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FOREWORD

This report presents finite element bend-buckling analysis results,
including short wavelength (local) buckling and an analysis of the surface of a
"nearly circular cylinder" through a double Fourier series.

This study used the nonlinear finite element program ABAQUS. It was
performed under an ongoing program aimed at realistic modeling of shell
structures and capturing all the developing phenomena during static buckling of
circular cylindrical shells subject to either bending moments or axial
compression.

This work was supported by the Office of Naval Technology through the Naval

Surface Weapons Center Block Program, "Undersea Weapons, Warheads and Fuzes"
(D.E. Phillips).

Approved by:

KURT F. MUELLER, Head
Energetic Materials Division
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INTRODUCTION

The ability to analyze cylindrical shells subjected to bending loads was
the topic of an earlier study.1 In that report, three unstiffened long
circular cylindrical shells were analyzed by the nonlinear finite element
program ABAQUS. The computational results were then compared with experimental
data. The agreement was good. This report presents:

1. Further analysis results of circularly perfect models subject to
end-bending moments. This is a follow-up of References 1 and 2, including short
wavelength buckling for ring-stiffened cylinders.

2. An analysis of the surface of a "nearly" circular cylinder, given its
Fourier components; or inversely, construction of the Fourier coefficients from
given data representing the surface. 23 ,24 We intend to be able to generate
imperfect geometries from a perfect model and easily generate the topological
model emloyed in the ABAQUS general nonlinear finite element computer
program.

25

Furthermore, this report extends the list of references in References 1 and
2. References 3 through 13 represent additional works on bend-buckling analysis
of cylindrical shells. References 14 through 22 are additional general works on
analysis of shells. Reference 23 deals with the fast Fourier transform
algorithm which was not used here.

The methods applied here in connection with the surface representation
23 ,24

of a "nearly" cylindrical shell are described in Reference 24. Appendix A
contains the mathematical details of the method employed in this report.

Appendix B contains the actual FORTRAN listing of the subroutine to be used
with ABAQUS in these computations.

S1 &
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METHOD

FINITE ELEMENT MODELING

The analysis of a circular or near-circular cylindrical shell subject to
end bending moments will be addressed here numerically. For this purpose the
nonlinear finite element program ABAQUS25 is used.

In this work, we establish first our global Cartesian frame of reference
(x,y,z, Figure 1). The shell axial direction is along z. The vertical
direction is indicated by x, while the transverse y is along an axis pointing
out of the paper towards the reader. Again only 1800 of the structure
peripherally and L/2 axially are discretized with finite elements. If the
cylinder is not exactly circular, then Fourier analysis of the kind indicated in
Appendix A will produce the various dominant harmonics axially and
peripherally. In such cases, it may be necessary to analyze 3600 of the shell
peripherally and even its entire length. Here it is assumed that both cylinder
and loads are symmetrical for this simplification to be correct.

We discretize the cylindrical surface by ABAQUS S8R shell elements with 3
integration points across the thickness. This means that both outside, inside,
and midsurfaces of the shell are considered, when stresses are computed later.
The element consists of 8 nodes, 4 corner and 4 midside ones, and employs
reduced integration to calculate the stiffness matrix. The program allows for
geometric and material nonlinearities. Furthermore, the constitutive equations
consist of a von Mises yield surface with the associated flow rule. The
hardening rule considered here is isotropic.

Peripherally, the discretization allows 25 nodes (including midside ones)
over 180. Axially, depending on the length analyzed, we have a variety of
total nodes.

2
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BOUNDARY CONDITIONS AND APPLIED LOADING

The boundary conditions are given in the global system. (See Figure i.*)
They are:

i. Symmetry about the x-z plane.

At 0 - 0 and 0 = 7 we must have:

v =x= z =o

2. Symmetry about the x-y plane at midlength (x = L/2).

w = = 0
x y 0

3. We must also remove the vertical rigid body motion (x axis) and
apply our external loading in the form of a rotation about the
global transverse axis y. These two aspects have been explained in
length in References 1, 2, and 25, and are omitted here.

APPLICATIONS AND RESULTS

This report contains results on two types of cylindrical shells,
unstiffened and ring-stiffened. The unstiffened shells represent variations of
the Jisra models reported in. 1 , 2 The ring-stiffened models represent results
of shells already tested in purely axial compression 26 and can only be used
for further study, since no other ring-stiffened data suitable for marine
applications are available.

In this report we analyzed again models 10A, 16A, and 20A of Jisra1 ,2 and
they will be referred to as models 10AN, 16AN, and 20AN, respectively. They
differ from models 10A, 16A, and 20A because, in this case, the analyzed span
LR is shorter, as indicated in Figure 2. Tables 1 and 2 give the model
characteristics.

Figure 3 is a comparison of the analysis of models 10A and 10AN. 1 ,2

Furthermore, the included tabular form can facilitate the comparison. Figures 4
and 5 report results for models 16AN and 20AN compared with previous
computations. The disagreement is more pronounced for model 20AN than the first
two. Looking at Figures 4 and 5 we also notice that the slopes are not exactly
the same. However, if more initial points were saved at the beginning of the
computations, then the slopes would have agreed. This is known from model 10AN,
for which the initial analyses were stored for this purpose. Our first
conclusion, therefore, is that the thicker and shorter the cylinder is, the more
important the length becomes (reduction in computed bending moment was about 9%).

* v = Translation along global y axis (laterally)
w = Translation along global z axis (longitudinally)

Cx = Rotation about global x axis
EPy = Rotation about global y axis
Pz = Rotation about global z axis

3
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Figures 6, 7, and 8 pertain to model 10AN. In Figure 6 the moment-rotation
relation is given. The table in Figure 6 gives the corresponding total energies
as deformation progresses. Figure 7 shows how the bending moment is
independently computed for various angles of rotation (indicated as steps*).
Axial and hoop stresses are also given for the first stored step of the
analysis. Figure 8 gives the stresses for the last stored step.

Figure 9 pertains to model 16AN and is similar to Figure 6. It is the
moment-rotation relation that is displayed. Figure 10 contains the same
information as in Figures 6 and 9, but it applies to model 20AN. Figure 11 is a
tabular form of the axial and hoop stresses at midlength for the very first
increment, i.e. for an angle of 0.948961 degs. The previous given figures
(6-11) only add to a better understanding of the type of results to expect with
the method so far.

Table 3 gives the ordinates of the imperfect model 20A and Table 4, the
corresponding double Fourier coefficients. We observe that the imperfections of
this model are over 3600. Figures 12 and 13 display some of the harmonics. For
example, Figure 12 gives the magnitude of the fundamental, first, and second
axial harmonics of the cosine-cosine coefficients. Similarly, Figure 13
displays the magnitude of the fundamental, first, and second peripheral
harmonics of the cosine-cosine coefficients. The purpose of this analysis is to
establish the software for quickly producing the dominant harmonics of imperfect
cylindrical shells. It is known that preexisting mode patterns will affect the
final pattern whether there will be a change of mode or not. In fact, there
will be an amplification along the "preferred imperfection." Such behavior will
induce buckling and lead to faster collapse. The application is certainly
obvious, not only for bend-buckling but for other forms of structural
instabilities, static or dynamic. As a result, a FORTRAN computer program was
written for VAX 11/785, implementing Appendix A in such a way that the user can
either obtain the Fourier coefficients of given imperfection data or, given the
imperfection Fourier coefficients, obtain the configuration. Here we observe
again that some of the boundary conditions will have to change to correctly
account for 3600 models, and bend-buckling results with imperfections will be
presented elsewhere.

Tables 5 and 6 display some of the geometric characteristics of the
ring-stiffened shells which form the second topic of this report. The models
are referred to by names ICI and IC3. 26 ,2 7 They were chosen because, at
least, axial compression tests had already been carried out and reported
elsewhere.2 6 Figure 14 represents the deformed profile of model ICI at step
3, increment 30, i.e. for an angle of rotation of 0.231937 degs, as can be
deduced from Figure 16. Figure 15 displays the longitudinal and hoop stresses
for the very first stored step (step 1, increment 5). We observe that the hoop

*In these analyses, the rotation is increased gradually. During such a process

or "step" or "increment," various quantities are computed and stored. For
example, in Figure 6, what the ABAQUS computer program refers to as "step 1,
increment 15" was the third "stored increment" or "step."

The step size is not constant but usually changes during the computation. It
increases linearly and in the present context it represents change of angle of
rotation. The reported values represent the stored values and not the actual
number of steps carried out by ABAQUS.

4
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stress distribution at midlength (because this is the location for which it has
been plotted together with the longitudinal stresses at the midsurface) differs
markedly from the stress distribution of unstiffened cylinders in bending (see
Figure 7 for example).

Figure 16 relates to energies, bending moments, angles of rotation, while
Figure 17 gives results of bending moments from consistent loads. Figure 18 is
additional information for model ICI.

Figure 19 plots cross-section flattening* versus mean curvature.
Figure 20 displays external work versus nondimensional bending moment M/MULT.

Figure 21 displays cross-section flattening versus M/MCR. Figure 22
gives the distribution of axial and hoop stresses at the last step (step 3,
increment 30) graphically and numerically. Finally, Figure 23 contains 3
plots. The last two are moment curvature plots while the first represents the
plot of the difference of radial displacements from the left end (0%) of the
cylinder, where the moment (rotation actually) is applied up to midlength
(50%). This is for the compression side at midthickness. Observe that at the
left end (0%) this difference is nonzero, because the radial displacement w is
not restricted there. Essentially, similar results (Figure 24) are obtained
when the displacement w is restricted (w = o) at the left end cross-section,
where the bending moment is being applied. This is the case in this situation
because of end plates. Notice that in this case, Figure 25 compares with the
top plot of Figure 23, except that at the left end (0%) the nondimensional
difference of radial displacements is zero.

By Figure 16 or 18, when the bending moment is about 21,574 K-in (at center
and end sections of cylindrical shell) the finite element program (ABAQUS)
predicts short wavelength (local) buckling. Table 6 indicates that the critical
theoretical bifurcation bending moment of the end panel there reaches 21,495.3
K-in with a theoretical end panel critical stress of 69.5 ksi. The approximate
compressive buckling stress by ABAQUS was about 49.18 ksi. (See Figure 26.) In
all of these finite element calculations, the bending moment has been obtained
in two different ways, i.e. either as:

(1) A direct output from ABAQUS (See bottom of Figure 16, where bending
moments are given in terms of angle of rotation.) In the case of model ICI, the
critical bending moment was calculated this way as 21,574 K-in.

Cross-section flattening (Aw/h) is defined as:
Aw/h = I w(L/2,0) + w(L/2,r) I/h
**More specifically, consider the radial displacement w at a load level (in

the present instant rotation level) at which instability is assumed to occur
(reference state). Then following Almroth's suggestion, we construct the
nondimensional difference of radial displacement distributions Aw/h at the
compression side for load levels higher than the reference one. These are
plotted axially and are referred to as "critical parameter for short axial
wavelength buckling." Figures 19, 20, 21, and 23 indicate discontinuities at
the point of buckling.

5
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(2) Indirectly, based on the consistent reaction forces and their
respective arms from the position of neutral axis. (See the last four pages of
Figure 17.) In the case of model IC1, such an analysis gave 2 X 10,783.8 - 21.567
K-in. (Refer also to Figure 18 for such a summary.)

Reference 26 (Table 5) gives a much lower "failure stress" (25.6 ksi) for the
center panel, for the case of pure compression. Figure 26, used in conjunction
with Figure 16, gives the axial and hoop stress distributions for model IC1 at
step 2, increment 20, i.e. around the onset of buckling.

Figure 27 displays the deformed and undeformed profile of model IC3.
Figures 28 and 29 are plots of bending moment versus angle of rotation and a
nondimensional curvature, while Figure 30 gives the critical parameter for short
wavelength (local) buckling.

Figures 31 and 32 present the axial and hoop stress distributions for model
IC3 for two different loading states. Figure 31 corresponds to step 2,
increment 25, while Figure 32 to step 2, increment 50. This means that Figure 31
corresponds to the onset of buckling (giving an approximate maximum compressive
stress of 51.72 ksi) while Figure 32, to the last recorded load step with a
maximum compressive stress of 52.2 ksi. Therefore, for model IC3 ABAQUS
directly predicted a peak bending moment of 8,689.45 K-in (Figure 33) or by
indirect computation (as explained for model IC) 8,690.34 K-in (Figure 34).
This can be seen from Figure 33 which relates energies, moments, angle of
rotation, step, and increment for model IC3. Here some further background is
necessary to bridge these results with the few experimental data that are
available. In 1961 (see Reference 59 of Reference 1), Seide and Weingarten
performed a bifurcation analysis for a circular cylindrical shell subject to end
bending moments and concluded that "the critical stress attained was very close
to the one of a circular cylinder subject to axial loading." (In Table 2, the
critical stress and moment are identified as OCR, MCR.) Consequently,
although the experimental results for models IC1 and IC3 pertain to axial
compression and "failure loads," an assessment is in order to evaluate our own
modeling strategy in this light with the objective of further validation of the
employed modeling. Very specifically, the experimental failure stresses should
be less than the ones predicted by ABAQUS. How much smaller they should be
depends on the exact position reached (axial compressive strain at failure) at
the end of the test. Furthermore, the stresses and bending moments obtained by
the finite element procedure should not exceed the values by bifurcation theory
for purely elastic cases (within round off errors). In the case of plasticity,
the bending moment obtained by simple beam theory offers such a guide. A final
point in this discussion concerns the fact that the experimentally obtained
stresses represent "failure stresses" and not stresses at the exact point of
instability, hence the drop in the load that could be carried there.

Finally, we observe from Table 5 that the experimental end panel failure
stress for IC3 for pure compression is 36.404 ksi. Table 6 gives the
theoretical buckling stress for model IC3 as 115.928 ksi. At this point,
observe that the differences between both experimental failure stress (25.671
ksi and 36.404 ksi for models IC1 and IC3) and the computational results
(49.18 ksi and 51.72 ksi, respectively) are due to the highly unstable
postbuckling behavior of the structure.

6
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There are small differences between some of the constants of Table 6 and
their values on Figure 18 (model IC) and Figure 35 (model IC3). This is
because Table 6 was manually generated.

In conclusion, in spite of the differences in stress levels, which might be
attributed to the fact that some of the material constants were inconsistent
(see Ref. 26), it has been demonstrated that plots of the critical parameter for
short axial wavelength (local) buckling do indeed capture the mechanism as it
grows with load increase. The hoop stress distribution changes shape radically
(compare Figure 15 with Figure 22). Furthermore, the cross-section flattening
parameter plot shows a discontinuity at the point of short wavelength buckling
initiation.

SUMKARY

The present strategy is easy to grasp and it can be used in conjunction
with a general nonlinear finite element computer program to predict the mode of
failure of a cylindrical shell subject to end-bending moments. However, a number of
problems exist that must be addressed, such as verification of the
moment-curvature relations for ring-stiffened shells.

7
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FIGURE 1. STRAIGHT CYLINDRICAL SHELL OF HALF LENGTH L/2 , MEAN RADIUPS R,
THICKNESS Is. AND ASSOCIATED GLOBAL CARTESIAN COORDINATE SYSTEM
(X, V. z)
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FIGURE 2. (A) CYLINDRICAL SHELL (SHOWN All A KEAM) OF LENGTH L SUIJECT TO SHEARING
LOADS F. PRODUCING A SENDING MOMENT M - Fe ITHIS CONFIGURATION APPLIES
TO MODELS 10A, iSA 26A.)
(5) CYLINDRICAL SHELL OF A REDUCED LENGTH LR SUSJCT TO AN EXTERNAL
SENDING MOMENT M - Fs (THIS APPLIES TO MODELS lOAN. ISAN AND 2MMN.
RESIPECTIVELY.)

9



NWC TR 894M

MODELS 10A AND 1OAN

MEAN SENDING
CURVATURE MOMENT

flIFT) IKIP-FT)

* oooooKeoo 0.000000009~+00
* 27777306-02 0.9747.2

o .666711f-0n 0 .107426019+03
* * 3611431-4 0.*109721261402

o .00556761-08 0 .111221 74E462
* .67301332-0 0 .11254790E+03
* .944460111-02 0.11320491403
* .10139077E-01 0.11400494144
0.100335M6-01 .114791M403
C.&IMM0441-ft :-11"03719+03 MODEL IOA
S.122229=3-01 0. 11393366102
S .13310731-0 0.116432509+42
0.12611s65-ol 0.1190440K+403
0.143060709-01 0. 11 721547t4'03
0.1530005741-01 0.11757501+03
0.17020566-01 0.119"760E03
0 .1075222K1-01 0. 11 9449331402

019764649-01 0.119925031403
:.2022479K1-01 0. 12011456(403
0.20604*M6-01 0.12030072E403
0.211449?11-01 0.12049264"+03

0.000000001400 0.000000001+00
0.333321M-02 0.71"04742E402
0.66671019-02 0.10739919+02
0.7003376-02 0.10090540t+03
0.9163125-02 0.11303976(02 MDE lA
0.1im5257-01 0.115100461+03 OEIA
0.1333795-01 0.116601919+03
0.154173M9-01 0.11766736+03
0.179009741-01 0.11662427t+03

MOE G

-MODEL IGAN

FIGURE 3. COMPARISON OF SENDING MOMENT VERSUS MEAN CURVATURE FOR
MODELS 10A AND lOAN
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MODELS 16A AND ISAN

MEAN SENDING
CURVATURE MOMENT

flIFT) lKIP-FT)
O. ooooo e e. emmeeeu+

6. 16164441-Ba 6. 10706+03

9. 3456801-0 0. a3173443103
6. 5076794-M 0.14180406+03

6. es 41316-" 6.8414633"M0
0- 6739401-U 85376059"+03

6. S 56 1K-uSO R*. 116661+03 MDLG
S6. &11717-= .8$4819+02

0.58149-08 0. 8189310+3
060 1617314-0 6.a1133991+3
a696894m1-6 6.8131426+03

6. 4340111-01 6.8161491N+03
6. 44479-U 6.11117791+03
6. 1403166-08 6 1U16361+03

06.:464"9-68 6.1487131S943
B. 3940614-B 6 1146138140
6. 769791-S1 6 114711146

. 6l4&71 X4-0- S. 119737+6

6. snc6 o3777- . 11493+43
0. 7101444-6 0. 11791714(463

0.7494036-Ua 0.81 3499+03
.741 911-U 6.113367471+03

6. "h30471-ge 8 a. 11697411+02

6. 66666@WSW 000 660601+0

6.117733481-UMODE 0.41111+3MOE lA

MODELMODE 14 AD A
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MODELS 20A AND 20AN

MEAN BENDING
CURVATURE MOMENT

(lIFT) (KIP-FT)

0.0 000 00+00 0.00000000E+00
* .337M6293E-03 0.52361569E+02
0. 12754640E-02 0.19720113E+03
o *221296601-02 0.*33730643E+03
0.*3150461K1-02 0.*39975580E+03
0.3947375K1-02 0.42090363E+03
o .416175761-02 0.42434290E+03
0.441614071-02 0.4276566E1+03
o .45052621-02 0.43050354E+03

o*496491121-02 0.*43245026E+03 MODEL 20A
0.51192953K-02 0.43406573K+03

0.*535367991-02 0.*43553690E+03
o .556606441-02 0436"692E+03
o *5622451X3-0 2 0* 43636684E+03

0.6056042X1-02 0.43963071E+03
0.6"912297E-02 0.44069992E+03
0.6525614K1-02 0.44175455E+03
0.*676000491-02 0.*44262471 E+03
0.69943321-02 0.44366170E+03
0.7276641-02 0.44451007E+03
0.735767091-02 0.44500220E+03

0.000000001+00 0.000000001+00
0.22222276E-02 0.30676256E+03
0.3611139m-02 0.37701691E+03
0.26*05650-02 0.376631931+03
0.402701971-02 0.20479630E+03
0.437505221-02 0.369167331+03
0.472229441-02 0.39271204E+03
0.924422691-02 0.403996671+03 MODEL 20AN
0.95767342E-02 0.40403351E+03
0.990925541-02 0.40399266(03
0.*100422731-01 0.40395041E+03
0.101212511-01 0.40M91431+03
0.1020022X1-01 0.4030101E+03
0.1027921U1-01 0.4030374K1+03
0.103561991-01 0.403787061+03

MOEL 0

"su IN"

FiGURE L COMPARISON OF ENOING MOMENT VERSUS MAN CURVATURE FOR
MODELS 30A AND 30AN
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NOD)E 14 TOTAL MOMENTS ARE FOR 1800 OF CYLINDER

SIEP 4 STEI 5 5TEi 6

FORCE ZZ ARM XX FORCE 7 ARM xA FORCE Z2 ARM xX

301 0. 301479E404 0.592331E+01 0.304174E+04 0 602250E+01 0. 306793E+04 0. 612046E+01
302 0 12Ob50E.05 0.587988E+01 0 121733E+05 0 597946E+01 0 122718.E+05 .607786E+01
303 0 602911E+04 0.575037E+01 O.608350E+04 0 58b105E 01 O.613642L+04 O 55065E+01
304 0.120259E+05 0.553624E+01 0.121307E+05 0 563861E+01 0 122353E+05 0 574004E+01
305 0. 600720E+04 0. 524067E+01 0. bO55lE+04 0 534508E+01 0. 610830E+04 0. 544874E+01
306 0 119596E+05 0.486671E+01 0. 120334E+05 0 497330E+01 0 121220E+05 0 507932E+01
307 0. 594796E+04 0.442240E+01 0. 597627E+04 0.453105E+01 0 600905E+04 0 463932E+01
308 0. 118314E*05 0.391296E+01 0. 118743E+05 0.40233BE401 O. 119157E+05 0.413357E+01
309 0.593475E+04 0.334692E+O1 0.5935a8E+04 0.345870E 01 0 592712E+04 0.357035E+01
310 0. 111729E+05 0.273405E*01 0 114054E+5 0. 284673E 01 0 115142E 05 0 295935E+01
311 O.490622E+04 0.208552E401 0.538661E+04 0 21Y870E+01 O.580640E+04 0.231185E+01
312 0.455724E404 0. 141168E+01 0. 525773E+04 0 152bO8E+01 0. 594174E+04 0. 163845E+0
313 -0.783798E 02 0.725966E+00 -0 9&2802E+02 0. 839412E+00 -0 125566E+03 0.952836E+00
314 -0.485238E+04 0.398707E-01 -0, 56le92E+04 0 153300E+00 -0. 634439E+04 0,266707E+00
315 -0. 500499E 04 -0. 635085E+00 -0. 549745E+04 -0. 521645E400 -0 591537E+04 -0. 408228E 00
316 -0. 112339E+05 -0 128544E+01 -0, 114537E+05 -0 117188E+01 -0, 115742E+05 -0 105830E 01
317 -0. 593465E*04 -0.190080E+01 -0. 593223E+04 -0 178684E+O1 -0. 592279E+04 -0.167279E+01
311 -0. 118020E+05 -0.246984E+01 -0. 118405E+05 -0.235509E+01 -0 118780E+05 -0.224016E+01
319 -0. 591970E+04 -0. 298253E 01 -0. 594356E+04 -0. 286&63E+01 -0. 597292E+04 -0.275040E+01
320 -0, 118806E+05 -0. 343012E+01 -0, 119429E+05 -0. 331276E 01 -0. 120210E+05 -0. 319488E+01
321 -0. 595653E+04 -0.380715E+01 -0. 599837E+04 -0 368818E+01 -0. 604302E+04 -0. 356849E+01
322 -0 119111E+05 -0. 410535E+01 -0 119989E+05 -0. 398481E+O1 -0. 120858E 05 -0.38633&E+01
323 -0 596519E#04 -0. 432149E+01 -0 600948E 04 -0 419963E+01 -0 605251E+04 -0. 407671E+01
324 -0. 119321E+05 -0. 445227E+01 -0. 120200E+05 -0.432953E+01 -0. 121051E+05 -0. 420563E+01
325 -0. 298056E+04 -0. 449613E+01 -0. 300220E+04 -0.437308E+01 -0. 302308E+04 -0. 424883E+01

TOTAL OU1 OF
BALANCE FORCE ZZ 0.153809E-01 0. 610352E-02 0. 371094E-01

TOTAL MOMENT 0 699495E+06 O.705810E+06 0.711425E+06

FORCE ZZ

ON TOP QUARTER 0 954521E+05 O 973544E+05 0 990638E+05

FORCE ZZ
ON BOTTOM QUARTER -0. 954521E+05 -0. 973544E+05 -0. 990638E+05

POINT OF ZERO FORCE 0.900390E+00 0 101820E+01 0. 113577E+01

PERCENTAGE
OUT OF BALANCE

FORCE ZZ 0.00 0.00 0.00

i,

OI, (ME" &MCII

NOTE: MODEL lOAN WITH IMPERFECTIONS

STEP 1, INCREMENT 5, WITH PLASTIC DISSIPATION =6686.6 Ib-in, ANGLE OF ROTATION -1.217 dog
TOTAL BENDING MOMENT - 1.306860106 lb-in

FIGURE 7. (CONTINUED)

II
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SPI No 6 FOR STRESE5

ANGLE LONGITUDINAL NONDIMENS1ONAL MEMB RANE HUJP STRESS NONDIMENSIONAL
MEMBRANE STRESS LONGITUDINAL STRESS HOOP STRESS

( EGREES) (IPSI ) (PC1.)

0.000 0 ,27772E+05 O. 80620E-01 0 13316,F+05 0 171527E-01
7. 576 0 6234I1E405 0 80302GE-01 0 1d26&2EC05 0 156025E-01

15. 151 0.619201E+05 0 797579E-01 0 111956 I-05 0 144209E-01
22 704 0 605740E+05 0 780241E-01 0 82529@3E+04 0 106:305E-01
30. 241 0 59203uE+05 0 7625R2E-01 0 526420E+04 0 676081E-02
37. 761 0 568402E+05 0 732250E-01 0 104852L+04 0 135058E-02
45 246 0.544b5IE+05 0 701424E-01 - 319071E+04 - 410989E-02
52. 707 0 51473'?E+05 0 663024E-01 - 76b981E+O4 -. 98e,644E-02
60. 359 0 405925E+05 0 25910E-01 - 121387F+05 - 156:i,6E-01
67 587 0 452.00E+05 0 50-,855E-01 - 155863i+05 - 200763E-01
75 000 0 453430E#05 0 504053E-01 -. 19219toE+05 -247563E-01
82 414 0 207462E+05 0 267227E-01 210021E+05 -. 270524E-01
89 817 - 7o49b1E+04 - 972475F-02 - 223950L+05 - 280465E-01
97 222 - 35474,6E01, -C4,6941E-01 - 212457L.05 - 273661E-01
104 642 -,616167E+05 - /9'1672E-01 2 201164E+05 - 259115E-01
112. 067 - 6U6059E+05 -780652E-01 1622L86E-05 - 209038E-01
119 514 -. 60WO OTE+05 - /04192E-01 12310LJ..+05 15G573E-01
126 990 -59100/0., - 761367E-01 - 765263E+04 -- 985719E-02
134. 4E1.1 -.5/t, /b L#05 - 741674E-01 (30,355[ +04 - 389457E-02
142 003 - 55177QL4ut -) 718429E-01 0 118424L+04 0 152539E-02
149 564 - 539)t,/L+oi - 6949921-01 0 5DY19;'-.04 0 691946E-02
157 146 -' 2441t4L,05 - 875190E-01 0 82-.-40 --04 0 106337E-01
164 747 -,509.l1u. 05 -. 655t6F--01 0 111154E+05 0 143175E--01
172 373 - 502O'H'L, ' - 6477EbE-01 0 121446E*05 0 1564321E-01
180 000 - 4972titI-,u5 -- 640508E'-01 0 131365E0*5 0 1690E-01

... ..... .. ...k ot LO ~I.o) ... E .-. .... .. .....

MODEL lOAN

STEP 1, INCREMENT 30, PLASTIC DISSIPATION = 46638.8 lb-in, ANGLE OF ROTATION = 3.008 deg
TOTAL BENDING MOMENT - 1.42349x10 6 lb-in

FIGURE 8. AXIAL AND HOOP STRESS DISTRIBUTIONS AT MIDLENGTH FOR MODEL 10AN

16
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aFLATTENING PARAMETER .- MEAN CURVATURE

c"

ZN"

I.z

I- 
"

z
0

L

I 0600 0' 0080 0' 0160 0' 0240 0' 0(20 0' 0400 0. 0480 0' 056C 0" 0640 o' 0720( 0800 0, 088(, 0 0960 ' 040

MEAN CURVATURE (1/IN) *I0

FIGURE 19. CROSS-SECTION FLATTENING PARAMETER Pw/h VERSUS MEAN
CURVATURE FOR MODEL IC1
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EXTERNAL WORK S ENDING MOMENT/ULTIM M.OMENT

WORK DONE (KIP-IN)

FIGURE 20. MIMULTIMATE VERSUS WORK-DONE FOR MODEL IC1
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MOMENT - FLATTENING PARAMETER

'o 00 0, 05 O 0, O' 0, is 0, n O' ;5 0' 3n 0' 35 0' 40 O0 45 0' 50 O, 55 0,6 0 0,6 5

CROSS-SECTION FLATTENING PARAMETER

FIGURE 21. M/MCRITICAL VERSUS CROSS-SECTION FLATTENING PARAMETER Z w/h FOR MODEL ICI
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tm * mf

a 2 CYLINDER SUBJECT TO BENOING MOMENTS CV:S3
VrW 2 3MCNiP -

FIGURE 24. DEFORMED AND UNDEFORMED PROFILES FOR MODEL IC1 (WITH ADDITIONAL
CONSTRAINT W = O AT END PLATE) FOR STEP 3, INCREMENT 20
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NOMENCIATURE

E,F,G,H Matrices whose coefficients are given by
EjJ, Fij, Gij, Hij

EjJ, Fij,
Gij, Hij Form of coefficients defined in Equations

(A-41) - (A-49)

(A-50) - (A-54)
(A-55) - (A-59)

and (A-60) - (A-64)
respectively.

F0  = Axial Force based on yield stress (2Rhcy)

f*(tn,ej ) = Defined in equations (A-30), (k-31) and (A-32)

F(x,y,z) = Symbolic representation of the surface of the cylinder
(F = x2 + y2 - R 2)

h = Shell thickness

I Moment of inertia of undeformed cross-section (nR3 h)

KR- Critical curvatare at biftirc-ation (h~~
N 3( L-v2) )R

2, Total length of shell

2L Total Length of shell

M Upper bound in axial wave numbers (If only a sinusoidal
distributon is used, then tere wil be 4,f points, otierwise,
M+l)

'4BR = Critical Brazier moment -

=M" Critical momeat at bifurcation ___Rh-

. PlastLc 1oment based on yield ;tress (4R"h y) where R i.-
mean radiLus
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N Upper bound in peripheral wave numbers. (There is a total of
N+l points peripherally)

n - Outward normal to cylindrical surface

(Nx,Ny,Nz) - Components of n in global Cartesian system (x, y, z)

R W Actual radius of cylindrical shell including imperfections (In
formulae for uCR, MCR, KCR, MBR, M0 , F0 , and I, R is
the mean radius as given by R0 )

R0  - Mean radius of circular cylindrical shell (perfect shell or
radius of imperfect shell prior to introduction of imperfections)

(R,e,z) - Cylindrical frame of reference

tk = (M-1) k

(x,y,z) = Global Cartesian system of reference

GCR Critical stress at bifurcation ___E _ _ h

4yi7~RS3(i-v 2 )

7F = Gradient of function F, i.e.,
(Fx, Fy, Fz ) or

(F, F, F)

x -y Tz

6mk Imperfection coefficientg (usually of small amplitide compared
to RO)

2~eT w, where K is the total number of potriti including
(K-l) t'ie 0 and 27 points (K is odd)

G = Yield stress

IVFI Magnitude of gradient of F, i.e.,
2 2 2 )'t(F + F + F

x y z
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APPENDIX A

ANALYSIS OF A NEARLY CYLINDRICAL SURFACE

In this section we consider the definition of a nearly cylindrical surface
based on a cylindrical frame of reference (R,O,z). The object Is to obtain the
perturbed cylindrical surface from an ideal one of mean radius Ro al, total
length 2L.

Two types of perturbations will be considered for the imperfections:

(1) No imperfections at z = 0 and z 21..

Symmetrical imperfections peripherally. Therefore, the local radius R
is given by

M N

R = R0  + mk sin [- z] cos [k()] (A-i)

m=1 k=O

where 6mk are the imperfection coefficients. The equation of the surface F of
the thin hollow cylindrical shell is:

F(x,y,z) 
= x2 + y2  R2 =

M N

x2 + y2  - 2R0 sin [ zi7 cos (A-2)
X0 __ ik L 2L JI

m=l k-O

M N2

6 mk sin [L cos [kcJ

m=l k-0

and

x = RcosO

y = RsinO (A-3)

z = g

Next, we need to define the outward normals n = (nx, ni, nz) to the
perturbed surface. This can be accomplished by obtaining the gradient of the
function, which defines F(x,y,z).

A-1

• * - , *.', • ' . ", • - ,'" I " 
1

b.~* qw~ -u *w -,, ' " , NI ; "% . " -, "i . * I " % ". ' -. "-"



N1SWC TR 8b-32'a

We must obtain VF, who re,

",IF -- , 1 , F) (A-4)

2) 1/2IVF F2  + ,* F ,5

a I id

T x= a , n. ' , Fv , ;, VFI (A-b)

To calculate the comoponents of VF we employ the foro of the I ,motion .s
given by Equation (A-2), i.e.

- 2x - 2-

F = 2y - 2R R (-8

- IR-
3e 3

However, R R(z,O) and since z is i dependent of x and y

AR AR z IR 10 ) o ')3 = + 7- =A- j

_R 3R z A =0, lP R
+ -3y :Iz 3y 3n 3¢ :

But cot- ~ '-1 2)

and

= 1si 0(A-13)

x R

- " 2 so (A-14)

Sy R

Substituting Equations (A-13) in (A-10) and (A-14) ii (A-1l) we get

R sinr, R (A-15)
xR 7

Sco R (A-16)
R 7n

and thus Equations (A-7) - (A-9) become, In view of (A-15), (A-16) and (A-3).

x-- 2R Cos 0 + sin" IsR (A-17)

Tco R I r

A-2
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2R sinE + cos0 (]A-18)
aF R

- - 2R 'R (A-19)

From A.1

:,I N

2R k k sin M z cos [k0] (A-20)

m=l kO

S N

aR = 'mk [cs cos [k0I (A-21)

m-1 k=O

and finally Equations (A-17) through (A-19) become

MN1
=-= =- 2R [cos0-ln ]m* k=O [(--)  sn ] l (k, ] j -2

F 2R sn cos sin mm
R- si Dz sin (k, ) (A-22)

m=l k=OF N

2R sin + cos9 k(mk sin[2-1z sin (k, (A-23)

- 2R E E "o Cos cos [k,,] (A-24)

m-1 k=0

and

IVFI = 2R 1 +(' ( 'mk CO [L z cos (k)
E= I k- 0I

M=1 k~eO(A-25)

+ ( ) mk sin z]7 sin (k 2 1 12

i=I k=O

A-3
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The axial interval 2L (or n) is divided in (M-l) equal segments tk m (-1) k

The peripheral interval 2r is divided in K-I equal angles e 2 P9

where K is total number of points Including the 0 and 271 ends (K-odd). Setting

f for the portion of Equation A-i to be represented by the series and

ITt n -z

M N

f(tk e) - E ] 6mk sin z cos W

M-i k-O
(A-26)

M N

= , 1: ~ 6..k sin m t kl Cos [
m-l k-0

The coefficients 6M,X are given by

nNM-2 K-
2

2 4 E E e.) cos o X (A-27)
C, M-i) (K-i) n- W- n0 in Lm (M- 1 1K )I

and

= 1,2,3,. 2-

m 1,2,..., m-2

n=M-2 K-
2

6 m,-i 0 TF 7.TK21 f (t'O) sin T, j.n] (A-28)

n- =0

for m - 1,2,..., M-2

A-4

p U ~ ~ c cZ ~ ~~.......... V
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M1 K-I

K- = 2 2 , tn' sin[~~n (A-29)

- n=l =0

for m - 1,2,..., M-2

and

"( o, f ( for n 0 0 and M - 1 (A-30)

f (t nl o~ ft Kor a 0, N - 1 (A-31)

f n  , i * f tn ' ' -j

due to the effect of the trapezoidal rule during integration. Also note that,
if the terms corresponding to t o were needed, tholi

f ' = 4 fo , (A-32)

and similarly for the other 3 points

*( , ( "/ )
I M-1 0)' 0*t ' 'K-1)' f * LM-1 'K-1

2t 2

(2) General type of imperfection.

In the general type of imperfection, the cylindrical surface in the axial
(0,1 ) and peripheral (0, 2') intervals is given by

'1 N

R = + f(z,,) = R0 + Emk COS(! )cos (k-) +

m=O k=O

+ F os (2mz) sink ++ mk -- -

+ Gmk sin s2mz sin k. +

+ H mk sin (2mz) sin k (A-33)

where 2L

A-5
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The total number of equidistant points axially is 2M + 1 and the total

number of points peripherally is 2N + 1, including end points.

DIscrettzIng and setting

z - p for p = 0,1,2, ... , 2M (A-34)

p 2M
27

q - - =q for q 0,1, ... , 2N-1 (A-35)

We can abbreviate

2 p ( ) ) ( ¢) (A-33)

so that

M N

f(zp i*) - f(pq) E E Emk cos (mvp) cos (k!,) +

m-0 k0 I

+ Fmk cos(n p) sin(k- q) + Smk' sin(mre ) cos(kinq) +

+ imk sin(m~p) sin(k-q) (A-37)

The Fourier coefficients Emk, Fmk, (mk, and Hmk can be obtained if
we multiply Equation (A-37) In turn with a product of either

dcos(.Pp or sinC,'p)

and

cos(',q) or sin(".,q)

and sum in both directions (Joule sums), while invoking certain orthogoialitv
conditions such as

2M-1 0 for m
E cos(.,Vp) cos(mr'p) 'I for = m 'I (A-38)

pMO 12M for = ' I

2M-1 ') for m
2- sin(.p) sin(mop) - 'I for m .M kA-39)

p-0 10 fo r ,,=m A

2M-I
E sin(mep) cos(m.wp) - 0 for all ,m (A-40)
p-0

P.0I

A-6

~ ~ "' ~ ' 1
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They are as follows:

24-1 214-1
E1, 1 E f(p,q) (A-41)

2N 2M p=O q=O

p-2M-1 2N-1 q
EO,N 1 . 1 ; (-1) f(p,q) (A-42)

U 2M p) q-0

2M-1 2N-1 q
EM,20 1 (-1) f(p,q) (A-43)

2N 2M = q=0

EM 2M-1 2N-1 p+q,-1 1 , 1 (-) f(p,q) (A-44')

2N 2M p-0 q=0

2M-1 2N-1
EO,k = 1 . 1 T , f(p,q) cos(kt'q) (A-45)

N 2M p=O q=0
k = 1,2, ... N-i

2M-1 2N-1
Em, O  I 1 f(p,q) cos(nmp) (A-46)

2N F p-O q-0

m = 1,2, .. .-

211-1 2N-1
Em,k = - I f(p,q) cos(m~pp) cos(k q) (A-47)

N IM 0 : 4=0

2. -1 2N-1
E , N  I . F, (-1) f(p,q) cos(mp) (\-4S

2N M p=O q=0
for in = 1,2, ... N-]

p=2m-1 2N-I
S" 2 1 p (-1) p f(p,q) cos(kp) '.A-49)

2M Np.0 q=0)
for k = 1,2 .... , N-I

r,, 0 for w = 0, 1, 2 ... , ( A- 5)

PmN 3 for ,, =  0 , 1, .. -51

2 1 2N-1 "kY )l'l k  = 1 2 f(p,q) cos(-nqp) sini(k, (A ,-52)

k = 1,2, ... , N-i

2MN- 2N-l
',),k _ I i Y f(p,q) slrdk )  -2 --1 N p=() q -,)

kA- 1,2, N-1

A-7
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2M-1 2N-1 p

FM, k - I 1 E E (-1) f(p,q) sin(keq) (A-54)

2M- Np-O q=O
k - 1,2, , N-I

GOk - 0 for k = 0,1, , N (A-55)

GM,k = 0 for k 0,, , N (A-5b)

2M-1 2N-1

Gm,k = 1 1 Z f(pq) sin(mvp) cos(kOq) (A-57)

M N p= qMU
for m = 1,2, , -1

k = 1,2, ... .N-i

2M-1 2N-1 q

Gmn = 1 1 2 (-1) f(pq) sin(mpp) (A-58)

2N M p'O q=q
for m = 1,2, , -1

2M-i 2N-1
Gm,o =  1 1i 1 f(p,q) sin(mp) (A-59)

2N M p=O qN0
for m = 1,2, , -1

Hm,o = 0 for m - 0,1, 2  M N (A-60)

Tim,!j = 0 for m = 0,1, . . I (A-61)

HO,k = 0 for k - 1,2 ... N-I (A-62)

H ,k = 0 for k = 1,2 ... N-I (4-63)

2M-1 2N,- I

r,k  1 l Z 1 f(p,q) sin(mp) sil(k"q) -4)
N It pU0 q=J

for ni 1,2, .. M. -1

k 1,2, , N-i

fiquattons (,%-41)-(A-49), (N-50)-(A-54), (A-55)-(A-59") , n (-i--Ei)-- A-

for tlt matrix of coetficiens F, F, G, and i -ire *isplayed b-lo , iniici' n. t,

zero elements only. The ';i.e is ('-)(N+l), wl r 291+1 iidi.,-,Its tLle toti

niunber of axial potnts, wijile 2,4+1 te corresponding per lplier,11 n.he r.

By Equation (A-33) we obtai talt tie ,.qIatlo n ot tie "alnost" ci -', lrl

cylin-ricil surface (F(x,v, !) Is:

A-8

. .N . N.
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=2 + - 2-

X- +. YZ 2 F(i Cos(rn~pt)COS(k',) +

+ F mk cos(m r 3n ( -4

s (n i~l:i(PP)LOs(1'q)2 +

0 ink s(K

m k (Dp ) sin( k-q ) 2+

+ 2, ra si(S.n,)cos(kt,,

'I0 IN

+ 2 ( E >j 'M s(O )cos(k +'n 1~~pcsk)

+ 2 r nkCos( M(P )cos(k- j) Z 1 mk csn(ra (p) si n kr,
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+ 2 Fk cos(m(pn)sin(ke)(Z si ~'ik n].fl(pp ) Co0
m=O k=9 ) m=0 k-0

+ 2 F1 k cos(w. )sin(ke,)(Z Z K n( p)Si
,m-0 "k=J m=O k=O

+' k 2in(m p)c(keq)Z Z0 1 k sinr))in

i= k=0

(A-69)

whe re

x = R cosO

y = R sinG (A-70)

z = z

Furthermore, Equations (A-7) through (A-9) or (k-17) through (A-19) are still
valid in defining the gradient to the surface F, i.e.,

F sin + (A-71)

-F = 2R sn 0 +o 01 (R"

Ry Ri (A-72)

F 2R R (R

R-- = 2 'R (A-73)
)zf

and

?MI N

a R = -k E cos( 2 z) sin(ko) + k Fk 2o z cos(ke) -
36 m-- k=0 o

-k r, sin l2in z)\ n~O + k H sin 1 m\ )co~ (A-74)ink snk) mk ok)

M N
2TlT ~ 2mr 2iniS_ Ek sin z cos(ko) - Fmk sin 2-z sin(kC.) +

m-0 kO

cos (-z)~ cos(k) + [I Ikz) sin(k) (A-75)
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2R. - o + si6kEcos(invp) sin(keq +

+ F cos(mp ) cos(kG G sin(mv, ) sln(ke ) +ink p q ink p q

+ ksin( p ) cokeq(A-7b)

__-2R sin 6- kos ''k[E cos(inq ) sin(ku ) +Ly R m= L...4I mk pq

* F mkcos(mnp ) cos(kO ) - G mksin(mp ) sin(ke q +

+HI m sin(min okOq) (A-77)

M N

22, ( \ -F sin(nq' ) cos(ko F~ sin(mnp ) sln(ke ) +
Dz E mk pq pq

+ G COb(,n4v ) cos(kO -:,csm' sink (A-78)

[F 2+F 2+F 21 2Rj1+ ~ 3~ (k)[L cos(nW ) sia(kO )+F, cos(mqV, ) cos(kD )
[XYZJ ~ ( =O k0 pq

snmg')s ~ )+[I siri(inV cos I-
p q Pik pq

ES mil(VP )ol~l )-sF )4-U~pp sinst )n ) nE Ern [Mk q J J

~rni to the3 surtIaic is ,v-iby Equations (A-5) ini
pl Will (A-76) tiroug (A-7)
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(M + 1) (N + 1)

o O

o 0 --- 0 0 0

0 F ii 0 A-66
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(M + 1) (N + )

o o 0 0 0 0 0 0 0

o 0
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FIGURE A-i. FORM OF DOUBLE FOURIER COEFFICIENTS IS DISPLAYED SCHEMATICALLY
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APPENDIX B

SUBROUTINE TO RUN ABAQUS BEND BUCKLING ANALYSIS

C :4PC SUBROUTINE FOR BEND-BUCKLING PROBLEMS
C

SUBROUTINE MPC( UE ,A, JDOF,*N,JTYPE ,X, U)
Ii4PLICIT DOUBLE PRECISION (A-H,O-Z)
DIiIENSION A(N) *JDOF(N) ,X(6,N) ,UC6.N)
DIMENSION bIGAS(3) ,AS(3) ,A3(2)

C
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
C XAXXXXXXXXXXXXXXX N 0 T E S XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C
C
C XXXX UE =VALUE OF TOTAL DISPLACEh;ENT AT ELIM4INATED D.O.F.X
C
C XXXX A(N) = ARRAY OF DERIVATIVES OF CONSTRAINT FUNCTIONS XX
C
C XXXX JDOFCN) = ARRAY OF D.O.F. IDENTIFIERS AT NODES INVOLVED XX
C XXXX IN CONSTRAINTS XX
C
C XXXX N = NUMBER OF D.O.F. INVOLVED IN CONSTRAINTS XX
C XXXX WHEN JTYPE:1, N IS THE NUMBER OF ELEMENTS FOP XX
C XXXX WHICH THE VERTICAL RIGID BODY MOTION WILL BE XX
C XXXX REMOVED XX
C XXXX NOTE THAT WHEN JTYPE1l, ALL OTHER INfEGERS XX
C XXXX APPEARING IN fHE M*PC CARD ARE N XX
C
C XXXX JTYPE = CONSTRAINT IDENTIFIER GIVEN ON COFRESPONDING XX
C xxxx OMPC DATA CARD (FIRST ENTRY) XX
C
C XXXX X(6.N) = ARRJxY OF ORIGINAL COORDINATES Ar THE NODES IN XX
C XXXX THE CONSTRAINT XX
C
C XXXX U(6,N) =ARRAY OF IOTAL DISPLACEMENTS Af THE NODES XX
C XXXX INVOLVED IN THE CONSTRAINT XX
C
C
C
C XXXX WHEN JTYPE =2, THEN THERE WILL BE 5 NODE NUABERS.I.E. XX
C XXXX SHELL NODE TWICE (UZ,UX) AND XX
C XXXX BEAM NODE THREE TIM4ES CUZB,UXB, PHIZ) XX
C
C XXXX WHEN JTYPE =3, fHEN THERE WILL BE 2 NODE NUM3ERS,I.E. XX
C XXXX THE SHELL NODE PHIY AND i£HE 6EAN'- NODE PHIYB XX
C
C XXXX WHEN JTYPE =4, 'THEN THERE WILL BE 3 NODE rUMBEPS,I.E. XX
C xxxx THE SHELL NODE TWICE (PHIX,PHIZ) AND XX
C XXXX THE BEAM NODE ONCE (PHIYB) xx
C
C XXXX WHEN JTYPE =1, THEN THERE WILL d3E ALL THE NODE NU~l3ERS XX
C xxxx ASSOCIATED WITH I HE BEAM NODE,INCLUDING THE X X
C XXXX 8EAM NODE X X
C
C
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
C
C

B-1
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C
IF (JTYPE.NE.1) GOTO 200

C
C XXXX JTYPE 1
C

NODES =N- 1
NN =(NODES-1)/2
UE =0.0
DO 10 i&1:1,NODES
JDOF(K1) 1
T =1.0
IF (1.EQ.1 .OR. l(1.EQ.NODES) GOTO 5
T = 4.000
If (( Kl/2)02.NE.K1) T=2.000

5 CONTINUE
A(Ki) =T
UE =UE + TO U(1,K1)

10 COIITINUE
A(N) =-6.0*iLOAT(NN)
UE z-UE -ACN)OU(1,N) + U(1,1)
JDOF(N) 1
GOTO 990

200 CONTINUE
C
C XXXX JTYPE =2
C XXXX SiT UP DIRECTION COSINES
C
C XXXX INITIAL DIRECTION COSINES, SINCE PHIO 0.0,
C XXXX ARE 1.0000,0.0000 FLSPECTIVELY
C

Ci3IGF 1.0000
SBIGF =0.0000

C
C XXXX DIRECTION COSINES OF ADDITIONAL ANGLE PHIY
C

CFIZ =COS( U(5,N) )

C
IF ( JrYPE.NE.2) GOTO 300

C
C XXXX JTYPE =2
C

AMi CBIGF ICFIZ - SBIGFOSFIZ
A(2) SBIGF * CFIZ + CBIGFOSFIZ
A(3) -A( I)
A(L4 -A(2)

C

x (U(3,1) + X(3,1) - U(.3,N) - X(3,N)) 0 AC?)
C

UE =U(3,N) +X(3,N) - X(3,1) + CLJC1,N) + X(,N)-
x U(1,1) X(1.1))# A(2)/A(l)

JDOF(1)= .3
JDOF(2) =1
JDOF( 3) =3
JDOFCI4) =1
JDOF(5) z5
GOTO 990

300 COtIIINUE

B-2
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IF (JTYPE.NE.3) GOTO 400
C
C XXXX JTYPE =3
C

AM1 = 1.000
AM2 c-1.000

JDOF(1 = 5
JDOF(2) =5
UE =U(5,2)
0010 990

400 CONTINUE
C
C XXXX JTYPE 4
C

AM1 = CBIGiF'CFIZ - SBIGi§SFIZ
A(2) =-CI3IGFOSFIZ - SBIGFOCFIZ
A(3) =U(4,1) *AM2 - U(6.1) *A(l)
JDOF(1)=4
JDOF(2) =6
JDOF(3) = 5
UE =-U(6,1) 'A(2)/A(1)

990 CONTINUE
C
C

RETURN
END

B-3
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