the hngher risk becouse of the mcreosed load prababnlmes

botween 63 and 100.

The attained (“demonstrdfed_") reliability, after the test, is 0,9999992 for

the Gumbel loads distribution, and 0.9999979 for the normal distribution .
If the concept of reference 1 is adopted, that the reliuhillty is the comple~

- ment of the probability of the load,-a value of 0.5998115 results, which is some

116




i R = o PAIV R A XPNAS, NPT SOSIE,

viepan s

[P

b

1073 : -

'BEFORE TEST

L AFTER TEST TO 150

20 20 %0 ~80 00 120 740

FIGURE 45 FAILURE DENSITY DISTRIBUTIONS FOR TWO DIFFERENT LOAD SPECTRA




NORMAL

GUMBEL

BEFORE TEST

AFTER TEST - GUMBEL

FIGURE 46 RELIABILITIES FOR TWO DIFFERENT LOAD SPECTRA

118




TABLE X1V

SUMMARY OF RESULTS OF DAFFERENT LOAD SPECTRA

Quantity Load Distribution
Gumbel Normal

No Error (Intended)
Failure Probability 0.00000043 0.00000105
Reliability 0.99999957 0.99999895
Fleet Mean Strength” 166.9 166.9

With Error, No Test
Failure Probability 0.00088822 0.00145386
Reliability 0.99911178 0.99854614
Fleet Mean Strength” 152.5 152.5

With Error, After Test to 150

~ Failure Probability 0.00000081 0.00000211

Reliability 0.99999919 0.99999789
Fleet Mean Sirength’ 161.8 161.8

*See para. 9.6.
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two decades lower. It is evident that the reliability will only be the
complement of the load probability for certain combinations of a!ll of the
other parameters discussed above. This fact complicates the problem
associated with the selection of the initial load levels to be used to size

the structura! members.

Studies performed during the preparation of this report have revealed some
of the inherent relationships between the various factors. |f the applico-
tion of the proposed criteria system is summarized in the following manner,

certain practical procedures can be formulated:

"to provide structural members whose sizes are determined by
matching a factored design load to an allowable strength, and to
test to load levels such that, allowing for probable discreponcies
between the intended and actual strength leveis, the desired
reliability is demonstrated."

It will be obvious that the same results will be achievable by designing to

a high factored load level, and testing to a muderate load level, and by
designing to o modest factored load level with the testing performed to a
higher level, 1t will also be opparent that the probability of sustaining

the test load diminishes as the test load level increases., These trends sug-
gest that an optimym combination might exist in terms of total cost
(reference 5, for exomple, discusses this concept), but the foimal logic of
such o procedure remains undeveloped, Section [X-4 exploras the interac~ -

tion between the factors.

9.3 Tpst Factors

Earlier sections of this report have alluded to the difference between
survival tests and failure tests. Reference | describes the interpretation of
survival tests; the probability thot the test specimen has a sirength greater
than the test load is estimated from the mean sirength distribution (including
the probable discrepancy). Bayes' theorem is opplied to yield an updated

120




mean strength distribution which leads to the updated individual strength

distribution and to the reliability.

The knowledge of an actual test failure load is much more difficult to

incorporate into o practical analysis, since the probability of an exact
value is mothematically indeterminate. It must be replaced by the esti-

mated probability of a value withir a certain interval, and this will vary
with the width of the interval, a fact which inhibits uniform interpretation.

Figure 47 shows the reliability levels computed for different intervals (dx),
with all other values unchanged. For test loads of 150 percent of the
unfactored design load, a variation of thirteen times is observed in the
risk of failure as the interval width changes from 2 to 20. This ambiguity
suggests that for practical reasons, rather than for logical reasons, all tests

should be interpreted as tests surviving o given load level. If a failure
does occur, then o level just below the follure level is regarded as the

load survived,

Figure 48 compares the results of tests to various load levels, regarded in

the two different ways.

9.4  Combined Factors
a. Adopting the approach described obove, a study was made using dote

partinent to the C-141 wing root bendiég moment in the vertical gust
cases. The load spectrum used is shown In Figure 49, The strength varia=
tions ond error function were the some os those described in earlier sections
of this report. Using 100 as the unfactored design load, the design factor
and test factor were varied through the range 1.0 to 1.8, and the flast
meon mengﬁ: ond probability of failure were calculated before and after
the survival test. For the case of o design factor of 1.5, the fatlure tost

condition was evaluated with an interval Mdth of 5.

*Ses parc. 9.6.
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b. Figure 50 shows the reliobilities for the wrvival tests, together with the
intended (no error) values and the probable (no test) values. The actual
| design process used 1.5 as the design and test factor, the appropriate
points being marked A and B. Point B can be regarded as the intended
‘ reliability level (0.99999980) and Point A as the volue demonstrated by
the conventivnal test to 1.5 times the unfoctored design load (reliublllty =
0.9999983). Figure 51 compares the foilure and survival test results for o
- 1.5 design factor. Figure 52 shows the fleet mean strengﬂ': demonsirated by
, the survival tests, and figure 5y conpares the some quantity for survival and
failure tests, with the design factor of 1.5. |

¢. A study of figure 50 reveals some intriguing trends. If the conventional
~ test to 150 percent load is reploced by a test sueviving 100 percent load,
the demonsirated reliability only drops from 0.9999983 to 0,9999947;
) figure 52 shom that @ test to 150 percent indicates o fleet meon mength'
of 145.1, cunpu'od with the intended value of 175.5 (no error), but thot
 teating 10 100 parcent still indicates o fleet mecn strength of 1620, Far |
these porticulor numbers, the valus of a test above the 100 percent lavel
 must be questioned, aport from its effect in teducing the proboble stondord
 daviotion of strength from 8.2 parcent o 7.1 percent, o shown in figure
- 54, ' : ' : ' '

“d. “Figures 50 end 52 shows the variations for the cote when the design end
. teat foctors ore equal. . This sssumption can be mede in arder to simplify
 the choice of volues to be used in o porticular case, ond will probably be ‘
noc‘aax‘y if charts of atondord values ore 1o be prepored (see Section Xii).

9.5 Non Dastvructive Testing

The factures peeviously discussed lead to the qummn whither o series of

~ non-destructive tests ("proot tests*) con be used in place of o single test fo
o highar lood level. 1t is necussory, in this context, to emphasize that _
soch tes! must bevm o seporate article, ond 10 point out that on operctional

M

*Ses pores. 9.6.
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FIGURE 52 FLEET MEAN STRENGTH FOR VARIOWUS DESIGN AND TEST EACTORS
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"experience has the same influence as a laboratory test; hence the

acceptance tests on each aircraft can provide @ much greater volume of
pertinent data for probability-based criteria than is normally available

under the present system,

The dota used for the example described above was used for a trade-off
study between one test ‘o 150 percent of the unfactored load and fen tests
to 100 percent of the unfactored load. Figu;‘e 55 shows the reliabilities
obtained from one test to foctored load levels compared with those from a
series of tests to 100 percent load. It is seen that for this particular
example repeated testing to 100 percent has little influence, ana that ten

such tests are equivalent to one test to 108 percent load.

A further study was then made using a wider range of values. Trade-off
rates between different numbers of tests to different test factors are
illustrated by Figure 56. It is observed that for the particular data used,
one test to 150 percent of the unfactored design load could be replaced

- by two tests to 147 percent, three to 145 percent, five to 142 percent or
ten to 139 percent. The chances of surviving the same series are shown
in"'Figure 57. Before the testing, the probabiliities of surviving the same
serias of tests are 0.77, 0,69, 0.65, 0.59 and 0.46 respectively,

_so that the best chance of "demonstrating" the reliability occurs with

a single test to the highest test load,

Suppase now that the first test only survived 143 percent, testing of

four futher specimens to this leve! would now be required to "demonstrate "
" the same level of reliability as the original aim. But the center‘plof of

Figure 57 shows that, at this stage, the chances of surviving this new test

series have dropped to 0.75.Deductions of this kind can be made frém '

plots of this type, to aid in the assessment of the optimum test program

based on available data at any time.
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9.6

Indicated Mean Sfrength

a.

Some explanation of the meaning of the "demonstrated” or "indicated"
mean sirength is required. It is assumed in the analysis that the strength
scatter about the mean is known, but that the location of the mean is not
known. The form of the "error function" provides a means whereby the
probable distribution of the actual meun strength moy be defined. Inter-
pretation of the test results by the employment of Bayes' theorem takes the
form of modifying this assumed distribution of probable mean strengths. It
must be emphasized that at no time will the actual value of the mean

sirength be determinate.

At each stoge of the analysis (no error, with error but before tests, after
tests), the implied probability distribution of mean sirength can be derived.
With the assumed scatter about the meon, it is then possible to derive the
implied total distribution of individual sirength (see ﬂgure-7). The mean
of this rasultant distribution is the quantity referred to as the "fleet mean
strength." It cannot be regarded as the actual mean strength, but can be
taken as an indication of the most likely value of the mean, if all of the

other assumptions are valid, The scatter about this mean is equally
important and changes from step to step as additional data becomes
available (see figure 54(a) for example).




SECTION X
JRIAL APPLICATION TO THE C-141 CARGO TRANSPORT

10.1 Introduction

a. In order to demonstrate the procedures, interfaces, and decisions
involved in the structural reliability analysis, a trial application
of the techniques and data presented in this report is performed
for the C~141 cargo transport aircraft.

b, The C-141 (Figure 58) is a land-based, heavy logistic cargo
transport designed to airlift various types of combat support
equipment, supplies, personnel, and air-evac patients. The
C-14] fleet consists of 281 aircraft which have flown a total of
three million flight hours without the loss of a single aircraft due

to either understrangth structure or overload.
Table XV presents a summary of the C-141 structural criteria.

c. The C-141 fleet is now undergoing the Individual Service Life
Monitoring Program (IASLMP), which is a portion of the Aircraft
Structural Integrity Program (ASIP), Under LASLMP, the utilization
of mission types and such parameters as cargo weight, fuel weight,
Mach number, and altitude are recorded for each aircraft, There-
fore, the actual utilization of individual circraft or that for the

~ hypothetical fleet average aircraft can be determined. Under the
life history recording program of ASIP, 26,741 hours of velocity-
load factor - altitude (VGH) data have been collectad. Such
data are used to datermine maneuver load factor spectra and
atmospheric tutbulence parameters which are representative of the
environment in which the C-141 is flown.

d.  Since the C-14] fleet has demonstrated that the structural reliability
resulting from the criteria to which it was designed is more than
adequate, it is of interest to determine what the structural reliability
octually is. Also, it is of intecest to determine what the design loads
for the C-141 would be using the structural reliability technique pre-
santed in this report, [t is therefore the intent of this section to per-
form such onalyses using the C-141 utilization and VGH data.
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TABLE XV
C-141 OPERATIONAL CRITRIA

DESIGN_ WEIGHTS

Condition Weight (Lb.}
Maximum Flight Gross Weight 316,100 (Original)
323,100 (Updated)
Maximum Cargo Weight 72,131
Maximum Fuel Wei?ht for Flight : 151,452
Maximum Zero Fuel Waeight 204,670
Maximum Landing Weight 316,100 (Original)
(6 ft/sec sink swed) , 323, 100 (Updated)
Normal Landing Weight 257,500
(10 ft/sec sink speed)

DESIGN SPEEDS

~ Condition o Speed
Limit ] 40KCS to 21,000 Fr, then M=0.89
Maximum Level Flight 1 80 25,000 | 0.225
‘Rough Air Penetration Speed 70 - 36,800 - 0.225
Spoiler Placard B 350 19,800 = - 0,750
] 1.0, Flop Plocard 200 C 24,200 ' 0.420
{ Londing Flop Placard S o188 24,700 0,450
DESIGN MANEUVER VERTICAL LOAD FACTORS
_ Césg . Conﬂﬁumﬁcm : " Lood Foctor
Positive Symmetrical Mansuver | Cleun and Spoiler s
. Flop - 2,0




10.2 Calculation of Structural Reliability for C-141

A comprehensive calculation of the structural reliability of the
C-141 is beyond the scops of this report dus to the sheer magni-
tude of the amount of unalysis required, Also, such a comprehen-
sive analysis is not necessary as the structural reliability can be

calculated for selected loads sources at one structural location.
As such, the results reflect only the structural reliabilities for
the structural location ond load sources selezted, which are suf-
ficient for demonstration purposes.

Wing Station 135, which is located about ane-third of the distance
betwaen the wing root ond the inboard pylon, is selacted for the
structural reliobility anolysis. This stotion was used as o loads con-
trol station for the inboard wing during the original design loads
analysis. As such, the original design lood conditions for the in-
board wing were determined by performing o loads envelope emlysis

o for selacted load components ot wing station 135

Positive vertical mansuver is the source of six differant tiesign con-
ditions for positive veriical bending moment - totsion requiremants
at wing station 135, Thurafore, pusitive verticol monmuver is selected

i one of the louds sources for the structurel relisbility enalysis.
 Posltive, discrate guat did not couse any design lood conditions for
~ the C-141 wing.. However, the gust loods were of significant magnitude.

In view of this fact, -ond the fact that power-spectral gust onalysis

“has basn recommended For use in the strustucal reliobility onalysis,
‘positive verticol gust Iy olso selucted os a loods source for the stuce

tural velichility anolysis.

Approximately 764,000 flight hours ‘oe,-c-q 41 1ASLMP umg-.' dato is
" used 10 wstablith the vtilizotion of the fleet avercge C-141 gireraft,
The uiage dato is broken down by mission type ond o grid of 2268

fue' <ergo, Mach number ond altivude dato block combinations which
represent the operationol regimes of the C-141. By using all of the
significont data block usoge dota, the statisticel scotter inhecent in -
the dato is retained, tather thona just the meon volues. 'ﬂ\mp e
thicteen different missions into which the usage dato ore closified.
Thess thirteen missions con be broken down into three distinct groups;

logistics, training, ond aivdiop. Toble XVI gwesu swenary of the
' : 139




10.2 Colculation of Structural Reliability for c-14

0. A comprehensive calculation of the structural relicbility of the
C-141 is beyond the scope of this report due to the sheer mogni- |
tude of the amount of analysis required. Also, such o comprehen-
sive analysis is rot necessary as the steuctural reliability can be
calculoted for selected loads sources at one structural location.
As such, the results reflect only the structural reliabilities for
the structural location and lood sources selected, which are suf-
ficient for demonstration purposes. |

Wing Station 133, which is located about one-third of the distence
between the wing root and the .inboard pylon, is selected for the
-steuctural reliability anolysis. This stotion was used as @ loads con-
tral station for the inboard wing during the original design loads
analysis. As such, the original design lood conditions for the in-
boord wing ware determined by performing o foads envelope analysis
for selacted laad components ot wing station 135, :

* Positive vertical moneuver is the source of six different dasign cone
‘ditions for positive verticol bending moment « tossion requirements -

* ab wing sation 135, Therefore, positive vertical manewvar is salected
as one of tha {oads sources for the steuctural reliobility onalysis,
Positive, disarete gust did not couse ony dasign lood condition: #~; :
the C. 141 wing. However, the guit loods wete of sigmficom mwnuda

I view of this foct, ond the foct thot pomuspostaoi sust onolysis

" hos been vecommenided for use in tha stnuchuol reliobility onalysis,
“positive vartical gunt i alw selected ar ¢ toe:ls source for (i steue-
tueet reliability onalysis, ~

Agproximotely 764,000 fight hours of L« 141 IASLMP uioge dato iz
 used 1o extablish the utilizotion of the Fleat gveroge C-141 gircraft,
The uiage data is bicken dowe by mission type ond o grid of 2268
fual, corgo, Moch reamber and oltitude doto bleck combinations which
represent the operationol regices of the C-141. By wing oll of the
significont doto block wage dato, the stalisticol scotter inherent in
the data is rctained, rather thon just the mean values. There ore
thitteen different minsions into which the uiage data are clasitied.
Thesa thirteen missions can be broken down into three distingt groups;

logisice, troining, and cirdrop. Toble XVI gives o summary of the
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TABLE XVI
C-141 IASLMP M'SSION UTILIZATION

MISSION AVERAGE CARGO % FLIGHT HOUR
TVPE WEIGHT (L8.)* UTILIZATION

Logisties 36,660 83.9
4,900 15.7

Training

Airdrop 14,400 ' 0,4

*Design Cargn Weight = 72,131 Lbs.
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C-141 mission utilization and average cargo weights. The
airdrop missions represent anly 0,4% of the total flight hour
utilization and therefore will be considered as logistics
missions for this analysis. Thus, only two separate types of
missiors, logistics and training, are required to adequately
represent the utilization of the C-141.

Maneuver vertical lnad foctor spectio were obtained by re-
ducing the maneuver vertical load factor dote for 13,264

flight hours of VGH data. Duse to the limited range of the
vartical load foctor data, the data was fit by extreme-value
double family distributions in order 1o allow extropolation to
larger vertical load factars. The vertical load tactor data was
tedusad on an extreme-value basis by retaining only the moxi-
mum verticol load foctor for constant time intervols.  Aten
hout time intervol was used for the logittics missicns, while o
five hoyr time interval wos used for the shorter training missions,
The resultont dota then determine the probability thet a lood
faxtor will occur 03 ¢ maximum during the given time intesvol,.
nct Just the probobility that it will occut.

The maneuver tor . facior wachs vory vigaificantly between
mission typas and mission tegment. Thacefore, seporote ectio
ware determined for logistics end trolning missions  cruite and

 nonecruire seginants, The tesulting moneuver lond fostor pectn

cre presented in Figures 5% and 60 for logithics ond training missions
respectvely. ’ '

Moneyver verticol band ng momentstorsion loadi ipectro ore thee
colculated using the mission data bloek utilization, moneyver loud

- fostor pectio ond mecn ord incramental moneuver loods data, A
“discussed n Section V, aircealt lhnitations such os cersdynamic stell

and control limits should be included in o sta¥isticol loods onolysit.
The C-141 maneuver capability is primarily limited by vercdynomic
dall sether than control limite. ThereSore, the moneuver lood pectra
for each discrete #light condition is tr acated when the stoll lift

coafficient is obtained.
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As discussed in Section V, the loads spectra must be presented
in a form which is compatibie with structural strength. For
C-141 vertical maneuver conditions, vertical bending moment
and torsion are the most significant wing load components,
Therefore, the vertical bending moment-torsion loads spectra

are converted to percent of partial limit vertical bending moment-
torsion strength as shown by Figure 61. The envelope is called
a partial limit strength envelope because the envelope is formed
from limit conditions having zero margins of safety due to the
combined six components of foad. The use of the partial limit
strength vertical bending indirect torsion envelope thus places
qualifying assumptions on the other four load components, but

it is felt to be a satisfactory approximation. Thermodynamic and
internal pressurization effects are not significant for the C-141
wing and therefore are not included here. The resulting spectra
are presented by Figure 62 for the C-141 30,000 flight hour

design lifetime.

Using 16,430 hours of C-141 VGH gust vertical load factor data,
gust environmen tal parameters have previously been derived. The
procedure involves the generation of generalized peak load factor
spectra and curve fitting fo obtain the gust environmental parameters.

The circraft structure is defined by three rigid body modes and 15
symmetrical modes of flexible vibration. The aerodynamic representa-
tion includes such effects as variation of the lift curve slope with
Mach numbar, downwash on the horizontal stabilizer and Kussner

and Wagner lift growth functions. The von Karman power-spectral
squation and o varying scale of turbulence, L, are used to define
the R.M.S. load response to a unit R.M.S. gust velocity, A, and
the characteristic frequency of response, NQ. The von Karman
power-spectral equation is shown below.

Ma,l) . L0+ 4.7810%19 .

AR

W
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Where: 3(a,L) is the power spectral density input function

o, is the R. M. S. gust velocity (fi/sec)
L is the scale of turbulence (ft)
Q is the reduced frequency (rad/ft)

Table XVII presents the scale of turtbulence and the other turbulence
parameters as derived for the C-141.

g. Peak gust load spectra are then determined for the C-141 utiliza-
tion by use of the generalized exceedance equation separately for
sach data block.

Y - Y Y - \% 10
NY)=N_T PIexp - +P29xP(""“""

P OY blxy \ bZKY
Where: NP is the cumuiative number of occurrences

of load greater than or equal to Y

Noy is the characteristic fraquency of response
for load Y (CPS)

Y is the total load
¥ is the mean 1.0y flight load
T is the flight time in seconds

ZY is the R.M.S. load response-to an R.M.S,
gust velocity of one ft/sec

P]'PZ'b]' and b2 are us defined by Table XVii

h. The spactra for individual load components are obtained inde~
pendently by use of the genaulized excesdence equation. There«
fore, in order to determine a given state of loading, the phasing
of the load components must be determined. Refarance 13 presenis
two methods fo. determining lcad component phasing; both of which




TABLE XVII
| VERTICAL GUST TURBULENCE PARAMETERS

i ALTITUDE P P b b L
(1000 FT.) ‘ 2 ‘ 2
0-1 .95 0045 | 2.8 | 6.0 | 500
‘ 1.2 47 0034 | 3.1 | 6.2 | 1600
2-5 .27 0021 | 3.2 | 6.5 | 1650
5-10 A3 001 | 3.2 | 7.9 | 180
: 10-20 .057 .0004 | 3.2 | 7.9 | 2250
Z 20-30 .039 .0002 | 3.2 | 8.3 | 3250
% 3040 .031 .00013} 3.2 | 8.0 | 4250
>40 .027 0001 | 3.2 | 7.2 | 5350
P‘ is the percent of time spent in non-storm turbulence.
P2 is the percent of time spent in storm turbulence.
b] is the composite R, M.S. gust velocity for non-storm

turbulence (ft/sec).

b is the composite R.M.5. gust velocity tor storm turbu-
2
lence (ft/sec).

L is the scale of turbulence (ft)
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involve a significant amount of analysis. Such methods are

not applied here as it is felt that for the C-141 wing station
salected, a satisfactory representation of the gust load spectra

in terms of percent limit strength can be obtained by the use

of vertical bending moment alone. This is demonstrated by
referring to Figure 63 which shows that over a range of torsion
from -10 to +7 million in-lbs, the allowable limit bending moment
varies from a maximum of 67 to minimum of 60 million in-lbs, a
variation of only 10%. Therefore, an approximation of the per-
cent of limit strength for o given bending moment can be obtained
by taking the 100% limit strength bending moment as the reduced
value of 60 million in-lbs. Techniques such ac this would have to
be used in preliminary design analyses where such simplifications
are a necessity.

The resuiting spectra are presented by Figure 64 for the C-14)
30,000 hour design lifetime.

In order to perform the structural reliability analysis following the
determination of the ioads spectra, the strength scatter due to fabri-
cation and material voriations and an error function must be deter-
mined. SactionVlpresents an extreme-value double family fit of
the strength scatter for the primary material used for the C-141 wing,
7075-T6, Section VI also presents an extreme-value double family
fit of the strength scatter due to the fabrication of riveted joints.
Section VI presents error furctions as derived from C-141 static test
dota. The material and fabrication data from Section VI and the
error function for the original C-141 configuration are selected

for the structural reliability calculations. These data together with
the loads spectra are input to the modified structural reliability pro-
gram. The results are as follows for one test surviving 150% of
limit load (ultimate).
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W.S, 135 STRUCTURAL
LOADS SOIRCE RELIABILITY

= Positive Vertical Maneuver 999999993
: Positive Vertical Gust 999994
is As recommended in Section VIH, the structural religbility goal

for cargo transport aircraft is 999, Therefore, for the wing
station and loads sources coasidered, the C-141 hos structural
reliability far in excess of the recommended goal.

k. The comparison of the relative structural reliabilities between the
two loads sources is aignificant. The original C-141 design loads
analysis for 2,5g meneuver and discrete gust showed that the olr-
croft was not gust critical as the moximum gust wing foods did not

exceed 80% of the maximum maoneuver logds. However, on o

stetistical basis, just the opposite is true as the wing has o much

. lowar reliability for gust than for monouver, The merit of the

structural reliability anolysis is therefore evident os it identifies
the strength requirements for individual load sources basad upen

o common structural reliability gool.

10,3 C.14) Wing Lood Reqﬁireme_nts for Steucturol Reliobility Gool

a. Since it hos been demonstrated that fur two loads sources, positive
vertical mansuver ond positive verticol gust, the structural reliability
for a selected C-141 wing station is far in excess of the structurol
reliability gool, it is of interest to determing whot the design loud

3 requiramants would ba in order to just obtain the structural reliobility

b. Determination of Limits for User Controlled Porometers
1) As discussed in Section V, limits on the user controlled
paromaters must be defined such that the areas of wortnol,
overioad, and gross overload operation can easily be deter-

mined by the user, Positive verticol meneuver is a loods source

for which the resultant loads ore completely determined by user
controlled posameters. As such the limits for the user controlled
parameters which are pertinant to positive vertical maneuver
will be determined.

s 152




2)

3)

4)

Figure 65 presents moneuver load foctor cumulative occurrence
spectra for logistics and training missions representing a 30,000
flight hour design lifetime. The original design vertical maneuver
load foctor of 2.5 is shown to have o probability of exceedance
of approximately 10"4 during logistics missions and is equaled

or exceeded twelve times during training missions.

At o given vertica! maneuver logd factor, cargo weight, os
shown by Figure 64, has the most significant effect or wing
loads. Figure 67 presents cumulative probability spectra for
cargo weight utilization during logistics and training missions.,
The spactrum for logistics missions has been conservatively
extropolated to 120% of the design cargo weight of 72,13)
tbs., '

_Since cargo weight and vertical load foctor are the most

significan? pacameters for C.141 maneuver wing loads,

the magnitude of the moximum wing loods for the three
operational regimes can be effectively definad by limiting
the maneuver vasticol lood foctor for any given cargo weight,
Figure 48 presents curves of vartice! load foctor versus carge
weight for the lienit ond omago probobilities of exceedence a3

© recommendad in Section VIHL. The incrense in sicpe of the lower

corgo waights is due fo the training misions which hove large
maneuver vertical lood foztor, but low cotgo waights,  The
Ce141 usage dato indicotes that on omego corgo weight of
85,500 tbs., 120% of the dasign maximusm coigo, provides
sufficient margin for caigo overloed.

Figure 69 presants the limit ond cmego cargo-fuel envelopes,
The limit envalope is defined by the design corgo weight of
72,131 iby., the updated manimom  flight gross weight of
323,100 Ibs., ond the design moximum flight fuel weight
of 151, 452 tbs., As previowly dikussed, the moximum
cargo weight for ¢ sogo operations is token to be 85,500

ibi. The C-141 ywage doto indicutes that on omego gross-
weight of 343, 100 1bs. provides sufficient morgin for omego
operations, The C-141 uioge dato has revealed no iniiances
where the design moximunm fuel weight wos excesded. There-

" fore, no sepotote omego fusl weight is considered.
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5 Figure 70 presonis the limit ond omegs virspead-altitude
combinations for the clean configuration. T'he'C-Hi_ usage
data indicates that the maximum level flight speed, VH’ is
a sufficient definition of the {imit cirspeed-altitude combina-
tion, while dive speed, VL , provides sufficient margin for
overload operations. The C-141 usage deta does not irdicate
any exceedences of the spoiler and flap placards. Therefore,
the limit airspeed-aititude combinations for the spoiler and
flap configurations are taken as their respective placard values,
and no separate omega values are defined.

6} No sxceedences of the design center of gravity envelope
have been recorded by the C-141 usage data. Center of
gravity has only secondary effects on the C-141 wing loads.
Hence, the design center of gravity envelope is taken as
the limit envelope, and no omega envelope is defined.

c. Determination of Maneuver Limit and Omega Condii’s-s

1) As discussed in Section V, maneuver limit and omega
conditions can be determined by two different methods.
The two methods are repeated here f~r emphasis, The first
method is purely probabilistic in that 1'mit and omega con-
ditions are those which produce the highest load levels
for the ruspective limit and omega protabilities of occurrence.
Such an approach works well in a single parameter load en-

vironment, however in a muitiple parameter environment such
. _ an approach does not adequately define all combinations of
v the user controlled parameters which are within the limit and

R

omega conditions.

S V)] The second method Is deterministic in that the limit and omego
SR conditions are defined as those which provide the maximum
A loads for any combination of user controlled parameters within
4 ' : the respective limit and omega values. Such an approach has
’ A the additional advaniage of being consistent with prasent design
. procedures. It musi be noted that the usage of the aircroft is
not neglected for the second meriod, os the limite on the

user controlled parometers are determined based upon the usage

data. Also, the design factors which are applied to the loads
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for the limit and omego conditions are based upon the
{oads probability spectra.

3) The deterministic method of obtaining the limit and omega
maneuver conditions is therefore used here. The limit
and omega conditions for wing station 135 are determined
by developing load trend data for the various parameters,
and then performing a vertical bending moment torsion
envelope analysis. The limit and omega conditions are
then those conditions which define the loc': envelopes.
The resulting load envelopes are presented by Figure 71
and the limit and omega conditions are as shown in Table
XViit.

The limit and cmega maneuver loads are prasented by
Figure 72 s percentages of the respective limit and omega

“load envelopes.
d. Datermination of Positive Gust Limit and Omega Conditions

1)  Asdiscussed in Section V, positive gust is a probabilistic
loads source which is not directly controlled by the user.
That is, the user controlled parameters do not determine
the maximum gust loads that can be obtained. Rather,
maximum gust loads can be determined only on a probability

of occurrence basis.

Using the power-spectral gust equations, methods and
turbulence parameters, as previously presented in this

section, limit and omega conditions are determined for

the C-141 usage data. The selection of the limit and

omega conditions is based upen vertical bending moment

only. The limit condition is that which provides the largest
vertical bending moment, for the limit probability of occurrence

of once per lifetime, while *hat for omega corresponds to the
omega probability of exceedance of \0'3 times per lifetime.
The limit ond omega gust load spectra are presented by Figure
73, ond the limit and omega conditions are as follows:
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W.s 135 R.M.S.

CONDITION _ M ¢ I CARGO FUEL MACH  VEL, gusT VEL,
6
(1¢ in=lb} {1b) (1v) (1b) (KEAS) (rt/sec)

;f; Limit 36 229,989 60,000 37,500 W49 . 28.4
. Cuega 57.6 229,89 60,000 37,500  .755 283 68.2
1.:' 2) The maximum wing station 35 vertical bending moment for
‘ - the C-141 original discrete gust design loads analy<is is 57.3
i z}f_' million in-lb (limit).
1 8. Determination of Dasign Factor and Design Loads
3 1) The structural reliability unalysis is performed separately

for maneuver and gust using the limit and omega loads
o spectra, the C-141 material and fabricu.ion strengtt.
' scatter, and the C-141 original configurai™ *n with stati~

test error function. The design foctors vequired to abtain
the structural reiiability gools of .99999 for limit and
999 for omega are determined, Assuming on~ static

test is survived with the test factor equal to the design

factor, the following design tactors are obtained:

G D

LOADS SQURCE COND,  DESIGN FACTOR
Positive Vertical Moneuver  Limit 1.29
Positive Vertical Maneuver  Omega 1.0
Positive Vertical Gust Limi4 ' 1.5}
Positive Vertical Gust Omega 1.1

2) The foctored design loads requirements for both loady sources

are presented by Figure 74. The original ultimote design loed
requirements resulting from both loads scurces are also shown

for comparison. The omega gust wertical banding moment re-
quirement slightly exceeds both of the limit and omego maneuver
requirements, Also, the omego gust requirement exceeds the

limit gust requirement by opproximately 20%. However, the role
is reversed tor moneuver as the limit requitements slightly exceed
those for omega. Thus, overload operations for maneuver are not
as significant os those for gust.
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The structural reliability load requirements are sig-
nificantly less thon the original ultimate load requirements,
On o verticol bending moment only basis, a reduction of
35% is indicoted at wing station 135 for the two loads
sources considered. Since wing station 135 is a loads
control station for the inboard wing, the results ore ap-

plicable to other inboard wing stations.

3) The results of this exercise should not be interpreted to
mean that the structural relicbility lood requirements will
alwoys be lass than those resulting from the present deter-
ministic methods. Rather, the results ore depandent upon
the vtilization and stranoth scatter for the individuol circroft
being considerad,

10.4 Fatigus Endwance Considerations

Only static strength structural reliability has been considered in thi
analysis. However, in order to udequately define the design food re-
quirements, fotigue and fail-sofe requicements mut® clio be included.

Tha results of the C-14] stotic strangth steuctural celiability analysis
showed that the positive vertical bending moment requirements for the
inboard wing ore 3% les then thowe for the ariginal deterministic
“raquirements, However, if the desig) loods were decreased by 33%,
and if the some detail design ware used, the stress fo loed rotic would
increase by 35%., 9 Jlian increme in stress to {oud ratio would cause
on opproximotely P0% reduction in fatigue enduronce for the C-141 wing
root lower wiface. Such o reduction is not scceptoble. Therefore, the
design loods conn. : determined only by static strength, o fatigue ond
fallsafe considarations may diclote higher focd requirements.
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