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ABSTRACT

Ring and stringer stiffened perfect and imperfect an-
gle-ply cylindrical shellsunder combined axial com
pression and in-plane shear are optimized with a pro-
gram called PANDAZ2 for the minimum weight de-
sign of stiffened panels, and the optimum designs are
then evaluated with use of ageneral purpose finite
element code called STAGS. The good agreement
between PANDA2 and STAGS predictions for the
nonlinear collapse of imperfect stiffened shells justi-
fiesthe use of PANDAZ2 for preliminary design. A
new PANDA2 processor called STAGSUNIT auto-
matically generates STAGS input files for cylindrical
panels and shellswith both stringers and rings that
have various open cross sections such as Blades,
Zees, Jays, Teesand Is. In STAGSUNIT the edge
conditions are formulated so that STAGS models of
subdomains of along cylindrical shell with many
stiffeners can be constructed that do not have artifi-
cial prebuckling stress concentrations near the edges
that might significantly affect predictions of bifurca-
tion buckling and nonlinear collapse of the subdo-
main. Many STAGS models of optimized shells and
subdomains of shellswith Blade, Zee, and Tee stiff-
ening are generated and explored, both with respect
to linear bifurcation buckling and nonlinear collapse.
The behavior of shellswith aninitial imperfectionin
the form of ageneral buckling mode of the imperfect
shell isdescribed from a physical point of view.
Some difficulties encountered during this project are
described.

INTRODUCTION

Purpose of this paper

The main purpose of this paper isto present mini-
mum-weight designs derived by PANDA2 [1-10] for
certain perfect and imperfect composite ring and
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stringer-stiffened cylindrical shells and to compare
these with predictions from STAGS[11-13] for the
optimized structures. PANDA2 and STAGS arede-
scribed. A new PANDA?2 processor called STA G-
SUNIT isdescribed. STAGSUNIT automatically gen-
erates STAGS input files for ring and stringer stiff-
ened panels and shells optimized by PANDA2. Al-
though the devel opment and analysis of optimum de-
signs for which one or more of the design load combi-
nations exceeds the local buckling load of the panel
skin are within the scopes of both PANDA2 and
STAGS, in this paper the stiffened shells are opti-
mized such that local postbuckling deformation of the
skinis not allowed in the PANDA2 models.

Brief review of the literature

Local and overall bifurcation buckling of stiffened
panels can be determined with the BUCLASP code
[14] and with the newer successorsto BUCLASP and
VIPASA: the PANDA2 [1-10], POSTOP [15], VI-
CONOPT [16], and PASCO [17] codes. PASCO, VI-
CONOPT, PANDAZ2 and POSTOP are capable of ob-
taining optimum designs of such panels, and
PANDAZ2, POSTOP and VICONOPT can do so in-
cluding the effect of local postbuckling [3] of the
panel skin and/or parts of the stringers. One of the
PANDA2 processors, called STAGSMODEL [4]
automatically sets up afinite element model of a panel
previously optimized with PANDA2. The [PANDA2,
STAGSMODEL, STAGS] combination has been used
many times to optimize and eval uate optimum designs
of panels under combined loads for servicein the
postbuckling regime [3,4,8]. Other works are briefly
surveyed in Ref.[16] cited in [8].



DESCRIPTION OF PANDA?2

PANDAZ2 is acomputer program for the minimum
weight design of stiffened, composite, flat or cylin-
drical, perfect or imperfect panels and shells sub-
jected to multiple sets of combined in-plane loads,
normal pressure, edge moments, and temperature.
For most configurations the panels can be locally
postbuckled [3]. Previous work on PANDAZ2 is
documented in [1-10]. PANDAZ2 incorporates the
theories of earlier codes PANDA [2] and BOSOR4
[18]. The optimizer used in PANDA2 iscalled ADS
[19]. Panels are optimized subject primarily to buck-
ling and stress constraints.

PANDA2 processors and types of analysis

Asdescribed in [1-10], the PANDA2 system consists
of several processors, BEGIN, SETUP, DECIDE,
MAINSETUP, PANDAOPT, CHOOSEPLOT,
CHANGE, STAGSMODEL, STAGSUNIT, etc. The
functions of these processors are as follows:

BEGIN User establishes starting design, material
properties, prebuckling and buckling boundary con-
ditions.

SETUP System sets up BOSORA4-type templates for
stiffness and |oad-geometric matrices.

DECIDE User chooses decision variables and

bounds and sets up equality and inequality con-
straints.

MAINSETUP User chooses analysistype, loading,
and solution strategies.

PANDAOPT Analysistypeis performed (e.g. opti-
mization).

CHOOSEPLOT User chooses what to plot.
DIPLOT The system obtains plots (postscript files).

CHANGE User changes selected variables and con-
stants.

AUTOCHANGE A new starting design is automati-
cally generated in arandom manner.

SUPEROPT An attempt is made to find a global op-
timum design.

PANEL A BOSOR4 input file is generated for inter-
ring buckling of panel skin and stringers, with string-
ers modelled asflexible shell branches.

PANEL2 A BOSOR4 input file is generated for inter-
ring buckling of panel skin+smeared stringers with
rings modelled as flexible shell branches.

STAGSMODEL Aninput filefor STAGS[4,11-13]
isgenerated (one finite element unit, only stringers are
permitted).

STAGSUNIT Aninput file for STAGS is generated
(multiple shell units, both stringers and rings are per-
mitted).

CLEANPAN Delete al files except files containing
user-provided input datafor BEGIN, DECIDE,
MAINSETUP, CHANGE, PANEL, PANEL?2,
STAGSMODEL and STAGSUNIT.

PANDAZ2 can be run in five modes:

Optimization

simple analysis of afixed design

test simulation

design sensitivity

load-interaction (Nx,Ny), (Nx,Nxy), (Ny,Nxy)

g wdpE

Types of buckling included in PANDA?2

PANDA2 computes general, inter-ring, and local skin
buckling loads and mode shapes. General buckling is
buckling in which both stringers (or isogrid stiffeners)
and rings participate; “panel” (inter-ring) buckling is
buckling between adjacent rings in which stringers (or
isogrid stiffeners) participate but the lines of intersec-
tion of ring web roots with the panel skin do not
translate; local buckling is buckling of the panel skin
between adjacent stringers (or isogrid stiffeners) and
rings. PANDA2 includes the following buckling mod-
els:

1. A discretized single skin-stringer module of the
type shown in Fig.1 of [9], for example. This
model is used for local buckling, local postbuck-
ling, and wide column buckling of the panel re-
gion between adjacent rings (transverse stiffen-
ers).

2. Simple models for the buckling of the panel skin
and stiffener segments of the type described in
[2]. Typical buckling modes of the panel skin and
stiffeners are shown in Fig. 6 of [2]. In the panel
skin the buckling nodal lines are assumed to be
straight, as shown in Fig. 9 of [2]. Thistype of
buckling model is used in some of the software
written by Arbocz and Hol [20-22] and by Khot
and his colleagues [23,24]. These models are
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called "PANDA-type (closed form)" in
PANDA2 jargon because they are the only ones
used in the original PANDA program [2], which
was superseded by PANDA2 [1] many years
ago. Over the years an elaborate strategy has
been developed in order to ensure that for each
type of buckling in this“PANDA-type” cate-
gory, the most critical (lowest) buckling load
factor isnot missed. Thecritical eigenvalueis
determined from several searches over various
regionsin the (mn,slope) domain, where misthe
number of axial halfwaves, n isthe number of
circumferential halfwaves, and “slope” isthe
slope of the buckling nodal lines (non-zero when
there isin-plane shear loading and/or shell wall
anisotropy). More details are givenin [10].

For sandwich panels and shellsPANDA2 com+
putes load factors for additional types of buck-
ling that only occur for sandwich walls. face
sheet wrinkling, buckling over the diameter of a
single cell of ahoneycomb core, and core

crimping [7].

Three additional buckling models were recently
added to PANDA2 asdescribed in [9]:

Local buckling between adjacent stringers and
rings of acylindrical or flat panel obtained from
aRitz model in which the buckling modal dis-
placement components, u, v, w, are expanded in
double trigonometric series. The local regionis
assumed to be simply supported on all four
edges.

General buckling of acylindrical panel in which
stringers and rings are treated as discrete beams
with undeformable cross sections. Again, the
general buckling modal displacement comp o-
nents, u, v, w, are expanded in double trigono-
metric series. The edges of the domain are as-
sumed to be simply supported and to have dis-
crete stiffeners of half the user-specified
modulus. The domain for this model is athree-
bay by three-bay subdomain of the entire panel.

A discretized single module model for acylin-
drical panel in which the ring segments and
panel skin-with-smeared-stringers are discretized
asshownin Fig. 30 of [9]. Until the work lead-
ing to [9] was competed, the only discretized
module model in PANDAZ2 involved the panel
skin and STRINGER segments. The RINGS
were "second-class citizens". In the discretized
skin-with-smeared-stringers/ring "branched
shell" model the cross sections of the rings can

deform in the buckling mode, since they are sub-
divided into finite elements of thetype usedin
BOSOR4 [18].

Buckling loads corresponding to a given type of buck-
ling (such aslocal buckling of the skin between string-
ersor general buckling) may be computed by more
than one model in order to verify results and to pro-
vide appropriate knockdown factors to account for
anisotropy, inherent unconservativeness in smearing
stiffeners, the presence of in- plane shear loading, and
variation of in-plane loading within the domain that
buckles. The effect of transverse shear deformation is
accounted for asdescribed in[1].

PANDA 2 can optimize imperfect stiffened panels and
shells[5]. The effects of initial geometric imperfec-
tions are described below.

Local post buckling analysis

An analysis branch exists in which local post buckling
of the panel skin is accounted for [3,25]. In this branch
aconstraint condition that prevents stiffener pop-off is
introduced into the optimization calculations[1]. The
postbuckling theory incorporated into PANDA?Z2 is
similar to that formulated by Koiter for panels loaded
into the far postbuckling regime [25].

Stress constraints

I'n addition to buckling constraints, PANDA2 com-
putes stress constraints including local postbuckling
deformations and thermal |oading by both curing and
applied temperature distributions. For laminated com-
posite walls PANDA 2 generates stress constraints
corresponding to maximum tension along fibers,
maximum compression along fibers, maximum ten-
sion transverse to fibers, maximum compression
transverse to fibers, and maximum in-plane shear
stress for each different material in a stiffened panel.
For isotropic material PANDA2 generates stress corn-
straints based on the von Mises effective stress.

Global optimizer SUPEROPT

Global optimum designs can be obtained with
PANDA?2 by means of a processor called “ SUPER-
OPT”, which is described in more detail in [6]. At
interval's during the optimization process new “ start-
ing” designs are automatically generated as follows:

y() = X[+ dx@)], i =12..Ny (1)
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where Np isthe number of decision variables, x(i) is
the old value of the ith decision variable, y(i) is the
new value, and dx(i) isarandom number between -
0.5 and +1.5 if the decision variable is other than a
stiffener spacing and arandom number between -1.0
and +1.0 if the decision variable is a stiffener spac-
ing. The difference in treatment for decision variables
that are not stiffener spacings from those that are
stiffener spacings results from early experiments with
SUPEROPT [6].

BRIEF DESCRIPTION OF STAGS

STAGS (Structural Analysis of General Shells), isa
shell finite element program with a strong biasto-
wards stability analysis capabilities[11-13]. Apart
from having a good nonlinear shell modeling capa-
bility (small strain but arbitrarily large displacements
and rotations), STAGS is also equipped with path-
following techniques that make it possible to solve
stability problems such as bifurcation buckling and
collapse. The modeling capabilities include many
design features that are frequently encountered in
lightweight structuresin the field of aero- and astro-
nautics: awhole range of stiffener models, shell wall
materialsincluding composites, etc. In addition to the
solution techniques for computing the static equilib-
rium branches of these models, STAGS also pos-
sesses robust transient time stepping methods.

PANDA2 PROCESSOR “STA GSUNIT”

Introduction

Most of the effort expended to produce this paper led
to the creation of anew PANDA?2 processor called
STAGSUNIT. STAGSUNIT usesthe PANDA2 da-
tabase plus someinteractive input from the user to
produce the two input filesfor STAGS called *.bin
and *.inp, in which "*" signifies the user-selected
name for the case.

Table 1 liststypical input datafor the new processor,
STAGSUNIT. Inthis particular case the user is ask-
ing for an INDIC = 1 type of STAGS analysis (linear
bifurcation buckling). Execution of STAGSUNIT
produces the two STAGS input files, *.inp and *.bin.
Table 2 liststhefirst part of the STAGS input file,
*.inp in the annotated format automatically produced
by STAGSUNIT. Table 3 lists the annotated *.bin
file. Execution of STAGS followed by the STAGS
postprocessor called STAPL produces plots of the
type shownin Figs. 1- 3. The STAGS input file,
*.inp, isquite long. Table 4 lists just the headingsin
the *.inp file corresponding to Fig. 1, in which the

cylindrical panel and all stiffener segments are mod-
eled as shell units with 480 finite elements.

Scope of STAGSUNIT

STAGSUNIT worksfor cylindrical panels stiffened by
stringers and/or ringswith blade, T, I, J, or Z cross
sections. Unstiffened panels can also be processed.
Thecylindrical panel can span less than 360 degrees
of circumference, as shownin Figs. 1 - 3, or can form
acomplete (360-deg) closed cylindrical shell. The
panel skin and various stiffener parts are modeled as
(what iscalled in STAGS jargon) "shell units". All or
parts of the stiffeners can be modeled as discrete beam
elements (210 finite elements) or as shell units. The
user has five choices with regard to each set of stiffen-
ers, stringers and rings. For stringers, for example, the
choices areidentified in the PANDA2 PROMPT.DAT
file[10] asfollows:

Stringer modeling index must be 1 or 2 or 3 or 4 or
5

1 = all stringer segments are modeled as beams (210
elements) that are attached to the cylindrical shell.

2 = stringer webs are modeled as shell branches (410
elements) and any faying and/or outstanding flanges
are modeled as beams (210 elements). The faying
flanges are attached to the cylindrical shell and the
outstanding flanges are attached at the tips of the
stringer webs.

3 = all stringer segments (faying flange, web, out-
standing flange) are model ed as shell branches.

4 = the stringer faying flange is modeled as a beam
(210 elements), but the stringer web and stringer
outstanding flange are modeled as shell branches.

5 =the stringers are replaced by enforcement of a
constraint that the normal displacement w be con-
stant along the generator where the stringer would be
attached to the cylindrical shell. (NOTE: the correct
prebuckling loading of the panel skinisused, that is,
the actual stringers absorb their share of the
prebuckling axial load.)

The same choices are provided in the modeling of
rings.

Edge conditions
A large part of the effort of creating areliable STA G-

SUNIT processor was spent on formulating proper
edge conditions so that:
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1. failure (bifurcation buckling and nonlinear col-
lapse) as predicted from the STAGS model
would probably not bein an "edge" modein-
duced by artificially introduced stress concentra-
tions there, and

2. near-uniformity of the prebuckled stress state
would be assured. (NOTE: the axisymmetric
prebuckling "hungry horse" deformation caused
by the rings [5] will still occur.)

In other words, failure would not be caused by one or
more localized stress concentrations in the neighbor-
hoods of one or more of the panel edges. The advan-
tages of this favorable characteristic are:

1. The prebuckled state better simulates the model
on which PANDAZ2 predictions are based, and

2. One can obtain similar results for subdomains of
various sizes extracted from the full-sized panel
or shell analyzed viaPANDAZ2. Thereisa
maximum numerical size of a STAGS model
that can practically be processed. Therefore, one
must often obtain predictions of failure from
STAGS models that are based on a subdomain of
the actual shell rather than on the entire shell.

Table 5 liststhe part of the *.inp file (abridged to
save space) concerned with edge conditionsfor
STAGS models of the type shownin Figs. 1 - 3. The
partial compatibility (g-2) record, " v=const", that is,
constant circumferential displacement v along the
curved panel edge at row 1 (x=0), permits uniformin-
plane shear |oading (torque) to be applied along row
1. The four "w=const" constraints along the four
edges of the cylindrical panel eliminate any Poisson-
ratio-induced nonuniformity in the prebuckling nor-
mal displacement field (w) in the neighborhoods of
these edges. The contraints " ru=const" (no rotation
about the generators) along row 1 (x=0) and row 41
(x=L) prevent numerical instability sometimes expe-
rienced in nonlinear STAGS runs when these con-
straints are omitted. The " w=constant" records for the
stringer and ring faying and outstanding flanges help
to prevent stiffener sidesway at the panel edges. The
two sets of Lagrange constraintsto prevent stringer
and ring sidesway (only headingslisted here to save
space) force the webs of the stringers and ringsto
remain oriented radially at the edges of the panel.
Evenif stiffener sidesway is prevented, the out-
standing flange is permitted to rotate in its plane, as
can be seen at the ends of the stringers shown in Fig.
3. Thefour sets of Lagrange constraints to impose
linear variation of axial displacement u and circum-
ferential displacement v along the two straight edges

permit uniform axial compression and in-plane shear
loading along these two edges while generally pre-
venting incremental buckling modal u and v compo-
nents. Thelast five sets of Lagrange constraints are not
present, of course, if the STAGS model is aclosed
(360-deg.) cylindrical shell.

Except in rare cases such asthat shown in Fig. 4, these
displacement constraints have the effect of causing the
incremental bifurcation buckling modal displacement
components u, v, and w to be zero along the panel
edges where the constraints are applied. An exception
isdisplayed in Fig. 4. The lowest buckling load for the
axially compressed blade-stiffened cylindrical shell
shown in Fig. 4 has a mode shape with the maximum
normal modal displacement w at the boundary x =L.
In thismode w is constant along the circumference at x
= L. This*“spurious” mode is avoided, as will be seen
later, through the use of 480 finite elements with a
sparser nodal point mesh near the boundary than in the
interior of the shell. The mode is also avoided if, in
his’/her input to the STAGSUNIT processor, the user
specifiesthat rings be located at the ends of the shell.

Along the curved edge at x = L = XSTAGS the cir-
cumferential displacement v isfixed at zero. (See the
second-to-last line of Table 5: "101 111" means all six
displacement and rotation components are free except
the circumferential displacement component v, which
isheld at zero both in the prebuckling and bifurcation
buckling phases of the analysis.

Drilling freedoms suppressed

Table 4 lists many headingsin the *.inp file containing
the phrase, “drilling freedoms suppressed..” When the
480 finite element is used in a STAGS model, espe-
cialy oneinvolving nonlinear analysis, it is necessary
to suppress the "sixth" nodal point degree of freedom:
rotation about anormal to the shell. This"drilling"
freedom should be suppressed everywhere except at
nodal pointswhere shell unitsintersect at some non-
zero angle. Hence, when the user specifies use of the
480 finite element, drilling freedoms are suppressed in
STAGS models generated via STAGSUNIT every-
where except where stiffener segments intersect each
other or where they intersect the cylindrical skin at an
angle other than zero. In a case with drilling freedoms
not suppressed, the nonlinear STAGS analysis failed
to converge for aload factor PA in excess of 0.137
With the same model with drilling freedoms appropri-
ately suppressed, a converged stable equilibrium state
was obtained by STAGS for a maximum load factor of
about 0.95. (This example involved an axially com
pressed optimized perfect blade stiffened cylindrical
shell with avery, very small "triggering"” initial imper-

5

American Institute of Aeronautics and Astronautics



fection. PANDA 2 predicted bifurcation buckling at a
load factor of 1.0 and STAGS predicted linear bifur-
cation buckling at aload factor of 0.978. (See
Fig.20.)

Various material, beam, and wall types

Almost half of the headings listed in Table 4 are con-
cerned with the STAGS input libraries for material
types (ITAM), beam cross section types (ITAB), and
shell wall types (ITAW). Thesethreelibraries have
two sections, one concerned with types not at an edge
and the other concerned with types at an edge of the
panel. In STAGSUNIT, stiffenersthat run along
edges are assigned materials with half the moduli and
densities of the corresponding members that are not
located at an edge. Because of this construction the
behavior of asubdomain of the panel is permitted to
behave in amanner similar to that of the entire panel.

For each stiffener there are three segments: the faying
flange, the web, and the outstanding flange. Each of
these segmentsiis considered to be a separate discrete
beam (210 elements used) and/or shell unit (410, 411,
or 480 elements). Note: Only 410 shell elements can
be used in the STAGS model if there exist in the
same model discrete beams attached to the shell or to
stiffener webs that are mo deled as shell units.

Fasteners

In STAGSfasteners are like little springs that con-
nect nodes across gaps in the finite element model. It
is sometimes necessary to use fastenersin the
STAGS models produced by STAGSUNIT because
in optimum designs obtained by PANDA?2 (espe-
cially for the cases that are the subject of this study),
the heights of the stiffener webs are sometimes of the
same magnitude as the thicknesses of the panel skin
and faying flanges. Figures 2a,b show a STAGS
model produced by STAGSUNIT in which fasteners
are used. It can be seen, especialy in Fig. 2b, that the
gap between the stringers and the panel skin should
not be neglected. This gap represents the thickness of
the faying flange plus half of the thickness of the
cylindrical skin. (The reference surface of the cylin-
drical skinisits middle surface in this case. See Fig.
5b.) In PANDA?2 models the roots of the stiffener
webs are assumed to be attached to the outer surface
of the faying flange, as shown in Fig. 5a (except with
Z-stiffeners, for which the web line of attachment is
at the middle surface of the faying flange). The
height H of the web is the distance from the root of
the web to the middle surface of the outstanding
flange. Inthe STAGS model shown in Fig. 2b, the
short segments that represent the reference surfaces

of the faying flanges of the stringers are located at the
outer surfaces of these faying flanges (Fig. 5b).

If the user electsin STAGSUNIT not to include fas-
teners (see the appropriate entry near the bottom of
Table 1), the outstanding flanges of the stringers and
the web tips would have the identical locations of
those shown in Fig. 2b, but the web would be ex-
tended radially inward to the reference surface of the
cylindrical shell, asillustrated in Figs. 5c and 6. In
such a case the user would select the outer surface of
the cylindrical shell asthe reference surface (provided
the stringers are external). For external stiffeners
STAGSUNIT would automatically select the inner
surface of each faying flange as its reference surface,
asshownin Fig. 6. Thisisdonein order that all shell
units are properly joined in the STAGS model, that is,
there are no gaps where shell unitsarejoined. STAGS
does not permit gaps between shell units unless these
gaps are "bridged” by fasteners, rigid links, or mounts.

Figures 5 and 6 display examples of fabrications and
their STAGS models. Fig. 5b shows the STAGS
model when the stiffener is attached to the panel skin
with afastener (actually, a"vector" of fasteners along
the web root). Fig. 5c is the STAGS model when there
are no fasteners, and Fig. 6 isthe case where there are
rings and stringers on opposite sides of the shell and
no fasteners.

Inthe STAGS input file*.inp alibrary of fastener
propertiesisincluded with the other libraries of mate-
rials, beam cross section properties, and shell unit wall
properties. The fasteners themselves are entered as
finite element units following datafor all of the shell
units. The PANDAZ2 processor STAGSUNIT always
suppliesjust one entry in the library of fasteners: a
spring with stiffness equal to six times the average of
the axial and hoop stiffnesses of the panel skin. That
i, the fastener spring constant equals 3(C,, + C,, ).

Because of thisrelatively stiff spring the fastener acts
in amanner similar to arigid link. Rigid links were
tried but were found to be unworkable in the present
study because of conflict with certain of the edge and
anti-sidesway conditions discussed in aprevious sub-
section. Rigid links generate L agrange constraints,
some of which involve the same nodal points as the
edge conditions. This duplication of Lagrange con-
straints generatesill conditioned equation systems.
Fasteners do not generate any constraint conditions;
they are simply additional parts of the structure and
contribute to its strain energy. The numerical size of
the STAGS model is much smaller when fasteners are
used than when rigid links are introduced.
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Choice of shell element (410 or 480)

In the writer's opinion (Bushnell) the most reliable
finite element in the STAGS element library isthe
480 [26] because buckling load factors from models
constructed with this element almost always con-
verge from above the "exact" value. Hence, it is al-
most always safe for the user to specify alow-density
nodal point mesh in areas where he/sheis not inter-
ested in obtaining local buckling behavior, such as
near the panel edgesin the cases studied here. Local
buckling will occur first in areas of high nodal point
density.

With use of the 410 element [27] thisis not always
true. Figure 7 shows an optimized, stiffened cylindri-
cal shell. Nodal points are concentrated near the
midlength of the shell. However for the applied |oad
system (axial load Nx = -100 Ib/in and in-plane shear
load Nxy = +150 Ib/in) STAGS finds local skin
buckling everywhere EXCEPT where the nodal
points are most concentrated even though the
prebuckling resultants are uniform over the entire
shell. Thisis not the kind of behavior that leads to
practical (economic) and reliable predictions.

Unfortunately, as STAGS is currently written, it is
not possible to attach discrete beam elementsto a
shell unit constructed of 480 elements. If 480 ele-
ments are used, all of the stiffener partsin each set
(rings and stringers) must either be modeled as shell
units or the stiffener set must be smeared out. Other-
wise, the user must employ 410 elements.

APPROXIMATIONS USED IN PANDA?

Overall model

A complete cylindrical shell ismodeled in PANDA2
asapanel that spans 180 degrees. The number of
buckling halfwaves over 180 degreesisthe same as
the number of full circumferential wavesin aclosed
cylindrical shell. If thereis no in-plane shear or ani-
sotropy and if the 180-degree panel is simply sup-
ported along its two straight edges, then predictions
from the 180-degree panel would be exactly the same
as those from a 360-degree (closed) model. The edge
conditionsfor classical simple support are the same
asthose for antisymmetry. If in-plane shear Nxy
and/or anisotropy are present, that is, if the buckling
nodal lines have a non-zero slope, then the PANDA2
model represents an approximation.

Prebuckled state

1. The prebuckled state of aperfect cylindrical panel

or shell is assumed to be the same asthat for a
complete (360-degree) closed cylindrical shell and
is assumed to be axisymmetric; The stringers are
"smeared” out in the prebuckling computations.
Axisymmetric prebuckling bending caused by the
presence of discrete rings ("hungry horse" defor-
mation [5]) isretained in the PANDA2 model.

2. Prebuckling bending of an imperfect panel or

shell with an imperfection in the form of the gen-
eral buckling mode increases hyperbolically asthe
applied load is increased, approaching infinity as
the applied load approaches the buckling load. (In
PANDA2 the |oad-induced amplification factor
applied to the initial imperfection amplitudeis
limited to 100 in order to avoid numerical insta-
bility.)

3. The"worst" (most destabilizing) stresses from

imperfection-induced non-uniform prebuckling
bending (such asovalization) are assumed to be
uniform over the entire shell in the bifurcation
buckling phase of the computations. These imper-
fection-induced destabilizing prebuckling stress
increments are superposed on the axisymmetric
prebuckled stress state of the perfect shell.

4. Imperfection-induced prebuckling bending is as-

sumed to occur without any local deformation of
the cross sections of skin/stringer modules or
skin-with-smeared-stringer/ring modules.

5. Inan actua imperfect prebuckled shell, the cir-

cumferential radius of curvature varies over the
shell. For example, in anovalized cylindrical shell
the circumferential radius of curvature varies as
Amplit = Wimp ~ cos(2q ), in which Wimp is the
amplitude of the initial imperfection, Amplit is the
amplification factor, greater than unity, from the
hyperbolic increase of imperfection amplitude
caused by the applied loads, and q isthe circum-
ferential coordinate. In PANDA2 the maximum
circumferential radius of curvature at the given
applied load is used as the "effectiveradius'. This
larger-than-nominal radiusis assumed to be con-
stant over the entire shell and is used in the bifur-
cation buckling analyses of the imperfect shell
and subdomains of it that are required to obtain
knockdown factors to account for the sensitivity
of buckling loads to geometric imperfections.

6. Transverse shear deformation effects are not in-

cluded in the prebuckling analysis.

7
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Buckling analysis models with no discretization

1. TheRitz method with alimited number of terms
is used to represent various modes of buckling
[2,9].

2. Inbuckling of structural segmentswhich are
anisotropic and/or in which in-plane shear load-
ing is present, the nodal lines of the buckle pat-
tern can be "slanted", but these nodal lines are
assumed to be straight (except in the "patch”
models described below).

3. Incomputations of local buckling of the panel
skin between adjacent stringers and rings and of
local buckling of stiffener webs, simple support
boundary conditions are assumed along the
edges of whatever local domain is being ana-
lyzed, provided thislocal domain isbounded by
other structure. For example, an outstanding
flange occurs along one boundary of astiffener
web and the shell wall occurs along the opposite
boundary. See Fig. 5 in[2] for an example of this
type of local buckling of the segments of a stiff-
ener.

4. Incomputations of local buckling of stiffener
parts with one or more free edges, it is assumed
that the cross section of that part of the stiffener
does not deform in its buckling mode. It simply
rotates about its line of attachment to other
structure. The outstanding flange of a stiffener
behaves in this manner. Also, the cross section of
ablade stiffener simply rotates about its line of
attachment to the faying flange or panel skin.
The stiffener part is assumed to be simply sup-
ported along its line of attachment to other
structure. For a blade stiffener, the number of
halfwavesin the critical buckling patternisas-
sumed to be the same asthat of the panel skin.

5. Instiffener buckling modesinvolving Tee- or
Jay-shaped cross sections, thereis abuckling
mode in which the stiffener web and outstanding
flange both participate. In thismode it is as-
sumed that the line of intersection of these two
stiffener parts does not displace. (Note, however,
that thisline of intersection DOES displacein
the two stiffener rolling modes described in the
next two items.)

6. Inlocal buckling models of the panel skinin
which rolling of the stiffenersisincluded, it is
assumed that the cross sections of the stiffeners,
while they can rotate about their lines of inter-
section with the panel skin, do not deform. See

Fig. 6ain [2] for an example of thistype of buck-
ling.

Inrolling ("tripping") analyses of astiffener in
which deformation of the web is permitted, the
panel skin is assumed to remain undeformed and
the deformation of the stiffener web is assumed to
occur in amode with a very small number of un-
determined coefficients (Ritz method). The cross
section of the outstanding flange does not deform.
See Figs 6¢,d in [2] for examples of thistype of
buckling.

There are two general buckling models that do not
involve any cross-section discretization:

a. General buckling of the entire panel or shell.
In thismodel the stiffeners are smeared out in
the manner of [28]. The nodal lines of the
buckling pattern, while possibly slanted, must
remain straight [23,24]. ThisRitz model isde-
scribed in[2].

b. General buckling of a"patch" that includes
nine bays, three in the axial direction and three
in the circumferential direction. In this model,
which isdescribed in [9], the edges of the
"patch” are assumed to be simply supported.
Stiffeners are included both aong the edges
and in theinterior of the "patch”, but their
Cross sections, while rotating, are not permit-
ted to deform in the buckling mode. The stiff-
eners along the edges of the "patch" have half
the stiffnesses and densities of those in the in-
terior of the "patch". The buckling deforma-
tions are expanded in a double trigonometric
series with alimited number of terms[9].

In an analogous manner, there are two local buck-
ling models that do not involve any cross-section
discretization:

a.  Local buckling model analogousto (a) in the
previousitem. The nodal lines of the buck-
ling pattern can be slanted but they must re-
main straight, as shownin Fig. 9 of [2].

b. Loca skin buckling model in which the
edges of asingle bay are assumed to be sim-
ply supported. The stiffeners, while they
carry their proper share of prebuckling load,
are neglected in the bifurcation buckling
analysis. Aswith (b) in the previousitem, the
buckling deformationsin the single bay are
expanded in adouble trigonometric series
with alimited number of terms[9].
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Obtaining buckling loads with smeared stiffeners
isunconservative. Certain knockdown factors are
computed in PANDA2 to compensate for this
inherent unconservativeness of the "smeared"”
model. These are described in [10].

Transverse shear deformation effects are ac-
counted for via a knockdown factor developed
from amodified form of the Timoshenko beam
theory, asdescribed in [1].

In PANDAZ2, buckling isALWAY S computed as
abifurcation phenomenon, never as anonlinear
collapse phenomenon. For example, in the case
of general instability of an imperfect shell,
PANDA2 computes the bifurcation buckling

load factor of apanel the radius of curvature of
which has been increased (hyperbolically) be-
cause of imperfection-induced prebuckling
bending.

Buckling models with one-dimensional discretization

1

The"strip" method is used, that is, the discreti-
zation is one-dimensional. A single skin/stiffener
module is included in the model, with symmetry
conditions imposed midbay, as displayed in Fig.
1(b) of [9] for askin/stringer module and in Fig.
30 of [9} for a skin-with-smeared-stringers/ring
module. These one-dimensionally discretized
module models are analogous to the model used
in BOSOR4[18]. In fact, much of the coding
from BOSOR4 (modified somewhat) isused in
PANDAZ2. Variation of buckling modal dis-
placementsin the coordinate direction normal to
the plane of the discretized module cross section
is assumed to be trigonometric, with wavelength
specified by the number of halfwaves in the
buckling pattern over whatever domain governs
(e.g. distance between adjacent rings for the dis-
cretized skin/stringer module model and circum-
ferential length of the panel for the discretized
skin-with-smeared-stringers/ring module model).

Previously in PANDAZ2 the discretized
skin/stringer module model did not include the
curvature of the panel. The optimized configura-
tions developed during the effort required to pro-
duce this paper have dimensions that render the
"flat" discretized module model too conserva-
tive. Therefore, PANDA2 was improved. The
PANDAZ2 user can now choose whether or not to
retain the curvature of the panel skinin this
model. The resultsin this paper were obtained
with use of the curved discretized skin/stringer

module model in PANDAZ2 analyses.

The effects of in-plane shear |oading Nxy and/or
anisotropy are included indirectly. Buckling loads
and mode shapes from the discretized module
models are determined neglecting these effects,
since the BOSOR4 model was never able to in-
clude them. Then aknockdown factor computed
from the non-discretized models described in the
previous subsection is generated. This knockdown
factor is computed by PANDA2's running two lo-
cal buckling analyses with the non-discretized
(PANDA-type[2]) models:

a  Alocal skinbuckling analysisin whichin-
plane shear and anisotropy areincluded,

b. A local skin buckling analysisinwhichin-
plane shear and anisotropy are neglected.

The knockdown factor to account for in-plane
shear Nxy and/or anisotropy istheratio, a/b, of
thetwo local buckling load factors.

Inthelocal postbuckling analysis (the KOITER
branch of PANDAZ2 [3], not used in the study de-
scribed in this paper) a starting value of the slant
of the buckling nodal linesis obtained from the
non-discretized model for local buckling. The ini-
tial mode shape for local postbuckling deforme-
tionsisthat obtained from the discretized
skin/stringer module model with aflat skin. The
postbuckled equilibrium state is obtained from a
system of nonlinear algebraic equationsin which
the unknowns are the amplitude of local post-
buckling displacement of the panel skin midway
between stringers, a"flattening" parameter which
isameasure of the deviation of the local post-
buckling pattern from pure sinusoidal, the slope of
the local postbuckling nodal lines, and the half-
wavelength of thelocal postbuckling patternin
the direction parallel to the stringers. Details are
givenin[3]. The postbuckling model is based on
the assumption of aninitially flat panel skin.

The effect of transverse shear deformation is ac-
counted for via a knockdown factor as described
in the previous subsection.

Effect of imperfections on buckling

1. Thepresence of initial geometric imperfections

has two consequences:

a.  The prebuckling stress state changes because

the imperfect shell bends as soon asany load is
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applied.This causes stresses to be redistrib-
uted among panel skin and stiffener seg-
ments (faying flange, web, outstanding
flange). The redistribution of prebuckling
stresses of course affects local buckling loads
of the various stiffener parts, local buckling
of the panel skin, and lateral-torsional rolling
of the stiffeners.

b. Theradiusof curvature of the panel increases
in some areas and decreasesin other areas.
The PANDA2 models neglect any decrease
and always use the largest radius of the de-
formed panel in the variousbifurcation
buckling analyses.

The effect of stress redistribution is approx-
mated as described in the subsection above on
prebuckled state.

Knockdown factors for general, inter-ring, and
local buckling are computed from the non-
discretized models described above. Buckling
load factors arefirst obtained for the perfect
panel. Then anew (larger) radius of curvatureis
computed from the assumption that this radius
grows hyperbolically with increase in ratio of
applied load to buckling load of the imperfect
shell. A new buckling load is computed. Itera-
tions continue until convergenceis achieved. The
knockdown factor is the ratio of the buckling
load factor of the shell with the larger, con-
verged, radius of curvature to that of the perfect
shell. The buckling modal imperfection shape
used in PANDA2 for buckling and stress analy-
sisisthat corresponding to the deformed shell,
that is, the shell with the larger, converged, ra-
dius of curvature. In this phase of the computa-
tions redistribution of the prebuckling stresses
due to imperfection-induced prebuckling bend-
ing is not included. The knockdown factors re-
flect only the effects of change in geometry due
to theinitial buckling modal imperfection as am-
plified by the applied loads. The effect of the
stress redistribution during imperfection-induced
prebuckling bending is accounted for in other
sections of the PANDA 2 code because the lo-
cally increased destabilizing stressresultants are
used in the various local buckling, postbuckling
and stress analyses of the perfect structure.

Another set of knockdown factorsfor general,
inter-ring, and local buckling is computed from
part of Arbocz' theory as described in [6,20].
Thisisthe part of Arbocz' theory anal ogous to
Koiter's special theory [29]. Koiter's special the-

ory yields buckling knockdown factors for axially
compressed monocoque cylindrical shells based
on the assumption that the initial imperfectionis
axisymmetric and variessinusoidally in the axial
direction with an axial wavelength egqual to that of
the axisymmetric buckling mode of the perfect
shell. The decrease in buckling load from that of
the perfect shell is caused by induced hoop com
pression in circumferential bands where the gen-
erator of the imperfect shell is bowed inward axi-
symmetrically. Arbocz [20] extended the Koiter
special theory to handle cylindrical shellswith a
general orthotropic 6 x 6 constitutive matrix.

5. For each type of buckling (general, inter-ring,
local) PANDA 2 uses the minimum knockdown
factor from the theory with hyperbolically in-
creased radius of curvature and from Arbocz' the-
ory.

Miscellaneous approximations

PANDA 2 computes stress and buckling margins cor-
responding to two locations along the axis of aring-
stiffened panel: 1. midway between rings, called " Sub-
case 1" and 2. at the ring stations, called " Subcase 2".
Prebuckling conditions are different at these two loca-
tions because of the axisymmetric "hungry horse" de-
formation caused by the rings (described in [5]). Gen-
eral instability calculations and the calculations in-
volving the three-bay by three-bay "patch™ model [9]
are performed only for Subcase 1. If there exists an
initial general buckling modal imperfection, PANDA2
employs the user-supplied amplitude of it in the Sub-
case 1 computations and the negative of that amplitude
in the Subcase 2 computations. The prebuckling
stresses that exist at each of the two locations are as-
sumed by PANDA2 to be uniform over the entire shell
during the bifurcation buckling phase of the analysis.

Margins for an optimized design of a Z-stiffened shell

Table 6 lists all the margins computed for one load
case and one of the two subcases for that load case.
(Subcase 1 corresponds to conditions midway between
rings and Subcase 2 correspondsto conditions at aring
station.). The datain Table 6 are for an optimized im
perfect 4-layered angle-ply cylindrical shell stiffened
by rings and stringers of orthotropic material with Z-
shaped cross sections. The shell is subjected to acom
bination of uniform axial compression, Nx =-700 Ib/in
and in-plane shear, Nxy = +40 |b/in. (See Tables 7 and
8 for specifics about the optimum design.)

Margins 1- 11 in Table 6 are generated from discre-
tized single module models and Margins 12- 37 are
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generated from models with no discretization. There
are many stress constraints because each layer of the
panel skin and each stiffener segment are orthotropic.
Each of the two orthotropic material s has associated
with it five stress allowables and therefore generates
five stress constraints: maximum tension along fibers,
maximum compression along fibers, maximum ten-
sion normal to fibers, maximum compression normal
to fibers, and maximum in-plane shear stress. (Mate-
rial 1isused in the panel skin, and Material 2 is used
in all the stiffener parts.) In this particular case none
of the stress constraintsis critical for the optimum
design. The shell islightly loaded. Local postbuck-
ling is not permitted. (The factor of safety for local
buckling is 1.0.) Therefore the optimum design is
governed by buckling constraints, not stress con-
straints. The most critical margins are Margins 1, 2,
10, 11, 28, 29, and 30, all buckling margins.

More than one margin listed in Table 6 may represent
adifferent model of approximately the same physical
behavior. For example, Margins 2, 10, and 32 may all
represent different models of lateral-torsional buck-
ling of a stringer with and without participation of the
panel skin. Margins 1, 2, and 28 all represent differ-
ent models of local buckling of the panel skin be-
tween adjacent stringers and rings. Margins 1 and 2
include rolling of the stringer cross section and Mar-
gin 28 does not. Margins 11 and 30 may both repre-
sent buckling of abay between adjacent rings with
little or no participation of the ringsin the buckling
mode. It turns out that for all the cases studied here
Margin 30, although defined as aform of "general
buckling", is primarily inter-ring buckling or local
buckling. (Margin 30 is generated from the three-bay
by three-bay model mentioned above and described
indetail in[9]. It turns out that, of al the coefficients
of the doubl e trigonometric series expansion of the
buckling mode, the coefficients corresponding tom=
3 axial, n = 3 circumferential halfwaves are the larg-
est in most of the cases studied here.)

The string "SAND" in Margins 28- 37 means that
Sanders' shell theory [30] was used to obtain the
buckling predictions.

The precise meaning of many of the marginslisted in
Table 6, especially those regarding buckling of stiff-
eners and parts of stiffeners, are givenin [6].

From the long list of margins, each one representing
apossible mode of failure of the structure, it is seen
that the philosophy used in PANDAZ2 isto examine
many different phenomena separately, each onein an
approximate manner in an attempt to obtain reason-
able optimum designs for which no mode of failure

has inadvertently been overlooked. In PANDA2 avery
complex problem is divided into many relatively sim
ple parts. Because each part is numerically small,
cases run fast on the computer. The PANDA2 model-
ing istherefore ideal for use with optimization. Many
assumptions and approximations are made in the proc-
ess. Therefore, the suitability of the optimum designs
obtained by PANDA 2 must be checked by exercising
amore general and more rigorous analysis such as that
embedded in the STAGS computer program [11- 13].

The philosophy in STAGS isto permit the high-
fidelity analysis of acomplex structure which may
exhibit complex nonlinear behavior. The failure of the
structure as predicted by STAGS may represent some
combination of the several possible failure modes ex-
amined in many separate analysesin PANDA2. The
main purpose of this paper isto determineif, for the
cases studied here, the optimum designs developed by
PANDA?2 are safe but not overly conservative, ac-
cording to predictions by STAGS.

RESULTS FROM PANDAZ2

Introduction

Optimum designs of perfect and imperfect cylindrical
shells stiffened by rings and stringers with Blade, Tee,
and Zee cross sections are found with use of PANDA2
then analyzed with STAGS. In the cases studied here
both rings and stringers always have the same type of
cross section (Blade, Tee, Zee) and the stringers are
always external and theringsinternal. All stringersare
the same and all rings are the same. The cross section
dimensions of a stringer may be different from that of
aring. Note that the case called "Tee" might well have
been called "I", since the Tee stiffeners have faying
flanges. Theterm "Tee" isused here becausethat is
the nomenclature used in PANDAZ2. Unlike the Tee
stiffeners and the Zee stiffeners, the Blade stiffeners
have no faying flanges in the cases studied here.

Table 7 lists the names and definitions of all the vari-
ables that may change during optimization cycles (de-
cision variables and linked variables). Table 8 lists the
values of the variables before and after optimization
and also gives other data pertaining to all cases.

The lower and upper bounds of stringer spacing
B(STR) and ring spacing B(RING) are set so that if
the optimum design corresponds to bounds of these
variablesthere will be an integral number of equally
spaced stiffenersin the complete (360-deg.) cylindri-
cal shell of length 60 inches and radius 6 inches. The
STAGSUNIT processor is programmed so that if a
user supplies acircumferential length (called L2 in the
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prompt in Table 1, "Panel length in the plane of the
screen, L2", and called YSTAGS in STAGSUNIT
and Y in some of the tables) that isless than 80 per
cent of that corresponding to the complete (360 deg.)
cylindrical shell, STAGSUNIT changes the user's
input so that the circumferential length Y used in the
STAGS model is equal to an integral number of
stringers with spacing equal to the value B(STR) in
the PANDAZ2 data base. If the user suppliesan "L 2"
that is greater than 80 per cent of 360 degrees of cir-
cumference, STAGSUNIT setsL2 equal to 2pr . The
axial length supplied by the user in STAGSUNIT is
treated differently. STAGSUNIT does not change the
user's input but changes the ring spacing B(RNG) to
onein which an integral number of ringsfitsinto the
length XSTAGS supplied by the user. If this new
spacing is significantly different from the PANDA2
value B(RNG), STAGSUNIT prints awarning mes-
sage. The original value of B(RNG) in the PANDA2
data base remains unchanged after completion of the
STAGSUNIT process.

Results were first obtained for the Blade stiffened
perfect and imperfect cylindrical shells. It was diffi-
cult to find global optimum designs, especially for
the imperfect shell, for areason that will be explained
in the next subsection. However, after many, many
executions of the global optimizer SUPEROPT, it
was found that the minimum-weight design corre-
sponds to that with both the stringer and ring spac-
ings at their lower bounds, 1.885in. and 4.0in., re-
spectively. Therefore, in therunsinvolving Tee and
Zee stiffeners the stringer spacing was fixed at
B(STR) = 1.885 in. and the ring spacing was fixed at
B(RNG) = 4.0in.

Resultsfor all casesare listed in Tables 8 - 18. Typi-
cal models and predictions from PANDA?2 and
STAGSaredisplayedin Figs. 8 - 40.

Resultsfrom PANDA?2

Results from PANDA?2 are listed primarily in Tables
8 - 12. Plots generated by means of the PANDA?2
processors, CHOOSEPLOT and DIPLOT, appear as
Figs. 8 - 15. All of these figures apply to the blade
stiffened option.

Optimization of the perfect Blade stiffened shell

Figure 8 shows the objective (objective = weight of
180 degrees of the cylindrical shell) vsdesign itera-
tions during the first execution of the global opti-
mizer, SUPEROPT. Each relatively high spikein the
plot represents a new "starting" design generated by
AUTOCHANGE [6]. In this execution of SUPER-

OPT the user specified that PANDAOPT be executed
five times after each execution of AUTOCHANGE.
SUPEROPT keeps running as long as the total number
of design iterationsislessthan 270.

Before this execution of SUPEROPT the user chose a
modeling index, IQUICK=1 inthe MAINSETUP
processor. With IQUICK = 1 the discretized skin-
stringer module model is not used [1].

The spacings of the stringers and rings were permitted
to vary between the bounds listed near the bottom of
Table 8. The minimum weight for an “ALMOST
FEASIBLE” design was 2.12 Ibs. after completion of
the run. (As explained in previous papers on
PANDAZ2, the PANDA2 optimizer terms adesign for
which any margin islessthan -0.05 as “UNFEAS -
BLE,” adesign for which all margins are greater than -
0.05 but some margins are less than -0.01 as“AL-
MOST FEASIBLE,” and adesign for which all mar-
gins are greater than -0.01 as“FEASIBLE”. PANDA2
accepts“ALMOST FEASIBLE" designs.)

Results from another execution of SUPEROPT are
shown in Fig. 9. In this case the spacings of the string-
ersand rings were fixed at B(STR)=1.885 and
B(RNG) = 4.0 in., respectively, and the modeling in-
dex IQUICK = 0. The user chose to retain the curva-
ture of the shell in the discretized single module model
[10]. SUPEROPT produced essentially the same opti-
mum design of the perfect shell asthat produced by
the run with IQUICK=1.

Figure 10 displays the most critical margins (generated
during the execution of SUPEROPT with IQUICK =
0) corresponding to Load Set # 1, (Nx,Nxy) = (-700,
+40) Ib/in, and Subcase 1, conditions midway between
rings. (Conditions at midbay are different from those
at the ring stations because of "hungry horse"
prebuckling axisymmetric bending [5].) It is hard to
see which of the margins governs the evolution of the
design because the plot is so crowded.

However, the most critical margin names for all cases
arelistedin Table 9, and Tables 10 and 11 give the
values of these for Load Set 1 and Load Set 2, respec-
tively, corresponding to the optimum designs for

all cases. For the perfect Blade stiffened cylindrical
shell and for Load Subcase No. 1, Margins 1, 11, 12,
13, and 21 arecritical or nearly so, and Margins 2, 4,
18, and 20 are al lessthan 0.4. For the perfect Blade
stiffened shell and for Load Subcase 2, Margins 1, 2,
3,4, and 11 arecritical or nearly so, and Margin 7 is
lessthan 0.4. The optimum design is"ALMOST
FEASIBLE" because Margin 2 for Subcase 2 is-.048.
There are fewer critical and almost critical margins for
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Load Set 2, the load set in which the shell is under
much more in-plane shear, Nxy. These arelistedin
Table 11. Note that the margin definitionsin Table 9
contain strings such as "M=9", m=2, "M=1;N=2",
"dope=100.", "z=0.0125", etc. In the different cases
these values will be different. Consider Table 9 to be
asampleonly. The types of buckling remain the
same but the numbers of halfwaves, slope of buckling
nodal lines, coordinate z through the thickness, etc.
will change from case to case.

Optimization of the imperfect Blade stiffened shell

An imperfection in the shape of the general buckling
mode is introduced into the PANDA2 model. The
amplitude of the imperfection isWimp = 0.025 in.

Figure 11 shows the results of one of many (26) SU-
PEROPT runs executed to get the global minimum-
weight design. In all runs the stringer and ring spac-
ings were fixed at B(STR) = 1.885 in. and B(RNG) =
4.0in., respectively. PANDA2 has a hard time find-
ing the global optimum as can be seen from the
"jumpy" nature of the plot in Fig. 11. The minimum
weight, 2.548 |bs for 180 degrees of the shell, isvery
close to the minimum value reached in Fig. 11 just
before 100 iterations. During the many SUPEROPT
runs PANDA?2 found that minimum rarely, less than
once on average for each execution of SUPEROPT.

In order to find out why the plot in Fig. 11isso
"jumpy", asingle PANDAOPT execution was made
with 20 design iterations, as shown in Fig. 12. Prior
to this execution the input file for the PANDA?Z2 proc-
essor DECIDE was changed by putting very tight
bounds on the decision variables and DECIDE was
rerun. The starting design is the optimum design with
weight 2.548 Ibs. Figure 12 shows the objective and
Fig. 13 the margins for Load Set 1, Subcase 1. Note
that the most critical margins, “simple support local
buck.” and “rolling with local buck.” are oscillating
with almost every iteration. The objective (Fig. 12)
drifts above the optimum weight, 2.548 |bs.

Theresultslisted in Table 12 help to reveal what is
happening. Table 12 gives general instability load
factors for an imperfect shell (shell with alarger ra-
dius than the nominal radius of 6.0 in.) from the
PANDA-type model (nondiscretized model [2,10])
for three designs that are very close to eachother. For
each of the three neighboring designs, six eigenval-
ues (general buckling load factors) and corresponding
mode shapes (mn,slope=axial halfwaves, circumfer-
ential halfwaves, slope of the buckling nodal lines)
are given. These are the results of a search by
PANDAZ2 over six regionsin (m,n,slope) spacein

order to determine the lowest (most critical) load fac-
tor and mode shape [10].

Note that for each of the three neighboring and nearly
optimum designs, the mode shapes corresponding to
the most critical general buckling load factor are very
different. For the first design (the optimum design
determined after all those executions of SUPEROPT),
the critical load factor and mode shape are
2.08(1,4,0.228). For the second and third neighboring
designsthe critical valuesare 2.32(7,5,0.) and
2.27(10,6,0.), respectively.

Remember that PANDA 2 uses the general buckling
mode (mn,slope) of the imperfect shell in order to
determine the effective radius of the loaded, imperfect
shell and to determine the redistribution of prebuck-
ling stressresultants and stresses caused by prebuck-
ling bending of the imperfect shell. The amount of
prebuckling bending will differ considerably for the
three different critical modes of the three neighboring
designs. The modes with the highest number of axial
and circumferential halfwaves will cause much greater
curvature changes and hence much greater additional
destabilizing prebuckling stressesin the various stiff-
ener segments and panel skin than that with the fewest
number of waves. It is primarily the local buckling
margins that are affected by stress redistribution and
change in the effective circumferential radius of cur-
vature. The effective radius of the panel skinis great-
est for the third design, for which there are the highest
number of circumferential halfwavesin the critical
general buckling mode (n = 6).

From design iteration to iteration the mode shape for
general buckling of the imperfect shell oscillates from
the relatively long-wavelength mode of the type dis-
played for the first design to the shortest-wavelength
mode of the type displayed for the third design. This
abrupt switching of the critical general buckling mode
shape from iteration to iteration causes the dramatic
oscillations of the local buckling margins shown in
Fig. 13 and makes it very difficult for PANDAZ2 to
find global optimum designs of the imperfect shell in
this particular case.

Figure 14 demonstrates the same problem in adiffer-
ent type of PANDAZ2 analysis: sensitivity of the opti-
mum design of the imperfect Blade stiffened cylindri-
cal shell to changesin the height H(STR) of the
stringers. The optimum design of the imperfect Blade
stiffened shell islisted in Table 8. There, the optimum
stringer height is given asH(STR)=0.2272 in. It is
seen from Fig. 14 that for H(STR) slightly less than
the optimum value there is alarge jump in the two
local skin buckling marginsand asmaller jump in the
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buckling margin for "stringer seg. 3" (PANDAZ2 jar-
gon for the web or Blade stiffener in this case). At the
top of the jump the general buckling mode shape of
the imperfect shell has the mode shape corresponding
tothefirst design of Table 12. At the bottom of the
jump, where the local buckling margins are signifi-
cantly negative, the imperfect shell has the mode
shape corresponding to the third design of Table 12.
The design sensitivity is essentially infinite at the
jump. The very large gradients in buckling behavior
there make it difficult for PANDAZ to find the global
optimum design.

Load interaction curve, Nx(crit) vs Nxy(crit)

Figure 15 shows load-interaction curves generated by
PANDAZ2 for the optimized imperfect Blade stiffened
shell for the margins listed in the legend. The two
sets of applied loads, (Nx,Nxy); = (-700,+40) Ib/in
and (Nx,Nxy), = (-100,+150) Ib/in, are included in
the figure as two points. These two points, somewhat
hard to see, fit just inside the interaction curves near-
est the origin, asisto be expected. The most sensi-
tivity to theinitial general buckling modal imperfec-
tion with amplitude Wimp (general) = 0.025 in. is
exhibited by the two curvesfor local buckling. The
reduction in capacity from the corresponding curves
for the perfect shell is due to the redistribution of
compressive membrane prebuckling stress resultants
to the panel skin and to theincrease in effective cir-
cumferential radius of curvature of the cylindrical
shell bothinitially and asit bends under the applied
loads.

Discussion of PANDA2 results for all cases

The PANDA2 predictionsfor all casesarelisted in
Tables 8 - 11. The following points pertain to the
resultsin Table 8:

1. Thelayup angle ANG of theangleply, [ANG,
-ANG,-ANG, ANG]ota , @pproachesits upper
bound, 70 degrees, in al cases. Given the two
load sets, (Nx,Nxy); and (Nx,Nxy),, the best de-
sign for both the perfect and imperfect shellsis
onein which at least 87 per cent of the axial load
iscarried by the stringers. (The case for which
the skin carries the highest percentage of the ax-
ial load isthe optimized perfect shell with the
Blade stiffeners.)

2. Thethicknesses of all segments of the rings ap-
proach the lower bound of 0.03 in. For theim-
perfect shell with the Tee stiffeners, the widths
of all the ring segments are essentially at the

lower bound of 0.10in.

3. TheBlade stiffened shells are the lightest. How-
ever, this may be an artifact of lower bounds on
stiffener segment dimensions that are set fairly
high.

4. For al the optimized perfect shellsand for the
imperfect shell with Zee stiffeners the heights
H(STR) of the stringers are not large compared to
the thickness of the skin plus stringer faying
flange. This geometry may lead to the require-
ment that fasteners be used in the STAGS models
in order to permit proper modeling of the junction
between the stringer root and reference surface of
the cylindrical shell. Figures 5 and 6 shows how
the STAGS models are constructed with and
without fasteners. If one of the critical or nearly
critical types of buckling includes rolling of the
stringersin alateral-torsional mode, then the no-
fastener STAGS model that requires extension of
the web through the faying flange to the surface of
the cylindrical shell, as shown in Figs. 5¢c and Fig.
6, may lead to overly conservative predictions of
bifurcation buckling and collapse in the lateral -
torsional mode.

5. The optimum cross sections of the stringer faying
flanges, especially for the perfect and imperfect
shells with Zee stiffeners and the imperfect shell
with Tee stiffeners, are not really practical, being
too "square”. Probably a smaller upper bound
should have been used for the thicknesses of these
stringer parts.

The following points pertain to the resultsin Tables 10
and 11:

1. Themost consistently critical margin for all cases,
both for Load Set 1 (Table 10) and Load Set 2
(Table 11), isMargin No. 11, “simp-support local
buck.; (0.95*altsol)...”. Thismargin is computed
viathe alternate double trigonometric series ex-
pansion solution (hence the string " atsol™) de-
scribed in[9]. The string "local buck." Refersto
local buckling of the panel skin. The stringers and
rings are neglected in the bifurcation buckling
phase of the computations. (They absorb their
share of the prebuckling load, however.) The four
edges of thelocal domain, that is, the domain
bounded by adjacent stringers and rings, are as-
sumed to be simply supported in the bifurcation
buckling phase of the analysis. In general, this
may or may not be a conservative model. It de-
pends on whether the dimensions are such that
stiffener rolling forces the skin to buckle (stiffen-
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erstoo weak relative to the skin) or whether the
stiffeners help to prevent rotation of the skin
about its edges (stiffeners too strong relative to
the skin). In all the cases run here the " atsol”
model of local buckling turns out to be conser-
vative, especially for Load Set 2 (applied in-
plane shear dominates) in which the stiffeners
are not heavily loaded in axial compression.

Margin 13 is often critical or nearly soin Load
Set 1. Thismargin is computed from the three-
bay by three-bay "patch" model discussed previ-
ously and described in detail in [9]. Although the
string, “general buck.”, occursin the identifying
phrase for Margin 13, it turns out that in the
cases studied here the buckling mode derived
from this model resembles buckling between
adjacent rings and stringers (aform of local
buckling) because the trigonometric terms with
m= 3 axial halfwaves and n = 3 circumferential
halfwaves over the "patch" dominate the double
trigonometric series expansions for the normal
displacement (w) field.

Margin 4, "Inter-ring buckling, discrete model..."
is often critical in Load Set 1. Thismargin is
computed from the discretized skin-with-
smeared-stringers/ring module model mentioned
above and described in detail in[9]. Itisa
PANDAZ2 model in which deflection normal to
the panel skin at the ring web root is prevented
and symmetry conditions are imposed midway
between rings. (See Fig. 30 of [9]).

Margin 21 only applies to the shells with Blade
stiffeners for which there are no faying flangesin
the particular cases studied here. Inthe PANDA2
processor BEGIN the user isforced to supply a
non-zero value for the width B2(STR) of the
base under the stringer, even if thereisno faying
flange there. When there is no stringer faying
flange and when the discretized skin-stringer
module model is used (IQUICK=0), it is advan-
tageous from anumerical point of view to force
the width of the stringer base always to be ap-
proximately one third the spacing B(STR) be-
tween stringers as the cross section evolves dur-
ing design iterations. Thereisan internal ine-
quality constraint imposed by PANDA?2 that the
stringer base must not exceed one third of the
stringer spacing. In the cases studied here in-
volving Blade stiffeners alinking constraint is
introduced by the user during processing with
DECIDE: The stringer base must always equal
0.3333 times the stringer spacing. Hence, Margin
21 isawayscritical for the casesinvolving

Blade stringers. It does not effect the evolution of
the design, however.

RESULTS FROM STAGS

Introduction

The various STAGS models of the perfect and imper-
fect panels optimized by PANDA?2 are identified in
Table 13. All of these models except Model "0" are
generated by execution of the new PANDA 2 processor
STAGSUNIT. Table 14 lists the types of buckling
observed to occur. Sometimesit is necessary to spec-
ify "2,3" if skin buckling and stiffener rolling appear
to play approximately equal rolesin the buckling pat-
tern. Similarly, a specification "4,5" indicates a mode
which appearsto be the average of "4" and "5". Occa-
sionally, a specification such as"2,3,4" is appropriate.

The STAGS predictions for bifurcation buckling and
collapse are listed for the Blade stiffened panels and
shellsin Tables 15 and 16, for the Tee stiffened panels
and shellsin Table 17, and for the Zee stiffened panels
and shellsin Table 18. Tables 16 - 18 are divided into
three categories from top to bottom:

1. buckling of the optimized perfect shells

2. buckling of the optimized imperfect shells treated
asif they were perfect

3. buckling of optimized imperfect shells with non-
zero amplitudes for imperfectionsin the shapes of
buckling modes.

The STAGS predictions listed under the third cate-
gory, perhaps the most important in this paper, are
loads at which anonlinear STAGS analysisindicates
collapse occurs for an initially imperfect shell.

Also listed in Tables 15 - 18 are buckling load factors
from PANDAZ2. These predictions appear on the right-
hand halves of the tables near the top of each of the
three categories. They are listed under the five head-
ings, "Stringer segment”, "Lateral torsion”, "L ocal
skin", "Inter-ring" and "General buckling". For each of
the two load sets, called "Load 1" and "Load 2" in
Tables 15 - 18, the values listed correspond to the
lowest predictions from either Subcase 1 (conditions at
midbay) or Subcase 2 (conditions at rings). Note from
Tables 9 — 11 that there are more than five buckling
margins from PANDAZ2. For each of the two load sets
the writer (Bushnell) selected the smallest margin that
would fit into one of the five headings. For example,
under “Inter-ring” are mostly listed the smallest of
Margins 13 (Table 9) from Subcase 1 and Subcase 2.
Thisis because Margin 13, based on the three-bay by
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three-bay "patch" model [9], captures a buckling
mode that is primarily inter-ring or local buckling
rather than general buckling in the particular cases
investigated here. Also, often listed under "L ateral-
torsion" are the smallest of Margins 2, "Long-wave
local buckling, discrete model”, from Subcase 1 and
Subcase 2 because this type of buckling often resem-
bles alateral-torsional stiffener rolling mode with
participation of the panel skin. The buckling load
factors from PANDAZ2 listed in thefirst (top) and
third (bottom) categoriesin Tables 16 - 18 can be
obtained from the marginslisted in Tables 10 and 11
by adding one to the appropriate margins. Table 9
must be used to obtain the definition of the margin. In
this way the reader can determine exactly what kind
of buckling corresponds to the PANDA 2 buckling
load factors selected for listing in Tables 16 - 18.

In Tables 15- 18 n isthe number of circumferential
halfwaves and mis the number of axial halfwavesin
whatever domain is being considered. n isthe number
of circumferential halfwavesin the 180-degree
PANDA2 model and n isthe number of full circum-
ferential wavesin the STAGS model of the closed
(360-deg.) cylindrical shell.

One can see examples of the various STAGS models
and various types of buckling in Figs. 16 - 26. Fig-
ures 16 a-c show buckling of the skin in one 4.0 x
1.885 inch bay. The stringers and rings have been
replaced by constraints that the normal buckling nmo-
dal deflection w be constant along all four edges.
Figures 16 d- f show buckling of one bay in which
stiffeners with half the nominal stiffness and density
are located along the four edges. The models depicted
inFigs. 16 are all of type“1” in Table 13. Figure 17
shows skin buckling in a STAGS model of type“2.”
Figure 18 shows an example of STAGS model type
“3" for which the lowest buckling load has a mode
which is primarily inter-ring buckling with major
deflection of some of the stringer roots, that is, buck-
ling mode type “5” listed in Table 14. Figure 19a
shows a STAGS model type “4” with abuckling
mode that might be considered an “average” of
buckling types “2” and “3” in Table 14. Figure 19b
displays the mode of collapse of the same Tee stiff-
ened shell with a buckling modal imperfection with
shape given in Fig. 19a and with initial amplitude of
0.01 in. The mode of collapse is more of type“2” in
Table 14 than of type “3.” Figures 20 - 22 show the
lowest buckling mode of a Blade stiffened shell with
use of STAGS model type “5”" in Table 13. The
buckling mode is of type “5” in Table 14. Strictly-
speaking, the buckling mode shown in Figs20 - 22 is
atype of general instability because the roots of the
ring webs deflect in the radial direction, as shown in

Fig. 22. However, comparison of Figs. 21 and 22,
which are plotted to the same scal e, demonstrate that
the amplitude of the ring deflection is far less than that
of the shell midway between rings. Figures 23, 24 and
25 al show examples of STAGS model type"5", with
buckling of types"6", " 7" and "8", respectively. Figure
26 shows a STAGS model type "3" with buckling of
type"9".

In the writer's opinion (Bushnell) the most significant
results of this study are listed under the third category
(bottom) of Tables 16 - 18. These are collapse |oads of
imperfect cylindrical shellsoptimized by PANDA?2.
PANDA2 predicts failure of such shellsat aload fac-
tor very close to unity. The collapse load factor pre-
dicted by the best STAGS models varies from alow of
about 0.92 for the Tee stiffened shell to a high of about
1.09 for the Blade stiffened shell.

Results from STAGS for the Blade stiffened shells

Tables 15 and 16 contain the predictions.

Table 15 pertainsto local buckling of the panel skin
between adjacent stiffeners. The best STAGS model
for skin buckling of the stiffened shell isthat of type
"2", showninFig. 17. The STAGS predictions are
about 18 per cent above the PANDA2 prediction of
skin buckling for Load Set 1 and about 30 per cent
above the PANDA2 prediction for Load Set 2. Most of
the differenceis caused by the presence of the stiffen-
ersinthe STAGS model. In this case the stiffeners,
according to the STAGS prediction, help the skin to
resist buckling. The STAGS model of skin buckling
that is closest to the PANDA2 model isthat of type
"0". For that model STAGS and PANDA?2 yield buck-
ling load factors for skin buckling within about 5 per
cent of eachother for both load sets. The model leading
to the lowest STAGS prediction for skin buckling,
0.831, alowsthe two straight edges to undergo in-
plane warping both in the prebuckling and bifurcation
phases of the analysis. The prebuckled state of
prestressis significantly nonuniform. This unrealistic
condition also exists for the model associated with the
skin buckling load factor 0.974. The model leading to
the second lowest STAGS prediction, 0.957, yields a
peculiar buckling mode. It is essentially the same as
that shown in Figs. 16a and 16¢. Note from Fig. 16c
that there exists a uniform normal buckling modal
displacement w along the four edges of the panel, a
buckling modal deformation permitted by the STAGS
models generated viathe PANDA2 processor STA G-
SUNIT, but not likely to occur in an actual structure
because of edge restraint provided by stiffeners. For-
tunately, this“spurious” modeisrare and can easily be
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avoided through the use of STAGS models with stif f-
eners along the edges.

Table 16 lists buckling predictions from PANDA2
and STAGS for the three categories described in the
introduction to this section: perfect shell, imperfect
shell with imperfection amplitude set to zero, and
imperfect shell with a nonzero imperfection ampili-
tude. The smallest buckling load factors from the
many STAGS models, 0.975, 0.964, 0.961, 0.978,
indicate that the PANDA2 model for buckling of the
perfect shell is slightly unconservative for buckling
under Load Set 1. The buckling mode shape associ-
ated with the "best" (largest) STAGS model that
yields abuckling load factor less than unity is shown
in Figs. 20 - 22. Thistype of buckling is approx-
mated best by the PANDA2 "patch" model with the
domain that includes three bays in each of thetwo in-
plane shell coordinate directions[9].

For the perfect shell it was time consuming to dis-
cover general buckling modes for model type "5" (the
entire shell). They were embedded in adense array of
modes of the type displayed in Fig. 20. As shown
especialy in Figs. 23 and 24 the general modes are
often "polluted" by local waviness. In the case of the
imperfect shells with Zee stiffeners this"pollution™
prevented the use of STAGS models of the type "5"
for predicting collapse of the imperfect shellswith
general buckling modal imperfections.

In the case of the optimized imperfect Blade stiffened
shell with imperfection amplitude Wimp = 0, the
smallest few buckling eigenvalues are associated
with simple ("pure") general modes of the type
shown in Fig. 25. The first "semi"-general mode of
the type displayed in Fig. 20 is associated with the
ninth eigenvalue in this case. Thisfortunate charac-
teristic holds for both load sets and makesit rela-
tively easy to determine with STAGS the collapse
load of the entire shell with a general buckling modal
imperfection for each of the two load sets. Unfortu-
nately, the optimized imperfect shellswith Tee or
Zee stiffeners behave differently.

There aretwo entrieslistedunder PANDA 2 RE
SUL TS, oneinthe middle section of Table 16 and
the other in the bottom section, that appear to conflict
with the STAGS predictions. The values 1.046 and
1.034 that are listed under the heading " Stringer seg-
ment" are buckling load factors corresponding to
Margin No. 7in Table 9, “buckling margin stringer
Iseg.3...”. In PANDAZ2 jargon "stringer 1seg.3" means
buckling of the stringer web, or in casesinvolving
Blade stiffeners, buckling of the stringer. With Blade
stiffeners, PANDA 2 assumes that the web root is

simply supported (hinged) to the panel skin and the
critical number of axial halfwavesin the buckling
pattern of the stringer is equal to that found in the local
buckling analysis of the panel skin. When the discre-
tized skin-stringer panel module is used this critical
number of axial halfwaves between ringsistaken to be
the one associated with the lowest buckling load factor
corresponding to either Margin 1 or Margin 2in Table
9. In thisinstance the critical number of axial half-
waves between rings is one for both the entry 1.046
(middle section of Table 16) and the entry 1.034 (bot-
tom section). This PANDA2 model is usually avery
conservative model of what happensin the actual very
complex structure.

As seen from the STAGS predictions listed under the
third category in Table 16 (bottom section), the load
factors corresponding to collapse exceed unity for all
the STAGS models. Unlike the PANDA2 model of
buckling of the imperfect shellsin which only ONE
component of buckling modal imperfection isused, in
the STAGS models TWO components of initial imper-
fection are introduced, one corresponding to a general
buckling mode shape of the type shown in Fig. 25 and
the other to a"panel” (inter-ring) mode shape of the
type shown in Fig. 20. This difference in modeling
between PANDA2 and STAGS seemsjustified be-
cause the optimum design of the imperfect Blade stiff-
ened shell found by PANDA?2 is associated with
neighboring general buckling modes that have very
different mode shapes, as discussed in connection with
thedatain Table 12 and Figs. 12 and 13. One of the
mode shapes that is listed in the top section of Table
12 resembles the STAGS mode displayed in Fig. 25.
The other, listed in the bottom section of Table 12,
resembles the STAGS mode displayed in Fig. 20.

The maximum collapse load factor, 1.361, is obtained
when only ageneral buckling component,
Wimp(genera), isintroduced. (Thereisalso avery,
very small component Wimp (panel) = 0.0001 inch
included to act as atrigger for incipient inter-ring
bending in this case.) The collapse |oads associated
with the imperfection component Wimp (panel) = 0.01
in. areall fairly close. They are not strongly dependent
on whether the general buckling modal component is
present or whether it has 3 or 4 circumferential waves.

Figures 27 and 28 correspond to the Load Set 1 case
with Wimp (general) = 0.025 inch withn = 4 circum-
ferential waves and Wimp(panel) = 0.01 inch. The
"collapse” load is near aload factor of 1.087. Figure
27 revealsthat "collapse" occurs when the skin dim-
plesinward very locally at certain discrete locations on
the shell surface. A nearly identical pattern of local
deformation repeats at 90-degree intervals around the
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circumference, consistent with the n = 4 general
buckling modal imperfection shape. Figure 28 shows
the extreme fiber axial strain at one of the dimple
peaksin the region where the nodal point density is
the highest.

Note from Fig. 28 that the shell does not actually
collapse at the load factor of 1.087, but carries addi-
tional load above thislevel. However, in the cases
studied here we define failure asinitial buckling, not
total collapse. The shells are designed by PANDA2
with the local buckling load factor set equal to unity.
Hence, local postbuckling is not allowed in the
PANDA2 models investigated in this paper.

Figure 29 shows the collapse mode for the case when
just Wimp(general) = 0.025 inch (n=3 circumferential
waves) isincluded in the STAGS model. Collapseis
indicated in Fig. 30 very near aload factor of 1.361
when the maximum hoop compression in the cylin-
drical skin at three circumferential locationsand in
the band where nodal point density is highest in-
creases very steeply with load. The maximum hoop
compression in the panel skin occurs where thereis
maximum inward circumferential bending. Since the
rings are internal, overall inward circumferential
bending of skin, stringers and rings as Wimp(general)
isamplified by theincreasing applied load subjects
the cylindrical skin to increasing hoop compression.
The rate at which the hoop compression devel ops
grows approximately hyperbolically asthe applied
load approaches the collapse load. Nonlinear con-
tinuation fails as the primary nonlinear equilibrium
path approaches a bifurcation near the load factor,
1.361. When the user-supplied maximum number of
cutsin the load factor increment has been reached,
STAGS computes eigenval ues corresponding to the
current nonlinearly obtained equilibrium state and
then terminates the run. The eigenvector corre-
sponding to the smallest eigenvalue at the applied
load factor of 1.361 is plotted in Fig. 31.

Figure 31 givesrise to amajor question: why does
bifurcation buckling from the primary equilibrium
path occur in aregion where the nodal point density
islow? If the 480 finite element "converges from
above" local buckling should have occurred some-
where in the band where the nodal point density is
highest. A possible answer isthat at the particular
location where local buckling is predicted to occur
perhaps there are higher destabilizing components of
prebuckling compression than in the band with the
highest nodal point density. In order to disprovethis,
another collapse case was run in which the three
bands of higher nodal point density were moved from
the midlength region of the shell, as shown in Fig. 29,

and centered where local buckling occursfairly near
one end of the shell, asshown in Fig. 31. The same
collapse load (to four significant figures!) and local
buckling increment were found as before, with a
similar local buckling mode but located this time
elsewhere where the nodal point density islow (ap-
proximately in the region where the bands with high
nodal point density used to be!)

Figures 32 and 33 reveal what is going on. Figure 32
showsthe local distributions of prebuckling stressre-
sultants Nx, Ny, Nxy in the panel skin at integration
pointsin the finite elements where local buckling oc-
cursas shown in Fig. 31 and at the load factor
PA=1.361. The hoop component Ny is especially
poorly estimated by the relatively crude local mesh.
The values at the integration points are used in the
bifurcation buckling analysis. The peak value of hoop
compression, Ny =-125 Ib/in, is six times greater than
that plotted in Fig. 30 at the load factor 1.361. Figure
33 gives acomparison of the distributions of Ny from
the crude and refined meshes at the same location (that
shown at the local buckle displayed in Fig. 31) and at
the same load. The unfortunate behavior demonstrated
in Figs. 32 and 33 means that buckling and collapse
predictions with use of the 480 finite element do not
reliably "converge from above" with increasing nodal
point density.

Results from STAGS for the Tee stiffened shells

Tables 17 and Fig. 34 contain the predictions. From
these data one might conclude:

1. According to STAGS, with use of the best model
(4,a,c,e,-,i,0) collapse occurs at aload factor of
about 0.92 for Load Set 1 and 0.94 for Load Set 2.

2. It wasnot possibleto find collapse with models of
the type"5" because the general buckling modes
could not be gleaned from dense thickets of local
modes involving either relatively short axial
wavelength rolling of the stringers or inter-ring
buckling of thetypes“2” or “4.” Models of type
“5” with cruder meshes that can be used to obtain
general buckling modes cannot have both sets of
stiffenerstreated as shell branches combined with
alocally fine enough mesh to capture local dim-
pling of the skin in the collapse mode, as shown
for the Blade stiffened shell in Fig. 27.

3. For the optimized perfect shell the STAGS mod-
elsof type "2" predict skin buckling to occur at a
load factor about 35 per cent higher than that pre-
dicted with PANDA2. Aswith the Blade stiffened
shell, the differenceis due to the presence of the
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stiffenersin the STAGS model. In this respect
PANDAZ2 is perhapstoo conservative.

4. For Load Set 1 theinclusion of fasteners raises
the buckling load factor associated with bifurca-
tion buckling of type "2,3" much more than it in-
fluences the collapse load factor. Whether or not
fasteners are included hasllittle effect on load
factors associated with general buckling or the
load factors associated with buckling under Load
Set 2.

5. Asmight be expected, the prediction of general
bifurcation buckling is not strongly affected by
the details of the model, aslong asit is of type
"5". Note, however, that thiswould probably not
be true of collapse because " collapse”, as defined
in this paper, is associated with the development
of relatively tiny dimplesin the panel skin, as
shown in Fig. 27 for the Blade stiffened shell. In
order to capture the growth of these dimples one
requires alocally fine mesh with at least the ad-
jacent stiffenerstreated as branched shells. Time
did not permit the development of STAGS mod-
elsin which different models of the stiffeners are
used in different regions of the shell.

6. Thereisnot adramatic differencein predictions
from models of the type "3" vs models of the
type"4". Itis probably best to limit the overall
size of the STAGS model (e.g. choose Model
type “3” rather than “4") if thisisnecessary in
order to be able to retain the detail ed branched
shell representation of the stiffeners.

7. Itisbestto prevent sidesway of the stiffeners at
the edges of the shell.

8. Itisbest to prevent in-plane warping of the panel
skin along the two straight edges.

Thereisoneentry listedunder PANDA2 RES
UL T Sin the top, middle and bottom sections of
Table 17 that may seem at odds with the STAGS
predictions: the value 0.997 for buckling of astringer
segment under Load Set 1. This buckling load factor
in the case of the Tee stiffened shell corresponds to
Margin No. 10in Table 9, "stringer Iseg 4 as beam on
foundation". In PANDAZ2 jargon "stringer Iseg 4" is
the outstanding flange. This flange is supported by
the stringer web. The outstanding flange can buckle
in such adirection asto compress and extend the web
in atrigonometric variation along the axis of the
stringer. In this mode the primary buckling modal
direction isnormal to the surface of the outstanding
flange. Buckling of thistypeisusually associated

with avery high load factor because thereisalot of
membrane strain energy required for the web to de-
forminits plane. In PANDA?2 a buckling model is set
up [10] that represents the web as a Winkler founda-
tion. A factor of safety of threeis more-or-less arbi-
trarily assigned by PANDAZ2 to this mode of failure.
Hence, the “beam on foundation” model is probably
very conservative, both because of the rather large
factor of safety provided internally by PANDA2 and
because the in-plane shearing of the web in thisun-
usual buckling mode isignored in the PANDA2 Win-
kler model. The conservative model was used in
PANDAZ2 in order to stay far away from designsin
which it is possible for the outstanding flange to tear
away from the web as axial compression is applied
and apossibly initially wavy flange bends further un-
der increasing compression, subjecting theweb to in-
plane normal and shear stresses, and severe stress con-
centration where the web joins the outstanding flange.

Figure 34 shows load deflection curves for the various
STAGS models for the panels and shells collapsing
under Load Set 1. The best model of all those de-
picted, 4,a,c,e,-,i,0,u, corresponds to the second-to-last
item in the legend.

Results from STAGS for the Zee stiffened shells

Tables 18 and Figs. 35 - 39 contain the predictions.
From these data one might conclude:

1. Aswiththe Tee stiffened shells, the STAGS
model type"2" predicts buckling of the panel skin
to occur at aload factor considerably higher than
that predicted with the PANDA2 model. The dif-
ference is again due to the presence of the stiffen-
ersinthe STAGS model of local skin buckling
which in these cases resist rotation of the skin at
the edges of the domain included in the STAGS
model.

2. Theeffect of fastenersissignificantly to
strengthen the structure, both with regard to bifur-
cation buckling and collapse. The effect of the
fasteners on the collapse load is greater for the
Zee stiffened shell than for the Tee stiffened shell
because the thickness of the stringer faying flange
for the Zee stiffened optimized imperfect shell is
greater than that for the Tee stiffened shell and the
height of the stringer web isless (Table 8). Figure
35 shows nonlinear |oad-deflection curves for
type"3" models with and without fasteners.

3. Theload factor for general instability is signifi-

cantly affected by the modeling of theringsin
STAGS models of type "5". If therings are
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smeared or treated as discrete beams (210 ele-
ments) aload factor of about 3.0 is computed for
the optimized imperfect shell with Wimp = 0.
With the rings modeled as shell branches aload
factor of about 2.1 is computed. PANDA2 mo d-
els with Zee stiffeners show the same effect [10].
The pronounced influence of careful ring mod-
eling is due to the fact that with Zee stiffeners,
which are not bilaterally symmetric, the cross
sections of the stiffeners deform significantly in
the general buckling mode. The cross sections of
the Tee stiffeners do not exhibit this behavior.

4. Although general buckling modes were found
with STAGS model type"5" for both Load Set 1
and Load Set 2, it was not possible to obtain
converged results for collapse with use of the "5"
model because there istoo much "pollution” of
the general buckling mode with local waviness
for "5" modelsin which there is sufficient local
midlength refinement of the nodal mesh to cap-
turelocal dimpling of the skin as shown in Fig.
27, for example. Figures 36 - 39 demonstrate the
attempts to compute collapse loads with use of a
type"5" STAGS model with Load Set 2. Figure
36 shows the n = 3 general buckling mode with
use of atype"5" model in which each single 4.0
x 1.885 in. bay in the central region of the shell
has 6 x 2 480 finite elements. The search for this
mode is somewhat tedious because it is hidden
among arather dense array of inter-ring modes
of the type shown in Fig. 37, which represents
the fundamental buckling mode for this STAGS
model. Several nonlinear load deflection curves
aredisplayed in Fig. 38 in which various comb i-
nations of general and inter-ring buckling modal
imperfections are used. All of the curves are felt
to be unacceptably unconservative because the 6
X 2 480 finite element grid in each bay in the
central region of the shell is not refined enough
to capture local buckling and collapse of the
panel skin, as shown in Fig. 27. Figure 39 shows
amore refined model in which in acentral three-
ring-bay-region each 4.0 x 1.885 inch panel skin
bay has 12 x 3 480 finite elements. This STAGS
type"5" model has almost 356000 degrees of
freedom. Unfortunately, the "general" buckling
mode shown in Fig. 40 cannot be used as an im
perfection shape because there istoo much
“pollution” by localbuckling.

Summary of collapse behavior

Figure 40 shows load deflection curves for the opti-
mized imperfect shells with Blade, Tee, and Zee
stiffeners for both Load Set 1 and Load Set 2. Results

from the best possible models for each case are plot-
ted. The PANDA?2 predictions of failure of the opti-
mized imperfect shell with Tee stiffenersis about eight
per cent unconservative and for the optimized imper-
fect shell with Zee stiffenersis about two per cent un-
conservative, according to the STAGS predictions.
Thetwo curvesfor the Blade stiffened shell that dis-
play the largest maximum normal displacementw in-
clude the overall bending in ann = 4 general buckling
mode of the type shown in Fig. 25 (but withn =4
rather than n = 3). This overall modeis not present for
the other curves, which are derived from STAGS
modelstype "4" rather than type"5".

The weakest link

It is emphasized that the quality of the comparison
between PANDA2 and STAGS predictionsfor the
failure of the optimized imperfect shellsis diminished
by the fact that different initial imperfections are used
inthe PANDA?2 and STAGS models. Inthe PANDA?2
models a general buckling modal imperfection with
amplitude 0.025 inch was used. A question arises,
"What is the general buckling mode?' During optimi-
zation cyclesin SUPEROPT runs with PANDAZ2 the
shape of the general buckling modal imperfection of-
ten changes radically from design iteration to iteration,
as explained in the discussion associated with Table
12 and Figs. 12 and 13. For the Blade stiffened shell
the final optimum design has a general buckling modal
imperfection shape that resembles that shownin Fig.
25. However, as demonstrated in Table 12 and in Fig.
14, the optimum design is very like neighboring de-
signs for which the general buckling mode is more like
that displayed in Fig. 20 than that in Fig. 14. Use of
the simplen = 3 or n = 4 overall general buckling
mode with the long axial and circumferential wave-
lengths in STAGS models is much more benign than
use the much shorter wavelength imperfection. (Com-
pare the collapse load factor 1.361 and collapse mode
showninFig. 29 for the case Wimp(general) = 0.025
inch, Wimp(panel) = 0.0001 inch with the collapse
load factor 1.087 and collapse mode shown in Fig. 27
for the case Wimp(general) = 0.025 inch,
Wimp(panel) = 0.01 inch, the fourth from last and
third from last entriesin Table 16.) The lurking
proximity of the shorter-wavelength general buckling
modes during PANDA 2 optimizations influences the
evolution of the optimum designs. Therefore, it was
decided to include a mixture of the two types of buck-
ling modes in the STAGS models of type "5". For the
Tee and Zee stiffened shellsthe type 5" model could
not be used to obtain reliable collapse |oads, as ex-
plained previously. Therefore, only buckling modal
imperfection shapes that resemble the relatively short
wavelength modesin Figs. 18, 19a, and 20, for exam-
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ples, could be used in these cases. It was more-or-less
arbitrarily decided to assign a magnitude of 0.01 inch
to the initial amplitude of modes of thisless benign
type. It isunlikely that in practice such short-
wavelength imperfections with larger amplitudes than
0.01 inch would survive reasonably careful inspec-
tions of manufactured stiffened shells of the rather
small size investigated here.

CONCLUSIONS

Activity

A new PANDA?2 processor called STAGSUNIT was
developed. This computer program uses the
PANDA?2 database and some simple input from the
user to generate input filesfor STAGS for optimized
composite cylindrical shells stiffened by stringers
and/or rings with Blades, Tee, Jay or Zee cross sec-
tions. The panels or complete (360 deg.) shells can be
loaded by combined axial compression, hoop com:
pression, in-plane shear and normal pressure. Par-
ticular care was taken during the development of
STAGSUNIT to establish edge conditions that permit
the use of subdomains of alarge shell structure with-
out introducing local stress constraints near the
boundaries of the subdomain. A variety of models of
the stiffeners and stiffener segmentsis permitted. The
stiffeners can be connected directly to the cylindrical
skin or they can be linked to the skin with fasteners.

Comparisons were made for buckling and collapse of
optimized perfect and optimized imperfect angle-ply
cylindrical shells stiffened by Blades or Tees or Zees
made of orthotropic material. A variety of STAGS
models, all generated via STAGSUNIT, were gener-
ated and processed for each geometry. In every case
there were both stringers and rings.

Conclusions

1. For stiffened shells PANDA?2 predictions for
local buckling of the panel skin are quite conser-
vative. The difference between PANDA?2 and
STAGS predictionsfor skin buckling are caused
by the presence of stiffenersin the STAGS mod-
els. For the optimum designs in the cases studied
here the stiffenerstend to resist rolling asthe
skin buckleslocally.

2. Thefailureloads predicted by PANDA?2 and the
collapse loads predicted by STAGS for the opti-
mized imperfect shells agree fairly well, cer-
tainly well enough to justify the use of PANDA2

for preliminary design.

3. Occasionally both the 410 and the 480 finite ele-
mentsin the STAGS element library produce un-
reliable predictions. Sometimes the 410 element
shows buckling where the finite element meshis
sparse and no buckling where the mesh is dense,
even though the prebuckled stateis uniform. In
regions of relatively low nodal point density the
480 element produces i naccurate distributions of
prebuckling hoop resultant at the integration
points, values that are used in the buckling analy-
sisand therefore affect buckling load factors. Un-
fortunately the maximum compressive hoop re-
sultant at the integration points of the finite ele-
ment may be greatly overestimated where the
nodal point density islow, possibly leading to
predictions that do not converge from above with
increasing nodal point density.

4. During optimization cycles involving imperfect
shells, the PANDA 2 margins sometimes oscillate
wildly from cycle to cycle, making it difficult to
find aglobal optimum design. These oscillations
are caused by alternating dramatic changesin the
predicted general buckling mode shape of theim-
perfect shell. This phenomenon has an especially
strong influence on the prediction of local buck-
ling of the panel skin because the prebuckled state
of the panel skin is strongly affected by prebuck-
ling bending of the stiffened imperfect shell asthe
initial buckling modal imperfection is amplified
under loading. The effective circumferential ra-
dius of curvature of the skinisstrongly influenced
by the number of circumferential wavesin the
general buckling modal imperfection.

5. In STAGS modelsinvolving the entire shell, ap-
propriate general buckling modes of the optimized
shells could often not be gleaned from dense
thickets of local modes with lower or similar ei-
genvalues. Sometimes the general modes could be
found but they would be too “ polluted” by local
waves to designate as appropriate general buck-
ling modal imperfections.

Suggestions for more work

1. A 280 beam element should be introduced into
STAGS to work with the 480 shell element.

2. The STAGS eigenvalue extraction strategy should

be modified to permit more eigenvaluesto be de-
termined in asingle run.
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3. During the development of STAGSUNIT apar-
ticularly tricky areawas that involving the elimi-
nation of "drilling" freedoms whenever the 480
finite element isused in the STAGS model. It
would be beneficial for userswho set up STAGS
models without a program like STAGSUNIT to
have STAGS dedl internally with the problem of
"drilling" freedoms. The same might be written
with regard to the introduction of fasteners. It
would be beneficial to have STAGS automati-
cally recognize gaps between shell unit junctions
and to prompt the user for fastener properties
only, not make the user count nodal points, etc.
As presently set up it istoo easy for the user to
make errorsin input that do not show up in plots
or as error messages in the STAGS output.

4. The STAGSUNIT program should be expanded
to permit different modeling in different regions
of astiffened cylindrical shell. For example, it
would be useful to be able generate STAGS
modelsin which one or both sets of stiffenersare
smeared over part of the shell and modeled as
shell units over other parts.

5. Now that the program STAGSUNIT has been
written, it might be possible automatically and
cyclicly to set up anumber of STAGS models
that can be used together in an optimization
context. For example, small models of the types
“1” and “2” (Table 13) could be used to capture
local skin buckling; larger models of the type “3”
could be used to capture inter-ring buckling; and
the largest models of type “5” with crude meshes
and smeared stiffeners could be used to capture
general buckling. If the STAGS processors (S1
and S2) could be transformed into subroutines, it
might be feasible to introduce STAGS into a
system, such as GENOPT [31]. Thiswas done
with BOSOR4, as reported in [32].
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Table 1 |Input data for the new PANDA2 processor called STAGSUNI T

n
1
0
3
y
0
0
14
8
41
-700
0
40
0
0
0
0
1
0
1
0
0
0
1
480
n
20
3
y
4
10
3
3
0
y
n
n
5
n
n
1

AR LAY AP PARPR PP PEPPLRARPDPAPD LR PRPR BB LH

Do you want a tutorial session and tutorial output?

Choose type of STAGS analysis (1,3,4,5,6),INDC

Restart from | STARTth | oad step (0=1st nonlinear soln), |START
Local buckling load factor from PANDA2, ElI GLCC

Are the dinmensions in this case in inches?

Lowest vibration frequency (cps) from STAGS INDI C=5 run, CPS
Percent danping to be used in STAGS transient (INDI C=6) run.
X-direction |l ength of the STAGS nodel of the panel: XSTAGS
Panel length in the plane of the screen, L2

I's the nodal point spacing uniformalong the stringer axis?
Number of nodes in the X-direction: NODEX

Resultant (e.g. Ib/in) normal to the plane of screen, Nx
Resultant (e.g. Ib/in) in the plane of the screen, Ny

I n-plane shear in |load set A, NXxy
Uni form applied pressure [positive upward. See Hlelp)], p
Resul tant (e.g. Ib/in) normal to the plane of screen, NxO
Resultant (e.g. Ib/in) in the plane of the screen, Ny O
Uni form applied pressure [positive upward. See H(elp)], po
Starting | oad factor for Load System A, STLD(1)

Load factor increnent for Load System A, STEP(1)

Maxi mum | oad factor for Load System A, FACM 1)

Starting |load factor for Load System B, STLD(2)

Load factor increnent for Load System B, STEP(2)

Maxi mum | oad factor for Load System B, FACM 2)

How many ei genval ues do you want? NEI GS

Choose el ement type (410 or 411 or 480) for panel skin
Have you obtai ned buckling nodes from STAGS for this case?
Nunber of stringers in STAGS nodel of 360-deg. cylinder
Nunmber of rings in STAGS nodel of 360-deg. cylinder

Are there rings at the ends of the cylindrical shell?
Number of finite el enents between adjacent stringers
Nunmber of finite el enents between adjacent rings

Stringer nodel: 1 or 2 or 3 or 4 or 5(Type H(el p))

Ring nodel: 1 or 2 or 3 or 4 or 5 (Type H(elp))

Ref erence surface of cyl: 1=outer, O=middle, -1=inner

Do you want to use fasteners (they are like rigid links)?
Are the stringers to be "sneared out"?

Are the rings to be "snmeared out"?

Number of nodes over height of stiffener webs, NODWEB

Do you want to use the "l east-squares” nodel for torque?
Is stiffener sidesway pernmitted at the panel edges?

Edges normal to screen (0) in-plane deformable; (1) rigid
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Table 2 The first part of the *.inp file produced by STAGSUNI T

i saact STAGS | NPUT FOR STI FFENED CYL. ( STAGSUNI T=SHELL UNI TS)

N »—w—\mo_oooo(-)O

Begin B-1 input data...
, $ IGRAV =0 nmeans g = 386.4 inches per sec.**2; else B-4
, % I CHECK=0 neans nornal execution
, $ ILIST =0 neans nornal batch-oriented out put

$ I NCBC=0: buck. bcs sanme as prebuc; 1: different.
, $ NRUNI T=0 neans plot entire nodel.
, $ NROTS=3 neans plot nodel with 3 rotations, as on B-1b.

$ KDEV=1 neans use PostScript file format for plot. END B-1
, $ IROT=1 nmeans rotation about global X-axis.BEG@ N B-1b
35.84 $ ROI=0 neans rotate 0 deg. about global X-axis.END B-1b
. $ IROT=2 nmeans rotation about global Y-axis.BEG N B-1b

-13.14 $ ROT=80 neans rotate 80 deg. about global Y-axis.END B-1b
3, $ IROT=3 neans rotation about gl obal Z-axis.BEG N B-1b
35.63 $ ROT=0 neans rotate 0 deg. about global Z-axis.END B-1b

Begin B-2 input data...

19, $ NUNI TS=nunber of shell units. BEG N B-2 rec.
6, $ NUNI TE=nunber of fasteners = finite elenent units

0, $ NSTFS = nunber of shell units with discrete stiffeners
0, $ NINTS neans nunber of connections between shell units
43, $ NPATS=nunber of records for partial nodal conpatibility
174, $ NCONST= nunber of Lagrange constraint conditions

-174

0, $ NI MPFS=nunber of buckl ng nodal i nperfections.

0, $ INERT = 0 neans no inertial |oad records

0O $ NINSR = 0 neans no crack tip elenent sets. END B-2 rec.

C

C Begin B-3 input data...

16, $ NTAM = nunber of entries in nmaterial tabl.BEGA N B-3 rec.

12, $ NTAB = nunber of beam cross section entries

13, $ NTAW = nunber of entries in shell wall table.

0, $ NTAP = 0 neans user paraneters not included.

1 $ NTAMI = 1 neans one spring elenent table.END B-3 rec.

C

C Begin B-4, B-5 input data, if any...

C

C Begin F-1 input data (discretization)...
41 17, F-1 NROAS( 1), NCOLS( 1) unit 1 = cyl. shell
41 5, -1 fayflange NROA5( 2), NCOLS( 2) Unit 2 stringer
41 5, -1 strng.web NROAB(  3), NCOLS( 3) Unit 3 stringer
41 5, -1 outflange NROAS( 4), NCOLS( 4) Unit 4 stringer
41 5, -1 fayflange NROA5( 5), NCOLS( 5) Unit 5 stringer
41 5, -1 strng.web NROA5( 6), NCOLS( 6) Unit 6 stringer
41 5, -1 outflange NROAB( 7), NCOLS( 7) Unit 7 stringer
41 5, -1 fayflange NROA5( 8), NCOLS( 8) Unit 8 stringer

5
5

out fl ange NROAS( 10), NCOLS( 10) Unit 10 stringer
fayfl ange NROA5( 11), NCOLS( 11) Unit 11 ring
ring web NROAS( 12), NCOLS( 12) Unit 12 ring
outfl ange NROAB( 13), NCOLS( 13) Unit 13 ring
fayflange NROAS( 14), NCOLS( 14) Unit 14 ring
ring web NROAS( 15), NCOLS( 15) Unit 15 ring
out fl ange NROANS( 16), NCOLS( 16) Unit 16 ring
fayflange NROAS( 17), NCOLS( 17) Unit 17 ring
ring web NROAS( 18), NCOLS( 18) Unit 18 ring
out fl ange NROAS( 19), NCOLS( 19) Unit 19 ring

PR
NANNA

17,

N
NN

p
1
1
1
1
1
1
1
1
-1 strng.web NROAS( 9), NCOLS( 9) Unit 9 stringer
1
1
1
1
1
1
1
1
1
1

oo oror oo gl
[EY
N <
R e R R R R R

[EEY
~

no.
no.
no.
no.
no.
no.
no.
no.
no.
no.
no.
no.
no.
no.
no.
no.
no.
no.

WWWNNNEFPPRPPWOWWWNNNRER R
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Table 3 The *.bin file produced by STAGSUNI T

i saact STAGS | NPUT FOR STI FFENED CYL. (STAGSUNI T=SHELL UNITS)

1, $INDIC=1 is bifur.buckling; INDIC=3 is nonlinear BEAN B-1

1, $ I PCST=1 neans save displ acenments every |PCSTth step

0, $ ILIST =0 neans normal batch-oriented output

0, $ ICOR =0 neans projection in; 1 means not in.

1, $ | MPTHE=i ndex for inperfection theory.

0, $ I CH ST=i ndex for crack archive option

0, $ IFLU =0 reans no fluid interaction.

-1 $ ISOLVR= 0 neans original solver; -1 newsolver.END B-1 rec
1. 000E+00, $ STLD(1) = starting load factor, System A BEGAN G 1 rec.
0. O00E+00, $ STEP(1) = load factor increnent, SystemA

1. 000E+00, $ FACM 1) = maxi mum | oad factor, System A

0. O00E+00, $ STLD(2) = starting |oad factor, SystemB

0. O00E+00, $ STEP(2) = load factor increnent, SystemB

0. 000E+00, $ FACM 2) = maximumload factor, SystemB

0 $ ITEMP =0 neans no thermal |oads. END G 1 rec.

10000, $ NSEC= nunber of CPU seconds before run ternination

0., $ DELEV is eigenval ue error tol erance (0= 00001)

0 $ IPRINT=0 nmeans print nodes, iteration data, END D-2 rec.
1, $ NEI GS= nunber of eigenval ues sought. BEG N D-3 rec.

2. 100E+00, $ SHI FT=initial eigenval ue shift
0. 000E+00, $ ElI GA =l ower bound of eigenval ue range
0. 0O00E+00 $ EI GB =upper bound of eigenval ue range. END D-3 rec.

Table 4 Headings in the *.inp file for the case shown in Fig.1

i saact STAGS | NPUT FOR STI FFENED CYL. ( STAGSUNI T=SHELL UNI TS)
Begin B-1 input data...
Begin B-2 input data...
Begin B-3 input data...
Begin B-4, B-5 input data, if any...
Begin F-1 input data (discretization)...
Begin partial conpatability (g-2) records.
Partial conpatability (g-2) records for the cylindrical shell
Partial conpatability (g-2) records for stringer 1
Partial compatability (g-2) records for stringer 2
Partial conpatability (g-2) records for stringer 3
Partial conpatability (g-2) records for the rings.
Partial conpatability (g-2) records for ring 1
Partial conpatability (g-2) records for ring 2
Partial conpatability (g-2) records for ring 3
| agrange constraints for stringer sidesway
| agrange constraints for ring sidesway

Lagrange constraints for |inear variation of u at y=0
Lagrange constraints for linear variation of u at y=YSTAGS
Lagrange constraints for |inear variation of v at y=0
Lagrange constraints for linear variation of v at y=YSTAGS

Fasteners for stringers...

Fasteners for rings...

Material in one or nore of shell unit walls NOT at an edge
Material in one or nore of shell unit walls NOT at an edge
Matl in one or nore shell unit walls that formedge stiffners
Matl in one or nore shell unit walls that formedge stiffners
Not edge; stringer; fayflnge (equivalent natl for bean

Not edge; stringer; web (equivalent matl for bean)

Not edge; stringer; outflnge (equivalent natl for bean

Not edge; ring ; fayflnge (equivalent natl for bean)
Not edge; ring ; web (equivalent matl for bean)
Not edge; ring ; outflnge (equivalent natl for bean)

At edge; stringer; fayflnge (equivalent natl for beamn

At edge; stringer; web (equival ent matl for beam

At edge; stringer; outflnge (equivalent natl for bean

At edge; ring ; fayflnge (equivalent natl for beam

At edge; ring ; web (equivalent matl for beam

At edge; ring ; outflnge (equivalent natl for beam
Fastener property table...

Not edge; stringer; fayflnge (beamcross section props)
Not edge; stringer; web (beam cross section props)
Not edge; stringer; outflnge (beamcross section props)

O0000000000000000000000000000000O00O00000000
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Tabl e 4 (continued)

C Not edge; ring ; fayflnge (beam cross section props)
C Not edge; ring ; web (beam cross section props)
C Not edge; ring ; outflnge (beam cross section props)
C At edge; stringer; fayflnge (beam cross section props)
C At edge; stringer; web (beam cross section props)
C At edge; stringer; outflnge (beam cross section props)
C At edge; ring ; fayflnge (beam cross section props)
C At edge; ring ; web (beam cross section props)
C At edge; ring ; outflnge (beam cross section props)
C Not edge; cyl.skin; skin (shell unit wall props )
C Not edge; stringer; fayflnge (shell unit wall props )
C Not edge; stringer; web (shell unit wall props )
C Not edge; stringer; outflnge (shell unit wall props )
C Not edge; ring ; fayflnge (shell unit wall props )
C Not edge; ring ; web (shell unit wall props )
C Not edge; ring ; outflnge (shell unit wall props )
C At edge; stringer; fayflnge (shell unit wall props )
C At edge; stringer; web (shell unit wall props )
C At edge; stringer; outflnge (shell unit wall props )
C At edge; ring ; fayflnge (shell unit wall props )
C At edge; ring web (shell unit wall props )
C At edge; ring ; outflnge (shell unit wall props )
C Begin unit 1: cylindrical shell

C Input for boundary conditions...

C Loads applied to panel skin...

CDrilling freedons suppressed in cyl. skn

C Bay no. 1; drilling degrees of freedom suppressed

C Bay no. 2; drilling degrees of freedom suppressed

C CQutput control ...

C Begin unit 2: faying flange of stringer no. 1
CDrilling freedons suppressed in stringer faying flange
C Begin unit 3: web of stringer no. 1

CDrilling freedons suppressed in stringer web

C Begin unit 4: outstanding flange of stringer no. 1
CDrilling freedons suppressed in stringer outstanding flange
C Begin unit 5: faying flange of stringer no. 2
CDrilling freedons suppressed in stringer faying flange
C Begin unit 6: web of stringer no. 2

CDrilling freedons suppressed in stringer web

C Begin unit 7: outstanding flange of stringer no. 2
CDrilling freedons suppressed in stringer outstanding flange
C Begin unit 8: faying flange of stringer no. 3
CDrilling freedons suppressed in stringer faying flange
C Begin unit 9: web of stringer no. 3

CDrilling freedons suppressed in stringer web

C Begin unit 10: outstanding flange of stringer no. 3
CDrilling freedons suppressed in stringer outstanding flange
C Begin unit 11: faying flange of ring no. 1

CDrilling freedons suppressed in ring faying flange

C Begin unit 12: web of ring no. 1

CDrilling freedons suppressed in ring web

C Begin unit 13: outstanding flange of ring no. 1
CDrilling freedons suppressed in ring outstanding flange
C Begin unit 14: faying flange of ring no. 2

CDrilling freedons suppressed in ring faying flange

C Begin unit 15: web of ring no. 2

CDrilling freedons suppressed in ring web

C Begin unit 16: outstanding flange of ring no. 2
CDrilling freedons suppressed in ring outstanding flange
C Begin unit 17: faying flange of ring no. 3

CDrilling freedons suppressed in ring faying flange
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Tabl e 4 (Conti nued)

C Begin unit 18: web of ring no. 3

CDrilling freedons suppressed in ring web

C Begin unit 19: outstanding flange of ring no. 3
CDrilling freedons suppressed in ring outstanding flange

C fastener for stringer nunber 1, (fastener f.e. unit: Unit
C fastener for stringer nunber 2, (fastener f.e. unit: Unit
C fastener for stringer nunmber 3, (fastener f.e. unit: Unit
C fastener for ring nunber 1, (Fastener f.e. unit: Unit
C fastener for ring number 2, (Fastener f.e. unit: Unit
C fastener for ring nunber 3, (Fastener f.e. unit: Unit

No. 20)
No. 21)
No. 22)
No. 23)
No. 24)
No. 25)

Table 5 Part of

the *.inp file concerned with edge condi tions

(l'ines skipped to save space)

C Partial conpatability (g-2) records for the cylindrical shell
1 1121 102$%$g-21I1ULIRLICLIDLIU, IR I1C2, |ID2;v=const.,row 1
1 1131 103%$g-21ULIRL,ICLIDLIW, IR, IC2 1D2; w=const.,row 1
1 1141 104$%$g9g-21ULIRLICLIDLIU,IR21C2, 1D2;ru=const,row 1
1 41141 4104 $g9-21UL,IRLICLIDLIW, IR, IC2 ID2;ru=const,row 41
1 41131 4103%$9-21U1,IRLICLIDLIW, IR, IC2 ID2; wconst.,row 41
11 1310 13$g9-21ULIRLICLIDLIW, IR, IC2 ID2;wconst.,col.1
11 17310 17 3 $9-21UL,IRLICLIDLIW, IR, IC2, I|D2; w=const.,col 17
C Partial conpatability (g-2) records for stringer 1

1 1 13 2 1 03 % g-2 weconstant,row 1 (x=0) fayflg

1 41 13 2 41 0 3 $ g-2 wconstant,row 41 (x=L) fayflg

3 1 52 4 1 03$%$9-2 weconstant,row 1 outflange

3 41 52 4 41 0 3 $ g-2 w=constant,row 41 outfl ange
C Partial conpatability (g-2) records for stringer 2

1 1 93 5 1 038$%g9g-2 wconstant,row 1 fayflange

1 41 93 5 41 03 $ g-2 weconstant,row 41 fayflg

6 1 52 7 1 038$g-2 wconstant,row 1 outflg

6 41 52 7 41 03 $ g-2 wconstant,row 41 outflg
C Partial conpatability (g-2) records for stringer 3

1 1 173 8 1 038$%$g-2 weconstant,row 1 fayflg

1 41 173 8 41 0 3 $ g-2 wconstant,row 41 fayflg

9 1 52 10 1 03 $g-2 wconstant,row 1 outflg

9 41 52 10 41 0 3 $ g-2 weconstant,row 41 outflg
C Partial conpatability (g-2) records for ring 1

1 1 13 11 0 13 $ g-2 weconstant,col 1 (y=0) fayflg

1 1 173 11 0 17 3 $ g-2 w=constant,col 17 (y=Y) fayflg

12 1 11 13 0 13 $ g-2 weconstant,col 1 outflg

12 1 171 13 0 17 3 $ g-2 w=constant,col 17 outflg
C Partial conpatability (g-2) records for ring 2

1 21 13 14 0 13 $ g-2 weconstant,col 1 fayflg

1 21 173 14 0 17 3 $ g-2 w=constant,col 17 fayflg

15 1 11 16 0 13 $ g-2 weconstant,col 1 outflg

15 1 171 16 0 17 3 $ g-2 w=constant,col 17 outflg
C Partial conpatability (g-2) records for ring 3

1 41 13 17 0 13 $ g-2 weconstant,col 1 fayflg

1 41 173 17 0 17 3 $ g-2 weconstant,col 17 fayflg

18 1 11 19 0 13 $ g-2 weconstant,col 1 outflg

18 1 171 19 0 17 3 $ g-2 weconstant,col 17 outflg
C |l agrange constraints to prevent stringer sidesway
C lagrange constraints to prevent ring sidesway
C Lagrange constraints to inmpose |linear variation of u at y=0
C Lagrange constraints to inpose linear variation of u at y=YSTAGS
C Lagrange constraints to inmpose |linear variation of v at y=0
C Lagrange constraints to inpose linear variation of v at y=YSTAGS
C Begin unit 1: cylindrical shell
(l'ines skipped to save space)

C Input for boundary conditions...

0 0 0 0 O0$%p-1(IBLN(i), i=1,4), 1BOND
111 111 $ p-2 ITRA | ROT (boundary no. 1, x=0)
111 111 $ p-2 ITRA I ROT (boundary no. 2, y=YSTAGS)
101 111 $ p-2 ITRA | ROT (boundary no. 3, Xx=XSTAGS)
111 111 $ p-2 ITRA [|ROT (boundary no. 4, y=0)
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Table 6 List

cylindrical
stringers and rings, (Nx,Nxy)=(-700, +40) Ib/in.

MARG NS FOR CURRENT DESI GN: LOAD CASE NO. 1, SUBCASE NO. 1

MAR

=
O@GJ\IO’)UW&OOI\)I—‘S

N [y
[ N
NONNNNOIOWNWOTDINEPENNIRRPRPOWNRPENNOMPRONRPRWOO

13

VARG N
VALUE

.57E-01
. 70E-02

15E+01
87E+01
82E+00
65E+00
19E- 01
67E+01
67E+01
71E-01
56E- 04
67E+01
06E+01
43E+00
12E+00
73E+00
39E-01
17E+02
17E+02
59E+05
02E+00
70E+00
41E+00
43E+00
31E+01
26E+00
84E+00
25E- 02
52E-01
27E-01
25E+00
25E-01
48E- 01
80E+00
15E+01
76E+00
89E+01
54E+02
28E+00

. 56E+01

of margins for an optim zed inperfect Z-stiffened
shell with angle-ply skin and orthotropic

DEFI NI TI ON

Local buckling fromdiscrete nodel -1., M6 axial hal fwaves; FS=0. 99
| ong-wave | ocal buckling, discrete nodel (n¥2 axi al hal fwav) ; FS=0.

fibertensn: matl =1, SKN, Dseg=1, node=1, | ayer =4, z=0. 0141; MD.; FS=1
fiber conpr: matl =1, SKN, Dseg=1, node=1, | ayer =2, z=- 0. 0071; MD.; FS=1
transconpr: matl =1, STR, Dseg=5, node=11, | ayer =1, z=-0. 0141; MD.; FS=1.
i npl nshear : mat | =1, SKN, Dseg=1, node=1, | ayer =3, z=0. 0071; MD.; FS=1
fiber conpr: matl =2, STR, Dseg=4, node=11, | ayer =1, z=-0. 0234; MD.; FS=1.
transt ensn: mat| =2, SKN, Dseg=2, node=11, | ayer =1, z=0. 05; MD.; FS=1
transconpr: mat | =2, SKN, Dseg=2, node=11, | ayer =1, z=-0. 05; M D.; FS=1
(mel lateral -torsional buckling |oad factor)/(FS)-1; FS=0. 999
Inter-ring bucklng, discrete nodel, n=10 circ. hal fwaves; FS=0. 999
fibertensn: matl =1, SKN, | seg=1, at: n=1, | ayer =4, z=0. 0141; -M D. ; FS=1
fiberconpr: matl =1, SKN, | seg=1, at: n=1, | ayer =3, z=0. 0071; - M D. ; FS=1
transconpr: matl =1, SKN, | seg=1, at: n=1, | ayer =1, z=-0. 0141; - M D. ; FS=1.
i npl nshear: mat| =1, SKN, | seg=1, at: n=1, | ayer =2, z=-0. 0071; - M D. ; FS=1
fibertensn: matl =2, RNG | seg=4, al | node, | ayer =1, z=0. 015; -M D. ; FS=1
fi berconpr: matl =2, STR, | seg=4, al | node, | ayer =1, z=0. 0234; - M D. ; FS=1
transtensn: mat | =2, SKN, | seg=2, at : n=1, | ayer =1, z=-0. 05; -M D. ; FS=1
transconpr: matl =2, SKN, | seg=2, at: n=1, | ayer =1, z=0. 05; - M D. ; FS=1.

i npl nshear: mat | =2, SKN, | seg=2, at : n=1, | ayer =1, z=0. 05; - M D. ; FS=1.
buckling margin stringer Iseg.2 . Local hal fwaves=80 .MD.; FS=1
buckling margin stringer Iseg.3 . Local hal fwaves=14 .MD.; FS=1
buckling margin stringer Iseg.4 . Local hal fwaves=14 .MD.; FS=1
buckl i ng stringer |segs.3+4 together. M10 ; C=0. ;MD.;FS=1. 4
buckl i ng margin ring Iseg.3 . Local hal fwaves=72 .MD.; FS=1
buckl i ng margin ring Iseg.4 . Local hal fwaves=66 .MD.; FS=1
buckl i ng ring | segs. 3+4 toget her. M50 ; C=0. ;MD.;FS=1. 4
buck. (SAND) ; si np-support |ocal buck.; (0.95*%altsol);FS=0.999
buck. (SAND) ; si np- support general buck; M=1; N=2; sl ope=50. ; FS=0. 999
buck. ( SAND) ; si np- support general buck; (0.85*al tsol); FS=0. 999
buck. (SAND); rolling with smear rings; M99; N=1; sl ope=0. 03; FS=0. 999
buck. (SAND); rol l'ing only of stringers; M=45; N=0; sl ope=0. ; FS=1. 6
buck. (SAND) ; hiwave rol I . of stringers; M=141; N=0O; sl ope=0. ; FS=1. 98
buck. (SAND) ; hi wave rol | . of rings; M:O0; N=51; sl ope=0. ; FS=1. 2
buck. (SAND);rol ling only axisym rings; M=0; N=0; sl ope=0. ; FS=1. 6
buck. (SAND); STRI NGERS: web buckl i ng; M=15; N=1; sl ope=0. 03; FS=1.
buck. ( SAND) ; RI NGS: web buckl i ng; M=66; N=1; sl ope=0. 6546; FS=1
(Max. al | onabl e ave.axial strain)/(ave.axial strain) -1; FS=1
0.3333 *(Stringer spacing, b)/(Stringer base width, b2)-1;FS=1

1. *(Ring spacing, b)/(R ng base width, b2) -1; FS=1.

Table 7 Design variables used in this study

VAR NO

O©CO~NOOUITD WN PP

DEFI NI TI ON

B(STR):stiffener spacing, b: STR seg=NA, |ayer=NA (stringer spacing)
B2(STR):wi dth of stringer base, b2 (nust be > 0)
H(STR): hei ght of stiffener (type Hfor sketch), h (see Fig. 5a)
WSTR):width of outstanding flange of stiffener, w

T(1) (SKN): thi ckness for layer index no.(1 ): STR seg=1 (panel skin)

AN 1) (SKN): wi nding angle (deg.) for layer index no.(1 ) (panel skin)

T(2) (SKN):thickness for layer index no.(2 ): STR seg=1 (panel skin)

ANG 2) (SKN): wi nding angle (deg.) for layer index no.(2 ) (panel skin)

T(3) (STR) : thickness for layer index no.(3 ): STR seg=2 (stringer faying
T(4) (STR):thi ckness for layer index no.(4 ): STR seg=3 (stringer web)
T(5) (STR) : thi ckness for layer index no.(5 ): STR seg=4 (stringer outst.
B(RNG : stiffener spacing, b: RNG seg=NA, |layer=NA (ring spacing)
B2(RNG : wi dth of ring base, b2 (zero is allowed)
H(RNG : hei ght of stiffener (type H for sketch), h
WRNG) :wi dth of outstanding flange of stiffener, w
T(6) (RNG : thickness for layer index no.(6 ): RNG seg=2 (ring faying flange)
T(7) (RNG :thickness for layer index no.(7 ): RNG seg=3 (ring web)
T(8) (RNG :thickness for layer index no.(8 ): RNG seg=4 (ring outst. flan

fl ange)

f1 ange)

ge)
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Table 8 Starting

ring and stringer stiffened cylindrical

desi gn and opti num desi gns of perfect and inperfect
shel | s obtai ned via PANDA2

VAR Decision Starting OPTI MUM DESI GNS (inches or deg.)
NO. Variable Desi gn PERFECT |l MPERFECT
(Table 7) (in.,deg.) Blade Tee Zee Bl ade Tee Zee
1 B(STR) 4.0 1.885 1.885 1.885 1.885 1. 885 1.885
2 B2( STR) 0.2 0.6283 0.1376 0.100 0.6283 0.100 0. 100
3 H(STR) 0.5 0.1417 0.1000 0.1322 0.2272 0.2145 0.1440
4 W STR) 0.3 0.1000 0.100 0.1769  0.100
5 T(1)(SKN 0.01 0.006263 0.006270 0.00626 0.006704 0.006617 0.007055
6 ANG(1) (SKN) 45.0 70.00 70. 00 69. 92 69. 307 70. 000 69. 830
7 T(2)(SKN 0.01 0.006263 0.006270 0.00626 0.006704 0.006617 0.007055
8 AN 2)(SKN) -45.0 -70.00 -70.00 -69.92 -69.307 -70.00 -69.830
9 T(3)(STR 0.1  ------- .0300 0.06304 ------ 0.06703 0.100
10 T(4)(STR 0.1 0. 08194 . 04489 0.04618 0.09136 0.03677 0.04041
11  T(5)(STR 0.1  ------- .05674 0.03399 ------ 0.03248 0.04676
12 B( RNG) 7.0 4.00 .00 4.00 4.00 4.00 4.00
13 B2( RNG 0.2 0.00 . 100 0.18805 0.00 0. 100 0. 15037
14 H( RNG) 0.5 0. 1595 . 13326 0.15957 0.13109 0.10302 O0.14864
15 W RNG) 0.3  ------- . 100 0.11664 ------ 0. 100 0. 100
16  T(6) (RNG 0.1 ------- .03035 0.03408 ------ 0. 03422 0.03062
17  T(7) (RNG 0.1 0. 03202 .0300 0.0300 0.03255 0.0300 0.0300
18  T(8) (RNG 0.1  ------- .03260 0.03502 ------ 0.0300 0.0300
Wi ght (180 deg. ;| bs)= 2.120 . 306 2. 367 2.548 2. 600 2.693
Fi xed properties:
length of shell, L =60 in.; Radius = 6.0 in.; b.c.= classical sinple support

shel | wal |
| ayer equal
stiffener
anpl i tude
anpl i tude
anpl i tude

of ini
of

of

Mat eri al

Material No. 1:

segnent s:

| ocal

is 4-layered angle-ply:
in thickness to T(1) and "angle" = ANG1),
of Material

al |

tial general

Properties and al |l owabl es:

[angl e, -angl e, -angl e, angl e] with each

No. 2,

buckl i ng nodal
inter-ring buckling nodal
ski n buckl i ng nodal

Mat eri al

No.

one-| ayered orthotropic

i mper fection:
i nperfection
i mperfection

0.0
0.0

W np=0. 025 in.

(E1=13.75, E2=1.03, Gl2=0.42, Nu=0.25, G13=&23=0.42)x10**6 psi
Wei ght density = 0.057 Ib/in**3; no thermal expansion
(E1=14.0, E2=1.04, G12=0.40, Nu=0.24, G13=GQ23=0.40)x10**6 psi
Wei ght density = 0.060 I b/in**3; no thermal expansion

Mat erial No. 2:

Maxi mum stress all owables for both Material No. 1 and Material No. 2:

Max. tension along fibers = 140000; Max. conpression along fibers = 120000 psi
Max. tension normal to fibers=10000; Max. conpression normal to fibers=10000
Maxi mum i n- pl ane shear = 5000 psi

Bounds on deci sion variables (inches or degrees); linking (T(2), AN 2)):

1. 885<B( STR) <6. 283; 0. 1<B2(STR)<0.4; 0.1<H(STR)<1.0; 0.1<W STR)<0. 5;
0. 005<T(1) (SKN)<0.1; 20.0<ANG(1) (SKN)<70; T(2) = T(1); AN 2) = -ANE1);
0. 03<T(3)(STR)<0.1; 0.03<T(4)(STR)<0.1; 0.03<T(5)(STR)<0.1
4. 0<B(RNG) <12; 0. 1<B2(RNG) <0.4; 0.1<H(RNG <1.0; 0. 1<WRNG) <0. 4;

0. 03<T(4) (RNG) <0. 1; 0.03<T(5)(RNG <0.1; 0.03<T(6)(RNG<0.1

Li nked variables: T(2) = T(1); ANE2) = -ANE1); and,

for blades without faying flanges only: B2(STR)=0.3333*B(STR)

Two | oad cases, both involving axial
Case 1: (Nx, Nxy) = (-700, +40);

conpression Nx and in-plane shear Nxy:
Case 2: (Nx, Nxy) = (-100, +150) Ib/in.
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Table 9 List of the nost critical margins fromall PANDA2 cases

Mar gi n
numnber DEFI NI TI ON OF MARG N

1 Local buckling fromdiscrete nodel-1., M9 axial halfwaves; FS=0. 99
2 long-wave | ocal buckling, discrete nodel (m=2 axi al hal fwav) ; FS=0
3 (nFl | ateral -torsional buckling |load factor)/(FS)-1; FS=0.999

4 Inter-ring bucklng, discrete nodel, n=10 circ. hal fwaves; FS=0. 999

5 Lo-n Inter-ring buck.,discrete nodel, n=1 circ. hal fwaves; FS=0. 999

6 Long-axial -wave bendi ng-torsion buckling; M1 ;FS=0.999

7 buckling margin stringer Iseg.3 . Local halfwaves=2 .MD.;FS=1

8 buckling margin stringer Iseg.4 . Local hal fwaves=9 .MD.; FS=1.

9 buckling stringer |segs.3+4 together. M9 ;C=0. ;MD.; FS=1. 4
10 buckling stringer Iseg 4 as beamon foundation. M:16 ; M D. ; FS=3.
11 buck. (SAND); si np- support | ocal buck.; (0.95*altsol);FS=0.999
12 buck. (SAND); si mp- support general buck; M=1; N=2; sl ope=100. ; FS=0. 999
13 buck. (SAND); si np- support general buck; (0.85*altsol); FS=0.999
14 buck. (SAND);rolling with snmear rings; M:=129; N=1; sl ope=0. 03; FS=0. 999
15 buck. (SAND);rolling only of stringers; M=139; N=0; sl ope=0. ; FS=1. 6
16 buck. (SAND); hiwave roll. of stringers; M=145; N=0; sl ope=0. ; FS=1. 2
17 transconpr: matl =1, SKN, Dseg=2, node=6, | ayer =4, z=0. 0125; MD. ; FS=1
18 fiberconpr: matl =2, STR, Dseg=3, node=1, | ayer =1, z=0. 041; MD.; FS=1
19 transconpr: matl =1, SKN, | seg=2, at: n=6, | ayer =4, z=0. 0125; - M D. ; FS=1.
20 fiberconpr:matl =2, STR, | seg=3, at: ROOT, | ayer=1, z=0.;-MD. ; FS=1
21 0.3333 *(Stringer spacing, b)/(Stringer base width, b2)-1;FS=1.

Table 10 Values of the nost critical margins from PANDA2
for Load Set No. 1: (Nx, Nxy)=(-700,+40) Ib/in

mMargin VALUES OF MARGI NS AT OPTI MUM DESI GNS

Nurber  Per f ect | nper f ect Per f ect | nper f ect Per f ect | mper f ect
Bl ade Bl ade Tee Tee Zee Zee
2 subcases: 2 subcases: 2 subcases: 2 subcases: 2 subcases: 2 subcases:
1 2 1 2 1 2 1 2 1 2 1 2
1 0.055 0.031 0.727 0.776 0.456 0.506 0.732 0.768 0.529 0.590 0.557 0.646
2 0.277 -0.048 0.563 0.413 0.762 0.126 0.179 0.001 0.087 -.004
3 0.446 0.127 0.709 0.375 0.340 0.176 0.191 0.471 0.179
4 0.184 0.184 0.208 0.211 -.003 -.003 -.001 0.014
5 0.984 0.984
6 0.302 0.117
7 0.471 0.372 0.073 0.034
8 0.568 0. 427 0. 740
9 0.534 0.419 0.764
10 0.144 -.003 0.096 -.003
11 0.088 0.007 0.164 0.230 0.258 0.014 0.274 0.086 0.315 0.016 0.093 -.012
12 0.011 0.279 0.231 0. 658 0. 234 0. 352
13 0.011 0. 653 0.071 0.113 0. 015 0. 227
14 0.693 0.767
15 0.754 0.591 0.547 0.399 0.093 0.016 0.763 0.571 0.825 0.684
16 0.926 0.794 0.155 0.648 0.532
17 0.669 0.941
18 0.354 0.576 0. 457 0.949 0.704 0.572 0.919 0.769
19 0.669 0.916 0.950
20 0.354 0.562 0. 360 0.702 0.497 0.939 0.752
21 0.000 0. 000
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Table 11 Values of the nobst critical

mar gi ns from PANDA2

for Load Set No. 2: (Nx,Nxy)=(-100,+150) Ib/in
Margin VAL UES OF MARGI NS AT OPTI MUM DESI GNS
Nurmber  Per f ect | nper f ect Per f ect | mper f ect Per f ect | mper f ect
Bl ade Bl ade Tee Tee Zee Zee
2 subcases: 2 subcases: 2 subcases: 2 subcases: 2 subcases: 2 subcases:
1 2 1 2 1 2 1 2 1 2 1 2
1 0.531 0.551 0.436 0.881 0.399 0.932 0. 695
2 0.790 0.390 0.608 0.574 0.470 0.470
3
4
5 0. 889
6
7
8
9
10
11 0.001 -0.011 0.002 -.009 0.014 -.001 0.014 0.005 0.0124 -.002 0.180 0.172
12 0.085 0. 314 0.290 0. 903 0.264 0.916
13 0.311 0. 819 0. 280 0. 664 0. 438 0. 955
Table 12 Predictions from PANDA2 for general buckling of panels with
three near-optimum designs that differ little fromeach other
general buckling (180-degree panel weight = 2.548 |bs, Design No. 1)
El GWC= 2. 08E+00 2.08E+00 2.11E+00 2.29E+00 2.11E+00 2.08E+00
SLOPEX= 2.28E-01 2.28E-01 O0.00E+00 O0.00E+00 0.00E+00 2.28E-01
MMVEX= 1 1 6 13 6 1
NWAVEX= 4 4 5 7 5 4
general buckling (180-degree panel wei ght=2.547, Design No. 2)
El GUWNC= 2. 36E+00 2.36E+00 2.32E+00 2.47E+00 2.32E+00 2.32E+00
SLOPEX= 2.28E-01 2.28E-01 O0.00E+00 0.00E+00 0.00E+00 0.00E+00
MMVEX= 1 1 7 13 7 7
NWAVEX= 4 4 5 7 5 5
general buckling (180-degree panel weight = 2.572 |Ibs, Design No. 3)
El GWNC= 2. 36E+00 2.36E+00 2.27E+00 1.00E+17 2.27E+00 2.27E+00
SLOPEX= 2.28E-01 2.28E-01 0.00E+00 O0.00E+00 0.00E+00 0.00E+00
MMVEX= 1 1 10 0 10 10
NWAVEX= 4 4 6 0 6 6

NOTE: ElI GUWC = ei genval ue (buckling |oad factor);

SLOPEX = sl ope of

t he buckling noda
t he buckling node

i nes;

MAVEX = nunber

of axi al

hal f waves in

NWAVEX = nunber

of circunferentia

hal f waves

in the buckling node.

The PANDA2 node

of the cylindrica

shel

spans 180 degrees [1].
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Tabl e 13 Characteristics of STAGS nodel s used in this study

STAGS nodel Main  characteristics of STAGS node
nunber and sub-characteristics of STAGS node

Mai n characteristics of STAGS node

0 one bay, panel skin only, classical sinple support on all four
edges; prespecified pure nenbrane prebuckling state: (Nx, Nxy)

1 one bay: Xx Y =4.0 x 1.885 in., panel skin with stringers and
rings replaced by constraints w = const along all four edges or
with hal f-stiffness stringers and rings along the edges (Fig. 16)

2 3 bays x 3 bays: X x Y =12.0 x 5.655 in., panel skin with 4
stringers and 4 rings, nodal nesh concentrated in center bay.(Fig.17)

3 4 bays x 8 bays: X x Y = 16.0 x 15.08 in., panel skin wth
9 stringers and 5 rings, 8 nodal points between stringers
20 nodal points between rings, (Fig.18)

4 4 bays between rings x 360 deg. of circunference, panel skin
with 20 stringers and 5 rings, 8 nodal points between stringers
20 nodal points between rings. (Fig.19)

5 entire shell: 60 inches long x 360 deg. of circunference
panel skin with 20 stringers and 15 rings, rings not at edges
nodal poi nt spacing varies along x as shown in Fig.20

6 same as 5 except: 1. rings at ends (16 rings); 2. uniformgrid
spacing with 6 nodal points between stringers and 20 between rings.

Sub- characteristics of STAGS node

a 480 finite el enents

b 410 finite el ements

c with fasteners

d wi t hout fasteners

e edge sidesway of stiffeners prevented

f edge sidesway of stiffeners permtted

g i n-pl ane warping of two strai ght edges prevented
h i n-plane warping of two straight edges permtted

i stringers are nodeled entirely with shell units
j stringer web and outstanding flange are shell units,
faying flange is nodel ed as a discrete beam (210 el erments)
k stringer web is a shell unit, faying flange and outstandi ng
flange are nodel ed as discrete beans (210 el ements)
| stringers are nodel ed entirely as discrete beans (210 el ements)
m stringers are nodel ed as |ines where normal displacenent w= 0

n stringers are sneared out in the manner of Baruch and Singer [28]
o] rings are nodeled entirely with shell units
p ring web and outstanding flange are shell units,
faying flange is nodel ed as a discrete beam (210 el ements)
q ring web is a shell unit, faying flange and out standi ng
flange are nodel ed as discrete beans (210 el enents)
r rings are nodeled entirely as discrete beans (210 el ements)
S rings are nodel ed as |ines where normal displacenent w =0
t rings are sneared out in the manner of Baruch and Singer [28]
u load set no. 1: Nx = -700 Ib/in, Ny =0, Nxy = +40 | b/in.
Y load set no. 2. Nx = -100 I1b/in, Ny = 0, Nxy = +150 | b/in.
A
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Tabl e 14 Characteristics of STAGS buckling nodes found during this study

STAGS buckl i ng Characteristics of STAGS buckling node
nmode nunber

1 skin buckling only (Fig.1l6a-c )

2 primarily skin buckling with sone stiffener rolling (Fig.17)

3 primarily stiffener rolling with sone skin buckling (Fig. 3)

4 primarily inter-ring buckling with mnor deflection of sone
of the stringer roots (Fig. 19)

5 primarily inter-ring buckling with major deflection of sone
of the stringer roots (Figs. 20 - 22)

6 general instability with considerable |ocal deformation (Fig. 23)

7 general instability with minor |ocal deformation (Fig. 24)

8 pure general instability (Fig. 25)

9 edge buckling (Fig. 26)

Tabl e 15 Buckling load factors of the skin of the Bl ade-stiffened

cylindrical shells
STAGS nodel Buckl i ng BUCKLI NG LOAD FACTORS
node from from PANDA2
(Tabl e 13) (Table 14) STAGS Stringer Lateral Local Inter- Genera
nodel segnment torsion skin ring buckling
Optim zed perfect (half-weight=2.120 | bs) PANDA2 RESULTS
Load 1->1.372 0. 952 1.007 1.011 1.011(n=2)
Load 2->8.68 1.390 0.990 1.311 1.085(n=3)
0,a,u 1 1.100(m=8 hal fwaves between rings)
0,a,v 1 1.037(m=3 hal fwaves between rings)
l,a,d,e,h,i,o,u 1 1.066(mr1 hal fwaves between rings)
l,a,d,e,g,i,0,u 1 1. 203(m=10 hal fwaves between rings)
1,a,d,e,h,ms,u 1 0.831(nr1 hal fwaves between rings)
l,a,d,e,g,ms,u 1,9 0.957("quanset hut" buckling node between rings)-Fig. 16a,c
1l,a,d,e,g, ms,u 1 1.184(m=8 hal fwaves between rings; 2nd eigenval ue)-Fig. 16b
1,a,d,e,h,i,o,v 1 1.146(m=1 hal f waves between rings)
l,a,d,e,g,i,0,V 1 1. 345(m=6 hal f waves between ri ngs)
l,a,d,e,h,ms,v 1 0. 974(n¥1 hal fwaves between rings)
l,a,d,e,g,ms,v 1 1. 255(m=6 hal f waves between ri ngs)
2,a,d,e,g,i,o,u 1 1.189(m=8 hal fwaves between ri ngs)
2,a,d,e, hi,o,u 1 1.160(m=8 hal fwaves between rings, 12th root)
2,a,d,e,g,i,o0,Vv 2 1.312(m=6 hal f waves between ri ngs)
2,a,d, e, hi,o,v 2 1. 263(m4 hal fwaves between rings)-Fig. 17

3b
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Tabl e 16 Buckling |l oad factors of the Bl ade-stiffened cylindrical shells
STAGS nodel Buckl i ng BUCKLI NG LOAD FACTORS
node from from PANDA2
(Tabl e 13) (Tabl e 14) STAGS Stringer Lateral Local Inter- Cenera
nodel segnent torsion skin ring buckl i ng
Optimzed perfect (half-weight=2.120 | bs) PANDA?2 RESULTS
Load 1->1.372 0.952 1.007 1.011 1.011(n=2)
Load 2->8.68 1.390 0.990 1.311 1.085(n=3)
3,a,c,e, g,i,o,u 5 0. 975
4,a,d,e,-,i,o,u 5 0.964
4,a,c,e,-,i,0,u 5 0. 961
5,a,d,f,-,i,0,u 5 0.978 — Figs. 20, 21, 22
5,a,d,f,-,i,o0,u 6 1.129(n=3, 88th node) - Fig. 23
5,a,d,f,-,i,0,u 7 1.143(n=2, 96th node) — Fig. 24
3,a,d,e,g,i,o,V 4,5 1.089
3,a,c,e,g,i,0,V 4,5 1.100
5 a,d,f,-,i,o,Vv 4,5 1. 064 (1st node)
5,a,d,f,-,i,o,v 7 1.211(n=3, 58th nopde)
5,b,d,f,-,i,o,v 8 1.268(n=3, 1st node)
5 b,d, f,-,i,o,v 8 1.359(n=4, 3rd node)
5 b,d,f,-,i,o,v 4,5 1.391 (5th node)
5,b,c,f,-,i,o0,v 8 1.242(n=3, 1st node)
6,b,c,f,-,i,o,v 4,5 1.109 (1st node)
Optim zed inperfect (half-weight=2.548 | bs)
I mperfection anplitude, Wnp = 0.0 PANDA?2 RESULTS
Load 1-> 1.046 1.864 1.526 1.869 1.636(n=2)
Load 2->19.1 14.9 1.19 1.981 1.378(n=4)
3,a,d,e,g,i,o,u 5 1.763
4,a,d,e,-,i,0,u 4,5 1.765
5,a,d,f,-,i,o,u 8 1.562(n=3, 1st and 2nd nodes (nodes in pairs))-Fig. 25
5,a,d,f,-,i,o,u 7 1. 625(n=4, 3rd and 4th nodes)
5,a,d, f,-,i,o,u 8 1. 646(n=2, 5th and 6th nodes)
5,a,d,f,-,i,0,u 4,5 1.785 (ninth node)
3,a,d,e,g,i,o, Vv 4,5 1.503
4,a,d,e,-,i,0,Vv 4 1. 486
4,a,d,f,-,i,0,Vv 4 1.483
5a,d, f,-,i,o,v 7,8 1. 300(n=4, 1st node)
5,a,d,f,-,i,o,v 8 1.314(n=3, 3rd node)
5,a,d,f,-,i,o,v 7 1.464(n=5, 5th node)
5,a,d,f,-,i,0,Vv 4,5 1. 485 (7th node)
Optimzed i mperfect (half-weight=2.548 |bs)
| nperfection used in PANDA2: W np(general )=0.025 in.
Load 1->1.034 1.413 1.164 1.653 1.279(n=2)
Load 2->6.91 1.574 0.991 1.819 1. 314(n=4)
I mperfections used in STAGS: |nperfection anplitude, W np(general)=various
I nperfection anplitude, W np(panel)=vari ous
4,a,d,f,-,i,0,u 2 1.159 (Wnp(general)=0., Wnp(panel)=0.01 in.)-Fig. 40
5,a,d,f,-,i,o,u 7 1.126 (W np(general)=0.025(n=3), Wnp(panel )=0.01 in.)
5,a,d,f,-,i,o,u 7 1.361 (W np(gen)=0.025(n=3), Wnp(panel )=.0001 in.)-Fig. 29
5,a,d,f,-,i,o,u 2 1.087 (W np(gen)=0.025(n=4), Wnp(panel)=0.01in.-Figs. 40, 27, 28
4,a,d,f,-,i,0,v 2 1. 050 (W np(general)=0., Wnp(panel)=0.01 in.)-Fig. 40
5,a,d,f,-,i,o,vVv 1.087 (W mp(general)=0.025(n=4), Wnp(panel )=0.01 in.)-Fig. 40

36

American Institute of Aeronautics and Astronautics



Tabl e 17 Buckling | oad factors of the Tee-stiffened cylindrical shells

STAGS nodel Buckl i ng BUCKLI NG LOAD FACTORS
node from from PANDA?2
(Tabl e 13) (Tabl e 14) STAGS Stringer Lateral Local Inter- GCenera
nodel segment torsion skin ring buckl i ng

Optim zed perfect (half-weight=2.306 Ibs) PANDA?2 RESULTS
Load 1->0.997 1.126 1.014 1.071 1.231(n=2)
Load 2->7.05 9.44 0.999 1.280 1.290(n=3)

2,a,c,e,g,i,o,u 1 1. 385(n¥8 hal fwaves between rings)
3,a,c,e,g,i,o,u 5 1.088

2,a,c,e,g,i,0, Vv 1 1. 337(n¥7 hal fwaves between rings)
3,a,d,e,g,i,o,V 4,5 1.148

3,a,c,e,0,i,0,V 4,5 1. 155

Optim zed inperfect (half-weight=2.600 |bs)

I nperfection anplitude, Wnp = 0.0 PANDA2 RESULTS

Load 1->0.997 1.020 1.389 1.197 1.967(n=2)
Load 2->7.00 7.16 1.150 1.734 1.973(n=3)

2,b,d,e,g,l,r,u 1 1. 979(n¥8 hal fwaves between rings)
2,b,d,e,g,ms,u 1 1.812(n¥8 hal fwaves between rings)
3,b,d,e,g,i,o,u 3 1. 200( n¥6 hal fwaves over 4 bays)
3,b,c,e,g,i,0,u 2,3 1. 448(n¥6 hal fwaves over 4 bays)
3,b,c,e,0,j,p,u 2,3 1. 520( n¥6 hal fwaves over 4 bays)
3,b,d,e,g,k,q,u 9 1. 650

3,a,d,e,g,i,o,u 3 1. 170(n¥6 hal fwaves over 4 bays)
3,a,c,e,g0,i,o0,u 2,3 1. 410(n¥6 hal fwaves over 4 bays)
3,a,c,e,hi,ou 2,3 1. 334(n¥5 hal fwaves over 4 bays)
3,a,d,e,g,i,t,u 3 1.417 (n¥7; entirely stringer rolling w thout skin.)
3,a,c,f,g,i,o,u 9 0. 960

4,b,c,e,-,j,p,u 2,3 1. 473(n¥6 hal fwaves over 4 bays)
4,a,c,e,-,i,o0,u 2,3 1. 360( n¥5 hal fwaves over 4 bays)-Fig. 19a
5,a,d,e,-,n, t,u 8 2.443(n=2, 1st node)

5b,d, e, -,nt,u 8 2.496(n=2, 1st node)

5b,d, e, -,I,r,u 8 2.427(n=2, 1st node)

5,a,d,e,-,n,0,u 8 2.303(n=2, 1st node)

5,a,d, e, -,i,t,u - cannot find general node: 760 |local nodes hide it
3,a,c,e,0,i,0,V 2,3 1.572

4,a,c,e,-,i,o,v 2,3,4 1. 533(m=5 hal fwaves over 4 bays)

5,a,d, e, -,i,t,v 8 2.614(n=3)

5,a,c,e,-,i,t,v 8 2.587(n=3)

Optim zed inperfect (half-weight=2.600 |bs)

I nperfection used in PANDA2: W np(general )=0.025 in
Load 1->0.997 1.016 1.086 1.113 1.658(n=2)
Load 2->7.01 1.470 1.005 1.664  1.903(n=3)
I nperfections used in STAGS: |nperfection anplitude, Wnp(general)=various
| nperfection anplitude, Wnp(panel)=various

3,a,d,e,g,i,o,u 2,3 0.899 (Wnp(general )=0., Wnp(panel )=0.01 in.)-Fig. 34
3,b,d,e,g,i,o,u 2,3 0.901 (Wnp(general )=0., Wnp(panel )=0.01 in.)-Fig. 34
3,a,c,e,0,i,0,u 2,3 0.905 (Wnp(general )=0., Wnp(panel )=0.01 in.)-Fig. 34
3,b,c,e,g,i,o,u 2,3 0.940 (Wnp(general )=0., Wnp(panel )=0.01 in.)-Fig. 34
3,b,c,e,0,j,p,u 2,3 0.970 (Wnp(general )=0., Wnp(panel )=0.01 in.)-Fig. 34
3,b,d, e, g,k,q,u 9 1.092 (Wnp(general)=0., Wnp(panel)=0.01 in.)-Fig. 34
2,b,d,e,g,l,r,u 1 1.75 (Wnp(general)=0., Wnp(skin)=0.01 in.)-Fig. 34
2,a,d,e,g,ms,u 1 1.18 (Wnp(general)=0., Wnp(skin)=0.01 in.)-Fig. 34
4,b,c,e,-,j,p,u 2,3 0.990 (Wnp(general )=0., Wnp(panel)=0.01 in.)
4,a,c,e,-,i,o,u 2,3 0.920 (Wnp(general )=0., Wnp(panel)=0.01 )-Figs. 40,19b, 34
3,a,c,f,g,i,o,u 9 0.800 (Wnp(general )=0., Wnp(panel )=0.01 in.)-Fig. 26
3,a,c,ehi,oou 2,3 0.890 (Wnp(general )=0., Wnp(panel)=0.01 in.)-Fig. 34
3,a,c,e,0,i,0,V 2 0.940 (Wnp(general )=0., Wnp(panel)=0.01 in.)
4.a,c.e.-.i.o,Vv 2 0.940 (Wnp(general )=0., Wnp(panel )=0.01 in.)-Fig. 40
37
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Tabl e 18 Buckling |l oad factors of the Zee-stiffened cylindrical shells
STAGS nodel Buckl i ng BUCKLI NG LOAD FACTORS
node from from PANDA2
(Tabl e 13) (Tabl e 14) STAGS Stringer Lateral Local Inter- Cenera
nodel segnent torsion skin ring buckl i ng
Optimzed perfect (half-weight=2.367 |bs) PANDA?2 RESULTS
Load 1-> 1.740 1.001 1.016 0.997 1.234(n=2)
Load 2->12.3 8.23 0.998 1.438 1. 264(n=3)
2,a,c,e,g,i,0,u 1 1.467(m=7 hal fwaves between rings)
3,a,¢c,e,0,i,0,u 5 1.110
3,a,d,e,g,i,o,u 5 0.984
3,b,d,e,h,i,o,u 5 1. 056
2,a,c,e,g,i,o0,V 1 1.349(m=5 hal fwaves between rings)
3,a,c,e,g,i,0,Vv 5 1.172
Optim zed inmperfect (half-weight=2.693 |bs)
I mperfection anplitude, Wnp = 0.0 PANDA?Z2 RESULTS
Load 1-> 2.19 1.690 1.621 1.163 1.961(n=2)
Load 2->15.4 11.3 1.331 2.03 1.976(n=3)
l,a,d,e,g,ms,u 1 1. 767("quanset hut" nbde between rings, node 1)
l,a,d,e,g,ms,u 1 2.044(n=8, hal fwaves between rings, node 2)
l,a,c,f,g,i,o,u 3,9 1.511
l,a,c,e,0,i,0,u 3 1.968(m=3 hal f waves between ri ngs)
3,a,d,e,g,i,o,u 5 1.386(m=6 hal fwaves over four bays)
3,a,c,e,g,i,o,u 5 1.528 (Fig. 18)
4,a,c,e,-,i,0,u 5 1.501(m=6 hal fwaves over four bays)
5,b,d,e,-,1,r,u 8 2.992(n=2, crude nesh: one 410 el enent/ bay)
5,a,d,e,-,n,o,u 8 2.275(n=2, crude nesh: one 480 el enent/ bay)
l,a,d,e,g,ms,v 1 1. 714(m=6 hal f waves between ri ngs)
l,a,c,f,g0,i,0,v 1 1.867(m=6 hal fwaves between rings)
3,a,c,e,g,i.0.v 5 1.579
4,a,c,e,-,i,o,v 2,3,4 1.530
5,a,d,e,-,n,t,v 8 3.115(n=3) (uni form mesh: 101 x 121 nodal points)
5b,d, e, -,nt,v 8 3.151(n=3) (uni form mesh: 101 x 121 nodal points)
5 b,d, e, -,l,r,v 8 2.954(n=3) (uni form mesh: 45 x 41 nodal points
5,a,d, e, -,i,t,v 8 3.110(n=3) (uni form mesh: 101 x 121 nodal points)
5,a,d,e,-,i,o,Vv 4,5 1.564 (six 480 elenments/bay in nmiddle 7 bays)
5,a,d, e, -,i,o,Vv 2.096(n=3, six 480 elenents/bay in mddle 7 bays)
5,a,d,e,-,i,o,Vv 2.079(n=3, 12 480 el enents/bay in mddle 3 bays)
Optimzed i nmperfect (half-weight=2.693 |bs)
I nperfection used in PANDA2: W np(general)=0.025 in.
Load 1-> 2.19 0.996 0.988 0.999 1.352(n=2)
Load 2->15.4 1.695 1.171 1.955 1.916(n=3)
I nperfections used in STAGS: |nperfection anplitude, W np(general)=various
I mperfection anplitude, W np(panel)=various
3,a,d,e,g,i,o,u 5 0.900 (W np(general)=0., Wnp(panel)=0.01in.)-Fig. 35
3,a,c,e,g,i,0,u 5 0.980 (W np(general)=0., Wnp(panel)=0.01 in.)-Fig. 35
4,a,c,e,-,i,0,uU 5 0.976 (Wnp(general)=0., Wnp(panel)=0.01 in.)-Fig. 40
3,a,c,e,g,i,o, Vv 2 1.02 (Wnp(general)=0., Wnp(panel)=0.01 in.)
4,a,c,e,-,i,0,V 2,4 0.97 (Wnp(general)=0., Wnp(panel)=0.01 in.)-Fig. 40
5, various, Vv See Figs. 36-38
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Fig. 1 STAGS model generated with STAGSUNIT for a starting design

(b)

Fig. 2 STAGS model for the optimized design

Fig. 3 Bifurcation buckling of the optimized design under Load Set 1
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Fig. 4 Therare buckling mode in

which normal buckling modal dis-

placement w is largest and constant

along a boundary. e
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Fig. 5 Locations of reference surfacesin STAGS mod-
elswith and without fasteners
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Ohjecive: Walght {in) of 180 degress of cylindncal shed

ED

4.5

0

Fig. 7 A spurious buckling mode in the
STAGS model with 410 elements.
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(-700,+40)Ibfin

Design margins for Load Set 1: (Nx,Nxy)

BOSEEHEHPFFXBAXO

Inter-ring buckling, discrate model

ranscompemati=1;-MID

fibertensnmati=2;-MID.

fibercamprmati=2-MID.

buckling: stingar seg.3 . MIDLENGTH

10.1.1 buck( SAND)simp-support local buck.; MIDLENGTH{0.95allsal)
11.1.1 buck(SAND)SIMp-SUppOn smear fngs: MIDLENGTH

12.1.1 buck| SAND)simp-support general buck; MIDLENGTH

13.1.1 buck( SAND)simp-support general buck: MIDLENGTH:(0.85%altsal)
14.1.1 buck| SAND)rolling with local buck.; MIDLEMGTH

16.1.1 buck SAND)rolling only of stringers: MIDLENGTH

17.1.1 buck{ SAND)ralling only of  rings, MIDLENGTH

21.1.1 buck| SANDhiwave roll. of stringers; MIDLENGTH

Sensitivity of margins of optimized imperfect Blade stiffened shell

1.1.1
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Stringer height, H{STR)(in.)(optimum value=0.2271 in.)

3.4

Fig. 15 Load-interaction curves for the
optimized imperfect Blade stiffened

shell analyzed both asif it were perfect

and including the general buckling mo- ——»
dal imperfection with amplitude

Wimp(general) = 0.025in.

x10°1

43

Normalized Axial Resultant, Nx/Nxcr
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“00

HE3¢ B+ 00

Fig. 14 Margins from design sensitivity run with

PANDAZ2 for the optimized imperfect Blade
stiffened shell

1 1. 1:Intes-ring buckling, discrele model.  Oplimized Blads stiffanad imparfact shell
5 .1.1dranscompr:mati=1;-MID.

6 1. 1:npinshaar-mati=1:-MID.

8 1. 1fibercomprmati=2-MID.

10.1.1:buck(SAND)simp-suppaort local buck.: MIDLENGTH;(0.857altsol)
11.1.1:buck( SAND)simp-support smear rings: MIDLENGTH
12.1.1:buck(SAND)simp-support general buck: MIDLENGTH

13.1.1:buck{SAND)simp-support general buck: MIDLENGTH;(0.85"allsal}
14.1.1:buck( SANDIrolling with local buck.; MIDLENGTH
15.1.1:buck{SAND)rolling with smaar rings;, MIDLENGTH

Applied loads for load set 1: (Nx,Mey) = -700,+40) Ibiin

Applied loads for load set 2: (Mx Niy) = {-100,+150) Infin

IQUICK=1; (Nx, Nxy), Nxcer=-9.20E+02 ,Nxycr=1L89E+02 Ib/in.

0.5 10 1.5 2.0
Normalized In-Plane Shear Resultant, Nxy/MNxycr
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Fig. 16aFirst skin buckling mode from STAGS
model type “1" with stringer model type “m” and
ring model type“s’ (Table 13)

Fig. 16c First skin buckling mode in (a)
viewed end on, demonstrating that the nor-
mal buckling modal displacement w is con-
stant and non-zero along all four edges

Fig. 16b Second skin buckling mode from
the same STAGS model asin (a)

Fig. 16d Buckling in STAGS
model type “1” with all stiff-
ener parts modeled as shell
units and with stiffener side-
sway unrestrained at the edges

Fig. 16e Buckling in same STAGS
model as (d) but with stiffener side-
sway prevented at the edges

Fig. 16e Buckling in same STAGS
model as (e) but with Load Set 2
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Fig. 18 Buckling in STAGS model

Fig. 17 Buckling of the skinin STAGS

model type “

of optimized imperfect

Zee stiffened shell

type “ 311

for optimized perfect

211

Blade stiffened shell

Fig. 19b Mode of collapse of the same

shell asshownin Fig. 19a

4" of

Fig. 19aBuckling in STAGS model type

optimized imperfect Tee stiffened shell

American Institute of Aeronautics and Astronautics



Fig. 20 First buckling mode in STAGS model of type “5” of optimized perfect
Blade stiffened shell
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Fig. 21 End view of same buckling mode as Fig. 22 End view of the same buckling mode as
shown in Fig. 20 shown in Fig. 20 as experienced by one of the
rings nearest to the midlength of the shell
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Fig. 23 88" buckling mode of the same
shell shown in Fig. 20. Thisisthe low-
est buckling mode with a significant
component of general instability (n=3
circumferential waves)

Fig. 25 First buckling mode of optimized imper-
fect Blade stiffened shell (n = 3)
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Fig. 24 98" buckling mode of the same shell
shownin Fig. 20 (n=2)
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Fig. 26 Collapse mode in STAGS model type “3”
for the optimized imperfect Tee stiffened shell in
which stiffener sidesway is permitted at the edges
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Fig. 27 Collapse mode in STAGS model type “5” for the op-
timized imperfect Blade stiffened shell

Imperfect amplit: Mode 3=0.025 in, Mode9=0.01 in, (Nx,Nxy)=(-700,+40) 1b/in
™

it

| it

1.0

1.0=design load)
0.8

06

eps(xx)<2528,0,B,F 1> vs. load PA
eps(xx)<2528 0B F 2> vs_load _PA
eps(xx)=2528 0 B,F 3> vs_load_PA
eps(xx)<2528 0,BF 4> va_load PA
epsixx)<2528 0 B F 5> vs_load PA
epsixx)<2528 0,8B,F 6> vs_ load _PA
eps(xx)<2528 0 B F 7> vs_load_PA
epsixx)<2528 0.B,F B> vs_ load_PA
Epsixx)=2528.0 5. load _PA
eps(xx)<2528 . load_PA
2psixx)=2528 . load_PA
eps(xx)<2528 0T . load_PA
epsixx)=2528 load P&
Epsixx)=2528 0, load PA
eps(xx)<2528 0T load_PA
eps(xx)=2528 0,T . load_PA
eps(Xx)<2528 . load_PA
eps(xx)<2528.0,T load P&

0.4

Load factor, PA (PA

0.2
DOSEORERSSEEAC K +HF00

0.0

1.0 0.8 06 0.4 0.2 0.0 02
Extreme fiber axial strain exx in skin at dimple peak x10

Fig. 28 Extreme fiber axial strain from the nonlinear STAGS analysis
of the same shell shown in Fig. 27
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Fig. 29 Collapse mode for the optimized imper-
fect Blade stiffened shell with initial buckling
modal imperfectionsWimp (general, n=3) =

0.025 in. and Wimp (panel, Fig. 20) = 0.0001 in.
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Hoop resultant My (ibvin) a1 megration points in f.e. near midength of shell

Fig. 30 Hoop compression at integration pointsin
finite elementsin center of band near midlength of
shell shown in Fig. 29, where nodal point density is
highest and imperfection-induced hoop compression
in the skin is maximum.
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Fig. 31 Lowest buckling mode from the
nonlinear STAGS run at load factor 1.361.
The shell is deformed as shown in Fig. 29.
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Ciroumfarential coordinate v {in.) in f.e. patch at buckla lecation in Fig. 31

Fig. 32 Values of stressresultants at the integra-
tion pointsin afinite element patch where local
buckling is shown to occur in Fig. 31
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Fig. 33 Hoop resultants at integration points at
the location where local buckling occurs as
shown in Fig. 31 from models with sparse and
dense nodal point meshes
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Fig. 35 Collapse of optimized imperfect Zee
stiffened shell with and without fasteners used
in the STAGS model
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Fig. 34 Load-deflection curves from several
STAGS models of the optimized imperfect
Tee stiffened shell
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design laad)

Load facior, PA (PA= 1.0

Fig. 36 Thefirst general buckling mode from Fig. 37 Thefirst buckling mode from the
STAGS model type “5” of optimized imperfect same STAGS model as shown in Fig. 36
Zee stiffened shell
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Fig. 38 Collapse of optimized imperfect Zee stiff- Fig. 39 A general buckling mode for the optimized

ened shells from STAGS model shown in Figs. 36 imperfect Zee stiffened shell. The modeistoo

and 37 “polluted” by local buckling to use as a general

buckling modal imperfection.
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Load factor, PA (PA = 1.0 is the design load)

O ELADES;(Mx Mey)=(-700,+40)lbfin; Wimp({pansl}=0.01 in.; Wimp(n=4)=0.025 in.; B0inx360deg.; 480 elmnts
O BLADES;|Mx,Mey)=(-100,+150)Ibin; Wimp{panel=0.01 in.; Wimp{n=4)=0.025 in;60in x360deg. 480 elmnts
& BLADES;(Mx,Mey)=(-700,+40)lb/in; 18in.x360dag. 480 almnts; all shell units; no fastenars; no sidesway
4+ BLADES; (M, May) = (-100, +150) Ibfin; 480 elements; no fastenars; 16 in. x 260 deg.; all shall units
s TEES: (Mx,May)={-700,#40jIbuin; 16 in. x 360 deg.; 480 slements; fasteners; all shell branches
o TEES; {Mx,Mxy) = (-100, +150} Infin; all shell units; 480 slements; 16 in. x 360 dag.; fasteners
7 ZEES; (Mx,May)={-700,#40}Ibiin; 16 in. x 360 deg.; 480 elaments; fasteners; all shell branches
B ZEES; (MxMxy)={-100,+150)Ibfin; 16 in. x 360 deg.; 480 elements; fasianars; all shell branches
Imperfect: Wimp(panel)=0.01 in.; Two load sets; Blades, Tees, Zees
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Fig. 40 Collapse of optimized imperfect Blade, Tee and Zee stiffened cylin-
drical shells
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