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ABSTRACT.. ( 0) The dynamic store suspension 
environment in an open bay of the F-111 aircraft is 
under investigation. This experimental study was 
prompted by the uncertainties relative t6 the loads 
on the store suspension system which result from the 
severe aerodynamic environment in the open bay. 
Becaus~-of the complex flow field which exists, the 
loads on the swaybraces, vertical choc~i, horizontal 
chocks, and lugs are not amenable to accurate 
analytical predictions. In an effort to verify that 
a store is capable of withstanding the loads 
experienced during carriage to the performance 
limits of the aircraft, an experimental buildup 
program was undertaken and is currently in progress. 
This paper discusses the design of the unit which is 
being used to measure the random loads on the 
suspension system during open-door carriage and the 
methods used to establish the reliability of the 
store suspension system. A numerical example shows 
that the suspension system of the store under 
consideration is highly reliable. 

(1) The work discussed in this paper was supported 
by the United States Energy Research and 
Development Administration. 
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INTRODUCTION 

During open-door carriage in an aircraft weapons 
bay, a complex flow field exists which results in a 
.random excitation being imposed on a carried store. 
Therefore, the usual quasistatic approaches to 
predicting lug and swaybrace loads cannot be used. 
One solution to the problem might be to measure store 
pressure distributions in a wind tunnel and then apply 
this information to a dynamic model of the 
store-suspension system interface. This approach 
appears impractical both from the experimental and 
analytical standpoints because of the difficulty of 
making adequate pressure measurements on a wind tunnel 
model and the complexity of the dynamic model required 
to adequately represent the store-rack interaction. 
The most direct approach to the problem of determining 
suspension loads (and associated store suspension 
system reliability) during carriage in ~ weapons b~y 
appears to be the instrumentation of a full-scale 
store so that lug, swaybrace, horizontal-chock, and 
vertical-chock loads can be measured during bay-door 
open flights. The measured loads data can then be 
used to determine the structural reliability of the 
individtial suspension system components. 

Based on the above arguments, we decided to 
establish a full scale test program to determine 
suspension loads. We planned a build up program which 
included straight and level flights at various speeds 
and altitudes as well as 4g pull ups at 6,000 ft MSL. 
From the first four flights we planned to acquire data 
under flight conditions which were known to be. 
acceptable from the standpoint of component 
rel iab il ity for the _purpose of invest ig~t ing the 
influence of bay configuration on loads. We selected 
the speeds and altitudes on later flights on the basis 
of analysis of previously acquired data coupled with 
acceptably high component reliability for the loads 
predicted on these subsequent flights. 



The first flight in this test program was 
conducted on October 1, 1976. To date four missions 
have been completed. The instrumented unit (Lug Loads 
Unit or LLU) is being carried in the left bay of an 
F-111 on all missions. Testing is being done at Eglin 
Air Force Base, Florida by ADTC, Directorate of Test 
Engineering. 

This paper discusses the instrumentation being 
used, the test results to date, and the statistical 
analysis approach employed in attempting to verify the 
structural integrity of the hardware under 
investigation. It also discusses future test and 
evaluation plans. 

nF.SC.RTPTJON OF SYSTEM OPERATION 

Sixteen load cells are used in ·the Lug Loads Unit 
(LLU) and associated rack instrumentation. of· these, 
six are of a comm~rcial variety and ten are sandia 
designed. One accelerometer was also monitored during· 
the tests. All of the LLU data were telemetered to 
ground and recorded on magnetic tape. Also recorded 
were IRIG B time and conversations between the test 
director and pilot which define the conditions being 
flown. A block diagram of the instrumentation is 
shown in Figure 1. The transducers used to measure 
swaybrace and vertical chock loads actually replaced 
the normally used swaybrace and vertical chock pads. 
These transducers were 20 Series Sensotec load cells 
which were modified to adapt to the ball on the end of 
the swaybrace and vertical chock adjusting screws. 
The swaybrace load cells were 2.0 inches in diameter 
and had a capacity of 20,000 pounds. · The vertical 
chock load cells were 1.5 inches in diameter with a 
5,000 pound capacity. 

Horizontal chock forces were measured by 
instrumenting th"e actual structure with semiconductor 
strain gauges. These transducers were calibrated to 
10,000 pounds. Vertical and horizontal chock 
positions are illustrated in Figure 2. 
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Lug loads were measured using the lug adapter 
shown in Figure 3. This structure was machined from 
hand-forged Republic HP 9-4-20 steel and was designed 
to have a strength exceeding that of the lug. In 
designing this adapter an attempt was made to match 
the stiffness of the original lug-case interaction so 
that response frequency of the system would not be 
significantly altered. 

Axial, lateral, and vertical lug loads were 
measured through the use of se~iconduct6r strain 
bridges which were located and connected as shown in 
Figure 4. The bridges which indicated axial and 
lateral lug loads were sensitive to bending but 
insensitive to tensile and compressive loads. The 
bridge which measured vertical loads was relatively 
insensitive to bending. Thus, an attempt was made to 
minimize cross couplin~. The lug-load transducer was 
calibrated for +3,500 pounds axial, +7,500 pounds 
lateral, and 20-;-ooo pounds vertical Toads. 

The MAU-12 bomb rack hooks used during these 
tests were modified to incorporate a circular rather 
than the original rectangular cross section in the 
area where the hook transmits side and vertical loads 
to the lug. This assures consistency in the contact 
location between the hook and lug thereby precluding 
the unknown effect of a load path which differs from 
that experienced during calibration. 

Although an effort was made to uncouple the 
effects of the three components of lug load relative 
to the force transducer, some coupling still exists. 
This was handled by applying a calibration matrix to 
the output voltage vector to obtain the three 
components of force as indicated below. 

where: 

(1) 

= axia~ force on lug 

= lateral force on lug 

= vertical force on lug 

= voltage output from axial strain 
bridge .due to unit axial load on 
lug 

j 
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= 

= 

• 
• 

vl = 

v2 = 

v3 = 

voltage output from axial strain 
bridge due to unit lateral load on 
lug · 

voltage output from axial strain 
bridge due to unit vertical load 
on lug • 

voltage output from vertical 
strain bridge due to unit. 
vertical load on lug. 

voltage output from axial strain 
bridge 

voltage output from lateral strain 
bridge 

voltage output ·from vertical strain 
bridge 

'rhe [C] -~atr ices for the forward and aft lugs are 
given below. These are presented to show the degree to 
which cross coupling exists. 

Forward Lug [C] -1 = 
·. [1485.4 

42.6 

-46.1. 

128.5 

0 l 79.8 

3704.4 

-3173.6 

- 700.5 (2) 

r551.2 105.2 62.5] 
[C].-1 

... · 
Aft Lug = 75.9 3192.5 78.4 

. -36.0 837.2 3904.7 
{3) 

Coupling is generally weak as indicated by the relative 
magnitudes o£ the diagonal compared to off diagonal terms. 



TEST CONDITIONS ON FIRST FOUR FLIGHTS 

The primary objective of the test program was to 
determine suspension system loads at Mach-altitude 
conditions up to the performance limits of the aircraft. 
Three bay configurations were of interest: 

(1) LLU in left bay with right bay empty, 
(2) LLU in left bay with gun in right bay, 
(3) LLU in left bay with similar store (BDU) in 

right bay. 

To determine the influence of altitude on loads, 
altitudes of 6,000 ft., 20,000 ft., and 40,000 ft. 
were chosen for initial flights. The minimum altitude 
of 6,000 ft. was dictated by a telemetry limitation. 

The first four flights were performed at speeds 
of 590 KCAS and 660 KCAS, speeds which were known not 
to produce excessive loads in the store under 
consideration. The objectives of these early flights 
were (1) to generate baseline data which could be 
extrapolated to determine satisfactory conditions for 
subsequent flights and (2) to determine the most 
severe bay configuration so that future flights at 
higher speeds need only be concerned with one 
geometry, thus minimizing cost of the test program. 

The data points are being flown with bay doors 
full open for approximately 15 seconds. The majority 
of data is being measured at constant speed in 
straight and level flight. Four g pull-ups are being 
performed at the 6,000 foot altitude only. 

RESULTS TO DATE 

Ten seconds of data recorded on magnetic tape 
from each Mach-altitude condition was later digitized 
at a rate of 5,000 samples per second. An example of 
a force vs. time plot from the aft vertical lug load 
transducer is shown in Figure 5. Spectral density 
plots were also generated from 10 Hz to 500 Hz using a 
band-width of 5 Hz. The spectral density information 
corresponding to the time history of Figure 5 is shown 
in Figure 6. It should be noted that the 
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mean load (which essent~ally represents preload from 
tightening the store in the rack) has been subtracted 
out prior to generating .the spectral density plots. 
These pl~ts, therefore, represent response of the unit 
due'to bay turbulence and other transient forces. 

The modal frequencies of the cavity may be 
predicted by the modified Rossiter equation (Reference 
1) which is given by 

= v m - 0.25 
L _____ M ____ ~2~1~/~2-- + 1.75 

(1 + 0.2M ) (4) 

where, V is freestream velocity, L is cavity length, m 
is mode ·number, and M is freestream Mach number. 
Using the fiight conditions corresponding to. the 
spectral density shown in Figure 6 results in· 
predicted first four modal frequencies of 20 Hz, 47 
Hz, 74 Hz, and 100 Hz. Unfortunately, the fundamental 
mode of the suspended store is near 20 Hz thus 
resulting in the peak in ~he force spectrum seen fn 
Figure 6. 

The store suspension components of major concern 
are the. lugs because their failure would necessarily 
constitute a system demise. Therefore, from the 
standpoint of damage potential, lug loads are 
considered to be the most serious probleci~· · · 
Furthermore, the torquing procedure used plus the 
weight of the store results in static vertical lug 
loads ranging from 4700 pounds to 7000 pounds with the 
lateral preload being less than 500 pounds. Thus, 
this static preload is reasonably consistent and 
represents lens than 15% of the static load carrying 
capacity of the lugs. Also, this static load does not 
change significantly during flights in the bay. Thus, 
it is the deviation from this mean or steady state 
value which has damage potential. The selection of 
worst bay configuration and most severe speed-altitude 
conditions was, therefore, based on the rms values of 
vertical and lateral lug loads which were obtained 
from the spectral density plots. 

·.·' [ 



~ .·' 
.,: .... 
·;~·~ 
~:Vi 
~-· 
~:~; 

?t!. 

I
?~~~ 

. 

. 

' . 

J• 
. 

. 

The ranges of rms force in the vertical direction 
on the forward and aft lugs are shown in Figures 7 and 
8 as a function of altitude. Similar data for lateral 
lug loads are shown in Figures 9 and 10. The highest 
vertical loads on the forward lug correspond to a 
configuration with a similar store (BDU) in the right 
bay. This appears to be true at all altitudes. The 
most severe vertical load variations on the aft lug 
occur for this same configuration at 6,000 ft. MSL. 
At 20,000 ft. and 40,000 ft. altitudes, however, the 
configuration with the right bay empty appears to 
produce equally severe load variations. The 
configuration with the gun in the right bay results in 
the lowest vertical load variations on both lugs. In 
general, the rms values of vertical load are seen to 
diminish with increased altitude as expected because 
the forcing function is Q dependent (1). 

The lateral lug loads data (Figures 9 and· 10) 
indicate that in general, the configuration with the 
LLU in the left bay and the BDU in the rjght bay 
produces the most severe environment. These same data 
indicate that at 660 KCAS higher latetal loads .. are 
experienced at the 20,000 ft. than -~t ~~i ~;ooo ft. 
altitude. No explanation is p~esen~iy ~vailable for· 
this anomaly. 

Based on the data of Figures 7 through 10 it has 
been decided to perform all future tests with the LLU 
in the left bay and a similar store (BDU) in the right 
bay. Furthermore, future missions will be flown at 
altitudes of 20,000 feet and below. 

Having acquired loads data the difficult 
question of store suspension system integrity must 
next be answPrpn. To estimate reliability, we 
characterize the system failure mode and use the 
statistics collected in the field to find the 
probability that the system will survive a particular 
environment for a specified length of time. Finally, 
we combine the probabilities for the indiv1dual 
environments to find the chance that the system will 
survive a given sequence of environments which is 
judged to be typical. 
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FIRST PASSAGE AND PE~K PROBABILITY DISTRIBUTIONS 

In this section we derive the approximate first 
passage probability distribution and the probability 
distribution of the highest peak realized in a finite 
time duration for a stationary normal random process. 
We also obtain the first two moments of the latter 
probability distribution. To derive these probability 
distributions, we describe the barrier crossing 
phenomenon as a Poisson random process. This 
description simplifies the analytical development and 
provides a satisfactory degree of accuracy. Let X(t), 
-~ <t< oo, be a stationary, mean zero, normal random 
process with joint probability density function {pdf) 
of the variate and its first derivatives given by 

[ 

1 ( x2 exp - - --2 . 2 a 
X . . 

+ a:~)] 
-~ < x, v < 00 (5) 

where a 2 and a- 2 are the variances of the random 
X X 

process and its first derivativ~, respectively. The 
standard deviations, a and a· , are root mean square 

. X X 

(rms) values of the random process· and its first 
derivative. Let sx(f), f > o,be the one-sided 

spectral density of the random process; we have the 
following relationso 

ax 2 = /s:(f)df 
0 

a. 
X 

2 (6) 

Rice (2) showed that the average rate at which 
the above random process ~rosses the barrier level x = 
a, with positive slope, is given by 

(a,v)dv (7) 



;~"'!f::~~:·\-· .. 
. ".:}..-. 

Ust.rr<f Eqtfa-t-i.on 5 in Equation 7 and integrating leads 
to 

+ "a = 
1 

21T 
CJ• ( 2 ) ox exp - a 2 . 

x 2ox 
(8) 

Thtg '~ €h~ average number of positive slope crossings 
p~r~u-rfit-t-ime of the barrier x =a, by the random 
pr~cess x < t) • 

T6 find the probability distribution of the 
ntJRihert" 6f times that the rand om process X ( t) crosses 
th~ ~~~ti~r x = a during the time period t, we use the 
fo~ici~in~ ~tocedure. Divide the time duration of 
inf~ie~~~ ~, into n equal intervals of length 6t such 
th~t A€<<~4 We first assume that the ciossing event 
1~ a 15irf6mintll type event, i.e., the random signal 
(df.fiei c§tesse~ or· does not cross the barrier during. 
61:. 1 and sed"ond, we assume that the barrier crossings 
ar~ ifide~~nd~nt events. If we denote the probability 
of ~ ~~~itiV~ slope barrier crossing during any time 
int&f~~i At, by p, then the number of barrier. 
CfG§§iii~~ 6~~urring during t is .goveined by a binomial 
prGoasiiity iaw. Let Pk (t) be .the probability that k 

barrier ef0ssings with positive slope occur during 
tiffie €1 then we have 

t > ·o 
k = 0, 1, 

where n = !t (9) 

Thi§ ~i~f§§§ion is the binomial probability mass 

n 

fYRE~i6h (~~(). When the probability, p, that a 
Ct~§§ing 6ecurs during 6t is small, i.e., when the 
barrier level is high, then the binomial pmf can be 
appf6ximatea t>y a Poisson pmf. (See, for example, Feller 
(3)~) ~~e ot this facl yields 

(va + t)k + 
exp (-"a t), t > 0 

k! 

(10) 

I 

... 

. .. 



where v + t is the average number of positive slope 
a 

barrier crossings occurring during time t, and the 
right side expression is the Poisson pmf. The 
probability that the random process does not cross the 
barrier x =a during timet (i.e., k = 0} is 

P (t) = exp (-v + t), t > 0 
o · a • (11) 

The probability of the complementary even~, that one 
or more crossings occurs during time t is 

( ) 1 ·c + > Pa t = - exp -va t 

t 
21T CJx exp(- L)) 

CJ . 2 2 
X CJX 

t > 0 (12) 

This is known as the first passage probability 
distribution for the random process X{t} for barrier 
height a. 

The probability of Equation 11 can be thought of 
in another way. If no crossing of th~ barrier level a 
occurs during timet, then this implies that the 
highest peak realized during time t is equal to or 
lower than the level a. Let A be the random variable 
denoting the height· of the highest peak in the random 
process which occurs in a time duration, t. The 
cumulative distribution function (cdf} of A is 

(

-t 
= exp 2n a. ~ 0 • 

t > 0 

(13) 

, 

·r 



This is the chance that the highest peak over a signal 
duration t, in ~ zero mean, stationary, normal random 
signal is equal to or lower than a •. This cdf is 
similar to a TyJ,e I extreme· value distribution of the 
largest value a11d differs only in the square on the 
variate a. As n becomes·large, PA(a} approaches 

unity. As a approaches zero, P (a} becomes small when 
A . · .. · . 

t is large. Th~ variate a must be taken greatei than 
or _equal to zerq becaus.e of the square on this 
quantity in the exponential term. Since a cdf must be 
nondecreas ing Wt, must assurrie that a cannot take 
negative values. This results in a small but finite 
chance that A cnn assume the value zero. In practical 
application of l.he formula, this causes no problems. 
The pdf of the random variable A is found by 
differentiating Equation 13 with respect to a. 

- t 
a· a exp(~ C1· exp f 2o:~ )- /2) pA(a} 

X X (14} - 21T 03 -
X 21T ax ax 

a >-0 

To simplify the notation, we define 

t a· 
/ X (15} n = -

1T ax 

When the random process, X(t}, is narrow band (i.e., 
the spectral de11sity and, thus, process energy is 
concentrated in a narrow band of frequencies), n is 
the expected nuruber of extrema occurring during time 
t. When the random process, X(t), is not narrow band, 
n can be thought of as a weighted average number of 
-extrema over time duration t. 

We now fin~ the mode of the pdf for the random 
var i('\blP. A hy d i.fferent int inCJ Rqnnt. ion 14 and setting 
the resulting express~on equal to zero. This yields 

(] 6} 

When a/a is large,a /a is small and we can neglect 
X X 

the first(ax/a)
2 

term to obtain,'approxirnately, 

' (17) 

T 



and this expression is most accurate fo~ large n. The 
mode of A corresponds to.the amplitude where its pdf 
peaks; therefore, it is the most likely value that A 
can assume. 

The expected value of A is by definition 

E f] =/~ (~J (18) 

· :xp { -~ exp [ -~ ( ~ ~YJ ~ ~ J } da 
Upon performing a change\of variables using the 
substitution 

we obtain 

E [A] = 12 1n n 
/

1 [ 
C1 . 1 -
x -n/2 ~··-2.>] 1/2 ln(ln 

1n ds. (19) 

e 
But as n becomes large, the integral approaches unity. 
Therefor~, we have approximately, 

E [AJ-.,12 1n n ax (20) 

It will be seen later that the approximation of 
Equation 20 is approached from below as n becomes 
large. Moreover, the approxima~ion becomes a good one 
quite rapidly. A numerical analysis shows that the 
integral in Equation 19 equals (0.936, 0.978) at n 
equal (10., 100.)~ This result iG in agreement with 
other results found in the literature where other 
approaches to the same problem have been taken (4,5). 

::: r:r:7~0(:~2y:x:ef~r~t:::·t ~d(;~);J~o~, (~J}da 
{!~ (~J exp f- 1 

- 2 

When we perform a change of variables using the 
substitution 

s = exp ( -1 
2 n exp 

[. 



we obtain 

n{ t-:/2 var ~] = 2a 2 [i ln(ln -2] ln s ) ds 
X ln n 

-[ {:/2 ds r l l- ln(ln -2 s ) 
ln n 

(22) 

Each of the integrals within the braces tends to unity 
as n grows, so that· the variance of A tends to zero as 
n goes to infinity. We approximate the ~ariance of A 
as follows. First, we find an approximation for the 
first expression on the right side of Equation 22. 
Integrating the first term we can write 

ln (ln s-
2 >] ds = 

ln n 
-n/2 

1 - e 

1 
In n 

-2 . 
ln (ln s ) ds .• 

We then perform a change of variables using the 
substitution 

u = ~ ln s -
2 

to obtain 

J:/2 [1 - -2 ] -n/2 ln(ln s ) ds = (1 -ln n 
e ) 

e 

1 [ _ e -n/2) - y +j~ -u 
1 

ln 2(1 e ln 
n n . 

n/2 

where use has been made of the fact that 

looo -u As becomes large e . ln u du = - y. n 
. 

we have approximately 

1n:2 [1 - ln(ln -2 ] ln 2 - y s ) ds::: 1 -ln n ln n 

e 

(23) 

u du] 
(24) 

(25) 



Now we find an approximation for the second integral 
. on the right side of Equa~io~ 22. First we note that 

a a 2 
. ll - a ""' 1 - - - -2 . 8 

We now use this in the integrand to obtain 

(26) 

J
l 

ds""' {'). ~2 
ln(ln s ) 

-n/2 e Je-n/2 2 ln n 

(27) 

.. 
Because of the similarity of the first two terms in 
the integrand to the integrand in Eq~ation. 23, this 
part is easily approximated. The last term remains to 
be integrated. Using the substitution u = 1/2 ln s-2 
we obtain 

1 
1 

.[ln (In s -
2

> ]
2 

ds 
e-n/2 1 

n/2 
-u 

=. e . (ln 2 + ln u) 2 du 

0 

2 1T2 =- (ln 2 - y) + 
6 

I~ 
n/2 

(28) 

But when n is· large 1 this is accurately approximated 
by 

Equation 27 cart now be approximated by 

1
.1 

. -n/2 e 

ln(ln s-2 ) 
ln n 

,._ ln 2 - y 
ds = 1 - 2 ln n 

2 
(ln 2 - r> 

8 (ln n)2 

(29) 



In terms of the approximations of Equations 25 and 29, 
the variance of A can now be written 

var [A] ~ 202 ln n {~ 2/6 + 2(1n ~-y) 2 
_ [(ln 2-y)

2 
+ ~ 2~6] (ln 2-Y) 

x 4(1n n) · 8(1n n) 

If we approximate 
we get 

Var 

[(ln 2-y)2 + ~2/6]2l· 
64 (ln n)_ 4 

this expression by its .leading 

[A] 
~2 2 

"-' 
12 ln n ox 

term, 

This is the variance of the highest peak in a random. 
signal which comes from a zero mean, stationary, 
normal random source. The standar~ deviation of A is 

As mentioned previously, the variance of A tends 
toward zero as n goes to infinity. Also, Equation 29 
shows that the mean approximation of Equation 20 is 
approached from below. 

(30) 

(31) 

(32) 



RELIABILITY OF A STORE SUSPENSION SYSTEM 

We now demonstrate a means for applying the 
results of the previous section to the problem of the 
mechanical reliability of a store suspension system. 
The store is assumed to be suspended by lugs at 
forward and aft locations. In the strictest sense, 
failure can only occur when one or both lugs fracture. 
But in a more conservative sense we can assume that 
failure occurs when some load limit is surpassed on a 
component. Particularly, we analyze the lug which is 
most severely loaded in the mean square sense, and 
assuming complete dependence in a probabilistic sense, 
we state that the less severely loaded lrig will 
certainly survive if the more severely loaded one 
does. · 

In this analysis, we assumed that for the.lug 
under consideration there exists an experimentally 
obtained, two dimensional, static failure load curve. 
This curve defines the combinations of v~rtical and 
lateral static force which will cause lug failure ~n 
the first application. Because of the f·actor s of 
safety used in the design of a lug, it is very 
unlikely that the static failure envelope could be 
reached in normal operation. In practice, failure 
would occur due to a fatigue phenomenon. The lug load 
would go through many cycles. A crack would be 
initiated at a point of high stress and then would 
propagate, causing fracture. However, there exists an 
endurance limit for the lug such that the lug· can be. 
subjected to more than 107 load cycles, and as long ·as 
the load does not surpass this limit, failure will not 
occur. In fact, a large number of load cycles 
curpassing the endurance limit must be realized before 
failure can occur. In view of the above, it is quite 
conservative to state that failure of the lug oc~uts ·: 
upon the first excursion of the lug force beyond the 
endurance limit. Because the failure statement is 
conservative, we can form a lower bound estimate of 
the suspension system reliability by finding the 
probability that no excursions past the endurance 
limit occur when the store-lug system is subjected to 
a specific sequence of dynamic environments. A lower 
bound reliability so computed is strictly identified 
with the sequence of dynamic environments. 

. r 



To simplify this problem we reduce it from a two 
dimensional one, in which· we consider both vertical 
and lateral force· random processes, to a one 
dimensional problem in which a composite random 
process is considered. This is done conservatively in 
the following way. Let Sv(f) and SL(f) be the 

spectral densities of the vertic~l and lateral lug 
force random processes, respectively. We ·can compute 

. 2 2 
the variances, av and aL , of these force random 

processes using the first of Equations 6. We define a 
root-mean-square (rms) force radius for the 
two-dimensional random process in the vertical force 
versus lateral force plane as 

I (33) 

where 0 is the angle between the rms force radius and 
the right abscissa, and the ori~in is taken as the 
intersection of the zero-lateral force with 
average-vertical force point. We plot this curve on 
the set of axes showing the lug static failure load 
curve. Next, we define the lug f~ilure force radius, 
p(8),as the distance from the origin (the zero lateral 
force versus average vertical force point) to the lug 
static-failure load-envelope. We note that th~ rms 
force radius approaches nearest the ·failure envelope 
at the angle e s 0 where v(8)/p(e) is a maximum. We 

m 

call a the critical angle of the rms forces radius. m 

Finally, we define a composite one-dimensional force 
random process, F(t),- oo<t<m, as a stationary, mean 
zero, normal random process with spectral density, 

f > 0 

(34) 

.. _ ... , 
. -
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The variances, CJ and CJ • of this random process .and 
. F F· 

its first derivative are.found using Equation 6. We 
take this random process to represent the worst 
aspects of the joint vertical-horizontal lug force 

.random process. We say that failure occurs, in the 
conservative sense described previously, when the 
random force process, F(t), makes its first excursion 
bey·ond the level a.p (8 ) • Here p (8 ) is the lug 

rn rn 

failure force radius for the composite random process, 
and a. is a fraction which denotes the ratio of the 
endurance limit to the ultimate strength for the lug 
material. 

Let us now state that the ith environment to 
which the store-lug system will be subjected -is 
characterized by the composite random force process F.(t), 

~ 

-~<t<~ with spectral density S (t), and let this 
F. . 
~ 

environment be applied for a duration t. Further, .let 
us state that critical angle of the rms·force radius 
is 8. Then the lower-bound reliability, R., of the 

~ . ~ . 

store-lug system is the probability that the force 
does not exceed the level a.p(8.). Using Equation 11 we 
have ~ · 

exp [-
t. CJ• cv(e.>)l F. 

R. = ~ ~ exp- ~ -~ , 0 l. 21T CJF. 
t > 

l. . 2crF. J 
l. 

(35) 

where CJF. and cr;. are the standard deviations of the 
~ l. 

composite random process and are obtained using 
Equation 6. If the store-lug system is subjected to a 
sequence of m environments and these environments are 
independent of one another, then the overall 
reliability of the system, R, is given by 

m 
R = n 

i=l 
R. 

l. 
(36) 

I 



This is a lower bound on the probability that the 
system will survive the sequence of m environments. 

The expected peak force which will occur in.the 

lug because of the application of the ith environment 
is 

E[F. J = {2 ln n. aF. (37) 
~,max ~ 

~ 

where n. is obtained using equation 15. The standard 
~ 

deviation of the peak force due to the ith environment 
is obtained using Equation 32. 

' a[F · ·] = :i, max 

1T 

{12 ln n. 
~ 

(38) 

We can find the time at which the expected peak force 
reaches the failure level by equating Equation 37 
to ap(8i), using the expression for niand solving for ti 

We obtain 

t. 
~ 

aF. 
1 

= 1T cr:-exp 
F. 
~ . 

(39) 

It should be noted that the lower-bound 
reliability of Equation 36 is conditioned on the 
successful operation of all other suspension equipment 
besides the lugs and the successful operation of the 
airplane itself if the data used in obtaining the 
spectral density estimates were recorded during a 
flight in which all e~uipment functioned properly. To 
obtain an unconditional reliability estim~te for the 
store suspension system, we would need to know·all the 
joint probabilities of successful and unsuccessful 
operation of the lugs, the other suspension equipment 
and the airplane itself. 



. : :·· ~ .... 

NUMERICAL EXAMPLE 

In this section, we compute reliabilities of the 
store suspension system. Figures lla and llb show the 
spectral densities of the vertical and lateral lug 
load random processes for a store carried in an Flll 
weapons bay, with doors closed, at 590 KCAS and 6000 
·ft. altitude during a 4G pullup. Figures 12a and 12b 
show the spectral densities of the vertical and 
lateral lug-load random processes for the same store 
carried in the weapons bay, doors open; at 590 KCAS 
and 6000 ft. during straight and level flight. We 
wish to find the suspension system reliability as a 
function of time for the case in which the store is 
carried for an indefinite length of time with the 
doors closed and then is carried for eight minutes 
with the doors open. We first find the critical angle 
of the rms force radius for each of the pairs of 
random processes in Figure lla through 12b. Figure 13 
shows the rms force radius on a vertical force versus 
lateral force graph for the spectral densities of 
Figures lla and llb. Along with this we plotted the 
static-failure envelope for the lug; we determined 
this experimentally. It is clear that rms force 
radius is closest to the static failure envelope in 
the approximate range 0.35 TI <8< n/2 • For simplicity 
we take 8 = TI/2. Therefore, s (f) = S (f). A graph m F 

of the rms force radius for the random processes whose 
vertical and lateral force spectral densities are 
shown in Figures 12a and 12b reveals that in that case 

.also, we can take 8 = TI/2. 
m 

Figures lla and 12a give the variance of each 
random process and its derivative. For the lugs under 
consideration we take the ratio of endurance limit to 
ultimate strength to be 0.30. Since, in this 
particular example, the lower-bound reliability is 
very near unity for reasonable times, t, we plotted 
the upper bound on probability of system failure, or 
1-R. In order to write the reliability as a function 
of time, we say that the system reliability is the 
product of the reliability of the system for the 
eight-minute open-door environment times the 
reliability of the system over t-8 minutes of 
closed-door environment, where t is the total number 
of minutes into flight. Equation 35 uses the 
parameters listed above and Figures lla and 12a to 

~.-~: .· .. : ;., .. 
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DURING 4G PULLUP WITH DOORS CLOSED. 
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obtain the system lower-bound reliability, graphed in 
Figure 14. Apparently, the system is quite reliable 
up to very long times t. The reason that the 
probability of failure curve (1-R) is nearly 
horizontal beyond the eight-minute point is that the 
barrier height is extremely high in comparison to the 
standard deviation of the doors-closed force-random
process. During the open-door portion of the flight, 
the failure barrier is about 13 times as great as the 
standard deviation of the force ·random process~ 
therefore, this is called a first passage problem with 
a 13 sigma barrier. The closed-door portion of the 
flight has a 195 sigma barrier. Here sigma refers to 
the rms, or standard deviation of the force random 
process. The expression for reliability at t greater 
than eight minutes is 

R ~ (1- 4.24 x 10-
32

) !exp [- (t- 480) (563.3)e-
17948J}• 

.t > 480, 

where t is in seconds. The second part of the 
right-hand expression is extremely close to unity. 
The entire reliability expression is so close to 
unity, in fact, that there is no practical possibility 
that failure could occur in this lug, given that the 
strength and endurance limit assumptions -a·re correct. 

Figure 15 is a graph of Equation 37 versus time 
for the more severe open-door environment. Equation 
15 is used to relate n to time. The plus and minus 
three-standard-deviation bounds on the peak forces are 
shown in Figure 15~ we obtained these using Equation 
38. We consider the preceding calculation to be 
reasonably conservative. 

Calculations have been performed to determine how 
much more severe the environments would be if the 
speed were increased from 590 KCAS to 760 KCAS. It 
has been conservativ~ly estimated that the spectral 
densities of Figures lla through 12b would be 

·-. .. .. ,. .':.:.·, 
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increased by a factor of about 2.56. This corresponds 
to an rms increase of 1~6. This extrapolation uses 
the ratio of dynamic pressures as a criterion. When 
we apply the increase, we find that in the closed 
door, 7 60 KCAS, 6 000 ft. case, ·we: obtaih·.':·.~ ... 
OF = 89 lb and CJF = 50138 lb/sec .. and . in ·th·~ open-

door, 760 KCAS, 6000 ft case we obtain 
oF = 1316 lb and crF = 28457 lb/sec. To be even more 

conservative than before, we assume that a = 0.25. 
Figure 16 is the upper-bound probability of failure 
curve for this case. As before, eight minutes of 
open-door flight are contained with.an arbitrary 
duration of closed-door flight. Again the reliability 
is high, but not nearly so high as before. The 
barrier during the open-door portion of flight is a 
·6.1 sigma barrier; during the closed-door portion of 
flight, it is a 90 sigma barrier. The structural 
reliability estimate past eight minutes is 

R = (1.0 - 7.6 x 10-5 ) I exp [-~63.3(t 
t > 

where t is in seconds. As before, the closed-door 
portion of flight contributes very little to the 
probability of failure of the suspension system 
structure. Figure 17 is a graph of the expected peak 
force in the lug versus time, obtained using Equation 
37. The three-standard-deviation bounds are also 

·included from Equation 38 in Figure 17. 
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CONCLUSIONS AND RECOMMENDATIONS 

Based on the work which has been completed to 
date, we conclude that a full scale instrumented test 
unit is an excellent way of determining suspension 
system loads during store carriage in an F-111 weapons 
bay. We are satisfied that both the commercially 
available and the Sandia designed load transducers are 
producing good results. 

The data which have been reduced indicate an 
anticipated random loading which is Q dependent. 
Furthermore, for the particular store under study, the 
most critical loading conditions occur with similar 
shapes in the left and right bays rather than with one 
bay empty or a gun in the adjacent bay. 

The four flights which have been completed.have 
. surveyed altitudes up to 40,000 ft. Results indic.ate ... :'> 

that future flights shou.ld be performed at altitudes:·:. 
of ·20,000 ft. and below to generate the most severe 
loading conditions. Further testing at increased 
speeds is recommended and is currently being planned. 

Application of statistical analysis to the 
measured flight data and a failure envelope of the lug 
shows that even though the formulation used results in 
a lower-bound estimate on reliability, it can be 
useful in many cases. As long as the lower-bound 
reliability is near unity, safety is guaranteed if the 
assumptions used in the analysis are satisfied. 
Equation 31 and.the second numerical example show that 
for a linear system with modal frequencies in the 
range 20-2000 hz, reliability begins to diminish 
rapidly when the ratio of barrier height to standarc:l .· 
deviation of the force random process is in the range 
of five to seven and when environmental durations on 
the order of one hour are considered. Since we use a 
lower-bound formulation for reliability, when our 
estimate becomes small this does not necessarily imply 
that the probability of failure is high; this only 
implies that an upper bound on the probability of 
failure is high. 



To make this method of structural reliability 
analysis more accurate, there are some important 
factors that we could consider. Particularly, the 
material strength and the endurance limit ~re random. 
VariableS 1 and the enVironmental duratiOnS COUld b·e·: 
considered random variables. Incorporation of these 
factors into the analysis would yield a lower-b6~rid · 
reliability in which the probabilistic st~uc~ure ~f 
the entire problem has been considered. 

. . 

As the margin of safety in design of lugs 
diminishes, the lower bound approach to reliability 
estimation loses its usefulness since the lower-bound 
reliability tends to become small. In this case, 
refinement in treatment of the problem:beco~es 
necessary, and the fatigue problem must be considered. 
This can be done as follows. The random force in a 
lug must be related to the accumulation of fatigue 
damage. Then the random process governing force in 
the lug can be used to describe the random process: ... :· 
governing damage accumulation. This is a Markov type 
random process since the damage accumulation at any 
given time depends on the damage at previous times. 
The probability that the accumulated damage surpasses 
a failure limit during a specified time dura~ion must 
be computed where the failure limit itself is a random 
variable. 

We recommend that fatigue tests be performed on 
the critical suspension hardware so that the 
analytical refinements summarized above can be applied 
to the data generated in order to more accurately 
predict the system reliability. 
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