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ABSTRACT

This paper analyzes the geometrically nonlinear bending and collapse

behavior of an elastic, simply supported cylindrical shell subjected to

an inward-directed point load applied at midlength. The large displace-

ment analysis results for this thin (R/t - 638) "poked cylinder" were

obtained from the STAGSC-1 finite element computer program. STAGSC-1

results are also presented for two other point-loaded shell problems:

a pinched cylinder (R/t = 100), and a Venetian blind (R/t = 250). These

two problems were analyzed to provide check cases and to gain familiarity

with the program prior to its application to the poked cylinder.

The STAGSC-1 results were found to agree well with available solutions

for the linear behavior of all three shells, and with previous finite

difference solutions for the nonlinear behavior of the two check cases.

The load-displacement curve for the pinched cylinder has a local maximum

wftfch is immediately followed by a rising portion that indicates stiffen-

ing behavior. The load drops off by only 1% from its collapse value at

the maximum (limit) point to its minimum post-collapse value, while the

corresponding displacement increases by only 4% before stiffening behavior

takes place. In contrast, the load-displacement curve for the considerably

thinner poked cylinder could not be traced out beyond the maximum point,

even though a displacement-controlled analysis was performed. It appears

likely that the load-displacement curve for the poked cylinder has a sharp

maximum that is inwediately followed by a rising portion. Thus, collapse

is not catastrophic for the poked and pinched cylinders considered here.
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The paper also makes a comparison of the efficiency of displacement-

controlled and load-controlled STAGSC-1 analyses, and it recommends a

simple computational procedure for the selection of certain input strategy

parameters that allows for a more efficient use of the program for load-

controlled analyses.
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1. INTRODUCTION

The "poked cylinder" is a circular cylindrical shell that is subjected

to an inward-directed radial point load, P, that is applied at midKngth.

Interest in the poked cylinder was prompted by a problem of practical

interest that required the determination of both the collapse value of

the point load and its possible interaction effect with an axial compressive

(or bending) load. For sufficiently small values of P9 the interaction is

of little practical consequence for real (i.e., imperfect) shells, since

the deformation caused by P may be regarded as being a predictable "imper-

fection" that is less severe than the random initial imperfections present

in the shell. However, for increasingly larger values of P, the predictable

imperfection will eventually become more severe in the sense that it will

result in a greater reduction in the axial load-carrying capacity than that

due to the random initial imperfections. Thus, it is important to be able

to predict the deformation resulting from a point load9 especially at the

higher load levels for which the load vs. deformation behavior is nonlinear.

In view of this discussion, it was decided to perform a two-dimensional

nonlinear bending analysis to determine the load-deformation behavior and

the collapse load for an elastic, simply supported cylinder of current

practical interest. The analysis presented here is based on the STAGSC-1

, finite element computer program developed by Brogan and Almroth [1]. The

paper also presents guidelines for the selection of certain input strategy

parameters that results in a more efficient use of the program.

Two related and more standard problems were first run on STAGSC-1 to gain

familiarity with the program, and to provide check cases. These problems are

the point loaded Venetian blind and the pinched cylinder. Dimensions and

material properties for the three elastic shell problems are given in Table 1

along with the STAGSC-1 predictions of the collapse loads.

2. ANALYSIS CONSIDERATIONS

Either displacement or load can be specified as the controlled variable in

STAGSC-1 Input. For reasons of economy* and to obtain the post-collapse behav-

ior, displacement-controlled analyses were performed for each of the three shell

problems. Specifically9 the radial displacement wQ under the point load P

is specified in steps8 and the corresponding value of P required to impose the

specified displacement is determined from a printout of "equilibrium forces".
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The nonlinear collapse load is the value of the load at the maximum point

(limit point9 dP/dw^o) of the load-displacement (P-wQ) curve obtained

from the analysis. This lead, which is also called the snap-through load or

nonlinear buckling load in the literature, should not be confused with the

bifurcation buckling load obtained from an eigenvalue type of analysis (see

Appendix A for a discussion of bifurcation buckling and collapse).' For

comparisons a load-control led collapse analysis was also performed for one of

the problems. In this case, the collapse load is taken to be the value of P

for which the finite element computations failed to converge within the

specified convergence criterion,, specified permissible number of cuts in the

load step, and the number of times the stiffness matrix can be refactored.

Because of symmetry conditions, each shell problem is analyzed as a

cylindrical panel whose axiel length is half the actual length of the shell,

and whose circumferential angle is half the actual opening angle of the

Venetian blind, and 90° and 180° for the pinched and poked cylinders,

respectively. Classical simple support (diaphragm) boundary conditions" are

imposed on the curved edges of all three panels, end free edge conditions are

specified on the remaining straight side of the Venetian blind panel. The

quadrilateral flat plate element 411 with 2x2 Gaussian integration points is

used in the analyses. Table 2 gives the number of mesh points along with

other details of the analyses.

3. ' VENETIAN BLIND AND PINCHED CYLINDER RESULTS

3.1 Comparison With Previous Solutions

Table 3 shows that linear STAGSC-1 results appropriate to the meshes of

Table 2 agree to within 10% with previous solutions [ 2, 3 ] for w Et/P,

a dimensionless flexibility coefficient. Use of a finer mesh is seen to

reduce the discrepancy in the pinched cylinder results from 10% to 2%. For

reasons of economys the finer mesh was not used in the nonlinear collapse

analysis of the pinched cylinder.

With regard to the comparison of nonlinear results for the Venetian blind and

pinched cylinder, it is noted that the present results are based on the same

meshes used in the STAGSA finite difference analyses performed by Brogan and

Almroth [ 2 ]. The above comparison of linear results indicates that these

meshes are not sufficiently fine to render completely converged solutions for

Use of 2x2 integration points was recommended by the developers of STA6SC-1.



w0. Furthemore9 the rate of convergence with mesh refinement is likely to

be different for the STA6SA and STAGSC-1 solutions. Consequently, the

STAGSC-1 results for the Venetian blind (Figure 1) and pinched cylinder

(Figure 2) agree as well as could be expected with the STAGSA solutions,

with respective collapse loads P£ for the Venetian blind differing by about

5% (Table 1). A similar comparison of collapse loads for the pinched

cylinder could not be made because the STAGSA solution in [ 1] was

terminated before collapse.

3.2 Nonlinear Behavior Of Venetian Blind

For comparison, Figure 1 shows load-displacement plots obtained from both

the displacement-controlled (DC) and load-controlled (LC) analyses. The

following observations and comments stem from an examination of this figure
and Tables 1 and 2:

A. The collapse loads predicted by the DC and LC analyses agree to three

significant figures.

B. The LC analysis required over 8 times as many steps to reach the

limit point and is 6 times as expensive up to this point.

C. The relatively large number of load steps provides a very smooth LC

curve at all load levels. The DC curve drifts away from the more

accurate LC curve in a local region and then properly returns to it

upon a refactorization at a later displacement step (w = .02").

Since the same (default) value of the convergence criterion is used

in both analyses* and since there are fewer steps in the DC analysis,

it appears that satisfaction of convergence is so much easier in a DC

analysis that it sometimes accepts too large a displacement step.

This apparently causes a "drift" in the DC solution from the "true"

solution (appropriate to the chosen mesh) that is eventually

corrected by the Newton-Raphson solution procedure. Such a local

drift is generally of little consequence.



D. STAGSC-1 has the advantage and convenience of automatically reducing

the load or displacement step when convergence difficulties are

encountered. Thus9 it is easier for STAGSC-1 to home-1n on the

collapse load in a LC analysis than it is for other programs8 such as

MARC [ 4 ], for example9 in ^hich input values of the load steps

cannot be reduced internally by the program to reflect the increasing

ill-conditioning of the stiffness matrix as P-*P . Such programs

generally require more restarts to obtain the collapse load to the

same degree of accuracy.

E. The post-collapse curve obtained from the DC analysis shows that the

point loaded Venetian blind is imperfection-insensitive in the sense

that collapse loads for perfect and slightly imperfect Venetian

blinds are expected to differ by a small amount. Of course, the

post-collapse curve cannot be determined from a LC analysis unless

special procedures are used.

3.3 Nonlinear Behavior Of Pinched Cylinder

The sketch of the 12x8 variable mesh given in [ 2 ] was scaled to provide the

axial and hoop intervals given in Table 4. The corresponding STAGSC-1

solution in shown by the upper load-displacement plot of Figure 2.

Inspection of the figure reveals that collapse of the pinched cylinder is not

catastrophic. The load drops off by only 1% from its value at collapse to its

minimum post-collapse value9 while the corresponding displacement increases by

just 4% before stiffening behavior takes place.

These results are useful in a general sense because this is the first time

that collapse has been predicted for a pinched cylinder. Hence9
collapse of the considerably thinner poked cylinder (R/t * 638 versus 100) was

seen to be a definite possibilityB and was therefore investigated. However,,

specific numerical values and details of the pinched cylinder results may be

inaccurate because (1) the mesh is not fine enough to provide converged values

of the radial displacement and smooth hoop spatial variations for stresses,

(2) computed rotations {%2b° at collapse) exceed the range of permissible

values for valid application of the theory employed in STAGSC-19 and (3)



computed stresses at collapse for this relatively thick cylinder indicate that
plasticity effects (not considered here) are significant even at points away
from the load.

4. ANALYSIS OF THE POKED CYLINDER

4.1 Mesh Considerations

It was decided to use the finest mesh that would not be unduly expensive and

that would not exceed the core storage limitation that the total number of

nodes mxn could not exceed 528 (on the Westinghouse CDC»7600)9 which was

determined by trial and error from linear runs. The chosen variable mesh with

mxn * 16x32 * 512 nodes (Table 4) over the half-length and

half-circumference is based on results obtained from two preliminary linear

runs in which the mesh spacing was coarse in the axial direction(x) and fine

in the hoop direction(y) for the first run, and vice versa for the second.

Approximately five elements were then used to span the first half wavelength

in the hoop and axial directions of the axial curvature * obtained

respectively from the first and second runs. The size of consecutive axial

and hoop intervals was then selected to increase geometrically by 20 and 10%,

respectively, as m$y be deduced from Table 4. Linear results appropriate

to the finer 16x32 mesh provided about the same wavelengths as those obtained

from the preliminary runs9 and were found to agree well with available series

solutions* as is discussed below. Therefore9 the 16x32 mesh was also thought

to be adequate to describe the nonlinear behavior of the cylinder because the

inward deformation pattern under the load spreads out with increasing load,

and this results in an increasingly greater number of nodes spanning the

pattern.

+ K X is the response variable with the shortest significant wavelengths
in both directions. Therefore, results are more accurate for the more
slowly varying and lower t.rder kinematic variable w(x9y)8 the radial
displacement.



4.2 Linear Behavior And Comparison With Previous Solutions

Figures 3 and 4 show the hoop variation of the radial displacement w at

midlength (x * 0) and the hoop bending moment M at the axial position x =

3.5" * (1/140)(L/2). The rapid decay of the oscillatory hoop variations

with increasing circumferential angle • s y/R is also typical of the

STAGSC-1 results for the axial bending moment M s and the axial and hoop

membrane forces N and N . In contrasts the axial variations of w and M
x y y

decrease monotonically to zero at the simply supported edge (x-L/2)8 as is

shown in Figures . 5 anc? -6 for the variation of K along the loaded

generator (• = 0s) and for M along a neighboring generator (+ * l/2e).

For poked shells* note that the slow decay of w in the axial direction is also

evident from graphs given in [ 5 ] for longer cylinders (L/R = 4), and from

results for long doubly curved shells presented in [ 6 J ̂ here it is

mentioned that displacements spread much further in the direction of the

smaller curvature than in the direction of the larger one. Also note that the

axial attenuation length for w is ver^ large for the closely related case of a

pinched cylinder (see [ 7 3).

The above linear results are in qualitative agreement with series solutions

given by Bijlaard [5, 8S 9 ] and Mizoguchi [ 10 ] for thicker and longer

cylinders. Quantitative comparisons are afforded by the series solution

presented by Kempner, Sheng, and Pohle [ 11 ] for a range of shell geometries

that spans the geometry ( R/t s 6389 L/R - .892) of the poked cylinder

analyzed here. The radial loading considered in [ 11 ] is an axial line load

distributed uniformly over just 5% of the shell length, and located

symmetrically about the midlength of the cylinder. A cylinder with such a

short line load provides a good check case for the point loaded cylinder.

Tabular results are presented in [ ll ] for w, M . M , N and N at the
A y A y

following points: (xfy)
 s (090)9 the location of the resultant load P;

(L/4s0)9 the "Quarterlength" point on the loaded generator midway between P

and one end of the cylinder; and (09L/4)8 the corresponding quarterlength

point on the circumference through P. Results at the first point for R/t *

500 and 800 and L/R = .2 and 1 ̂ ere logarithmically interpolated to provide

values of the radial displacement and the stress resultants appropriate to

R/t = 638 and L/R - .892. Data in [ 11 ] for the two quarterlength points



permitted Interpolation with respect to R/t for L/R - 1, but not with respect

to L/R. To get results for L/R = .892 at these points based on the

interpolated values for L/R ~ 19 it was assumed that the shorter length would

have the same relative effect on the response variables (w, M , etc.) at the

quarterlength points as at the point (0,0) under the resultant load or, in

other words* the shapes of the spatial variations of the response variables

are assumed to be the same for values of L/R as close as .892 and 1, with only

the known amplitudes (at 0,0) being different. Thus, for instance, w at the

quarterlength point (L/4,0) was estimated according to

[w(L/4.0)]./R . R92
 S i r^TO 0)1 [w(L/4' °)3L/R - 1

where all values in this expression are for R/t = 636. STAGSC-1 values of the

stress resultants at the Quarterlength points were determined from known

values at neighboring centroidal4 points by means of linear interpolation in

one direction, and extrapolation to the symmetry plane in the other

direction. The extrapolated values were obtained by passing a fourth order

polynomial with even terms (because of symmetry considerations) through three

points and by evaluating the polynomial at the origin. The series solution

[ 11 ] and STAGSC-! results for the three points under consideration are

compared in turn in the three horizontal sections of Table 5. Stress

resultants that are small or which have vepy rapid spatial gradients** at

the quarterlength points are omitted from the comparison. Examination of the

table reveals that the STA6SC-1 results differ from the series solution

predictions by an average of only +5.4%, with minimum and maximum deviations

of *-.4 and +11.IX. Furthermore, each STAGSC-1 result is above the

+The option to print out values of the stress resultants (or stresses
or strains) at the Gaussian integration points doesn't work. Thus, only
centroidal values are printed out.

••^Comparisons at points of rapid spatial gradients can result in deceivingly
large percent differences9 is is exemplified by consideration of two
identical shapes that are slightly out-of-phase (shifted relative to one
another in the coordinate direction).



corresponding series solution predictions and thus properly reflects the more

severe nature of the concentrated loading condition. In view of the

interpolation and extrapolation procedures employed to arrive at a coiwnon

basis of comparisions and because slight phase shifts or dispersion in shape

at points of moderate spatial gradients may very well lead to percent

differences on the order of those given in the tables it seems that the

agreement between the STAGSC-1 and series solutions for the two slightly

different loading conditions is ejout as good as can be reasonably expected.

This favorable correlation of linear results instills a sense of confidence in

the reliability of the STAGSC-1 code in general, and in the adequacy of the

particular mesh selected for the poked cylinder analysis, certainly at least

with regard to the prediction of linear behavior.

4.3 Nonlinear Behavior And Collapse

4.3.1 load-Displacement Behavior

The load-displacement curve in Figure 7 represents the ''best18 solution

obtained here by refining values of the strategy parameters in the DC

analysis. The initial linear portion of the curve is seen to extend over only

about 10% of the load range to collapse and over about 4% of the corresponding

displacement range. The curve then bends over rapidly for a short range of

load levels during which the initially compressive axial and hoop membrane

stresses near the load become tensile (see Figure 8), due to local geometry

changes9 anti remain tensile thereafter. Figure 7 shows that collapse

occurs at the limit point of the curve.

Somewhat suprisinglys the post-collapse behavior could not be oeterroined from

the OC analysis. Strategy parameters were then varied in a number of

unsuccessful runs, each one being terminated at the same limit point with a

message that the stiffness matrix ceased to be positive definite. It is

possible that the load-displacement curve is very steep (stiffening behavior)

immediately after the limit point, or that it has a sharp maximum theres or

both. Another possible explanation is given after consideration of spatial

variation plots.



4.3.2 Spatial Variations

Hoop and axial variations of w and M at collapse are displayed in Figures

9 to 12 and are to be compared with the corresponding spatial variations

for the case of linear behavior at low load levels (Figures 3 to 6).

Comparison of Figures 3 and 9 for the hoop variation of w at midlength

shows that the inward deformation pattern under the load spreads out with

increasing load (as is easily demonstrated by poking at a thin-walled beer

can) and that the shapes are similar otherwise. In contrast, Figures 10

and 4 reveal that the hoop variation of M at collapse is markedly

different from that at low load levels. The jumpy behavior exhibited in

Figure 10 near # = 20° is due to the development of a sharp hoop

curvature, which is suggested by the displacement results of Figure 9, and

which is shown directly in the plot of the change of curvature, « , given

in Figure 13. It is possible that the failure to trace out the

post-collapse portion of the P-wQ curve may be due to ill-conditioning

associated with this region of sharp curvature. It is interesting to observe

from Figure 13-that the sharp curvature near # = 20° is preceded by a

spatial region in which < = - 1/R so that the total curvature (* + 1/R)

is approximately zero, or in other words, the inward displacement (̂  < 20°,

see Figure 9) is circumferentially flat at collapse except, of course, in

the inmediate neighborhood of the load, figure 11 shows that w is flat

also axially for x>L/2Q. Interestingly, comparison of the load-deformation

plots of Figures 14 and 7 for K near # = 20° and for w reveals

that K starts to grow rapidly at a load level (P/4 = 150,000 1b) which

corresponds to the beginning of the jog (inflection region) in the P-w plot

of figure 7.

4.3.3 Scaled Down Model

A scaled down model of the poked cylinder was observed to deform into a

spreading diamond shaped pattern with rounded ^corners" at midlength (see

Figure 15). The circumferential corners became increasingly sharper with

increasing load until a subtle and noncatastrophic collapse occurred at one

and occasionally both of the corners. The collapse mechanism appears to be an

asymmetric (about midlength) local snapping, which was sometimes accompanied



by a loud ping. Such collapse behavior was noticed at most but not all

successively poked points of the model. Regardless of whether collapse was

discernible, stiffening behavior was observed to take place at all poked

points after the circumferential corners became sufficiently sharp. It is

interesting to mention that these corners appear to correspond to the above

discussed regions of sharp curvature near # = 20° at midlength that are

predicted by the STAGSC-1 analysis.

4.3.4 Mesh Considerations In Rstrospect

As mentioned earlier, the chosen mesh was thought to be satisfactory for the

nonlinear analysis since it provided essentially converged linear results that

are in good agreement with available analytical solutions, and because the

number of nodes spanning the spreading inward deformation pattern under the

load increases with increasing load. Evidently9 this mesh (or any finer mesn)

is inadequate to describe accurately the corner near # = 20° at midlength.

However, it is important to point out that the solution for the radial

displacement w(?:,y) may still be accurate, since displacements converge much

more rapidly than higlv»r order derivative variables (M or s ). If this

is the case, and since the P»wQ curve of Figure 7 has a limit point, it

follows that the value of the collapse load at this point would also be

accurate.
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5. CONSIDERATION OF STRATEGY PARAMETERS

It has already been shown that the DC solution for the Venetian blind

drifts away from the more accurate LC solution in a local region of

the P-wo curve. Such drift was also observed in two instances in

the DC solution for the poked cylinder, as shown by regions I and II

in Figure 7. Recall that the continuous curve in the figure

represents the "best" solution obtained here by refining values of

the strategy parameters governing the convergence criterion (DELX)

and the frequency of refactoring (NEWT) so as to eliminate drift.

Specifically9 drift in region I was eliminated by tightening DELX to

10" from its default value of 10" , and drift in region II was

smoothed out by forcing refactoring at every step. It is interesting

to note that the drift in region II (see Fig. 7b ) might be

interpreted as signifying collapse, which would be spurious.

In view of the improvement brought about by the NEWT=-1 solution in

region II, an additional run was made to determine if the drift in

region I could similarly be avoided by refactoring at every step,

instead of by tightening the condition for convergence. That this

happens is evident from inspection of Figure 16 for the following

11



three solutions8 which are shewn are shown to an expanded scale: (1)

default (DELX = 10°3, NEWT + -1), (2) tighter convergence

(10~4
s / -1) and (3) successive refactoring (10°3

9 -1). It is

significant to observe that the solution based on the more stringent

convergence criterion costs 2.25 times as much as does the one which

forces refactoring at every step, since it requires more steps.

Furthermore, it actually requires one more refactonng, as is

also shown in Table 6.21 of ['121. Indeed, the solution

based on successive refactoring turns out to be 26% cheaper than the

default solution, since it required roughly half as many steps.

Similarly, comparison of run times for both DELX=1O" solutions for

region II of Figure 16 shows that the solution with successive

refactoring is 23% cheaper. It appears that the savings due to the

bigger load steps allowed by successive refactoring more than offsets

the cost of the additional refactorings for this size problem.

The foregoing results now make it possible to recommend a simple

computational procedure for the economical DC analysis of the

nonlinear softening behavior of shells that can be modelled as small

or modest size problems on STAGSC-1.

5.1 Recommended Computational Procedure, for Displacement-Controlled

Analyses

Step 1: Start the analysis with the default value of DELX=1O"3 for

the convergence criterion, unless there is a special reason

to proceed otherwise,, and let the program decide when

refactoring should take place (NEWT>0).

09?0B-86B:2
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Step 2: Require refactoring at every displacement step (NEWT=-1)

when convergence difficulties or inaccurate solutions are

first encountered. Set NEWT=-1 for the rest of the

analysis until stiffening behavior occurs in the

post-collapse portion of the load-displacement curve.

Step 3: Reduce DELX each time subsequent computational problems

arise.

Note that this computational procedure may not be economical for

problems with large bandwidths because of the cost of refactoring.

The present results indicate that it is economical for the largest

problem considered here, which has 512 mesh points and an average

semi-bandwidth of 128. Also note that the procedure does not apply

to a load-controlled analysis since such an analysis generally

requires smaller steps for satisfaction of convergence than does a

displacement-controlled analysis. This is illustrated by the

Venetian blind results (Figure 1).

6. CONCLUDING REMARKS AND RECOMMENDATIONS

The1 quadrilateral flat plate element 411 with 2x2 integration points was used

in analyses of the geometrically nonlinear behavior and collapse of a point

loaded Venetian blind and of pinched and poked cylinders. Displacement-

controlled analyses were performed for all three shells along with a

load-controlled analysis of the Venetian blind. Conclusions and

recommendations stemming from these analyses are as follows:
6.1 Analysis Results

1. The load displacement curves up to the limit point were obtained in a

straightforward way for the three problems. Changes in user strategy

during the course of the analysis were required only for the poked

cylinder due to convergence difficulties or indications that

inaccurate solutions had been accepted. In this respect it is worth

noting that the user has some control over the sophisticated but

flexible strategy in STAGSC-l9and this allows for a more efficient

use of the program.

0920B-86B:2 13
(S3034) 36



2. The STAGSC-1 results agree well with linear series solutions and with

a limited number of finite difference nonlinear solutions.

3. The load-displacement curve for the pinched cylinder has a local

maximum which is immediately followed by a rising portion'that

indicates stiffening behavior. The load drops off by only 1%

from its collapse value at the maximum (limit) point to its

minimum postbuckling value, while the corresponding displacement

increases by only 4/. before stiffening takes place.

4. In contrast, the load-displacement curve for the considerably

thinner poked cylinder could not be traced out beyond the maximum

point, even though a displacement-controlled analysis was used.

It appears likely that the load-displacement curve for the poked

cylinder has a sharp maximum that is immediately followed by a

rising portion.

5. Consequently, collapse is not catastrophic for the poked and pitched

cylinders analyzed here.

c. T hp thin poked cylinder considered in this work provides a chalienq-

ing tesf problem for father finite elei;ie..t

6.2 STAGSC-1 Considerations (see [12, 13] for a comprehensive evaluation of

the STAGSC-1 program)

I. A displacement-controlled (DC) analysis is considerably cheaper than

a load-controlled (LC) analysis of the same problem, but may require

more decisions pertaining to the selection of the strategy parameters

governing the convergence criterion (DELX) and the frequency of

refactoring (NEWT). Specifically* the DC analysis of the Venetian

blind was 6 times cheaper than the LC analysis and required 8 times

fewer steps to reach the same limit point.

14



2. Because satisfaction of the same convergence criterion is so much

easier,, it appears that too large a step is sometimes accepted in a

DC analysis. This may cause the load-displacement curve to drift

away from the "true" solution appropriate to the given mesh. For the

Venetian blind9 the DC curve drifted slightly away from the more
accurate LC curve in a local region and then properly returned to it

when the program decided to refactor at a later step. Drift in the

poked cylinder results required a restart from a previous accurate

solution with different values selected for the strategy parameters.

ThusB drift is either inconsequential or easily corrected, and is a

small price to pay for the relatively greater economy of a DC

analysis.

3. For modest size problems* drift can be eliminated at a lower cost by

refactoring at each displacement step instead of sharpening the

convergence criterion.

4. Based on these results, a simple computational procedure is

recommended for the DC analysis of the nonlinear softening behavior

of shells that are run as small or modest size problems on STAGSC-1.

5. A DC load-displacement curve is smoother if solutions only at

refactored steps ar', plotted.

6. STAGSC-1 has the advantage of automatically reducing the load or

displacement step when convergence difficulties are encountered, such

as when the limit point is approached. Thus, in a LC analysis it is

easier for STAGSC-1 to home-in on the collapse load to any degree of

accuracy than it is for some other programs in which input values of

the load step cannot be reduced internally.
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Table 1 Dimensions, Material Proper ties and Collapse Loads

VENETIAi BLIND PINCHED
CYLIWDEH

POKED
CYMNOER

SS = simply support (glasses!)
F = fr@a
% diff. is relative to STA6SA collapse Seed

GEOMITRY

R = mid. surface radius (in.)
I = length (in.)
I = thiebnets (in.)
tf>_ = epsning ingfi

R/t
L/R

MATERIAL PROPERTIES

E - ¥©as3|'s raeslybs fpss)
v - Paisseo's ratio

, BOUNDARY CIHiDlTIONS

eurwd edges
straight sides

COLLAPSE LOADPe(?b)

STAGSC-!
D£ = disp-§®nt.
LC - teai-tmt.

STAOSA ISrepn & Alnroth)
%diff.

1.6
6

.01
« *

250
2.4

10?

.3

SS
F

2.3S
U S
1.48
i.2

.5
1.0

J0§
-

100
2

I f l 7

.3

SS
-

12.14
—
—
—

111?
§06
U S
-

63S
.812

2.79 x ?07

.3

SS
-

??3,20Q
—
—
-

5611-20



TABLE 2 PARTICULARS OF FINITE ELEMENT ANALYSES

Pinched cylinder Var. 12 8 693

Poked cylinder Var. 16 32 4185

61

128 II

45

PROBLEM

Vrnetiars blind

TYPE

Unif

MESH

M

. 10

N

8

DOF

603

AVERAGE SEMI
BANDWIDTH

64

NUMBER
OF RUNS

DC:

LC:

1

2

NUMBER
Pc

19

157

OF ~TrPS
Pend

30

157

TO:

59

102 102

m9 n = Number of mesh points in axial & circumferential directions, respectively

DOF = Number of active degrees of freedom

P = Collapse load at limit point of P-w curve

P . - Denotes end of analysis



TABLE 3 COMPARISON OF LINEAR SOLUTIONS FOR VENETIAN
BLIND & PINCHED CYLINDER PROBLEMS

PROBLEM

Venetian

Pinched

Blind

Cylinder

MESH
(mxn)

10x8

12x8

23x15

STAGSC-1

1091

148 j

160 I

H o L l

Prev.

1156

164

•/r

Sol.

<u

(c)

% D

-5

_g

-2

iff!a)

.6

.8

.4

(a) % difference is relative to the previous solution

(b) Brogan & Aimroth, 1971

(c) Lindberg et al, 1969



TABLE VARIABLE MESHES USED IN PINCHED &
POKED CYLINDER ANALYSES

ROW (OR COL.)
NUMBER

1-2
2-3

3-4

4-5

5-6

6-7

7-8

8-9

9-10

10-11

11-12

12-13

13-14

14-15

15-16

16-17

17-18

18-19

19-20

20-21

21-22

22-2:

23-24

24-25

25-26

26-27

27-28
28-29

29-30
30-31
31-32

PINCHED

SIZE OF

AXIAL(1n.)

.0124

.0170

.0232

.0341

.0449

.0495

.0557

.0651

.0650

.0665

.0666

CYLINDER

INTERVAL
HOOP(deg)

3.481

5.469

6.96

10.94

19.89

21.38

21.88

POKED CYLINDER

SIZE OF
AXIAL(in.)

7
8.4

10.08

12.096

14.5152

17.4182

20.9019

25.0823

30.0987

36.1185

43.3422

52.0106

62.4127

74.8952

83.6286

INTERVAL
HOOP(deg)

1

1.1

1.21

1.331

1.4641

1.6105

1.7716

1.9487

2.1436

2.3579

2.5937

2.8531

3.1384

3.4523

3.7975

4.1772

4.5950

5.0545

5.5599

6.1159

6.7275

7.4002

8.1403

8.9543

9.8497

10.8347

11.9182
13.1100

14.4210
15.8631
15.5060

Load is applied at Row 1 & Column 1



Table 5 Comparison Of linear Results For The Poked Cylinder

Lontion

at laid, usy=§

x=t/4

¥=0

n-i

v=L/4

Variable

w,W

wEt/P

' My/P

Ms/P

N iR/P

wEt/P

N. R/P

STAGSC-1

P

I

1092

381
.01 M l

JM05

-15.04

34i
27 .SO

Ktmpmr ft iL

i f i
IMS

3e§

.01492

.00391

-13.72

32S

24.7S

% Diff.<»)

4.5

.4

3.3
2.7

9.S

S.5

11.1

Awra§e = 5.4%

(a) % Diffeseoeg is Relatiw to Previous Solution

5611-2!
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Figure 3 Hoop Variation of Radial Displacement at Midlength. l inear Results for
Poked Cylinder. R/t = 638, L/R = .892
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Figure 4 Hoop Variation of Hoop Bending Moment at x = 3.5" « (1 /40) (L/2). Linear
Results for Poked Cylinder. R/t = 638, L/R = .892
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Linear Results for Poked Cylinder. R/t = 638, L/R s .892
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Figure 15. Progressive Deformation of Scaled Down Model Under Increasing Load
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d) AFTER LOCAL SNAP AT RIGHT CORNER

Figure IS. (Continued)
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