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i: >§An analytical study using the STAGSC-1 cosputer code
ié was conducted to deteraine the effects of notches and
{: unsymametric boundary conditions on the load bearing
A capability and radial displacesents of axially loaded
EE cylindrical panels. The graphite-epoxy panel consisted of
Z; an 8 ply laminate with symmetric ply orientations. A finite
- element mesh refinement in the vicinity of the cutout «as
tg? conducted in order to study the non-linear collapse
gé analysis. In additon, the effect of different size cutouts
‘ with aspect ratios (axial dimension of cutout divided by
é? circumferential dimension) of 2.0 or 6.5 was studied.
~§ . Finally, analytic results for a 2"x2" cutout with a varying
) B set of boundary conditions were compared to axperisental
ﬁ; findings.

:“-1 It was found that as the surface area of the cutout
x;. increased, the buckling load decreased. Cutouts with aspect
'E«‘ ratios of 2.9 were found to be capable of carrying higher
:; loads than notches with an aspect ratio of 6.5. By
‘n: comparing analytic results with experimental data, it was
\ found that unsymmetric boundary conditions for the 2"x2"
'gﬁ cutout better approximated experimental data than when
j: symmetric boundary conditions were considered. - It was also
%g determined that some of the discrepancy between cxper{;intal
éﬁ and analytic results can be attributed to initial
1#_ .. eccentricities introduced into the panel by the test
" "ol

}5 apparatus.
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Backaround

The strength and stability of aircraft and space
vehicles are influenced by the presence of cutouts or
notches in their skins. Many vehicles in the NASA space
program are characterized by large, lightweight shell
structures that can be either stringer stiffened or
unsti ffened, and can have either reinforced or non-
reinforced cutouts. These shell structures can be analyzed
by finite element techniques. Anderson [1] discusses how
finite element techniques bhave been used in the Apollo
launch vehicle analysis and Skylab stability analysis.
Design studies have been conducted using finite elesent
techniques on the Space Shuttle oxygen tanks and cargo doors
[2]. Skogh [3] describes the use of finite element analysis
in the Skylab structural design.

Of particular interest in space vehicle design is how
structural stability is affected by cutouts in the shell
structure. Very few references can be found, however,
dealing with axially loaded composite cylindrical panels
with cutouts. Considerable work has been done on isotropic
plates and cylindrical panels [4-7]. Sohel (6] amd Alaroth
C4] also studied how varying sets of boundary conditions
affected the buckling behavior of unstiffened panels. Sobel
€61 found that preventing circumferential edge displaceaent

is the most important in-plane boundary condition from the
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point of view of increasing buckling load. Saveral authors
[8-131 have investigated the buckling behavior and stress
states of isotropic panels, with cutouts, under axially
compressive loads. These studies were done numserically
generally using finite difference techniques. Plates and
panels with reinforced cutouts have also been analyzed [131.
Most tests have been conducted using circular cutouts, but
some investigations have been done with elliptic and square
cutouts.

In recent years, there have been numerous technological
advances in the application of fiber-reinforced composites
to aircraft and space vehicles. Research into composite
cylindrical panels without cutouts has been carried out in
the past [14-22], but relatively little work can be found
dealing with composite panels with cutouts. Satyasurthy
[20] found that boundary conditions, 1load systeas, location
of concentrated loads, and material properties influencé the
nature of the buckling behavior in composite panels. These
types of analyses aust also be applied to composite
cylindrical panels with cutouts in order to wmore fully
understand the effect that a cutout has on buckling
behavior.

Janisse [23] is one of the few authors found to address
the problem of cutouts in composite cylindrical panels.
Singer (241 has consolidated much of the work done on
buckling of shells into a concise report. This report
encompasses isotropic shells, stiffened shells, and

composite shells and addresses special praobleas and
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techniques used in shell analysis.

Composite panels have been studied in greater detail
from an analytic point of viaew than they have been
experisentally. This is due to manufacturing difficulties
and lack of experisental test fixtures needed to apply a
purely compressive load. Analytic problemss are sore cosplex
when working with composite saterials because of their
anisotropic wmaterial properties and the non-homsogeneous
complex fiber/matrix interactions. Numerous cosputer codes
have been developed to analyze these types of structures.
The Structural Analysis of General Shells (STAGSC-1)
computer program was used for finite element analysis in
this thesis.

Since composites are used aleost exclusively in
aerospace structures, more work needs to be done in the area
of cylindrical panels with cutouts in order to esore fully
understand the effect of the cutout and how varying the
boundary conditions affects the buckling behavior of a
panel. This thesis, which is a continuation of the work
done by Janisse [23], addresses the issue of samall cutouts
in composite cylindrical panels and the effect of

unsymmetric boundary conditions on buckling behavior.

Objectives

The purpose of this thesis is threefold. First, the
effect that cutouts or notches of various aspect ratios have

on the buckling behavior of composite panels will be studied
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analytically using the STAGSC-1 computer prograa. For the
purposes of this thesis, a notch will be defined as a cutout
of less than 35X of the total panel area. Second, the
effects of unsymmsetric boundary conditions on a panel with a
square cutout will be analyzed. Finally, analytic results
will be compared to experisental data. This thesis will
enable a better overall understanding of the nature and

stability of composite cylindrical panels under axial loads.

Approach

The STABSC—-1 finite element computer program [261
developed at Lockheed was used to study the collapse of
cylindrical panels with cutouts. The analysis carried out
is nonlinear due to the presence aof a cutout. The nonlinear
collapse analysis branch in STAGSC-1 uses large displacesent
theory and moderate rotations along with a modified Newton-
Raphson iteration schese.

Six different size cutouts located at the center of the
panel were investigated. A panel with a 2"x2" notch (a
cutout comprising less than SX of panel area) was used as a
basis for a mesh refinement study. These results were then
applied to the finite eleaent mesh design for the other five
cutouts. Of these six cutouts, two were square, comprising
2.7% and 11%Z of the surface area of the panel, respectively.
The other four cutouts were rectangular with aspect ratios

of either 6.5 or 2.0. Aspect ratio is defined as the axial

dimension of the cutout divided by the circumferential
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dimension. The effect that notches and cutouts of different
percentages of total panel area have on the stability and
buckling behavior of panels was investigated.

Experimsental data was obtained for a panel with a 2%"x2*
notch. The results appeared to lack consistency under the
assumptions relative to a siaply supported vertical edge.
Thus, in order to rationalize the experimental results,
unsymsetric boundary conditions were modeled analytically on
the panel with the 2"x2" notch to study the effect of varied

bounaries on the buckling behavior of curved panels.
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11.THEQRY AND MODELLING

Classical Lamination Thegry

In order to understand composite lamsinae behavior,
basic constituitive relationships for an individual lamsina
sust be explained. The reader should refer to References
[14] and [26] for an in-depth development of these relations.

The stress-strain expressions for an individual lamsina
are essentially the stress-strain relations for plane stress
in an orthotropic saterial. The following relations are the
basis for the stiffress and stress analysis of an individual
lamina subjected to forces in its own plane. For a laminae
of orthotropic msaterial, the stress-strain equations in

principal saterial coordinates are

I €
% 2, 9 1
g €
2 ([ = [®52 9, 12 1
.
12 o e . (%12

where el and 62 are norsal strains and 732 is the shear

strain for the lamina principal axes as in Figure 2.1, and
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Figure 2.1. Definition of Coordinate Systeas

o where E1 and Ez are Young’s msoduli in the 1, and 2
'g directions, respectively. ”ij is Poisson’s ratio for
' transverse strain in the j direction when loaded in the i

direction and 812 is the shear sodulus in the 1-2 plane.

Therefore,
v -€
] - —2
~ 12 €
§ 1
d
-€
v 1
21 = p (3)
2
12
| ©12 =
12

A

ol

The preceding stresses and strains were defined in the

L=

principal material directions for an orthotropic wmaterial.

".\J

- I¥ the principal directions do not coincide with coordinate

i; directions, stress and strain transformations are used to ;
N

~.- {
o define the following stress-strain relations in xy ]
M

coordinates.
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Figure 2.2. Geometry of an N Layered Laasinate

Therefore,

11

12 26

16 66 |

N

where the asaterial coefficientc, 013' are syasetric

defined as

4

4 2
Q, .cos 8 + 2(012+2066)s£n2bcos 6 + Q__sin

11 22
2 2 4 4
(Q11+022-4066)8in“0cos“0 + Q12(sin 6+cos 0)

4 2, 2 4
ﬂ‘lsin 6 «+ 2(012+2066)sin 6cos“0 + ﬂzzcos (]

3 3
(011-012 2066)s1n9co| 0 + (912-022+2°bb"1“ 6cosf

3 3
(011—012.2066,'in fcosb + (012 022+2966)l1n0t05 6

(Q, . +0..-20,.-20, ,)sin20cos20 + O

4 4
11495 12 5 66(51:\ G+cos 6)

For a detailed derivation of the transformed reduced
stiffnesses, see Reference [26].

In order to define the stress and strain variations
through the thickness of a laminate, stress-strain behavior

th

of an individual lamina will be expanded. For the k layer
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o
;: of a sultilayered laminate, Equation (4) can be written as

Y

o (0, = @1 e 6

o8

%ﬁ Refer to Figure 2.2 for the geometry of an N layered

gﬁ laminate of thickness ¢, middle surface location and

!! location of the k'™ lamina.

f% It is assumsed that each layer can be characterized as

%& an orthotropic asaterial whose properties are known with :

o
. -

e

respect to its saterial axes. The laminate is assused to

f?: consist of perfectly bonded laminae. The displacemsents are
‘ continuous across lasina baundarics‘so that no lasina can
slip relative to one another. Also, for a thin lasinate,
norsal sections resain norsal to the siddle surface after
bending. These assumptions for a laminate constitute the
Kirchoff-Love hypothesis for shells [24].

It is necessary to develop the nonlinear displacesent
cylindrical shell theory in order that the reader obtain an
appreciation of the overall theoretical approach. The
middle surface strain-displacement relations for a laminate
with wmoderately large rotations of tangents to the panel

reference surface are given by

o o 2 2
€, "“'x'“'x*‘md’x*“z"’

o
e’ = v°,y = vy, + WR + 172 ¢y2 - 172 ¢2 7)
70

xy = Vex* Usy * ¢&¢V

where u, v and w denote the axial, circumferential and
radial components of the sidsurface displacement and ¢x’ ¢Y
and ¢ are the components of rotation about the coordinate
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Figure 2.3. Positive Forces and Moments Acting on a Laminate

lines and about the norsal to the surface. The aiddle

surface curvatures are

)
Ky = by e

2K, =26, = ¢Y’x + ¢x'y + /R

In terms of displacesents, the rotation components are

4’: =W,
-4 + Y/ (9
¢Y = 'Y R

¢ =1/2 tv, - u,, )

where R is the radius of curvature of the panel at the aid-
thickness plane. These values for the strains and
curvatures are given by Sanders’® kinematic relations

considering no initial shell imperfections [131.

By using the Kirchoff-Love hypothesis and knowing the




)

middle surface strains and curvatures, the strain-—curvature

relationship for a laminate becoaess

‘x ‘x Ky
o
- € + 2 (1)
€y y Ky
o
7§y 7&y 2“*Y

By substituting the strain variation through the
thickness, Equation (10), into the stress-strain relations,
Equation (&), the stress in the k" layer can be expressed

in teras of the laminate amiddle surface strains and

curvatures [29] as

o
ox ex “x
- o
té) e%\s 2 (11)

Oy = ké v Ky ?
T y @ X
xy | xy xy

\ }

where the ﬁij elements are as defined in Equation (5).

The resultant forces and moments acting on a lasinate
are obtained by integrating the stresses in esach layer of
the laminate. For Nx as a force per unit length and "x as a

moment per unit length, we have

t/2
Nx- [ ax dz
-t/2

t/2
"x - j{ ax 2z dz
-t/2

The forces and moments acting on a flat laminate are

12)

shown on Figure 2.3.
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For an N-layered laminate, the force and sosent

resultants are [26]

4
t/72 N z
Nx Oy k o*
1N (- j % ( 9 = § f o, ( %
N T, z T
|\ xy -t/2 *Y )« k=1 k-1 | 'xy X
( n t/2 N oz ( (13
x 9% k Ty
Hy - ‘j{ o, zdz = E J( . J o, z dz
4
My /2 | Txy . k=t k-1 | xy),
th

where the k and k-1 layers are as defined in Figure 2.2,
If one substitutes Equation (11) into Equation (13) and
takes into account the fact that the stiffness msatrix is

constant within the lamina, the stiffness msatrix can be

O

pulled outside the integration over each area and then
summed with the resultants for each layer. The force and

soment resultant equations become

( ) N [2 [ o z ]
Nx k €x k Ky {
= o
€
{ y = > ““kf # LU [ K, } = d
z y O z ‘
\ XYy k=1 | k-1 ‘xy k-1 “iy i
\ ¢ q(14)
[ N [z € © z "
x k x k x
{(n )= &3 {e®)zdz + k. )22 dz
1 4 k 1 4 1 4
z o z
(Mey] k=1 k-1 %y k-1 (Kxy ]

Since the strains and curvatures in Equation (14) are
aiddle surface values and not functions of z, they can be
removed from under the summation signs so that Equation (14)

can be written as
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where the Aij are called the axtensional stiffnesses, Bij
o are the coupling stiffnesses and the Dij are called the
N
N bending stiffnesses.
N
Aij = 2: (01-,)k (zk - zk-l)
k=1
N
= 2 2
cqs Bij = 1/2 2: (nij’k (z Kk 2 k-l) (16)
. k=1
N
= 3 3
Dy, =1/3 Z @ 0y @ -2,
k=1

The basic solution technique followed is to use the
finite element aethod in order to find the displacesent
vector, calculate the amaiddle surface strains and curvature
using Sanders’ equations, calculate the transformed reduced
stiffness matrix and then deteraine the resultant laminate
forces and moments. All the applied forces are known so
that the potential energy, as used in the finite element
L~ method, can be calculated and thus a check for static

equilibrium using a nonlinear solution algorithm can be

carried out.
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STAGSC-3 Theory

The Structural Analysis for General Shells (STAGS)
computer program is an energy based finite element program
that has been under development by the Lockheed Palo Alto
Research Lab since 19467. The latest version, STAGSC-1, is
finite element based and uses a Newton-Raphson nonlinear
equation solver. STAGSC-1 is a general purpaose, thin-shell,
structural analysis program that is designed principally for
the nonlinear static and dynamic analysis of thin shells
£271. For studies of the collapse of shells with cutouts,
the critical axial 1load is determined by the use of a
nonlinear analysis [2].

Sobel (271 points out that the geometrically nonlinear
analysis in STAGSC-1 is based on small engineering stress-
strain relations (e <.1), moderate rotations (less than 6.3
radians) and incremental solution of force—displaceaent
equations with the modified Newton—-Raphson (MNR) aethod.
In the MNR method the stiffness matrix is factored and its
inverse is used instead of reforaing the matrix for each
load step. The matrix is inverted when the solution is slow
to converge or diverges. The stiffness matrix is
periodically updated (refactored) within the MNR aethod.
Due to the nonlinearity of the problem, the geometric
stiffnesses and displacwments are input into the stiffness
matrix. At each load increment, a new set of displaceaent
functions is developed. Periodically, the stiffness array

is updated to include the new displacement functions.

----------------------------
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The static, naonlinear probles is a solution of the
equations of equilibrium with a Taylor expansion of the
total force vector about the currently deforsed state.
The summation of forces includes all applied, restoring and
residual force vectors present in the static equilibrium

expressions and can be written as [27)

{F(xn+l)} - (F(xn)) + gg:% ((xn+l: - (xn}) + H.0.T.
e)=_(x )
= F(x ) + d{F)| €(4x) + H.O.T. (17)
n d{x) n
xI={x )

where H.O0.T. represents higher order teras. In this
notation, F(x) is the sum of the applied, restoring, and
‘E’ residual force vectors. The value (x} defines the currently

deformed state. Note that ({6(x)? oesans the
(x)ttxn)

evaluation of the vector (6(x)) at the values of (x).

Therefore,

—d(F(xn))

(Ax) = (F(x“)} + H.0.7. {(18)
dix )
n
I1f one notes that the derivative of the force vector is the
negative of the nonlinear stiffness matrix, tK(xn)],

Equation (18) may be written as

oo

'y

A

[K(xn)l { x) = (F(x")} + H.O0.T. = @ (19)

22X

The STAGSC~1 program treats the left hand side of

‘('

&k
) .. R )
f’

»a

Equation (19) as a nonlinear operator L acting on the

‘l.“’
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.l . incremental displacesents, and thus Equation (17) say be

F - written as

{F(x 3 = {Lix )Y — (RY + H.O0.T. = @ (20)
n+1 n

3
Y
:?
]

where (R} is the vector of externally applied forces and the
- higher order teras are generated by the strain energy and

1 residual forces. The operator L is the first derivative of

-

the strain energy functional [271]. The MNR algoritha used

,q in STAGSC-1 can be written as K
3 -1
:q an+1) - (xn) = tL'(xn)J ({(R) - (L(xn))) (21)
N where l:l.’(xn)]—l is the factored stiffness msatrix at somse 3
g previous step. The nonlinearities included in the s
- 3E) computation of L(x ) are purely geometric. Figure 2.4 ]
:3 represents the MNR algorithm used in STAGSC-1 as a 1
'-; conceptual flowchart. The STAGSC-1 calculation of the ;
2 vector (L(x)) is analogous to the method of calculatigg a
pseudo—force vector to account for nonlinearities [271.

Since the sum of the forces is equal to zero (Equation
- (17)), the total potential energy sust be stationary. The
R total potential energy of a body is equal to its internal

N strain energy minus the product of the external forces and

deflections and can be written as
- VeU-W (22)

where W is the work done and U (Equation (23)) is the strain

N energy of the body.
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‘ U= 1/2 (0 € + + Vol (23)
N [ I dyey oxy yxy) d
) Vol
2§ The values for the stresses and strains are calculated
. as in the Classical Lamination Theory section of this
i thesis.
'b. '..
i} STAGSC—-1 uses a Cholesky triangular decomposition with
forward and backward substitution to solve the equations.
: Finite element techniques are used to formulate the
.:" displacement vector in teras of the elesment shape functions
: and nodal degrees of freedoa. The displacement vectors are
LA
;ﬁ finally calculated using a modified Newton—-Raphson iteration
ﬁé schese. Once this displacesent vector is known, stresses,
“ cg’ strains and resultant forces can be determined for the
,2$ incremental loadstep.
S
'i'?.“
Panel Properties
9N
. T4
;1ﬁ For the finite element analysis, a graphite epoxy
e composite panel was modeled. The panel was 12 inches 1long
2-. with a chord length of 12 inches, and a radius of curvature
"<
V-1 of 12 {nches. The panel’s disensions and wsaterial
== properties are the same as those used by Hebert ([22] and
e Janisse [23] in their work. Figure 2.5 shows the panel’s
J_-c
Agﬁ material properties, dimensions and sign conventions. The
7
3 cutout is shown on Figure 2.5 with disensions a and b. The
Qf fk: values for the corresponding dimensions of the notches and
f:f cutouts studied are listed in Table 2.1. The panel has a
e *
A \I'
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Dimensions and Material Properties
Material: Graphite-Epoxy
Radius: R = 12°
Length: L = 12"
Number of Plies: 8
Orientation of Plies, 6: (2,45,-45,99) o
Thickness: 8 plies at .005" = .84"
Elastic Moduli: E1 = 20500 ksi, E, = 1300 ksi
Shear modulus: 6 = 750 ksi

Poisson’s Ratio: V = .33

12
Xy ¥y 22 Structural Coordinates
u, v, w: Displacements

Ru, Rv, Rw: Rotations

Figure 2.5. Panel Notation and Material Properties
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Table 2.1

A ::"::-
o X
o Disensions of Cutouts Analyzed
AN
3 3 Size of Cutout
iy (inches)
Ao
N a b
o 2 2
<% 1 2
AR 2 2
= 2 4
1 4 2
4 4
W
3
0
»%ﬁ sysmetric ply layup t0,45,-45,9918 consisting of 8 plies of
B 8.005 inches each for a total panel thickness of .94 inches.
Tl For all but the 2"x2" notch, a symmetric set of
,ig boundary conditions were used. The top of the panel was
6 clamped with only the u displacesent free. The vertical
Y.,
P4 edges of the panels had the u and v displacements (x and y
ok
l:% direction displacements, reaespectively) and rotation about
1, 8
- the x axis, Ru, free. The bottoa of the panel was clamped
:2;' with no free degrees of freedom (DOFs). Refer to Figure 2.5
‘..-:
g& for displacement and rotation vectors.
‘ The 2"x2" notch was used for the boundary condition
e
T study in which unsysmetric sets of boundary conditions were
.4':~J
.Qﬁ evaluated in addition to the symmetric boundary conditions

used for the other cutouts. The four sets of unsymmsetric

boundary conditions evaluated are listed in Table 2.2.
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2
\j Table 2.2
o Dy Unsysmetric Boundary Conditions for the 2"x2" Cutout
3
o Boundary 1 2 3 4
e Condition
.-:',{
e Top of u free u free u free u free
- panel
!
_{::. Right side u, v, Ru Top half: u, v, Ru u, v, Ru
:- of panel free u,Ru frees} free free
£r Bottom half:
u, v, Ru
free

P
:,E._-' Bottom of cl amped cl amped cl amped clamped
'f. panel
A% Left side Top hal¥f u, v, Ru Top edge: Top 1/4A:
:,'.; of panel u, Ru, free free u, v ;Ru u,Ru
o Bottom half: free free
.': u, vy, Ru Middle: Bottom 3/4
~7 free Ru free u, v; Ru
' 6 Bottoa free

A half:

X u, v, Ru
0 free
"_.‘;
oo ALL OTHER DOFs WERE FIXED

.l:z

s Element Selection

3
.t
’ The elesent selected for this analysis is a
:C‘. quadrilateral plate element referred to as the QUAF 411 in
.":)
;2; the STAGSC-1 documentation [25]. This is the same element
S

J used by Janisse [231. The GQUAF 411 has 32 DOFsj 3
a‘; translational rotations, 2 in plane rotations and 2
'.;, independent normal rotations at each corner node, plus
W)
' tangential displacesents at each of the four eidside nodes.
4 .’ ﬁ...
:2:; ‘i.‘,-' Figure 2.6 shows the QUAF 411 with its DOFs. The QUAF 411
.

3
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Figure 2.6. Quadrilateral 411 Plate Element with
Local Coordinate Systea

el enent was devel oped to remsove the displ aceasent
incompatibility which exists when flat shell elements do not
lie in the same plane [27]. I1f the edge displacements are
to be compatible, the transverse displacement shape
functions wmust be of the same order as the in-plane shape
functions which are cubic. Element 411 has two rotations
at each corner node which perait individual rotation of each
adjacent side and therefore allow shear strain at the
corners. The shape functions for the 411 element are cubic

parallel to the edge and quadratic perpendicular to the edge
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for in—plane displacemsents. The bending shape functions are
cubic in both directions [271. S8ince the panels studied in
this thesis require the nonlinear collapse analysis branch
of STAGSC-1 which uses large displacement theory and
moderate rotations, the extra DOF at the corner node and the
translational DOF at the midside node make the QUA- 411
element the best available element. A drawback to the QUAF
411 eleaent is that there is no transition elesent in the

STAGSC-1 library, so a constant grid size sust be used [27].
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» e

= Einite Element Mesh Refinement

?2 A mesh refinesent study was conducted on the panel with
* the 2"x2" notch to detersine an optimal finite element mesh
Eﬁ arrangesent. A viable tradeoff between improved results due

to an increased nusber of data points and the corresponding
increase in computer tise had to be considered. The results
-~

% from this convergence study were then applied to the design
of the finite elesent msesh for other panels.

Initially, a finite element sesh consisting of 13 rows

. and 13 columns of one inch square QUAF 411 elements was
a
-,
.. tested. This mesh is referred to as the coarse mesh. In a
= e .

‘3’ finite element msethod for solving a continuum msechanics

problems, the approxisation improves as sore elements are
1
23 used [28])]. Therefore, the 13x13 mesh provides the roughest

approximation for the panel’s behavior. The coarse aesh was

:Eg then refined by cutting the elements immediately around the
'Ej cutout into one half-inch square elements. Due to the fact
Ti that there is no transition element for the QUAF 411
lsé element, some elements in the sesh are rectangular when the
:‘: mesh is refined.

%5 The rectangular elesents have aspect ratios that are
ég not unity. Aspect ratio will be defined as the length of
i? the element in the x (axial) direction, divided by the
:: . length of the element in the y (circumferential) direction.
.é; 0 An element with an aspect ratio of one does not experience
9

Y
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TABLE 3.1 U

Mesh Refinement Results for & 2" x 2" Notch

13x13 17%19 19%17 19x19 21x19 25%x25

‘.tf..s‘.‘l ." D RS  § AR

X NDOF 1263 2381 2395 2765 3029 5629 i
) (Active) ]
g p
i Bandwidth 97 129 128 145 145 192 :
7 CPU Time to 545 1156 925 1997 1582 4852 :
e Collapse
E- Load (sec)

Collapse 217.6 208.1 217.3 207.3 207.6 191

Load

(1bs/in)

Difference 12.2 8.2 12.1 7.9 8.0 -

From 25x25

6rid (%)

Number of 28 26 21 20 26 22

Load Steps

@ the biases introduced when using elements with different

magnitudes of length in the x and y directions. Cook [281
states that a desirable, but not sandatory, requirement for
convergence is that an element should have no preferred

directions. In other words, the elemsent should be

geometrically invariant. Various asesh refinement

y
{

arrangesents were tested to deteraine how elements with
aspect ratios other than unity affected the behavior of the
panel.

The results of the sesh refinesent study can be found
in Table 3.1. In this table, CPU (Central Processing Units)

time is the amount of computer time used to reach collapse

S

load. The bandwidth fis the full bandwidth used for matrix

)

v

storage in the finite element analysis. The number of load
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steps is the number of times a load incresent was applied.
As collapse load is approached, the computer program cuts
the load increment to achieve convergence. The results, as
shown in this table, for the 25x25 grid (consisting entirely
of one half-inch square elesents) are taken from Janisse
[23]. The coarse grid had a collapse load that was 12.2%
higher than the 25x25 grid but took 88%Z less computer tise.
Janisse [23] also found that the collapse load for a coarse
grid was 18Z higher than experimental results, referred to
subsequently, (experimental collapse load was 2121 1lbs)
whereas the 25x25 mesh had a collapse load that was only
7.5% higher than the experimental collapse load. The sesh
refinement study is a method for determining the best way to
more closely approximate experimental results, without using
an unreasonable amount of computer time.

Figure 3.1 shows the refined sesh in the vicinity of
the cutout for each of the different mesh arrangn.ﬁntl
studied. By coaparing the results for the 17x19 and 19x17
grid, one can observe that the 17x19 grid msore closely
approximates experimental collapse load but uses 20X eore
computer time than the coarse mesh. The 19x17 sesh does not
show an improvement in collapse load, indicating that
elements with an aspect ratio of .5 hinder the advantages
that are expected when refining a sesh. The 19x19 eesh had
half-inch square elements a uniform distance of 2 inches
fro; the opening. This refinement was found to more closely
approximate the collapse load while using 23X less computer

time than the 25x23 grid. A further grid refirement to a
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21x19 aesh did not improve the collapse load approxisation
over values obtained for the 19x19 msesh, but used almost 500
seconds more coaputer time than the 19x19 aesh. From a
collapse load approximation point of view, the 19%x19 msesh is
the best refined sesh to choose.

To further analyze the seshes, the values for the

soments, "Y and M and force ’Ny' were compared in the

x’
vicinity of the notch. (Refer to Figure 2.3 for the
individual forces and moments acting on a laminate). These
force parameters were chosen for analysis because they are
important components in a collapse analysis. Each
functional value was compared along rays at different angles
extending from the upper left corner of the notch. Figure
3.2 is a comparision of HY versus distance from the corner
of the notch for all five seshes along an outward ray at

135°

from the upper left corner of the notch. The 13x13
mesh provides the least accurate approximation for behavior
because it has fewer elements. As the mesh is refined, the
values of "Y for each of the cases tested begin to cluster
together. The 19x17 sesh does not follow the convergence
pattern of the other three refined meshes. Over 1.5 inches
from the opening where the rectangular elements start, the
values for HY diverge. The elements with a .5 aspect ratio
are only an inch away from the opening thus not allowing an
improvement in results as would be expected with a refined
aesh, The .5 aspect ratio elements are longer in the

circumferential direction and therefore the moment about the

X axis, Hy, appears to be adversely affected by the
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shorter dimension in the axial direction. An element with
i;} an aspect ratio of 1 does not sesem to experience the
difficulties associated with an oblong element. The results j
for the 19x19 and 21x19 eesh do not differ significantly. ‘
To examine the meshes further, values for "x along a ‘
line at 45° from the corner are compared in Figure J.3. 1
Even though the sagnitude of the moment is ssall, the values
for each of the meshes are consistent from a finite eleaent :
model point of view. As the msesh is refined, the values for {
1

H' begin to cluster together except for the coarse asesh.

The 17x19 sesh diverges from the others over 1.5 inches froms ‘
the corner where eleasents with an aspect ratio of 2.0 start
appearing in the mesh. The divergence for the 17x19 sesh is
noted in Figure 3.3 whereas it did not happen in Figure 3.2.

CEB This is due to the fact that Figure 3.3 is a plot of soment
about the y axis, "x’ 80 elements with the longer disension
in the vertical direction affect the behavior of the panel.
This leads to the conclusion that the mesh should be refined
equidistant around the cutout, as can be seen from the 19x19
mesh arrangement in Figure 3.1.

A further refinement, the 21x19 grid, does not improve
the results for Hx or "Y over the 19x19 mesh. The 21x19
also does not adversely affect the values for "x or Hy.
This is because the cblong elements are far enough away froe
the cutout so as not to cause problems with the results.
Since the 21x19 mesh does not improve results but uses more

computer time, the 19x19 mesh appears to be the optimum

finite element mesh for the 2"x2" notch.
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One additional paraseter, force in the y direction, Ny'

was examined (Figure 3.4) along a ray at 90°. The =sesh

characteristics follow the refinesent in a similar fashion
to the wmsomsent function comparisons. All of the refined
seshes are good approximations over the coarse sesh for the
force function.

From exasining the mesh parameters, the 13x13 aesh is
the least accurate due to the fewer nusber of elesents used
in the numerical approximation. With the 17x19 and the
19%17 meshes, difficulties arise when considering the
soments about axes in the direction of the shorter dimension
of the ocblong elesent. The 19x19 mesh has elements with an
aspect ratio of 1 over a unifora distance from the opening.
This wmesh experienced no irregularities when approxisating
aoments. A more refined mesh (21x19) gave no significant
improvemsent for values in the vicinity of the notch. 0Oblong
elements greater than 2 inches from the cutout had no
adverse effects on the buckling behavior of the panel.

The results from the sesh refinesent study were next
applied to the finite element mesh for the other panels
tested. As stated earlie;, it is best to refine the mesh
evenly around the cutout. If this is not possible due to
the size or positioning of the cutout, elements with an
aspect ratio other than unity should be at least four square
elements from the cutout. Elements with aspect ratios of .5
adversely affect "y and collapse load, and should be at
least 2 inches from the cutout. Elements with aspect ratios

of 2 affect "x and should be at least 1.9 inches from the
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- - cutout. The wesesh arrangements chosen for each of the

a t notches will be discussed later in this thesis.

;: Boundary Condition Study

An experimsental study has previously been carried out
- by the Fatigue, Fracture and Reliability Group of the Air
Force Wright Aeronautical Laboratories at Wright-Patterson

AFB considering a 2"x2" notch within the same type of

"] grapite-epoxy panel described previously. An attempt to
.‘.,
) simulate a simple support boundary condition along the
")

vertical edges, and clamped at the top and bottom was

ii carried out. Results from this study, referred to in
“
D subsequent paragraphs, indicated that the experisental
<3 .

G:’ boundaries were not acting as originally assusad, yet

collapse load was within approxisately 10% of the

1
]
1
d

experimental value. Thus, the author conducted a finite

..‘, .
PG

=

elesent study of varieties of boundaries to try to

the first attempt at numerically simulating an experimsental

o
i; approxisate the actual boundaries present within the :
-«

~ L]
> experisent. It is, to the best of the author’s knowledge, g

set of boundaries for a composite panel with a given size

M) .
J{L' L‘..A'.,L ...

notch.

.-
o sEmmmm s s A A

Several different boundary condition cases were studied

P
_2

for the 2"x2" notch with the refined mesh in an attempt to

"l‘
A A s

more realistically wmsodel the experimental results. Four

| XA

- AmSmasA - & s

different sets of unsyasetric conditions were modeled (Table

"
- .'
‘/.'/

2.2) along with the symmetric boundary conditions described

N,
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Figure 3.5. Test Apparatus with Panel

in Section I1I of this thesis.

The experimental text fixture (Figure 3.35) was siamilar
to that used by Hebert [22] and Janisse [23]. The panel was
fabricated from NARMCO T360/5208 graphite-epoxy. A two inch
square hole was cut out of the center of the panel. The
corners of the cutout were sachined to be slightly rounded
(1716 inch radius) rather than a perfect square cutout so
that there are no singularities at the corners. For a msore
detailed description of the test apparatus, see Reference
€221. The experimental apparatus was modified for this
testing by placing Linear Variable Differential Transforaers

(LVDTs) at various locations on the panel to measure out-of-
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N plane (radial) displacesents. Figure 3.6 shows the
locations of the LVDTs on the panel as viewed from the front
of the panel (panel radius into the page).

Various analytic boundary conditions were examined in
addition to the symmetric boundary conditions, because
previous studies did not w=sodel experimsental results
precisely. During the experimental testing, depressions in
the teflon tape that held the panel into the side restraints

¢5 were noted. The teflon tape on the left side of the panel

§§ had the largest depressions. This indicated that the

- experimental boundary conditions were changing from the

s initial conditions. An attempt at modelling this phenceena,

W was carried out by fixing the v displacement first on the
e o upper half of the left side of the panel, and then on the
t%. upper half of the right side. Next, the v displacesent was
;ﬁg held on the upper quarter of the left side of the panel.
"N

Finally, both the u and v displacements were fixed betwesen 1

inch to 6 inches down the left edge of the panel. These

L.
:@ results, along with the results for the symmetric boundary,
ii were compared to the experimsental findings. Radial

: displacements at several different LVDT locations were
'Ez compared as a function of load.
:f The experisental panel was also examined in order to
fﬁ see 1if there was any initial eccentricity or displacesents
}%2 introduced into the panel by the test apparatus prior to the
:E' loading. The initial radial displaceaents of the panel were
%& :£} measured by use of a set of dial vernier calipers. This
3; device was also used by Hebert [(22] ¢to measure surface
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imperfections. Using ©#.90 as a datum surface, positive
displacement is aeaeasured radially outward. The top and
bhottom of the panel were designed to be at a displacesent of
g.0. Theoretically, if the panel is esanufactured and
acunted perfectly, the entire panel would have an initial
radial displacesent of 0.0. Figure 3.6 shows the initial
radial displacéments at each of the LVDT locations.

At the point corresponding to LVDTs 2 and 17 there is
an outward bulge, whereas in the vicinity of the cutout,
there is a negative displacement. These eccentricities can
mainly be attributed to initial inaccuracies introduced by
the test facility when mounting the panel in the test
apparatus. The effect that these initial eccentricities
have on the actual panel as compared fo analytic results can
be seen in Figures 3.7 through 3.11. In these figures,
boundary conditions 1, 2, and 3 are as listed in Table 2.2.
Boundary condition 4 in Table 2.2 was considered but not
plotted because the results did not differ significantly
from the results for boundary condition 1.

Analytical and experimental results for the radial
displacement at LVDT location 2 are compared in Figure 3.7.
One can observe that the variety of boundary conditions
tested fall significantly away from experimental data. The
author notes that the boundary condition in itself does not
solely affect the displacement of the panel. The effect
that the overall initial negative displacement has on the

experimental results at LVDT location 2 can be seen in

Figure 3.7. The experimental data shows that the panel at




point 2 is initially displaced outward, but as the load is
applied, the point starts to bow ocut and then appears to
reverse its motion and saintains an almost linear relation
as & function of load. A possible course for this phenomena
may be explained by the fact that the negatively displaced
area around the cutout acts as a restraining force analagous
to a support. The area absorbs soments and acts similar to
a depressed clamped edge. This appears to cause a constant
displacement function of experisental data for point 2
because the cutout area is holding the panel and preventing
it from moving in the direction of its initial displacesent.
The analytic results for all of the boundary conditions
tested are very similar and do naot approxisate the
experimental results at point 2 as well as one wauld like.
cg, By comparing analytic and experimental results for
radial displacement at LVDT location 3, Figure 3.8, one can

see that the results for boundary condition 3 beiter

approximate with experimental data. At point 3, the results
for boundary condition 3 show almost no radial displacement.
This implies that the effect of boundary condition 3 is to
physically create a counterflexure point at the given LVDT
location and therefore will theoretically have no moment in
the y direction. The effect of the eccentricities can also
be observed in Figure 3.8. The cutout area is aore
depressed than the panel around point I and therefore
restrains the point. e would expect point 3 to wmove
inward, but the panel in the vicinity of the cutout

g restrains the wmovement and as the applied load reaches 3500
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the displacement reverses since the area around the
It therefore
experisentally undergoing
displacement as a function of surface isperfections and a
boundary condition similar to analytic bounary

If one examines the panel at LVDT 4 in Figure 3.9, it

-
-:::q l b ]
2
§3 v cutout is acting analogous to like a support.
.~\-' - -
appears that point 3 is
‘.:f.
i change in
B caondition 3 which is a restrained edge.
o

. J

P
AN

b,

RSN SO Y X0 SR Ut b i S

is observed that the large initial displacesents at the

upper right corner of the cutout (corresponding to LVDT 6)
acts analogous to a folded plate and causes point 4 to

displace outward. There is a tendency for the area of the

cutout to restrain areas of the panel. Although there is no

applied force at the cutout, the restraint generated is due

to the radial location of the cutout. The area of the

cutout is initially displaced inward eore than LVDT location
4. This causes more moment restraint to act on point 4 with

increasing load as the area around the cutout acts simsilar

to a folded plate. This phenomena can only be esodeled

analytically if the surface eccentricity is precisely
incorporated into the finite element sodel . These
displacement characteristics appear to be happening
experimentally. At an applied load of about 1500 lbs, the
experimental data shows that point 4 starts shedding or

redistributing its load and begins to move radially inward.

Boundary conditions 1, 2, and the syametric conditions

approximsate the behavior well up to about 15066 1bs.

Boundary condition 3 bounds the experimental data on the

other side. This seems to indicate the boundary conditions
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tested in this thesis for point 4 bound the experisental
displacemsent data, and the actual conditions to be applied
analytically are somewhere in between these cases. This is
due to the fact that boundary condition 3 was applied from
the onset of the load application process. The experisental
results indicate that there is some sort of restraint
affecting point 4. Boundary condition 3 best models this at
higher loads when the change begins to occur experisentally.

Figure 3.1¢ compares the analytic and experisental
results for radial displacesent at LVDT location 11.
Boundary condition 3 generally shows the sase trend of
displacement as experimsental results. When the effect of
the boundary condition is considered along with initial
surface imperfections, the translation betwesen the two
curves can be attributed to the effect of the initial
eccentricities.

Boundary condition 3 does not affect the results for
displacement at point 17 (Figure 3.11) as it did for the
other points considered. This is largely due to the fact
that point 17 is a greater distance from the changing
boundary than the other points. All the analytic boundaries
approximate the radial displacement at point 17 to the samse
degree because the point is so far removed from the boundary
that the action of the restraint is not felt.

In addition to the initial eccentricities causing the
test panel]l to behave differently from analytic results, it
is noted that each point on the test panel does not start at

a datum of £.6, but rather at an amount of the initial
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displacesent from as the datus. This seans that each of the
experimental curves on Figures 3.7 through 3.11 should be
shifted by the amount of the initial displacesent at each of
the respective LVDTs. This would sean that the analytic
results for boundary condition I better approxisate
experimental displaceasnt results.

Boundary condition 3 attempts to model some friction
appearing in the v direction depicted by saall depressions
registering on the teflon tape in the test apparatus.
Analytically, a portion of the left side of the panel was
held rigidly with rotation about u permsitted. The right
side was free to move in the analytic simsulation. The
results for LVDTs I and 4 (using boundary condition 3)
compared eore favorably because the left edge boundary
condition more accurately aodels what was happening
experimentally. There is more displacement allowed further
from the simsulated rigid body than near it (LVDT 2). A
clamped boundary acts as a fold which produces bending
aoment as load increases, thus causing saaller displacements
near the edge. As the applied load increases
experimentally, the radial displacements become large and
the boundary conditions change as the panel buckles outward.
Portions of the panel surface come in contact with the side
restraints causing friction. The results at LVDTs 11 and 17
are not affected as dramatically because their location is
farther away from the changing boundary. Boundary condition
3 is not a true approximation of the experimental boundary

but rather appears to be an upper bound. The true boundary
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:

3 is a function of load and displacesent. To better aodel
a experimental results analytically, this clasped boundary
! condition should not be applied at the beginning of loading
ﬁ but rather when the displacesments start getting large and
% the depressions form in the teflon tape.

! One difference that occurred with boundary condition 3
% is that the collapse load was 146%Z greater than for the other
32 conditions tested (Figure 3.12). Boundary condition 3 has a
n collapse load of greater than 3800 lbs whereas the other
Fs boundaries tested had collapse loads of approximately 2500

lbs. The higher collapse load is due to boundary condition
3 producing a greater stiffness (slope of locad versus end
shortening curve) in the panel by restraining the u
displaceaent. This stiffness, which is twice that for the
a other boundary conditions, leads to a 172 higher collapse
load. The experimsental panel has initial eccentricities
which result in a collapse load of only 2208 1bs. The
geometrically perfect panels used in the analytical work
therefore have consistently higher collapse loads than the

experimental panel. Another reason that the collapse load

for boundary condition 3 is higher than experimental results
is that analytically the u restraint was applied at the
beginning of the locad application process. Experimentally,
the boundary condition changes as a function of applied
load.
The reader may notice that an attespt to improve the
P analytic radial displacement function in comparison to

experimental values did not improve the collapse load
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representation. In fact, the boundary condition which best

ii: represented the experimental displacement yielded a collapse
load approximately 30%Z greater than the test value. This
appears to indicate the fact that collapse is, considering
this particular geometric case, a function of axial load
which is comparatively independent of radial displacesent.
Thus, one appreciates the statement that buckling is an
averaging phenomena in which most secondary effects are

unimportant. Of course, it is required to keep in mind that

the problem just described relates to a small cutout within
a cylindrical panel. The relative movement within the panel

is primarily linear. A subsequent section (Notch and Cutout

Study) of this thesis, considers several larger cutouts

which yield truely nonlinear phenosesna.

o JiN A

Discussion up to this point has been involved with
comparing analytic and experisental results. Now, this 1
thesis will deal with a strict analytic comparison. Moments
a1d displacements will be examined in order to gain a better H
> urderstanding of the behavior of a cylindrical panel with j
the various boundary conditions previously compared. The ]
radial displacement was plotted as a function of distance .

from the left edge of the panel along two lines, 3 inches
and 9 inches from the top of the panel. The displaceaent 1
along each of these lines was plotted for a low load level q
- and also for a collapse load for each of the boundary
conditions tested (Figures 3.13 through 3.16). From Figure ‘

3.13 it can bhe seen that the top of the panel deflects more

near the left edge of the top of the panel than {t does
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along the line 9 inches down. There is a trough foraing
pOAY
- radially inward from the upper left edge of the cutout ¢to

AL
"

E

below the lower right edge of the cutout. Figures 3.14 and

L
.

S@ 3.15 show that when v is restrained on one edge, the radial J
ié displacesent is not affected significantly except to lessen :
!! the radial displacesent slightly near the restrained edge. ﬂ
Eﬁ By restraining u displacement (boundary condition 3) the ;
g radial displacement is less near the left edge as can be a

seen in Figure 3.16. The trough of radial displacement has
shifted dramatically when compared ¢to the other three
boundaries studied. By restraining the u displacemsent, the i
trough starts abhove the upper right edge of the cutout and

extends diagonally to below the lower left edge of the

cutout.

The values for "x and Hy, for sach of the boundary
conditions were compared along lines 2.5 inches and 9.5
inches <from the top of the panel. The moment about the vy
axis for symmetric boundary conditions (Figure 3I.17),
N boundary condition 1 (Figure 3.18), and boundary condition 2
(Figure 3.19) are very similar, and have no significant
differences. The maximum and sinimum moments correspond to
the points of greatest outward or inward radial

displacement. Restraining the v displacement on the upper

hal¥f of the panel does not affect "x significantly.

Examining "x for boundary condition 3 (Figure 3I.20) shows

- a

that the moment is smaller for the 2944 1b load near the
3N semi—clamped left edge. The moments near the center of the

panel are nearly the same in magnitude even though boundary
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condition 3 had a higher collapse load than the other cases.
This is due to the restraint on the left edge which
correspondingly reduces "x near the panel’s center. The
values for Hx near the right edge of the panel for boundary
condition 3 are greater than the corresponding soments for
the other boundary conditions. This is caused by the right
edge being freer to move as compared to the left edge. The
aoments at collapse have the same trend for the syametric
boundary and boundaries 1 and 2 because the moments are not
large enough to be affected by the restraint in the v
direction. Boundary condition 3 produces moments that are
negative at the left edge.

The moment about the x axis was also compared along the
upper line (Figures 3.21 through 3.24). Once again there is
no significant effect introduced by restraining the v
displacesent on the upper half of the panel. For boundary
condition 3, Figure 3.24, the values for "Y are such less
than for the other boundaries. The negative values for M
are also much greater between 7 and 9 inches than for the
previous boundary conditions. This occurs because the
restrained displacements act similar to a clamp such that
displacements farther away oscillate more freely, yielding
larger negative moments about the x axis. The large peak in
"y in Figures 3.21 through 3.23 at 2.5 inches from the left
edge corresponds to LVDT location 2. Boundary condition 3
more accurately wmodels experimental results, yet there
should be physically less moment build up near the left edge

in the experimental panel than the amount computed
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analytically because the experisental boundary condition

changes with applied load. In each of these figures, the
values for moment in the y direction go to zero at the edges
of the panel.

The values for Hx and ﬂy were also compared along a
line 9.5 inches from the top of the panel. This line is far
enough away from the changing boundaries so that one would
expect little change between the values. "x for the
syametric boundary condition (Figure 3.25) does not differ
significantly from the values for "x with boundary condition
1 (Figure 3.26) or 2 (Figure 3.27). These two unsymsetric
boundary conditions show a slight increase in sosent at
collapse load 10 inches from the left edge of the panel. A
slight influence from the restained u displacesent is
experienced by "x values along the lower line for boundary
condition 3 (Figure 3.28). The moment bhas peaks at
approximately the same locations as with symmetric boundary
conditons, but the magnitudes are slightly less.

Moment about the x axis, "y’ was also examined at the
three load levels along the lower line. Figure 3.29 shows
the results for the symmetric boundary conditions.
Comparing boundary condition 1 (Figure 3.30) to these values
shows an increase in "y near the right edge of the panel.
This is due to the fact that the entire right edge of the
panel is freer to move in the y direction as compared to the
left edge of the panel. Figure 3.31 shows this same result
for boundary condition 2 except the phenomena is observed

along the left edge of the panel. The magnitudes for Hy are
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greater for boundary condition 3 (Figure 3.32) except along
the right edge of the panel where they are slightly less.
The large peaks in the momsent about the y axis along
both 1lines near the aiddle of the panel correspond to the
location of the cutout. Along the upper line, the sosents
about the y axis are negative near the center of the panel,
3 whereas the moments are positive at the center of the panel
2% along the bottom line. The soments are symmetric about the
center of the panel except for boundary condition 3 at the

lower load levels.

by

‘, Notch and Cutout Study

!

L:‘ The focus of the notch analysis involved examing the
‘E’ effect that different size cutouts have on the buckling

; behavior of cylindrical panels. Six different cutout sizes

:4 were studied as listed in Table 2.1. The 2"x1" and 1%x2"

cutouts, along with the 2"x2" cutout will be considered

notches for this thesis because the area of the cutout is

!; less than 5% of the total panel area. Of particular
- interest were the rectangular cutouts with aspect ratios of
'_';:- .5 or 2.06. The boundary conditions used for this part of
js the analysis is the symmetric boundary condition listed in
= Table 2.2. It may be recognized that under the definition
'ij used in this thesis to define a notch, the fcsultinq
izi | phenomena of collapse tends to be linear contrary to
"y

%’ nonlinear behavior for cutouts as will be shown
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The procedures developed previously have been used to
model the finite element sesh for each of the cutouts.
Figure 3.33 shows the cutout region’s refined sesh. As was
noted in the msesh refinement section of this thesis, the
mesh should be refined equidistant around the cutout. Due
to the size and positioning of the 1"x2" and 2"x1" notches,
this was not possible. For the 1"x2" notch the aesh
was refined 2 inches to each side and 1.5 inches to the top
and bottom of the notch. This refinesment kept elesents with
a 6.5 aspect ratio the desired minimum distance from the
cutout. Elements with an aspect ratio of 2 were allowed to
be slightly closer to the cutout because their influence on
the buckling behavior was not as critical. 1In order to keep
the elesents with a .5 aspect ratio the esinisum distance
from the opening, the msesh for the 2"x1" notch was refined
2.5 inches in the circusferential direction. Since the
2"x4" and 4"x2" cutouts and the square cutouts have ;v.n
dimensions, the mesh was refined evenly around each cutout.

A summary of the grid selection data for each of the
cutouts is presented in Table 3.2 The grid selection data
for the 2"x2" notch with the 19x19 mesh can be found in
Table 3.1. As can be noted from Table 3.2, the 4"x4A" cutﬁut
took the most computer time, yest had the lowest collapse
load. This time function occurred because there were over
3000 active degrees of freedom for this cutout.

The ¢irst parameter examined in this notch comparison
study was the collapse load for each panel. The top edge

displacement as a function of applied load is plotted in
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Table 3.2
6rid Selection Data for Panels

g

,& Size of 2"x1" 1"x2" 4"x4" 2"xA" 4%x2"
jq Cutout
N
Y Grid Size 19%x19 17%19 21x21 19x21 21x21
x Number of 2761 2437 3007 2903 2917
%E’ Active DOFs

A
pLé CPU Time 2532 1294 4018 2888 3214

X (sec)
R¥ Collapse 292.9 249.3 122.9 162.3 180.4
,3 Load
'y (l1bs/in)
‘
pE Nusber of 21 33 49 32 34

. Load Steps
>
f~
&
B Figures 3.34 and 3.35. The panels with the 2"x1" and 1"x2"
. ‘E’ notches have higher collapse loads because there is less
A
;; material cut from the panel. The 2"x1" notch produces the
s

!Q highest collapse load because its smallest direction is
. perpendicular to the applied load. This is a stiffer panel
51
w3 than the 1"x2" notch panel because the 1"x2" notch has
ﬁ% higher stress concentrations at its corners. The higher
‘f stress concentrations can be correlated to higher strains
o
koo which results in greater displacements. The 4"x4" cutout

J
%ﬁ has the lowest collapse load because it has the most
- saterial removed. The 4"x2" cutout, which has an aspect
i

5% ratio of 2, has a higher collapse load than the 2"x4"
i
33 cutout. This is due again to the high stress concentrations
- . at the corners of the cutout when considering the 9.5 aspect
"‘1~ )

» Y

ratio. These figures show that notches with an aspect
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ratio of 2 can withstand greater loads than cutouts of the
sane area with aspect ratios of either 6.5 or 1.
Furthermore, these figures show that those cutouts defined
as notches resist load linearly relative to displacesent.

As mentioned previously, the area around cutouts with
2.5 aspect ratios deflect more than notches of the same area
with aspect ratios of 2 at equivalent loads. This can be
seen in Table 3.3 which lists the maximum and sinimum radial
displacements corresponding to applied loads. For the
2"x1", 1"x2" and 2"x2" notches, the point of minisum radial
displaceaent is basically the same. It occurs at the center
of the upper edge of the cutout in all cases. The point of
maximum radial displacement shifts from the upper right edge
of the cutout at lower load levels to the upper left quarter
of the panel at collapse load. This same pattern can be
seen for the 4"x2", 2"x4" and 4"x4" cutouts. Minisum radial
displacement occurs near the center of the top edge of the
cutout. Maximum radial displacement at collapse load is at
the upper left quarter of the panel. The 2"x1" notch
produces the least amount of radial displacement at collapse
load. The panel with the 4"x4" cutout has the greatest
amount of surface area removed which resulis in a wmore
flexible structure. Therefore, this panel has the largest
radial displacement at collapse load of all the panels
tested.

To analyze the displacement pattern over the entire
panel, éontaur plots at collapse load are presented {in

Figures 3.346 through 3.41. For the 2"x1", 1°x2" and 2"x2"
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notch plots, there is a definite inward deflected trough of
radial displacement which extends from the upper left edge
of the cutout to the lower right edge. For the 2"x1” notch,
the trough is almost diagonal from corner to corner whereas
the trough for the 1*x2" and 2"x2" begins to shift wemore
towards the center of the panel. Two bulges of positive
radial displacesent occur along either side of the trough
with the eaxisum displacement being on the upper left
quarter of the panel. Refer to Table 3.3 for the coordinate
locations of maximum and minimua radial displacesent. For
the A4"x2", 2"x4" and 4"x4" cutout contours (Figures 3.39
through 3.41), this trough does not extend diagonally but is
basically straight up and down the panel. The displaceaent
pattern of the panels with the 4"x2" and 2"x4" cutouts
remain almost symmsetric at collapse load and the panel with
the 4”x4" cutout remains entirely symmetric at collapse. As
in the other contour plots the width of the t;ouqh
corresponds to the width of the cutout. Janisse (23]
discusses the fact that the linear eigenvector for a 2%x2"
cutout is similar to the collapse contour pattern, thus the
small cutout reacts linearly. This is not true with the
larger cutouts. This verifies what was stated previously
for the definition of a notch in this thesis.

To further analyze the effects of cutout size on the
collapse behavior of the panel, radial displacemsent and
moment about the y axis were analyzed. Radial displacement
as a function of distance from the left edge of the panel is

plotted for the 1"x2" notch in Figure 3.42. Again the
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Note: Positive radial displacement is outward.
Weax ™ «916460 inches

"-in = -, 02680 inches

Figure 3.36. Radial Displacement Contour Plot for 2"x1°"
Notch at Collapse Load of 292.9 lbs/in
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Figure 3.38. Radial Displacement Contour Plot for 2"x2"

Notch at Collapse Load of 267.3 lbs/in
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Figure 3.39. Radial Displacement Contour Plot for 4"x2"

Cutout at Collapse Load of 180.4 lbs/in
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trough begins to appear with increasing load and the sinisus
radial displacesent shifts from about 4" froam the left edge
(along the line 3" from the top of the panel) to about 7°*
from the left edge (along the line 9" from the top of the
panel). The msosent about the y axis as a function of
distance from the left edge is plotted in Figures 3.43
through 3.43 for the 1"x2™” notch. The point of msinisum "x
along a line 4.25" from the top of the panel corresponds to
the sane location as the point of ainiesum radial
displacement in Figure 3.42. The soments are greater in
sagnitude along the area where the trough foras in the panel
than "x near the right edge of the panel. Figure 3.44 is a
plot of "x along a line 35.75" froa the top of the panel
which passes through the cutout. At collapse load, there is
a jump from negative moment on the left edge of the notch to
a larger positive moment on the right edge of the notch.
Along the 1line 7.75" from the top of the panel (Figure
3.43), the maxisum negative moments occur in the same area
that the trough forams. At lower load levels, the values for
"x are symmetric along each of the lines across the panel.
At collapse load, the soments are not symmetric and the
largest negative moments occur along the radial displacement
trough.

The radial displacement and moment in the x direction
for the 2"x1" notch are plotted in Figures 3.44 through
3.49. The radial displacement trough seen in Figure 3.46
extends from approximately 5® from the left edge (above the

cutout) to 7" from the left edge (along the line below the
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cutout). The notch is slightly skewed because the left
adge of the notch displaces inward sore than the right edge
of the notch. Positive radial displaceaents correspond to
positive moments in Figures 3.47 through 3.49. Miniasum
mosents correspond to the locations of sinisum radial
displacemaent (the trough) in Figure 3.46. Along the line
4.25" from the top of the panel, the moment is small near
the right edge of the panel and the ainisum value occurs in
the radial displacement trough. The moments are primsarily
positive along the line that passes through the notch
(Figure 3.48). On the left edge, the moment goes negative
at, collapse load, then msakes a large jump to a positive
moment on the right edge of the notch. This is due once
again to the cutout being skewed as load is applied. The
values for Hx are very small along the line 7.73" fora the
top (Figure 3.49) except for a large negative momsent in the
area of the trough.

The radial displaceaments and moment resultants for the
2"x2" naotch are presented in Figures 3.5 through 3.53. The
positive radial displacements in Figure 3.5¢ correspond to
positive values of "x‘ Along the line 4.25" from the top of
the panel (Figure 3.51), the moments near the right edge of
the panel are less than near the left edge. This again can
be attributed to the buckling shape of the panel with the
trough foreing from the upper left section of the panel to
the lower right section. The soments directly above the
notch are negative. Along the line that passes through the

notch Figure 3.352, the moment again jumps in magnitude from
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the left edge to the right edge of the notch. The largest

soments in the panel at collapse load are at the right edge
of the cutout. There is a large negative sosent in the
trough along the 7.75" line (Figure 3.53) which corresponds
to the large negative mosent in the trough along the upper
line.

For the 2"x4" cutout, the radial displacesent trough is
not diagonal across the panel as with the smaller notches.
The trough is also considerably wider, corresponding to the
width of the cutout. Figure 3.54 depicts the displacemsent
pattern for the 2"x4" cutout. The point of minisum radial
displacement shifts to the right by only one inch from top
to bottoa of the panel. For low load Ilevels, "x is
sysmetric about the center of the panel as can be seen in
Figure 3.53. At collapse load, the moment still retains its
sysmetry along the upper line. The minisum value for the
moment once again occurs in the slight radial displacemant
trough. "x along the line at the center of the panel,
Figure 3.5%6, is greater at the left side of the cutout.
This is opposite to what happens with the smaller notches.
This effect can be attributed to the fact'that there is not
a deep radial displacement trough extending diagonally
across the panel contrary to the smaller notches. The
soments along the line near the bottom edge (Figure 3I.357)
are less than the moments at other locations and retain
their symmetry throughout the load application process.
This is due to the bottom line being a large distance from

the cutout where the effect of the large displacements
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around the cutout are not felt. Also, this line is nearer
the clamped bottom edge which restrains displacements and
therefore results in smaller aoments.

Once again the radial displacement profile (Figure
3.58) shows only a slight shift in the 1location of the
displacement trough from top to bottom of the panel for the
4%°x2% notch. There are large syasetric peaks in
displacement on either edge of the cutout. This is due to
the small length of the notch in the circusferential
direction which causes the notch not to skew with applied
load. The moments along the 3.735" line are much greater
than the moments for the smaller notches as can be seen in
Figure 3.59. The mosents are syasetric about the center of
the panel for all load levels. This is because the trough
is not diagonal, but rather follows the center line of the
panel. "x along the center of the panel (Figure 3.60) is
syametric about the notch, again indicating that the cutout
does not skew. Along the line near the bottom of the panel,
Figure 3.61, the sosents are greater than for the smaller
notches and are symmetric.

The results for the 4"x4" cutout follow the samse
pattern as for the 4"x2" cutout. Figure 3.62 shows the
radial displacement trough does not shift significantly to
the right. Maximum radial displacement occurs along a line
near the center of the cutout. For the panel with the 4"x4"
cutout, the radial displacement plot shows that there are
large displacements, and consequently, large rotations near

the cutout at collapse load. The maximum displacements are
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over twice the thickness of the panel. Since a large asount
of the surface area of the panel is removed, the edges of
the cutout act like free edges and displace large asocunts.
This panel and the panel with the 4"x2* cutout are the first
cutouts examined in this thesis that truly sake use of the
large displacesent theory portion of STABSC-1. The
rotations are even larger than theory indicates they should
be. The large rotation characteristics in the vicinity of
the cutout are also due to the free edge effect. The moaent
along each of the lines (Figures 3.63 through 3.635) are all
symmetric about the center of the panel. The
characteristics of the soments are different from those for
the notches. The eomsents for these large cutouts are
syametric about the cutout at collapse load. Again, Janisse
231 pointed out that large cutouts (4%"x4") displacd
differently when comparing the nonlinear analysis with the
linear results. The eigenvector at buckling contains a
trough similar to the ssall notch cutouts previously
considered. The collapse displacement patterns for the
large cutouts do not follow this pattern, but are relatively
symmetric which is a characteristic of the imsportance of

bending in the resistance for the structure against bending.
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N IV. CONCLUSIONS
DS SN
0 Based on the analysis presented in this thesis, the
§¥; following conclusions can be sade:
1§f 1. Individual elesents in a finite elesent msesh should
oo preferably have equal disensions in the x and y directions.
»E? 2. In a refined esesh around the area of a cutout,
:5{ rectangular QUAF 411 elements influence the soments in the
;ff direction of‘thcir longer dimension to a greater degree than
jbﬁ square elements. If elements near the cutout have an aspect
0 ratio of £.5, the collapse load estimation is not improved
‘;6, as one would expect over the results for a coarse msesh.
iﬁ? 3. In a mesh refinement process from one inch square
s 6 elements to half-inch square elements, the half-inch square
7 elements should be a uniform distance around the cutout for
E} a STABSC-1 nonlinear collapse analysis. Elements with an
?4 aspect ratio of 6.5 should be at least two inches from the
‘E? cutout and elements with an aspect ratio of 2 should be at
;Sf least one and a half inches from the cutout.
529 4. Restraining the v displacement along the upper left
‘:: or upper right half of the cylindrical panel does not
Sg; significantly imsprove the results over the results obtained
;JE with symmetric boundary conditions when compared to
experimental data.
Se Experimental results considering the given panel
and supports, are better approximated by an analytic
£§3 boundary condition in which the u and v displacements are

/-

held fixed along the left edge of the panel between 1 and &




............

inches from the top edge of the panel. This boundary
condition appears to msodel the change in boundary conditions
that occurs experisentally with applied load.

6. Surface imperfections in the test panel result in a

aeat MM £ o S 02

lower collapse load and different radial displacesent
patterns than those modelled analytically.

7. The restrained boundary condition introduces
greater stiffnesses into the panel which result in a higher
collapse load.

8. It appears to be possible, with the use of the
STAGSC-1 computer program, to actually model an experisental '
set of boundary conditions. The ideal boundary condition ﬂ
was not reached in this thesis, but with additional computer }
time, several iterations could be carried out and the ideal ]

boundary condition attained.

9. For a complete numerical analysis of a panel tested
experimentally, one must take into account surface
eccentricities as well as varying boundary conditions.

1#. Panels with notches having an aspect ratio of 2
have higher collapse loads than panels with notches of the

same area but with aspect ratios of 6.5. This is due to the

LZ higher stress concentrations around the corners of the
b
cutouts with 8.5 aspect ratios. The higher stresses result

in larger displacements and therefore lower collapse loads.

N

% Panels with cutouts with an aspect ratio of 6.5 can carry up
5 to 17X greater load than panels with the same area cutout
:a c}}’ having an aspect ratio of 2.60.

| S 12. The 2°x1" notch is associated with the highest

c 119




collapse load but sasallest radial displacements. This is

because the notch is a saall percentage of pansel area and

&
l;ﬁ therefore, the panel retains asuch of the structural
13? integrity of a panel without a cutout.

13. The moments in the x direction are sysmetric about
~$3 all cutouts at low load levels. At collapse load, the
E? soments for the 4"x2" and 4"x4" retain their syssetry
‘ indicating that these cutouts do not skew with applied load
%E as is the case with the other cutouts.

;és 14, Considering the author’s definition of a notch, (a
; cutout of less than 5% of the panel area) panels with
:éé notches behave differently from a collapse displacement
s; function point of vie& than panels with cutouts. The radial
- @ displacement pattern of a panel with a notch forms a
ﬁg diagonal trough whereas panels with cutouts have a vertical
S; displacement trough down the center of the panel. Thus, the

notch does not produce the typical nonlinear effect

associated with cutouts.
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