AD=AD79 B850

UNCLASSIFIED

AIR FORCE INST OF TECH WRIGHT=PATTERSON AFB OH SCHOO==ETC F/6 11/4
ANALYTICAL/EXPERIMENTAL INVESTIGATION OF THE INSTABILITY OF COM==ETC(W)
DEC 79 M L BECKER

AFIT/GAE/AA/T79D=3




T
22 flis pee

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS 1963-]1







AFIT/GAE/. \/79D-3

= ~ . -

-

ARAO79850

@ 77/;0;_ 7?/4 o S “/)

!\NALYTICAL/( EXPERIMENTAL 'INVESTIGATION
£

- OF THE iINSTABILITY OF
‘f .

tcomposms CYLINDRICAL PANELSs //
L0

( >'::‘ B AP I ——— ".. ‘\’ //" = /‘
% _ THESIS@ e £ ( p, 79
S, i 0
g y}AFIT/GAE/AA/7 9DA‘7 Qﬂarv:l.n L. Eecker

apt USAF




AFIT/GAE/AA/79D-3

ANALYTICAL/EXPERIMENTAL INVESTIGATION OF THE

INSTABILITY OF COMPOSITE CYLINDRICAL PANELS

THESIS

Presented to the Faculty of the School of Engineering”
of the Air Force Institute of Technology
Air University (ATC)
in Partial Fulfillment of the
Requirements for the Degree of

Master of Science

by
Marvin L. Becker
Capt USAF
Graduate Aeronautical Engineering

December 1979

Approved for public release; distribution unlimited.




e e

Preface

A grgat deal of time and money was spent on both
the experimental and analytical portions of éhis thesis.
I wish to thank the Air Force Flight Dynamics Laboratory,
in particular Dr. Khot, for sponsoring this work and pro-
viding the computer funds necessary to conduct an indepth
analysis.

I am extremely grateful to Dr. Anthony Palazotto
for his time and expert guidance throughout this thesis,
and to Nick Negaard for his help with the STAGS-C computer
code.

To my wife, a very special thank you for all her

help and understanding during this difficult time.

g 30

yn e
R ————

~

iity Coded
| lvail and/ozx.
speciad

® B

ii

..

PG O] Wiy tag vy (TS e &




Preface . . .

Contents

List of PIgUres . « o o o » o o % » =

Ligt of PaBle® . « = 2 o s o o 5 5 o =

Symbols . . .

Abstract . .

. e L] e . . . . . . . 3 .

i Introduction .« . i o« = ¢ s = .« &

Background . . . . s o . . . .
BUrpose ohe s roias il e e
EEGIE o 6o o 0 oo o0 O oA r

3L Experimental Procedure . . . . .

Test Specimens . « « « « =« « =«
Test Setup L] L] L] [ ] . . L] L3 L] L]
Test Procedure . « « s+« v o o o

III. Analytical Approach . . . . . . .

Classical Lamination Theory .
STAGS Theory . . « « « « « o« &
Modeling « 5 & @ o & ol . s e

Iv. Results

. . . 3 . ) . . . . . . o

Panel Designation . . . S
Experimental/Analytical Comparlson
Bifurcation/Nonlinear Comparison .

Boundary/Ply Orientation/Aspect Ratio Effects

v. CONCIUSIONS ¢ ¢« & o s s & o » % &

Bibliography
Appendix A:
Appendix B:
Appendix C:
Appendix D:

vita . . . .

Material Properties . . .
Special STAGS Procedures .
Experimental Difficulties

PEEB ¢« o+ o o » & @ v & »

iii

it S B

.

Page
ii

iv
vi

vii

-
»

O O > wwH [~

-
w

NN -
HFOoOWw

NN
DN N |

wWwN
w

33
52
54
56
62
69
72

76




List of Figures

Figure
1 Fanel NOation . + + o s s o » 5 » » a 2 & » & = »
2 Fegt PARERES . & i a s s s siarle s e e w .
3 Fixture Side Support . . & s & « &« « 5 o s & 5 © s
4 Instrunentation Locations . « « « + « » = o & & &
5 Overall Test SetuP .« « + ¢ o « o o« o & ; oo e o
6 Definition of Coordinate Systems . . . . . . . . .
7 Forces and Moments on a Laminate . . . « . + « .« &
8 Geometry of an N-Layered Laminate . . .« . « « .«
9 Analytlical Model . . « « 4 = » & » « w &« » 5 = & &
10 Buckling of BSI Panel. ., . . « o o s = o« o s & o
11 Buckling Modes for Free-Edge Panels . . . . . . .
12 Analytical and Experimental Results for BS1 Panel
13 Analytical and Experimental Results for BS2 Panel
14 Analytical and Experimental Results for BS3 Panel
15 Analytical and Experimental Results for CFl Panel
16 Analytical and Experimental Results for CF2 Panel
17 Analytical and Experimental Results for CF3 Panel
18 Bifurcation and Nonlinear Results for BFl Panel .
19 Bifurcation Results for Free Edge Boundary . . . .
20 Bifurcation Results for SS1 Boundary . . « « « + .
21 Bifurcation Results for CCl Boundary . « « « « « &
22 Bifurcation Results for SS4 Boundary . . « « « « o«
23 Bifurcation Results for CC4 Boundary . . « « « o &

iv

10
11
15
18
18
25
28
30
37
38
39
40
41
42
43
44
45
46
47
48




' Figure Page

24 Bifurcation Results for (#45)2s Panels . . . . . . . 49
25 Bifurcation Results for (90,+45,0)s Panels . . . . . 90
26 Bifurcation Results for (90,0)2s Panels . . . . . . >l
A~1 Dimensions of Material Properties Specimen . . . . . 37
B-1 A Typical Subroutine WALL . . « . « « « « « « « « . 65
D-1 Experimental RESULES . . « o « « « o« « o s« « » s o o 14 !

D-2 Experimental Besulks . . u & s = s s« 5 = o =« v 5 « a 19




List of Tables

Table : Page
: 1 Stress-Strain Data From 0° Tension Tests . . . 59
E II Stress-Strain Data From 90° Tension Tests . . 60

L III Stress-Strain Data From (+45)4s Shear Tests. . 61

v NxL? Values From Bifurcation Analyses . . . . 73
TE,




g ——

e

Symbols
Aij Extensional stiffnesses
Bij Coupling stiffnesses
C Panel chord length
Dij Bending stiffnesses
E, Longitudinal Modulus of Elasticity
E, Transverse Modulus of Elasticity
G Shear Modulus
L Panel length
Mx, My, Mxy Moment resultants 3
Nx' Ny' ny Force resultants
Qij Reduced stiffnesses
6ij Transformed reduced stiffnesses
R Panel radius
t Panel thickness
.u, Vv, w Displacements in the x, y, z directions,
respectively 3
X, ¥ Z Structural coordinate directions |
1, 2, 3 Laminé principal axis directions
Y Shear strain |
€ Normal strain ?
) ; Ply orientation
K Curvature
v Poisson's ratio
o Normal stress
T Shearing stress
vii




; 0 ( ),( ) Comma denotes partial differentiation
! with respect to the subscript
i

i ()% or ( )o Zero superscript or subscript denotes
i : a middle surface value

L bt s M M LG 8 i n

et et oA LM

VTS




Abstract

An analytical and experimental program was conducted
to study the instability of 8-ply laminated cylindrical
panels (graphite-epoxy) subjected to an axial compressive
loading. The analysis included three different ply orien-
tations, five different boundary conditions on the vertical
edges, and three different panel sizes. The analytical
buckling loads were obtained by using the linear bifurcation
branch of the STAGS-C computer code, and several nonlinear
collapse analyses were also made on selected configurations.
The experimental tests were conducted by the Air Force Flight
Dynamics Laboratory using a specially designed test fixture.
Relatively good agreement was obtained between the analytical
and experimental buckling loads, particularly when the non-
linear collapse load was used. The linear bifurcation results
were 11 - 28% higher than the nonlinear results, indicating
that the nonlinear effects in circular composite panels are
important. The boundary conditions (especially w and v) had
the greatest influence on the buckling load, followed by the
aspect ratio and finally the ply orientation. The (+45)2s
panels exhibited an unusually large increase in the buckling
load when the aspect ratio was small and the in-plane dis-

placements were restrained at the edges.
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ANALYTICAL/EXPERIMENTAL INVESTIGATION

OF THE INSTABILITY OF

COMPOSITE CYLINDRICAL PANELS

I. Introduction

Background

Composite matefials have a long history of usage
dating back to the ancient Egyptians and Israelites (1).
More recently, fiber-reinforced resin composites with high
strength-to-weight and stiffness-to-weight ratios have
become important in weight-sensitive applications such as
aircraft and space vehicles. Presently, only small sec-
tions of these vehicles are made of composite materials,
but as these materials improve and become fﬁlly understood
it seems only a matter of time before an all-composite
aircraft is produced. One common structural configuration
- in these vehicles is the cylindrical panel, which will be
the subject of this thesis.

Stability equations for cylindrical shells have been
available in the literature since the late 1800's. Some
of the early contributions were made by Lorenz, who devel-
oped the first equations for cylinders under axial compres-
sion; Flugge, who presented a comprehensive treatment of
cylindrical shell stability in 1932; and Donnell, who devel-
oped equations that form the basis for more stability

analyses today than any other shell equations. For a list




of these references and others, see reference (2). All of
this work, however, was done only for isotropic materials.
In the 1960's analysis began on shell elements made of
composite materials. Some of the first analyses of lami-
nated shells were be Dong, Pister, and Taylor (3) and
Ambartsumyan (4). Initial postbuckling behavior and imper-
fection sensitivity of composite cylindrical shells were
investigated by Khot and Vankayya (5) in 1970, and further
buckling analyses of composite cylinders were done by
Tennyson, et al (6) and Booton and Tennyson (7). These
studies and many others included the effects of fiber orien-
tation, imperfections, and different types of loading, but
most of the work dealt with complete cylinders and consider-
ably less attention was paid to cylinderical panels.

The buckling of curved panels for isotropic material
was investigated by Rehfield and Hallauer (8) in 1968 and
later by Sobel (9). The results of these studies indicated

that the buckling stress is sensitive to rotational restraint

0
(w’yy=0 or w,y=0), circumferential restraint (oy=0 or v=0),
and longitudinal restraint (T;y=0 or u=0) of the unloaded
edges, in decreading order of influence. They also found

that these edge boundary conditions had a much greater influ-

‘ ence on the buckling loads than material imperfections.

Again, these results were only for isotropic materials, so

although much work has been done on isotropic cylindrical

{ shells and panels and on comp.s.te cylindrical shells, the

2




investigation of composite cylindrical panels has been
essentially ignored. One such investigation was conducted
by D. J. Wilkins in 1974 (10), but Wilkins' results were
limited to one panel size and only two different boundary
conditions on the unloaded edges. This thesis extends
Wilkin's work by investigating more boundary conditions,

various panel sizes, and different ply-orientations.

Purgose

The purpose of this thesis is to analytically study
the instability of composite cylindrical panels with various
boundary conditions and to compare these findings with
selected experimental results. Various panel dimensions,
lamina orientations, and boundary conditions were used to
study their effects on the buckling load of axially comp-
ressed panels. Past investigations of isotropic panels
have shown that the buckling load is sensitive to the type
of edge restraint. This should also be true of laminated
composite panels,.although different ply orientations and

panel sizes may increase or decrease this effect.

Scoge

The panels investigated in this thesis are limited to
8-ply laminated cylindrical panels made of Graphite/Epoxy.
The panel radius, length, and thickness are held constant
while the width, ply-orientation, and boundary conditions
are varied. Three widths, 3 ply orientations, and 5 boundary

conditions are investigated.




II. Experimental Procedure

Test Specimens

All of the specimens were 8-ply laminated panels with
the same thickness and curvature. The specimens were hand-
laid into 17" x 36" panels using Narmco T300/5208 Graphite-
Epoxy. The following material properties were determined

experimentally (see Appendix A):

E1 = 20.5 x 10°®
E = 1.3 = 10°®
G = 0.75 x 10°
12
= 0.335

12
Resin content - 25-~30% by weight

After the specimens were laid up, they were placed in a
steel mold, bagged, and cured. After curing, the panels
were ultrasonically inspected to insure that no voids or
delaminations were present. The 17" x 36" panels were

then cut to the required size on a specially jigged radial
arm saw with a diamond-tip blade. No special techniques
were used to insure "perfect" panels for the tests, although
every effort was made to fabricate and cut the panels as
close as possible to the desired test configuration. There-
fore, the normal dimensional variations (thickness, length,
width) inherent in all production processes were present.
Figure 1 shows a typical panel and defines the panel nota-

tions and sign conventions.
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Test Set-up

The test fixture (figure 2a) was furnished by the Air
Force Flight Dynamics Laboratory. The fixture provided a
clamped boundary condition (u=free, v=w=w,x=0) on the curved
edges and eiiher a simple support or free boundary condition
on the straight edges. The boundary condition along the
curved-edge was obtained by--clamping the panel between the
horizontal plate and a series of small blocks (figure 2b).
The blocks were forced against the panel by set screws and
then held in place by a larger block bolted to the plate.
The set screws were tightened with a screwdriver to insure
no slippage of the test specimen. The side supports of the
fixture are shown in figure 2c. The edge of the test
specimen is inserted between the two inner bars which clamp
the specimen with thin, knife-like edges but allow the
specimen to rotate in the Wiy direction (figure 3). The set
screws were advanced until the inner bars were just touching
the test specimen in order to obtain a simply supported boundary
condition with the panel free to move in the u and v directions.
The side supports were removed entirely to provide the free-edge
boundary condition. 1In all tests the curved panels were
clamped to the base plate first, and then the side support
screws were tightened (for simply supported only). The set-
up was then ready (figure 2d) for the top horizontal plate
and the instrumentation to be installed.

The instrumentation consisted of four axial strain

P —— - i Dbk i o bbbkl Al e o ’ WJ
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2a. Complete Test Fixture 2b. Base Plate and Test
Specimen Showing Clamping
! Devices

2c. Side Support 2d. Fixture and Specimen
Ready for Top Plate Installation

Figure 2. Test Fixture
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Top View

Figure 3,

Specimen
Fixture Side Support
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gages (back-to-back in two locations) and four LVDTs

(linear variable differential transformers) located as

shown in figure 4. The data from the tests was stored in

the computer in real tipe mode and printed out later. The
data was also displayed on a computer terminal CRT so that
the load and displacements could be viewed during the
testing. The tests were conducted on a 20,000 1lb Instron
testing machine (SN 3332) with the load cell on the bottom
and the loading ram applying the load from above. The entire

test set-up is shown in figure 5.

Test Procedure

The base plate of the fixture was placed on the load
cell first, and then the panel was installed in the base
plate and side supports (if present). Next, the top plate
was attached to the panel making sure that it was aligned
with the bottom plate and that the top plate remained
horizontal to eliminate any bowing of the test specimen.
The loading ram, consisting of a large one-inch plate, was
then lowered until it contacted the fixture. The top plate
of the fixture and the loading ram plate were then clamped
together to prevent any tilting during the loading cycle.
At this point, the instrumentation was zeroed out and the
test begun. The load was applied at the rate of 0.05
inches per minute and the data sampled two times per second.
When the first buckle occurred, the location was noted and

the loading was continued in order to get some portion of
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Closeup of Specimen Prior to Loading

Figure 5. Overall Test Setup
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the post buckling curve. When the top plate contacted the
side supports, or when sufficient post buckling had occurred,

: the loading was removed.




III. inalytical Approach

Classical Lamination Theory

Since this thesis deals with 8-ply laminated panels,
it is helpful to understand how the resultant forces and
moments acting on the laminate are obtained. Assuming
small strains and requiring the normal to the middle surface
to remain straight and normal under deformation (i.e.,

ez=yxz=yyz=0), the following linear strain and curvature

relations can be derived for a circular cylindrical shell/

panel element, neglecting higher order terms, (see reference

(11) for nonlinear strain relations),

e; du, /3%
1e; = {dvoe/dy + Wo/T (1)
pﬁy du,/dy + Avy/dx
Ky 32w,/ 9x?
(KY = ={032%wo/d3y? (2)
2
ny 2 3°wWo/93x0y

where r is the radius of the shell and the 0 superscript and
subscript denote the strain or displacement at the middle
surface. The total strain for a lamina is the combination

of middle surface strains and middle surface curvatures,

13




0
€x €x Kx
= 0
€y ey + z Ky (3)
0
Yxy Yxy “xy

where z is the distance from the middle surface.

Figure 6 defines the material and structural coordinate

systems. Using the strain definitions above, the stress-strain

relations in the principal material coordinates for a lamina

of an orthotropic material under plane stress are

0, 0, 9,2, 0 €,
02 )= |Q;52 Q22 O €9 (4)

T2 o o Qse| Y12

where the reduced stiffnesses, Qij' in terms of the

engineering constants are

Qi1 = Ey/(1=v,,v,,)

Qi2 = V;12E;/(1-v,,V21) = v2,E,;/(1-v12V3,)

Q22 = E,/(1-v,,v,,) (5)
Q¢s = Gi2

When the fiber axis of a particular ply is oriented at some
angle, 6, with respect to the structural axes, the stresses

are

Ox Q,, Q. Qi €x
Uy =101, Q2 Q16 ey (6)
Txy Q16 Q26 Qs ny

‘!

snm——————
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X,¥,2 Structural Axes

1,2,3

Lamina Principal Axes

Figure 6. Definition of Coordinate Systems
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pi

where the transformed reduced stiffnesses, 6i

Q0 =

| ©O| Ol
] ] I

Ol
n

0|
]

66

L3
Qllcos 6 + 2(Q12 +

(Qll 3 Q22 £ 4Q66)

s

01151n 6 + 2(Q12 +
(Qll = QlZ e ZQGS)
sin®6 cos®

@, -9, - 29,,)

11

sin® cos?e

ta. +9, - 20

11 12

(sin“*® + cos"9)

e .2 2
2055) sin“® cos“6 + st

.2 2

2st) sin‘f® cos“6 + sz

sin?6 cos?6 + le(sin“e
2 -2 2

Zst) sin“6 cos“6 + sz

. 3 »
sind cos’6 + (le sz

sin3®0 cos6 + (le -0

jr

are

22

sin“@

+ cos"*9)

cos“0

+ 2Q6

+ 20
6

(7)
)
6

)

6

Equation (6) can be thought of as the stress-strain relations

for the kth layer of a multilayered laminate and can be

written as

tod, = [A], (e},

(8)

Substituting equation (3) into equation (8), the stresses in

the kth layer can be expressed in terms of the laminate

middle surface strains and curvatures as

z
Xy
k

]
10}
©l

] ]
ol Ol
Ol ©f
O] ©f

—

(9)

Since the 6ij are different for each layer of the laminate,

the stress variation through the laminate thickness is not

necessarily linear, even though the strain variation is linear.




b —

Now that the stresses in each layer are known, the
resultant forces and moments acting on the laminate can
be obtained by integrating the stresses in each layer

through the laminate thickness. For example,

t/2
Nx = ] oxdz
~-t/2
(10)
t/2
Mx = cxzdz
-£/2
N, and M are forces and moments per unit length (width)
of the cross section, as shown in figure 7, and are
defined as
Nx t/2 Oy z, D
Ny =j oy dz = i/ oy dz (11)
ny -t/2 - cxyk k=1 2z, TXYk
and
Mx t/2 Oy N k Ox
My =/ oy zdz = Z f oy zdz (12)
Mxy -t/2 Txyk k=1 k-1 Txy

where zy and 2,1 are defined in figure 8. Next, equation

(9) can be substituted into equation (1ll) and (12) to get

17
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Figure 7. Forces and Moments on a Laminate
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Figure 8. Geometry of an N-Layered Laminate
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the resultant forces and moments in a useable form. But
first, two observations can be made. The stiffness matrix,
aij' for each layer is constant within that layer, so it

can be placed outside the integration but must remain within
the summation. Also, e;, e;, Y;y' Kx, Ky, and ny are not
functions of z but are middle surface values, so they can
be removed from under the summations signs. Taking these

items into account, the force and moment equations become

e VA E nd B .
X A11 102 1ie ex 11 712 T16 Kx
0
{Ny = A, Ay, Ay €y + 1B, By, By |<y (13)
0
N A._A__A Y B.. B._B K
| Xy, |1 T2 esJ Xy L 16 Tes Vee Xy
o B ] § i 1
My 11 Pys By €x Dy, Dy, Dy K
= 0
JMY f = B,, B,, By ey +1D,, D,, D, Ky (14)
0
;MXYJ |, 36 26 “&E Yxy 16 26 Dsﬁ Kxy

where

N

k=1
N
=1
N
Y e Z Qi) (Zx = Zk-1)
k=1

For laminates that are symmetric in both geometry
and material properties about the middle surface, which is

19




true for all panels evaluated in this thesis, equations
(15) simplify considerably. In particular, because of the

symmetry of the (6ij)k and the thickness t,, all the

kl
coupling stiffnesses, Bij' can be shown to be zero. The
force and moment resultants, then, for the symmetric laminate

reduce to

\ — 'Wyow
N, Ayy Byp By &y
<Ny = A12 Ayp By JE; ] (16)
0
(Nxy) BTRT ASE. \ny‘
n. ] [p,.0 1 (<)
x 11 12 DIG Kx
4My ¢ = | P12 D2 Dy JKy k (17)
\Mxy‘ _PIG D, Dsﬂ thYJ

STAGS Theory

STAGS (Structural Analysis of General Shells) is a
computer code developed to analyze the behavior of general
shells under arbitrary static thermal and/or mechanical
loading. The analysis is based on an energy formulation
where the derivatives in the energy expression are replaced
by their two-dimensional finite difference approximations.
Applying the stationary total potential energy theory, a
system of nonlinear algebraic equations is found which are
solved by use of a modified Newton-Raphson method. A
detailed discussion of STAGS and its solution method can
be found in reference (12). Also, reference (2) may be

helpful in understanding this method.

20




The elastic material branch of STAGS contains three
sub-branches: 1) nonlinear collapse analysis, 2) linear
analysis, and 3) buckling analysis based on the classical
bifurcation approach with a linear prebuckling analysis.

The nonlinear analysis is the most accurate and calculates

the loading history, but these analyses are too expensive,
especially when the problem is large and many runs are
anticipated. The bifurcation buckling analysis with linear
prestress is normally a good approximation for any case in
which the squares of the rotations are small in comparison

to the strains. Therefore, the bifurcation buckling branch
with linear prestress was used for all analytical predictions.
Several nonlinear collapse analyses were made on selected
configurations, however, to insure that the bifurcation
results were good approximations. The STAGS-C version of STAGS,
which is capable of handling multilayered composite structures,

was used in all analyses.

Modeling

Two main aspects of the computer model deserve special
treatment here. The basic panel dimensions (figure 1) can
be modeled exactly, but special considerations are necessary

when it comes to: 1) modeling the boundary conditions, and

2) choosing the grid size.

The actual boundary conditions that occur in experi-
mental tests are usually not known precisely or are combi-
nations of several different "classical" models. There-

fore, although it is impossible to model the boundary

21
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conditions exactly, analytical boundaries can be chosen that
will bound the possible experimental results. With this in
mind, the following analytical boundary conditions for the 3

straight edges were chosen.

u v \ w,y
Free Free Free Free Free
CCl Free Free 0 0
CcC4 0 0 0 0
SSsl Free Free 0 Free
SS4 0 0 0 Free

Each panel configuration was evaluated five times - once
for each boundary condition. These analyses include the
most rigid and the most flexible conditions that can exist

in the experimental tests. For the curved edges, the experi- i

mental boundary condition was much more predictable (securely
clamped). Therefore, the analytical boundary conditions
u=free, v=w=w,, =0 for the top edge and u=v=w=w,x=0 for the
bottom edges were used in all the evaluations. All boundary
conditions were assumed to be the same for prebuckling and

buckling.

Another boundary condition problem was encountered by
Mulholland in his work on stringer-stiffened, axially loaded
cylindrical panels (13). He found that the STAGS program
i generated meaningless results when the boundary conditions
| of two adjacent edges produce a discontinuity at the corner.

| That is, the corner is actually a part of both edges, and
j the discontinuity arises when the same displacement, related

22




to the corner, is restrained for one edge and free for the
other edge. To alleviate this condition, Mulholland placed
a small cutout in each corner which freed the corner without
significanfly changing the panel dimensions. Using this
technique, Mulholland was able to obtain favorable results
and the characteristics of buckling behavior matched panels
without cutouts.

In this thesis a 0.1" x 0.1" rectangular cutout
was placed in each corner of the clamped and simply sup-
ported panel configurations. Of course, no cutouts were
needed for the free-edged panels. For the smallest panel,
a 0.1" x 0.1" cutout resulted in only a 2.4% reduction in
the surface area along the top edge. The cutouts were
Abdeled using the WALL subrountine in STAGS, which allows
the material properties of the shell wall to vary with the
surface coordinates. The material properties in the 0.1" x
0.1" rectangles were set to zero to simulate the cutout.
The control cards necessary to use WALL and a sample
subroutine can be found in Appendix B.

The second major modeling task was to choose an
appropriate grid size. This is a very important part of
the modeling because the success of the analysis depends
primarily on the proper choice of grid. 1In the one~dimen-
sional analysis, computer time is usually not a factor, and
it is possible to choose a grid as closely spaced as needed

to obtain accurate results. In two-dimensional analysis,

23
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however, the computer time increases dramatically, and
it is often necessary to sacrifice accuracy in order to make
the analysis economically feasible.

Two criteria were used in selecting the grid size.
First, Palazotto (14) and Nelson (15) found that to obtain
accurate results at least five node points should be placed
within each half sine wave of the buckling pattern in the
circumferential direction. Second, an increase in nodal
points from the selected value should not change the
solution by a significant amount. To get a "ball park"
grid size, an isotropic aluminum cylinder was analyzed,
and the solution was compared to the classical solution for
axially compressed cylinders. A grid size of approximately
0.5" x 0.5" gave relatively reasonable results (within 15%).
Next, several 8-ply laminated cylinders were analyzed, and
finally a variety of laminated panels. These analyses
indicated that the 0.5 x 0.5 inch grid size was ideal.
Doubling the number of nodes changed the solution by only
2% while a decrease in mesh size did not result in five nodes
per half sine wave of the buckling pattern. The use of the
corner cutout also made an additional grid line at each side
of the cutout necessary. Therefore, the final grid pattern
consisted of approximately 0.5 x 0.5 inch squares plus an
additional mesh line 0.1" from each edge (see figure 9).

The material properties used in the analytical analyses

were the same as those determined in the experimental portion
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of the thesis (see Appendix A). The load was applied as a
line load along the top edge, and all of the linear analyses
were made assuming no material or geometric imperfections.
It was-necessary, however, to introduce a small imperfection
into the nonlinear analysis to trigger a buckling mode.
Theoretically, as the critical load is reached, the round-off
errors in STAGS should trigger the deformation corresponding
to the buckling mode. 1In practical application, it is
generally found that in the early stage of buckling the
amplitude of the buckling mode is so small in comparison

to the prebuckling dispacement that its growth, although in

a relative sense large, will not violate the specified

convergence criterion. The convergence criterion is satisfied
when the largest correction of a displacement unknown during

an iteration divided by the largest displacement is less than

1073, This difficulty is avoided by the specification of

initial imperfections in the panel geometry which are small

enough not to appreciably effect the buckling load but large
enough to trigger the new deformation pattern. This imper-
fection can be specified by using subroutine WIMP or by
applying a small lateral load. The latter method was used
here because of its ease of implementation. A load was
applied to the center of the panel to produce a lateral
displacement of approximately 5% of the panel thickness under
static conditions. This 5% deflection was recommended by

the STAGS~C program designers at Lockheed Corporation.
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IV. Results

Panel Designation

. For identification, the panels analyzed in this thesis

were designated in the following manner. d

BS1
| A
Ply Orientation:
1 = (%45)2s
2 = (90,%45,0)s
3 = (90,0)2s
Boundary Condition on Vertical Edges:
F = Free
C = cCCl
D = CC4
S = ss1
T = SS4
b—e——— Panel Size (chord length vs height):
A =8x 12
B =12 x 12
C =16 x 12

A STAGS-C bifurcation analysis was completed for each of the
45 panel configurations, plus a nonlinear collapse analysis
for the BS1l, BS2, BS3, and BFl configurations. The BS1l, BS2, :

BS3, CFl, CF2, and CF3 panels were tested experimentally.

Experimental /Analytical Comparison

The experimental and bifurcation results are presented
in Appendix D. Due to fixture problems and eccentricities
in the loading (see Appendix C), the initial buckle did not
form in the center of the panels as expected, although in
most cases it was near the center. Figure 10 shows that the

initial buckle on the BS1 panel formed slightly to the right
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Initial Buckle

Same Buckle With Additional Load Applied

Figure 10. Buckling of BS1 Panel
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of center and then expanded across the entire width of the
panel as the load increased. As the load increased still
further,vsmaller buckles formed above and below the center
buckle on each side (r.2ar the corners of the panel). This
general buckling pattern was the same for all simply-supported
panels, although the initial buckle location varied slightly.
For the free-edge panels, the initial buckle formed near the
center and grew to the sides, forming a half sine wave pat-
tern at each edge. As the loading continued, this half sine
wave snapped into three half sine waves(figure 1l1). This
" snap was accompanied by a drop in the load as seen on the
load/displacement diagram in figure 11. The first drop in
the load corresponds to the initial buckle, while the second
drop is due to the edges snapping into the new deformation
mode.

In general, the experimental results shown in Appen-
dix D indicate that the panels tested do not have postbuckling
strength, although the BS3 panels did exibit some postbuckling
strength characteristics. Since the (90,0)2s ply orientation
is stiffer in bending, these panels may act more like flat
plates and actually have postbuckling strength. On the other
hand, the fixture and loading problems described in Appendix
C caused the load to be applied unevenly, especially after
buckling had ocurred, and this could have caused the post-
buckling curve to rise above the initial buckling value. In

any case, the errors in the postbuckling curve due to these
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Figure 11. Buckling Modes for Free-Edge Panels
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anomalies make it impossible to draw a conclusion one way
or the other on the BS3 panels. s
The experimental load versus displacement curves are

compared to the analytical results in figures 12 through 17.
Although relétively good agreement was obtained for the
buckling loads, the slope of the Ny, vs u curve was consider-
ably larger for the analytical analyses in all six cases.
Since this discrepancy is present for both simply-supported
and free edges, the difference cannot be attributed to impro-
per modeling of the boundary conditions, but more likely to

" the effects of geometric and material imperfections in the
experimental tests. The nonlinear analyses contained an
imperfection(lateral load), but the imperfection was only
large enough to trigger the collapse mode and was not meant
to be used in an imperfection sensitivity study. However,
the nonlinear analysis with an imperfection had a smaller
slope than the analysis without an imperfection (figure 18),
and the slope decreased even more when the size of the imper-
fection was increased (figure 14). This suggests that the

;: difference in slopes between analytical and experimental

data is indeed due to imperfections.

The bifurcation buckling loads were from 23 to 34%
higher than the experimental buckling loads, except for the
BS2 panel, which was 45% higher. The larger difference for
the BS2 panel was most likely caused by improper fixture

alignment during the experimental test. This conclusion
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was based on two observations. First, unlike the BS1 and
BS3 panels, both BS2 panels broke(splintered and delaminated)
between the top horizontal plate and the vertical side support
on one side,‘indicating a misalignment of the load in the
vertical direction. Second, the analytical results and the
free-edge experimental results both show that the (90+#45,0)s
orientation is stronger than the other configurations.
However, the BS2 panel, which is (90,%45,0)s, buckled at a
lower load experimentally than the BS1 panel, which is

(+45) 2s, thereby indicating again some anomaly in the BS2
test results. If the BS2 experimental buckling load is
increased above that of the BS1 buckling load (to account
for the anomally), the BS2 analytical/experimental compari-
son would fall into the same error range as the other
configurations.

The nonlinear collapse loads compared more favorably
with the experimental results. The BS1l, BS3, and CFl results
were within 17% of the experimental results, while the BS2
results were again higher due to the discrepancy discussed
in the previous paragragh. The nonlinear/experimental
differences become even less when the size of the imperfection
in the analytical analysis is increased as shown in figure 14.
The 17% difference between analytical and experimental results
is very small compared to differences reported by the majority

of researchers conducting studies on curved panels(Ref 10).
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Bifurcation/Nonlinear Comparison

As seen in figure 18, the difference between the
bifurcation buckling lcad and the nonlinear value without
an imperfection is very small. This is because the nonlin-
earity in the nonlinear curves is due only to the boundary
effects and the ply orientations. W%en the imperfection is
introduced, however, the nonlinear curve is due to the
buckling mode deformations and is more pronounced. Therefore,
the difference between the bifurcation and nonlinear analysis
is greater when the imperfection is used. This difference
was higher than expected (11 to 28%), and therefore, the
nonlinear effects in composite circular panels appear to be

important.

Boundary/Ply Orientation/Aspect Ratio Effects

The results of the linear bifurcation analyses are
listed in Appendix D. These results were plotted in figures
19 through 26 in order to study the effects of different
boundary conditions, ply orientations, and aspect ratios.
The nondimensional buckling load,NxL?, was plotted versus
the aspect ratio, %. Ly

Boundary Condition Effects. From figures 24, 25, and

26, it is apparent that the free-edge panels are significantly
weaker than the other panels, as expected. The only differ-
ence between the free and SS1 boundaries is that the out-of-

plane displacement, w, is restrained in the SS1 case. This
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means that the buckling load can be affected by as much as
70% depending on the out-of-plane boundary conditions.

The in-plane boundary conditions also affect the
buckling load substantiglly, particularly for small aspect
ratios. Thié can be seen in figures 24 through 26 and also
by noting the difference between the SS1/CCl panels and the
SS4/CC4 panels (figures 20 and 21 vs 22 and 23). The u, v
displacement conditions along the vertical edges can change
the buckling load by approximately 8% for larger panels, and
by as much as 38% for the smaller aspect ratios. This
larger effect for small aspect ratios was anticipated since
the panel stiffness increases if the in-plane displacements
are restrained and the boundaries are moved closer together.
This effect is due primarily to the v displacement when the
load is applied axially.

The rotational boundary condition (w,y) had very little
effect on the buckling load, as evidenced in figures 24
through 26. For the same in-plane boundary conditions, the
clamped panels were aiways stronger than the simply-supported
panels, although the maximum difference was only 12%.

One unique point deserves special consideration here.
The bifurcation results in Appendix D show that panels with
SS1 and CCl boundaries are stronger than those with 5S4 and
CC4 boundaries when the aspect ratio is large and the ply
orientation is ($45)2s. While all the ply orientations

exhibit the large slope for the SS4 and CC4 curves (figures
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24 through 26) at small aspect ratios, the (9Q+45,0)s and
(90,0) 2s slopes decreased as the aspect ratio increased and
the buckling values never reached the CS1 and CCl values.
The (*45)2s Slope did not decrease and therefore crossed over
the SS1 and CCl curves. Since this was not expected, the
STAGS~-C displacement and stress outputs were examined more
closely. From the data, it was noted that the bending mo-
ments were always larger in the (145)2s panels than in the
other panels at the same applied load. Therefore, when the
boundaries are far apart and can no longer help stiffen the
panel, the (%45)2s panels bend more than the other configur-
ations. This increased bending introduces large nonlinear
effects which are ignored in the bifurcation analysis. The
unexpected data points, then, were thought to be errors in
the bifurcation analyses. To verify this, the CS1 and CS4
panels were evaluated using the STAGS-C nonlinear collapse
analysis. As predicted, the nonlinear analyses showed that
the CS4 panel was stronger than the CS1 panel (by 1%) and
that the bifurcation fesults were incorrect. This only
applies to large aspect ratios and to (+45)2s panels which
have less resistance to bending. The SS4 and CC4 curves
shown in figure 24 reflect this correction by remaining
above the SS1 and CCl curves at the larger aspect ratio

(dashed lines).
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Ply Orientation Effects. The effects of different

ply orientations are quite apparent from figures 19 through
24. The (90,%45,0)s panels had the highest buckling loads
for every cohfiguration.except the (*45)2s panels with CC4
and SS3 boundaries and small aspect ratios. For small aspect
ratios and with v restrained at the boundaries, the panel
stiffness in the y direction becomes very important. Since
all eight plies of the (#45)2s panels contribute to the cir-
cumferential stiffness, the stiffness is apparently greater
than that of the six plies contributing to the (90,%45,0)s
circumferential stiffness, resulting in a higher buckling
load for the (%45)2s panels. When the vertical boundaries
are far apart, or when the v displacement is unrestrained,
this effect is greatly reduced.

The (90,0)2s panels were weaker than the other two
orientations in every case, from as little as 10% for free

edges to as much as 30% for restrained edges.

Aspect Ratio Effects. The aspect ratio has very little
effect on free, SS1, And CCl panels, although some changes
become evident at aspect ratios below one. There is a drastic
effect on the CC4 and SS4 panels as seen in figures 22 and 23.
This was expected since the boundary condition effects become
more prevalent when the supports are close and the in-plane
displacements are restrained. With the aspect ratio decreasing
from 4/3 to 2/3, the buckling load was increased 41% for the
CC4 (%45)2s panels. The increase in the buckling load for the
other clamped configurations was less than 41%, but still

significant.
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Figure 13, Analytical and Experimental Results for BS2 Panel
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Figure 14. Analytical and Experimental Results for BS3 Panel
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Figure 17, Analytical and Experimental Results for CF3 Panel
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Figure 21, Bifurcation Results for CCl Boundary
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V. Conclusions

Based on the analytical and experimental results, the
following conclusions can be made for composite circular
panels subjected to axial compressive loading.

1) The STAGS-C nonlinear collapse analysis with a
small imperfection included compares very favorably with
experimental results (within 17%).

2) The nonlinear effects in circular composite panels
are relatively large and should not be ignored. The linear
bifurcation results were 11-28% higher than the nonlinear
results.

3) Boundary conditions have the greatest influence
on the buckling load, with the w displacement being the most
critical. The in-plane displacements, especially v, can also
affect the buckling load by as much as 38%.

4) The aspect ratio has a very large affect on the
buckling load when the in-plane displacements at the vertical
edges are restrained. The buckling load increases as the
aspect ratio decreases.

5) The (90,0)2s panels were weaker than the other
configurations in all analytical and experimental cases,
indicating that cross plies are needed for strength.

6) The strength of the ($45)2s panels is increased
dramatically when the aspect ratio is small and the in-plane

displacements are restrained at the edges. This effect is
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less pronounced for the other ply orientations.
7) When the vertical edges are free, the aspect ratio
and ply orientation have very little affect on the buckling

load.

8) Unlike flat plates,most of the panels tested did

not exhibit postbuckling strength characteristics.
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