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The errors associated with the network models are represented by
the normalized root mean square (nrms) error and the maximum
percent error. The nrms error is the typical rms normalized using
the sum of squares of the desired outputs. The error statistics
reported represent the average statistics for 10 networks trained
with different weight initializations. Table 1 contains the error sta-
tistics for Quickprop trained with the full training set and the com-
pressed training sets. Table 2 contains the error statistics for the
LVQ estimator using full and compressed training sets. The first
four rows in each table are for the training data.

Training times are shown in Table 3. The first two columns
show the training times for LVQ and Quickprop. The last column
indicates the total training time, that is, the time to reduce the train-
ing set added to the time for Quickprop training using the reduced
training sets.

Conclusion

In this investigation, the issue of reducing the training time of a
feedforward neural network with backpropagation was addressed.
To improve training efficiency, the networks were trained on a
reduced data set. The data reduction was obtained using the LVQ
algorithm. Various compression ratios were investigated to com-
press the training data. The impact of various compression ratios
on training was analyzed through the comparison of error statistics
on the validation data.

It was demonstrated that the compressed data set could be used
to train other networks or as the codebook set for the LVQ estima-
tor. It should be noted that the LVQ, when used as a neural net-
work model, can provide much faster estimation. However, the
output of the LVQ estimator was noisy with larger errors. These
errors are primarily because of artifacts introduced by the forma-
tion of the codebook vectors. If an acceptable interval of errors in
estimation is predefined, the noise in the output of the LVQ estima-
tor can be controlled by designing an appropriate number of code-
book vectors. Thus, if the estimation time is of primary concem,
the LVQ neural network model could be used as an estimator.

It can be concluded from the presented investigation that the
training efficiency of the feedforward neural network model can
be improved by reducing the training data using the LVQ algo-
rithm. As training data was reduced, there was a comparatively
small increase in the errors, whereas the training times were
decreased significantly. It should be noted that such an improve-
ment in efficiency by reducing the training time may be very use-
ful for very large data sets, such as the data compiled during the
SSME mainstage operation.
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Simplified Analysis of General
Instability of Stiffened Shells with
Cutouts in Pure Bending
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Columbia, South Carolina 29208

Introduction

AILURE of stiffened shells in a general instability mode oc-

curs when the spring constant of the transverse stiffening
frames is reduced below a minimum necessary value for the con-
finement of instability failure between adjacent frames. Under
such conditions, general instability failure can be spread over a
number of frame spacings in a waveform shape described as an
“inward bulge” occurring at the extreme compression fibers. A
comprehensive discussion of the complex problem of general in-
stability of stiffened shells in bending, pressure, torsion, transverse
shear, and combined bending ard torsion has been reported by
Becker.! His formulation of the problem, based on a correlation of
analytical and experimental results obtained prior to 1958, has be-
come the backbone of most of industry’s standard design manuals,
e.g., Bruhn.? Furthermore, a number of analytical and experimen-
tal studies on the subject of general instability of stiffened or un-
stiffened shells with or without cutouts are available.>* For design
purposes, Shanley” has proposed a simple criterion which is based
on a correlation of analytical results obtained from a simplified
model and experimental data. Similar criteria have also been pro-
posed by Gerard® and Hoff.” However, one should be aware of the
fact that all of these general instability criteria are based on tests
which may not be representative of contemporary fuselage de-
signs.®® Despite the criticism, Shanley’s criterion remains in gen-
eral use due to its simplicity, its direct correlation to experimental
data, and the relatively few and easily obtainable factors involved
in the calculations. However, one distinct limitation of the afore-
mentioned criteria is that they are not directly applicable to incom-
plete frames at locations where substantial fuselage cutouts, such
as cargo doors, are present. In this work, a simple analytical proce-
dure is presented which may be useful in checking the design of
the stiffening frames of cylindrical fuselages, with or without
cutouts, for failure by general instability under bending conditions.
The proposed formulation traces the basic steps of Shanley’s
original work for complete circular frames and extends it to in-
complete frames, with or without edge stiffeners at the perimeter
of the cutout.

Formulation
Simplified Model
The basic model used in Ref. 5 for general instability of a fuse-
lage structure is a spring-bar assembly such as the one shown in
Fig. 1. The horizontal bars represent the sheet-stringer elements
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Fig. 1 Simplified model for general instability failure of stiffened
shells.

Fig. 3 Structural model for a circular frame with edge reinforce-
ment.

which, at the vicinity of the most stressed point of the shell struc-
ture, approach their critical load as columns and tend to deform as
if a hinge connection had formed between them. The spring ele-
ments resemble the lateral stiffness of the system provided by
transverse frames. The general instability failure mode implied by
this simple model is supported by experimental evidence.!® The
spring constant o may be expressed as

o =K, (P/L) M

where, for this particular example, K; = 1.5, but the actual value of
the constant K; is immaterial in subsequent calculations. In gen-
eral, Eq. (1) may be viewed as representing a number of spring-bar
assemblies by merely adjusting the coefficient X, e.g., see Ti-
moshenko and Gere.!!

Equivalent Load on the Circumference of a Circular Transverse
Frame

Assuming a fairly uniform distribution of sheet-stringer proper-
ties in the vicinity of the extreme fiber, the equivalent normal force
P4 over an arc @, as shown in Fig. 2, may be written as

P = K,(M/D) 2)

where
K, = (D’t/4D) ¢ 3)

M is the applied bending moment, D is the diameter of the shell,
and ¢ and ] are the equivalent thickness and moment of inertia of
the skin-stringer system, respectively.

Bending Stiffness of a Circular Frame

The radial bending stiffness o of a complete or incomplete cir-
cular frame can be obtained from the structural configuration and
loads shown in Fig. 3. The added springs represent structural stiff-
eners usually used for reinforcement at the top and bottom edges
of a fuselage cutout. The pair of equal but opposite forces arranged
along the vertical diameter represents, at a unit elongation of the
vertical diameter, the numerical value of the required radial stiff-
ness. In the general case, asymmetric patterns of displacements
will result, which are not consistent with the constraints provided
by other parts of the fuselage on either side of the section with the
cutout. For this reason, some additional support may be included
in the structural model, consistent with these constraints. In most
practical cases, a simple vertical support diametrically opposite to
the cutout, as shown in Fig. 3, will suffice to provide displacement
patterns fairly close to the ones usually observed at failure in a
general instability mode. The radial stiffness obtained by the pre-
ceding analysis may be expressed in the form

o = K, (El,/D’ @)
where E is the elastic modulus, 7, the moment of inertia of the
frame cross section, and K3 a constant. For a full circular frame

Ky =53.69.

Criterion for General Instability
Substitution from Egs. (2) and (4) into Eq. (1) yields

El,
L= ®)
MD"/L
where
c=KK,/K, ©)

In the case of a full circular frame, the coefficient ¢ is identical to
the one proposed by Shanley.” His choice of ¢ = 6.25 x 1073, after
correlation with experimental data, represents the minimum level
of frame stiffness at which the designer can confidently assume
that general instability failure will not occur. Such an approach
cannot be easily implemented for the general case of a frame with
a cutout and reinforced edges, due to lack of an adequate experi-
mental data basis and, of course, the many variables involved in
such a study. However, an indirect assessment of the coefficient ¢
for a frame with a cutout can be realized on the basis of Shanley’s
original correlation.

First, Eq. (6) is written for the two distinct cases of a full (super-
script f) frame and an incomplete (superscript i) frame with a cut-
out, as

¢ = K K./K, %)
o = K,Kl/K] = 625%107° ®)

It is important to note that the value of the coefficient K| is a con-
stant which depends neither on the bending stiffness nor on the
shape of the transverse frame. Furthermore, the failure mode of the
basic model shown in Fig. 1 will always be the same regardless of
the nature of the source of transverse stiffness, e.g., a full trans-
verse frame or a frame with a cutout, provided, of course, that ade-
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Fig.4 Example problem.

quate lateral support is furnished by adjacent sections of the fuse-
lage to prevent lateral deformations. This is true for any similar
multi-degree-of-freedom spring-bar assembly as long as the trans-
verse stiffnesses, provided by either type of framing, remain at
comparable levels so that in either case the same mode of failure
will be triggered by similar loading conditions. Therefore, in addi-
tion to being a constant, the coefficient K; must admit the same
value in both Eqgs. (7) and (8). Substitution from Eq. (3) into Egs.
(7) and (8) and elimination of K, yields

. F s
d=or ©
K, 1
In deriving Eq. (9) it has been assumed that the angle ¢ of Eq. (3)
is the same for the full and the incomplete frames. Based on the
preceding discussion, the various terms appearing on the right-
hand side of Eq. (9) are all known and, therefore, the coefficient ¢’
is an easily computed constant which, similarly to Shanley’s ¢/ for
full frames, represents the minimum level of stiffness for a frame
with a cutout at which the possibility for general instability failure
can be confidently ignored. Simply stated, Eq. (9) implies that for
the design of an incomplete frame with a cutout to be equivalent to
that of a similar full frame, any losses in moment of inertia due to
the cutout must be proportionally compensated by gains in bend-
ing stiffness which can be realized only by the addition of rein-
forcement, possibly at the edge of the cutout. On the basis of Eqgs.
(5) and (9), and the preceding discussion, the proposed general in-
stability criterion for frames with or without cutouts can be sum-
marized in the following formula:

El,
7 20— 5
MDY/L Kl

(10

The basic assumption underlying the criterion just given is that the
general instability mode of failure of a fuselage remains the same
regardless of whether or not a cutout is present. This assumption is
supported by experimental and analytical investigations on cylin-
drical shells'? and is expected to be particularly true for usual fuse-
lage structures where the edges of a cutout are always substantially
reinforced due to other structural requirements. Apparently, in the
special case of a complete circular frame, Eq. (10) reverts back to
Shanley’s criterion.

Numerical Example

The criterion developed in the preceding section is applied to
the example shown in Fig. 4, for which any system of self-consis-
tent units may be used. For illustrative purposes, the calculations
for this particular example are based on the following simplifying,
but conservative, assumptions: 1) only the ring frame over the cen-
terline of the cargo door is considered critical, 2) any restraining
effect the adjacent frames may have on the top and bottom edge
stiffeners is ignored, 3) fixed-end conditions are assumed for the

upper and lower edge stiffeners at either side of the cargo door,
and 4) the torsional stiffness of both edge stiffeners is neglected.
Based on these assumptions the flexural stiffnesses of the upper
(superscript ) and lower (superscrilpt ]) stiffeners can be computed
as k; =50,870.78, &, = 8,072.36, k, = 514.28, and kly =72,023.49.
Using any standard finite element method (FEM) code the defor-
mation of the vertical diameter under a pair of equal and opposite
unit loads is approximately 4.065 x 1073, and thus from Eq. (5),
K} = 63.85. Direct substitution of these values into Eq. (10) yields

f
EI Ky [ .
=t = 435x107 22 L - 592x107
MD*/L K 1

Therefore, the proposed design passes the proposed general insta-
bility criterion. -

As an alternative example, consider the same basic design
shown in Fig. 4 but with no edge stiffeners. The deformation of the
vertical diameter under a pair of opposite unit loads is 5.093 x
1072, K} = 5.10, and the right-hand side of Eq. (10) yields the value
7.41 x 107, Comparison with the left-hand side reveals that this
alternative design does not pass the proposed general instability
criterion. It should be noted that the proximity of the values com-
puted for the left- and right-hand sides of Eq. (10) for this particu-
lar example suggests, as it is intuitively expected, that even a
minor edge reinforcement would suffice to satisfy the proposed
criterion. However, this example is of only academic interest since
a stiffened shell with a large unreinforced cutout would, most
likely, fail due to local instability at the edge of the cutout.

With regard to the suitability of the preceding basic design for
other parts of the fuselage with no cutouts, one could easily con-
clude that since the left-hand side of Eq. (10) is greater than Shan-
ley’s coefficient ef=6.25 x 1075, this design also passes the gen-
eral instability criterion for the specified load conditions.

Conclusions

A simple analytical method is presented for the prediction of
general instability failure of stiffened cylindrical shells under pure
bending conditions. The proposed formulation extends Shanley’s
original criterion® to stiffened shells with cutouts and edge rein-
forcement. But whereas Shanley’s criterion is the product of a di-
rect correlation of test data and a simple model, the proposed crite-
rion is only indirectly correlated to the same test data via Shanley’s
coefficient ¢/. Additional correlations with data obtained from
tests of contemporary fuselage designs with cutouts would be nec-
essary, if such data become available, for a more complete valida-
tion of the proposed criterion. However, in lieu of such data, and in
view of experimental and numerical evidence that edge reinforce-
ment in the perimeter of fuselage cutouts causes general instability
modes of failure similar to the ones observed in fuselages with no
cutouts, the proposed criterion can be used for design and weight
calculations in absence of a rigorous FEM analysis.
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Use of Mode Localization in Passive
Control of Structural Buckling
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I. Introduction

NDERSON localization, a phenomenon that was observed

first in the field of solid state physics, has recently been given
a lot of attention by structural dynamicists. Although the presence
of irregularities in periodic lattices led to the localization of the
electron eigenstates, the motion of a disordered elastic system was
found to be confined to a limited part of the system. This study is
an endeavor to introduce the mode localization phenomenon into
the area of structural stability. By means of inducing deliberately
some irregularities in the system, we may confine the structural
buckling to only a limited part of the system. This process might
be looked at as a passive control of buckling.

To cover the relevant literature in the area, we mention that the
phenomenon of electron field localization in solid state physics!
was extended to the field of structural dynamics by Hodge® and
Hodge and Woodhouse.® Since then, the problem of mode local-
ization has stimulated a number of structural dynamicists. Vibra-
tion localization in discrete mechanical systems has been consid-
ered by Pierre and Dowell,* Bendiksen,” Pierre,’ and Wei and
Pierre.® Vibration confinement in multispan beams has been con-
sidered by Pierre et al.,” Bouzit and Pierre,'® and Lust et al./! Lo-
calization of normal modes of nonlinear systems has been recently
considered by Vakakis.!?

The applicability of the localization phenomenon to structural
buckling was only addressed by Pierre and Plaut,'® who examined
the occurrence of buckling pattern localization in a two-span disor-
dered column.

In the present Note, the effect of mode localization in a nearly
periodic multispan column is studied using an exact formulation
with the aid of the transfer matrix method. Mode localization is
achieved by imposing specific types of irregularities, such as the
inclusion of intermediate torsional springs and/or displacing inter-
mediate supports. The buckled mode shapes indicate quite a strong
confinement of the buckling to a fraction of the column.

II. Problem Formulation
We consider a multispan column of length L (= Z?’z DR
where the index j refers to a single span and N is the total number
of spans. The panel is simply supported at both ends of each span.
Moreover, identical torsional springs, each of stiffness ¢, are
placed at the interior supports which exert restoring moments at
these locations.
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The governing equation of the displacement of the individual
panel is

4 2
—5+k— =0, in

j J

0<xj<2j €}

where w; is the transverse displacement, k? = P/EI, P is the buck-
ling axial load, and EI is the bending stiffness of the material. The
general solution of Eq. (1) is

w; = Ajsip(kxj) +Bcos(kx)) +Cx;+D; 2)

where A;, B, C;, and D; are arbitrary constants.
The boundary conditions at the ends of the panel element are

w,(0) = w,(L) = 0 3)

i) = 0
a‘x—j()— Ly

ey =0 4
o (D) = %, @

dzw. . N
EI—L(0) + (1/2)c0, = My,
X, J
! 5)
2

~

dwj
-EI Q(Kj) +(1/2)09R,» = MRj
J
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Fig. 1 Three-span column: a) first mode shape and b) second mode
shape; ordered (dashed line) and disordered (solid line).



