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. .\Abstract

A An analytical study using the STABSC-1 computer code

was conducted to determine the effects of notches and

unsymmetric boundary conditions on the load bearing

capability and radial displacements of axially loaded

cylindrical panels. The graphite-epoxy panel consisted of

-:- an 8 ply laminate with symmetric ply orientations. A finite

element mesh refinement in the vicinity of the cutout was

conducted in order to study the non-linear collapse

analysis. In additon, the effect of different size cutouts

with aspect ratios (axial dimension of cutout divided by

circumferential dimension) of 2.0 or 0.5 was studied.

Finally, analytic results for a 2"x2* cutout with a varying

Oset of boundary conditions were compared to experimental

findings.

It was found that as the surface area of the cutout

increased, the buckling load decreased. Cutouts with aspect

ratios of 2.0 were found to be capable of carrying higher

loads than notches with an aspect ratio of 0.5. By

comparing analytic results with experimental data, it was

2.., found that unsymetric boundary conditions for the 2"x2O

cutout better approximated experimental data than when

symmetric boundary conditions were considered. It was also

determined that some of the discrepancy between experimental

and analytic results can be attributed to initial

eccentricities introduced into the panel by the test

apparatus.

S". xii



1-. INTRO1***O

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

unstiffened, and can have either reinforced or non-

reinforced cutouts. These shell structures can be analyzed

by finite element techniques. Anderson E13 discusses how

finite element techniques have been used in the Apollo

launch vehicle analysis and Skylab stability analysis.

Design studies have been conducted using finite element

techniques on the Space Shuttle oxygen tanks and cargo doors

E21. Skogh E33 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 E4-73. Sobel C63 aed Almroth

E43 also studied how varying sets of boundary conditions

affected the buckling behavior of unstiffened panels. Sobel

E63 found that preventing circumferential edge displacement

is the most important in-plane boundary condition from the

%I



point of view of increasing buckling load. Several authors

E8-133 have investigated the buckling behavior and stress

states of isotropic panels, with cutouts, under axially

compressive loads. These studies were done numerically

generally using finite difference techniques. Plates and

panels with reinforced cutouts have also been analyzed E133.

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 [14-223, but relatively little work can be found

dealing with composite panels with cutouts. Satyamurthy

E20] found that boundary conditions, load systems, location

of concentrated loads, and material properties influence the

nature of the buckling behavior in composite panels. These

types of analyses must also be applied to composite

cylindrical panels with cutouts in order to more fully

understand the effect that a cutout has on buckling

behavior.

Janisse E233 is one of the few authors found to address

the problem of cutouts in composite cylindrical panels.

Singer E243 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 problems and

2
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77 7.77

techniques used in shell analysis.

Composite panels have been studied in greater detail

- from an analytic point of view than they have been

experimentally. This is due to manufacturing difficulties

and lack of experimental test fixtures needed to apply a

purely compressive load. Analytic problems are more complex

when working with composite materials because of their

anisotropic material properties and the non-homogeneous

complex fiber/matrix interactions. Numerous computer 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 almost exclusively in

aerospace structures, more work needs to be done in the area

of cylindrical panels with cutouts in order to more 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 E233, addresses the issue of small cutouts

in composite cylindrical panels and the effect of

unsymmetric boundary conditions on buckling behavior.

C,.

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

3
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analytically using the STASC-l computer p ogram. For the

purposes of this thesisp a notch will be defined as a cutout

of less than 5% of the total panel area. Second, the

effects of unsymmetric boundary conditions on a panel with a

square cutout will be analyzed. Finally, analytic results

will be compared to experimental data. This thesis will

enable a better overall understanding of the nature and

stability of composite cylindrical panels under axial loads.

The STABSC-1 finite element computer program E263

developed at Lockheed was used to study the collapse of

cylindrical panels with cutouts. The analysis carried out

0is nonlinear due to the presence of a cutout. The nonlinear

collapse analysis branch in STABSC-1 uses large displacement

theory and moderate rotations along with a modified Newton-

Raphson iteration scheme.

Six different size cutouts located at the center of the

panel were investigated. A panel with a 20x2O notch (a

cutout comprising less than W1 of panel area) was used as a

basis for a mesh refinement study. These results were then

applied to the finite element mesh design for the other five

cutouts. Of these six cutouts, two were square, comprising

2.71 and 11% of the surface area of the panel, respectively.

The other four cutouts were rectangular with aspect ratios

of either 0.5 or 2.0. Aspect ratio is defined as the axial

dimension of the cutout divided by the circumferential

4
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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.

Experimental data was obtained for a panel with a 2"x2"

notch. The results appeared to lack consistency under the

assumptions relative to a simply supported vertical edge.

Thus, in order to rationalize the experimental results,

unsymmetric 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.

5
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.

In order to understand composite laminae behavior,

basic constituitive relationships for an individual lamina

must be explained. The reader should refer to References

r143 and [263 for an in-depth development of these relations.

The stress-strain expressions for an individual lamina

are essentially the stress-strain relations for plane stress

in an orthotropic material. The following relations are the

basis for the stiffness and stress analysis of an individual

lamina subjected to forces in its own plane. For a laminae

of orthotropic material, the stress-strain equations in

Sprincipal material coordinates are

12 I 012 {

2 I12 11l 1 2 (1)

12 ) 0 a 7 12

where e1 and "2 are normal strains and Y12 is the shear

strain for the lamina principal axes as in Figure 2.1, and

E

' 12"21
12 E2 -21EI

Q 2  . -- 21(2)

1- "12"21 1 l 12"21

022E 2

- 1 "12"21

%66 12

&
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2

z,3
(out)

x,yz - Structural Axes

1,2,3 - Lamina Principal AxesX

0 - Fiber Orientation Angle

Figure 2.1. Definition of Coordinate Systems

cohere E and E2 are Young's moduli in the 1, and 2
1- 1

directions, respectively. V is Poisson's ratio for

transverse strain in the j direction when loaded in the i

direction and 8 is the shear modulus in the 1-2 plane.12
Therefore,

M- -f2
0£

21
2

8 12- i
12

The preceding stresses and strains were defined in the

principal material directions for an orthotropic material.

If the principal directions do not coincide with coordinate

directions, stress and strain transformations are used to

define the following stress-strain relations in xy

coordinates.

4
7
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.A)

2+z zT *
1z, Middle Surface,

Laye~r Number

Figure 2.2. Geometry of an N Layered Laminate

Therefore,

.(4
o 011 U 12 p161 Ix

y 12 Q22 026 (4)
".y L 6 6 6J xy

where then material oo66FfJcltc1 1 J are symmetric and

defined as

61 11 a 11 Cos40 + 2(0 12+26 )sin 2 cos 2 G + 22sin4G
912 - (1211+022-4066)sin 2 cos20 + 012(sin 4+cos4 9)

22M.10 Isin40 + 2( 1 2 +2Q 6 6 )sin 2 cos 2 0 + 2 2 os 4  (5)
16 12 6612 222o 66
a 6- (11-729,,)sin~cos 3 8 + (9 1-02 +29 ,)sin 3 ocoso

r2 - (a11 -- 266) sin3 ocoso O (012-Q22+2Q66 )sincos 3

6 - (0 l+9-2912-29)sin 2 Ocos 2 0 + Q (sin4O+cos46)
066 -'11+'22 '12-266 6

For a detailed derivation of the transformed reduced

stiffnesses, see Reference [263.

In order to define the stress and strain variations

through the thickness of a laminate, stress-strain behavior

of an individual lamina will be expanded. For the kth layer

8



of a multilayered laminate, Equation (4) can be witten as

Cak EF23 k (0 k (6)

Refer to Figure 2.2 for the geometry of an N layered

laminate of thickness t, middle surface location and

location of the kth lamina.

It is assumed that each layer can be characterized as

an orthotropic material whose properties are known with

respect to its material axes. The laminate is assumed to

consist of perfectly bonded lamina&. The displacements are

continuous across lamina boundaries so that no lamina can

slip relative to one another. Also, for a thin laminate,

normal sections remain normal to the middle surface after

bending. These assumptions for a laminate constitute the

Kirchoff-Love hypothesis far shells [263.

It is necessary to develop th& nonlinear displacement

cylindrical shell theory in order that the reader obtain an

appreciation of the overall themretical approach. The

middle surface strain-displacement relations for a laminate

with moderately large rotations of tangents to the panel

reference surface are given by

4E x 0 = u, W 1/2 Ox2 0 2

f' ,y W vO, y. MvoV + W/R + 1/2 0.y - 1/2 ,2(7)

0

Yxy M xM+u y +O 6

where u9 v and w denote the axial, circumferential and

radial components of the midsurface displacement and 1 , 1
-y

and 4 are the components of rotation about the coordinate

,,
-S " . . " , . . . . " . . . , . - " .- . , , - ,. - ,, , ' . , , , ' ' . , ,, ,
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K9 1hZOx9

II

2Z7 z 11rK /

/ Ky

Ny Ni

Figure 2.3. Positive Forces and Moments Acting on t Laminate

ltines and about the normal to the surface. The middle

surface curvatures are

cosiern no" Intalselxmefetosx1

K Y " n ' y~ (9)
• 2Xxy 2yX y'x x'y +  R

In terms of displacenmnts, the rotation components are

4, rn-Nt V/R (9)

.4 4 1n/2Iv, x- u,)y

hdwre R is the radius of curvature of the panel at the mid-

*thickness plane. Thesen values for the strains and

curvatures are given by Sanders' kinematic relations

. considering no initial shell imperfections C15]o

Dy using the Kirchoff-Love hypothesis and knowing the

10



middle surface strains and curvatures, the strain-curvature

relationship for a laminate becomesIX {} (1
£y y + Z Ky 1#

By substituting the strain variation through the

thickness, Equation (10), into the stress-strain relations,

Equation (6), the stress in the k layer can be expressed

In terms of the laminate middle surface strains and

curvatures E293 as

y (11)

{ry} I kk { y }+X{jY

where the 1ij elements are as defined in Equation (5).

. The resultant forces and moments acting on a laminate

are obtained by integrating the stresses in each layer of

the laminate. For Nx as a force per unit length and Hx as a

moment per unit length, we have

t/2

f -t/2 a121

t2(12)

ft/2

The forces and moments acting on a flat laminate are

shown on Figure 2.3.

.4 11
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For an N-layered laminate, the force and moment

resultants are E263

1 ~Nt/2 N z
N Nx k OK{-..} - o7iy u- - z: I.

t/2 (13)
x ax k xM o zd, -ro z dz
{y -tI2{ y} N y

xy t/2 rx y kk-1 k-i yl

wiere the kth and k-i 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 matrix is

" constant within the lamina, the stiffness matrix can be

pulled outside the integration over each area and then

summed with the resultants for each layer. The force and

moment resultant equations becomeN/ .o z 0 "
y EC[ f {E } z dz + Ky z2 dNxy) k-l zk-1t Yx 01z k- Ky

SSince the strains and curvatures in Equation (14) are

lqmiddle surface values and not functions of z, they can be

removed from under the summation signs so that Equation (14)

4 can be written as"Sl

12
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S" 11 A12 A16 ] 11 1 1x

qI.! N A12A 2 2 A2 6  y + 12 B22B2 K

0I

L" 123]{2o 12 (15)

SB B2 B6 yD16 D

DlxI2D6 KX .

"" ~x L e16 n,, xy°  LDI 66. J %yi

where the Aij are called the extensional stiffnesses, Bij,

are the coupling stiffnesses and the D are called the* ii'

bending stiffnesses.

A.k N(z z

ij -1/2 (ijk (z 2 k - 1k-l (16)

k-1N

D =1/3 (c) (z - z (1)6)*i.j E. Ujk k k-1

k-1

The basic solution technique followed is to use the

finite element method in order to find the displacement

vector, calculate the middle surface strains and curvature

using Sanders' equations, calculate the transformed reduced

stiffness matrix and then determine the resultant laminate

forces and moments. All the applied forces are known so

. that the potential energy, as used in the finite element

method, can be calculated and thus a check for static

equilibrium using a nonlinear solution algorithm can be

". 7 carried out.

13
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:, '"STAG3SC- ! Theor

S.- - * - .

The Structural Analysis for General Shells (STABS)

computer program is an energy based finite element program

that has been under development by the Lockheed Palo Alto

Research Lab since 1967. The latest version, STABSC-1, is

finite element based and uses a Newton-Raphson nonlinear

equation solver. STAOSC-1 is a general purpose, thin-shell,

structural analysis program that is designed principally for

the nonlinear static and dynamic analysis of thin shells

E273. For studies of the collapse of shells with cutouts,

the critical axial load is determined by the use of a

nonlinear analysis E23.

Sobel E27] points out that the geometrically nonlinear

analysis in STABSC-1 is based on small engineering stress-

strain relations (E <.), moderate rotations (less than 0.3

radians) and incremental solution of force-displacement

equations with the modified Newton-Raphson (MNR) method.

In the MNR method the stiffness matrix is factored and its

inverse is used instead of reforming 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 method.

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 displacement

functions is developed. Periodicallyp the stiffness array

is updated to include the new displacement functions.

14
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The static, nonlinear problem Is a solution of the

equations of equilibrium with a Taylor expansion of the

total force vector about the currently deformed state.

The summation of forces includes all applied, restoring and

residual force vector% present in the static equilibrium

expressions and can be witten an [M73

"F(x ) (FCxn)) +dc((x ) - Cxn)) + H.O.T.
n+1 d~x) n+1 n n

- F(xn) + O]1| (Ax) + H.O.T. (17)d(x)' 1 ( n

-!Cx)-x n

where H.O.T. represents higher order terms. In this

notation, Fix) is the sum of the applied, restoring, and

residual force vectors. The value Cx) defines the currently

deformed state. Note that (6(x)) means the

CxlmCx,• .. n

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

Therefore,

-d(F(x )I
n CAx) - CFix )I + H.O.T. (18)

dlX }  n
en

If one notes that the derivative of the force vector is the

negative of the nonlinear stiffness matrix, EK(xn)3,

Equation (18) may be written as

CK(x )3 C x) - (F(x )) + H.O.T. - 0 (19)
'- 'n n

S _The STASC-l program treats the left hand side of

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

'1
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incremental displacements, and thus Equation (17) may be

.ritten as

CF(xn+l) I (L(x)I - CR) + H.O.T. - 5 (20)

where CR) is the vector of externally applied forces and the

higher order terms are generated by the strain energy and

residual forces. The operator L is the first derivative of

the strain energy functional E273. The MNR algorithm used

in STABSC-1 can be written as

Cxn+ 1I - Cx n I CL'x n)] (CR) - CL(xn)n) (21)

w uere L"(x )]1 is the factored stiffness matrix at some
n

previous step. The nonlinearities included in the

computation of L(xn) are purely geometric. Figure 2.4

represents the MM algorithm used in STAGSC-1 as a

conceptual flowchart. The STAOSC-1 calculation of the

vector CL(x)) is analogous to the method of calculating a

pseudo-force vector to account for nonlinearities E27].

Since the sum of the forces is equal to zero (Equation

(17)), the total potential energy must be stationary. The

total potential energy of a body is equal to its internal

strain energy minus the product of the external forces and

deflections and can be written as

V U -W (22)

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

energy of the body.

161
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Therefre-,

U- 1/2f ( ox +y +c d Vol (23)
Vol

The values for the stresses and strains are calculated

as in the Classical Lamination Theory section of this

thesis.

STABSC-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 terms of the element shape functions

and nodal degrees of freedom. The displacement vectors are

.2." finally calculated using a modified Newton-Raphson iteration

scheme. Once this displacement vector is known, stresses,

strains and resultant forces can be determined for the

incremental 1 oadstep.

For the finite element analysis, a graphite epoxy

composite panel was modeled. The panel was 12 inches long

with a chord length of 12 inches, and a radius of curvature

of 12 inches. The panel's dimensions and material

*properties are the same as those used by Hebert E223 and

Janisse E233 in their work. Figure 2.5 shows the panel's

material properties, dimensions and sign conventions. The-a.'j

cutout is shown on Figure 2.5 with dimensions a and b. The

values for the corresponding dimensions of the notches and

cutouts studied are listed in Table 2.1. The panel has a

is
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Ru,
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.05-
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Dimesion andMateial ropetie

Materiols andaMthitae-ropotie

Radius: R -12

Length: L - 1204

Number of Plies: a

Orientation of Plies, 0: (09459-45999) S

Thickness: 8 plies at .005" - .64"

Elastic Moduli: E1 - 20500 ksis E2 -13M ksi

Shear modulus: 8 750 ksi

*Poisson's Ratio: '12 -. 3

*~ x o y, : Structural Coordinates

u. v. wo: Displacements

/~ .~ Ru, Rv. Re.: Rotations

9 Figure 2.5. Panel Notation and Material Properties
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Table 2.1

Dimensions of Cutouts Analyzed

- Size of Cutout
., (inches)

a b

2 2
1 2
2 2
2 4

*4 2
4 4

symmetric ply layup CE,45,-45,99J3S consisting of 8 plies of

0.005 inches each for a total panel thickness of .04 inches.

For all but the 2"x2" notch, a symmetric set of

boundary conditions were used. The top of the panel was

clamped with only the u displacement free. The vertical

.,~ ~edges of the panels had the u and v displacements x and y

direction displacements, respectively) and rotation about

the x axis, Ru, free. The bottom of the panel was clamped
*.-I

with no free degrees of freedom (DOFs). Refer to Figure 2.5

-., for displacement and rotation vectors.

The 2"x2" notch was used for the boundary condition

study in which unsymmetric sets of boundary conditions wroe

evaluated in addition to the symmetric boundary conditions

used for the other cutouts. The four sets of unsymmetric

boundary conditions evaluated are listed in Table 2.2.

...... '.
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Table 2.2
...

'- Unsymmetric Boundary Conditions for the 2"x2" Cutout

Boundary 1 2 3 4
Condition

*Top of u free u free u free u free
panel

Right side u, vp Ru Top half: u, v, Ru u, v. Ru
of panel free u,Ru free; free free

Bottom half:
UL. v Ru

free

Bottom of clamped clamped clamped clamped
"4 panel

Left side Top half u, v9 Ru Top edge: Top 1/4:
- of panel u,Ru,free free u, v ,Ru uRu

Bottom half: free free
u, v, Ru Middle: Bottom 3/4

free Ru free u, v, Ru
Bottom free
half:

u, v, Ru
free

ALL OTHER DOFs WERE FIXED

ElementSecto

The element selected for this analysis is a

quadrilateral plate element referred to as the QUAF 411 in

the STA6SC-1 documentation E253. This is the same element

used by Janisse [232. The GUAF 411 has 32 DOFst 3

translational rotations, 2 in plans rotations and 2
.%

independent normal rotations at each corner node, plus

tangential displacements at each of the four midside nodes.

- 4. Figure 2.6 shows the GUAF 411 with its DOFs. The QUAF 411

21
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t23

4',,

N 2
2  2

4,4

"-, Figure 2.6. Quadrilateral 411 Plate Element with
Local Coordinate System

element was developed to remve the d ispl acement

incopatibility which exists when flat shell elements do not

lie in the sam plane C272. If the edge displacements are

to be compatible, the transverse displacement shape
functions must be of the same order as the in-plane shape

functions which are cubic. Element 411 has two rotations

at each corner node hich permit individual rotation of each

, adjacent side and therefore allow shear strain at the

~corners. The shape functions 4for the 411 element are cubic

parallel to the edge and quadratic perpendicular to the edge

22
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for in-plane displacements. The bending shape functions are

cubic in both directions E27]. Since the panels studied in

this thesis require the nonlinear collapse analysis branch

of STABSC-1 which uses large displacement theory and

moderate rotations, the extra DOF at the corner node and the

translational DIF at the midside node make the QJA" 411

element the best available element. A drawback to the GUlAF

411 element is that there is no transition element in the

STAB6C-1 library, so a constant grid size must be used E273.

/.

'
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Einite Element Mah Refinement

A mesh refinement study was conducted on the panel with

the 2"x2" notch to determine an optimal finite element mesh

arrangement. A viable tradeoff between improved results due

to an increased number of data points and the corresponding

increase in computer time had to be considered. The results

from this convergence study were thn applied to the design

of the finite element mesh for other panels.

Initially, a finite element mesh consisting of 13 rows

and 13 columns of one inch square QLJAF 411 elements was

tested. This mesh is referred to as the coarse mesh. In a

finite element method for solving a continuum mechanics

problem, the approximation improves as more elements are

used E282. Therefore, the 13x13 mesh provides the roughest

approximation for the panel's behavior. The coarse mesh was

-4 then refined by cutting the elements immediately around the

cutout into one half-inch square elements. Due to the fact

that there is no transition element for the QtUAF 411

element, some elements in the mesh are rectangular when the

mesh is refined.

The rectangular elements have aspect ratios that are

not unity. Aspect ratio will be defined as the length of

the element in the x (axial) direction, divided by the

length of the element in the y (circumferential) direction.

An element with an aspect ratio of one does not experience

24
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"rTABLE 3.1

Mesh Refinement Results for a 2" x 2" Notch

13x13 17x19 19x17 l9x19 21x19 25x25

NDOF 1203 2381 2395 2705 3629 5029
(Active)

Bandwidth 97 129 128 145 145 192

CPU Time to 545 1156 925 1097 1582 4852
Col I apse

Load (sac)

Collapse 217.6 208.1 217.3 207.3 267.6 191
Load

(lbs/in)

Difference 12.2 8.2 12.1 7.9 8.0 -

From 25x25
Orid (M)

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 mandatory, requirement for

convergence is that an element should have no preferred

directions. In other words, the element should be

" geometrically invariant. Various mesh refinement

arrangements were tested to determine how elements with

aspect ratios other than unity affected the behavior of the

panel.

The results of the mesh refinement 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

load. The bandwidth is the full bandwidth used for matrix

storage in the finite element analysis. The number of load

25



steps is the number of times a load increment 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 elements) are taken from Janisse

E233. The coarse grid had a collapse load that was 12.21[

higher than the 25x25 grid but took 88% less computer time.

Janisse E233 also found that the collapse load for a coarse

grid was 18% higher than experimental results, referred to

subsequently (experimental collapse load was 2121 lbs)

whereas the 25x25 mesh had a collapse load that was only

7.5% higher than the experimental collapse load. The mesh

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 mesh in the vicinity of

the cutout for each of the different mesh arrangements

studied. By comparing the results for the 17x19 and 19x17

grid, one can observe that the 17x19 grid more closely

approximates experimental collapse load but uses 20% more

computer time than the coarse mesh. The 19x17 mesh 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 mesh. The 19xl9 mesh had

half-inch square elements a uniform distance of 2 inches

from the opening. This refinement was found to more closely

approximate the collapse load while using 23% less computer

* time than the 25x25 grid. A further grid refirement to a

26
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71

21x19 mash did not improve the collapse load approximation

over values obtained for the 19x19 mesh, but used almost 500

seconds more computer time than the l9x19 mesh. From a

collapse load approximation point of view, the 19xl9 mush is

the best refined mesh to choose.

To further analyze the meshes, the values for the

moments, y and Hx, and force ,N were compared in the
y y

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 M versus distance from the corner

of the notch for all five meshes along an outward ray at

1350 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 mush is refined, the

values of M for each of the cases tested begin to clustery

together. The 19x17 mesh 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 M diverge. The elements with a .5 aspect ratio
y

are only an inch away from the opening thus not allowing an

improvement in results as would be expected with a refined

mash. The .5 aspect ratio elements are longer in the

circumferential direction and therefore the moment about the

x axis, M y' appears to be adversely affected by the

28
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Figure 3.2. Moment about X Axis versus Distance from

Corner along a Ray at l3t0
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shorter dimension In the axial direction. An element with

an aspect ratio of 1 does not seem to experience the

difficulties associated with an oblong element. The results

for the 19x19 and 21x19 mesh do not differ significantly.

To examine the meshes further, values for M1 along a

line at 450 from the corner are compared in Figure 3.3.

Even though the magnitude of the moment Is smalls the values

for each of the meshes are consistent from a finite element

model point of view. As the mesh Is refined, the values for

14x begin to cluster together except for the coarse mesh.

The 17x19 mesh diverges from the others over 1.5 inches from

the corner where elements with an aspect ratio of 2.0 start

appearing in the mesh. The divergence for the 17x19 mesh Is

noted in Figure 3.3 whereas It did not happen in Figure 3.2.

O This is due to the fact that Figure 3.3 is a plot of moment

about the y axis, M x. so elements with the longer dimension
U-..,

in the vertical direction affect the behavior of the panel.

This leads to the conclusion that the mesh should be refined

equidistant around the cutoutp as can be seen from the l~xl9

mesh arrangement In Figure 3.1.

A further refinement, the 21x19 grid, does not improve

the results for H or M over the 19xl9 mesh. The 21x19
x y

- ~ also does not adversely affect the values for M or Nx y
This Is because the oblong elements are far enough away from

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 19xl9 mesh appears to be the optimum

finite element mesh for the 2wx2" notch.

S..0
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One additional parameter force in the y direction, N

was examined (Figure 3.4) along a ray at 9 ° . The mesh

characteristics follow the refinement in a similar fashion

to the moment function comparisons. All of the refined

meshes are good approximations over the coarse mesh for the

force function.

From examining the mesh parameters, the 13x13 mesh is

the least accurate due to the fewer number of elements used

in the numerical approximation. With the 17x19 and the

19x17 mshes, difficulties arise when considering the

moments about axes in the direction of the shorter dimension

of the oblong element. The 19x19 mesh has elements with an

aspect ratio of I over a uniform distance from the opening.

This mesh experienced no irregularities when approximating

muments. A more refined mesh (21x19) gave no significant

improvement for values in the vicinity of the notch. Oblong

elements greater than 2 inches from the cutout had no

adverse effects on the buckling behavior of the panel.

The results from the mesh refinement study were next

applied to the finite element mesh for the other panels

tested. As stated earlier, 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 M and collapse loadp and should be aty

.* least 2 inches from the cutout. Elements with aspect ratios

of 2 affect M and should be at least 1.5 inches from the
x

32
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*.'.cutout. The mesh arrangements chosen for each of the

notches will be discussed later in this thesis.

dary Ciion Study

An experimental study has previously been carried out

by the Fatigue, Fracture and Reliability Broup of the Air

Force Wight Aeronautical Laboratories at Wight-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

carried out. Results from this study, referred to in

subsequent paragraphs, indicated that the experimental

S boundaries were not acting as originally assumedg yet

collapse load was within approximately 1i% of the

experimental value. Thus, the author conducted a finite

element study of varieties of boundaries to try to

. approximate the actual boundaries present within the

experiment. It is, to the best of the author's knowledge,

the first attempt at numerically simulating an experimental

set of boundaries for a composite panel with a given size

notch.

Several different boundary condition cases were studied

for the 2=x2O notch with the refined mesh in an attempt to

more realistically model the experimental results. Four

different sets of unsymmetric conditions were modeled (Table

-' 2.2) along with the symmetric boundary conditions described
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C, Figure 3.5. Test Apparatus with Panel

In Section 11 of this thesis.

The experimental text fixture (Figure 3.5) was similar

to that used by Hebert C223 and Janisso E233. The panel was

fabricated from NARPICO T3M/5208 graphite-epoxy. A two inch

square hole was cut out of the center of the panel. The

corners. of the cutout were machined to be slightly rounded

(1/16 inch radius) rather than a perfect square cutout so

that there are no singularities at the corners. For a more

detailed description of the test apparatus, see Reference

E23 h experimental apparatus was modified for this

* testing by placing Linear Variable Differential Transformers

_(LVDTs) at various locations on the panel to measure out-of-
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,** Figure 3.6. LVDT Location and Initial Radial Displacement

on Experimental Panel
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plane (radial) displacements. 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 model experimental results

precisely. During the experimental testing, depressions in

the teflon tape that held the panel into the side restraints

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

initial conditions. An attempt at modelling this phenomena,

was carried out by fixing the v displacement first on the

~, upper half of the left side of the panel, and then on the

upper half of the right side. Next, the v displacement was

held on the upper quarter of the left side of the panel.

Finallyp both the u and v displacements were fixed between 1

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

results, along with the results for the symmetric boundary,

were compared to the experimental findings. Radial

displacements at several different LVDT locations were

compared as a function of load.

The experimental panel was also examined in order to

see if there was any initial eccentricity or displacements

introduced into the panel by the test apparatus prior to the

loading. The initial radial displacements of the panel were

measured by use of a set of dial vernier calipers. This

device was also used by Hebert E223 to measure surface
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imperfections. Using *.0 as a datum surface, positive

,- displacement is measured radially outward. The top and

bottom of the panel were designed to be at a displacement of

*N.D. Theoretically, if the panel is manufactured and

mounted perfectly, the entire panel would have an initial

radial displacement of 0.0. Figure 3.6 shows the initial

radial displacements at each of the LVDT locations.

At the point corresponding to LVDTs 2 and 17 there is

n outward bulge, whereas in the vicinity of the cutoutp

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 to 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
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point 2 is initially displaced outward, but as the load Is

applied, the point starts to bow out and then appears to

reverse its motion and maintains an almost linear relation

as a 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 moments and acts similar to

a depressed clamped edge. This appears to cause a constant

displacement function of experimental data for point 2

because the cutout area is holding the panel and preventing

it from moving in the direction of its initial displacement.

The analytic results for all of the boundary conditions

tested are very similar and do not approximate the

experimental results at point 2 as well as one would like.

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 better

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

V. 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 more

depressed than the panel around point 3 and therefore

restrains the point. %i would expect point 3 to move

inward, but the panel In the vicinity of the cutout

restrains the movement and as the applied load reaches 500
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lbs, the displacement reverses since the area around the

cutout Is acting analogous to like a support. It therefore

appears that point 3 is experimentally undergoing

displacement as a function of surface imperfections and a

change in boundary condition similar to analytic bounary

condition 3 which is a restrained edge.

If one examines the panel at LVDT 4 in Figure 3.90 It

is observed that the large initial displacements 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

'as* 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 owe than LVDT location

4. This causes more moment restraint to act on point 4 with

increasing load as the area around the cutout acts similar

to a folded plate. This phenomena can only be modeled

analytically If the surface eccentricity is precisely

incorporated into the finite element model. These

displacement characteristics appear to be happening

experimentally. At an applied load of about 1500 lbsp 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 symmetric conditions

approximate the behavior well up to about 1500 lbs.

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 experimental

displacement 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 experimental

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 experimentally.

Figure 3.10* compares the analytic and experimental

results for radial displacement at LVDT location 11.

*Boundary condition 3 generally shows the same trend of

displacement as experimental results. When the effect of

the boundary condition is considered along with initial

surf ace imperfections, the translation between the two

curves can be attributed to the effect of the initial

eccentricities.

Boundary condition 3 does not affect the results for

displac eme nt at point 17 (Figure 3.11) as it did for the

Sother 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 same

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 to behave differently from analytic results,, it

is noted that each point on the test panel does not start at

a datum of 0.6, but rather at an amount of the initial

-44
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displacement from as the datum. This means that each of the

* experimental curves on Figures 3.7 through 3.11 should be

shifted by the amount of the initial displacement at each of

~.8the respective LVDTs. This would mean that the analytic

results for boundary condition 3 better approximate

experimental displacement results.

Boundary condition 3 attempts to model some friction

appearing in the v direction depicted by small depressions

registering on the teflon tape in the test apparatus.

Analytically, a portion of the left side of the panel was

hold rigidly with rotation about u permitted. The right

side was free to move In the analytic simulation. The

results for LVDTs 3 and 4 (using boundary condition 3)

compared more favorably because the left edge boundary

S condition more accurately models what was happening

experimentally. There is more displacement allowed further

from the simulated rigid body than near it (LVDT 2). A

clamped boundary acts as a fold which produces bending

moment as load increases, thus causing smaller displacements

near the edge. As the applied load increases

experimentally, the radial displacements become large and

the boundary conditions change as the panel buckles outw~ard.

Portions of the panel surface come in contact with the side

restraints causing friction. The results at LVDTs 11 and 17

F-- are not affected as dramatically because their location is

F* .. ,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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is a function of load and displacement. To better model

experimental results analyticallyp this clamped boundary

. condition should not be applied at the beginning of loading

but rather when the displacements 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 16% greater than for the other

conditions tested (Figure 3.12). Boundary condition 3 has a

collapse load of greater than 3900 lbs whereas the other

boundaries tested had collapse loads of approximately 25

lbs. The higher collapse load is due to boundary condition

3 producing a greater stiffness (slope of load versus end

shortening curve) in the panel by restraining the u

displacement. This stiffness, which is twice that for the

other boundary conditions, leads to a 17% higher collapse

load. The experimental panel has initial eccentricities

which result in a collapse load of only 22 lbs. 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 load application process. Experimentally,

the boundary condition changes as a function of applied

load.

The reader may notice that an attempt to improve the

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

represented the experimental displacement yielded a collapse

load approximately 30% 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 displacement.

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 phenomena.

Discussion up to this point has been involved with

U.comparing analytic and experimental results. Now,, this

* thesis will deal with a strict analytic comparison. Moments

and displacements will be examined in order to gain a better

urderstanding of the behavior of a cylindrical panel with

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 displacement

along each of these lines was plotted for a low load level

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 be seen that the top of the panel deflects more

near the left edge of the top of the panel than it does

50



C_, :, , ,4. , . -. ... ' '. -
.  

- - - -. : . -. " . - ' ' - .2 
' ° - - ' - 

° _ . . .

0

16
C)

6

(C)
M

C)
W C

0

0_ DISTANC FROM EFT DGE (INCHES)

LO LEG0-4

CD

-o 3' FRO TOP, 254.0 LB LOAD
A -9' FRO TOP 254.0 LB LOAD

Co o - 3' FROM TOP 2472.0 LB LOADo- 9' FROM TO. 2472.0 LB LOAD

0~* I

Note: Displacements taken along lines 3" and 9" from
top edge of panel.

Figure 3.13. Radial Displacement as a Function of Panel

Location for Symmetric Boundary Conditions

5' 5
5$I ' 1'I ' I 1i i~i ~ l 

l I



along the line 9 Inches down. There is a trough forming

radially Inward from the upper left edge of the cutout to

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

..q 3.15 show that when v is restrained on one edge, the radial

displacement Is not affected significantly except to lessen

the radial displacement slightly near the restrained edge.

Dy restraining u displacement (boundary condition 3) the

radial displacement is less near the left edge as can be

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 displacement, the

trough starts above the upper right edge of the cutout and

extends diagonally to below the lower left edge of the

cutout.

The values for M and H for each 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 y

axis for symmetric boundary conditions (Figure 3.17),

boundary condition 1 (Figure 3.189 and boundary condition 2

(Figure 3.19) are very similar, and have no significant

differences. The maximum and minimum moments correspond to

the points of greatest outward or inward radial

displacement. Restraining the v displacement on the upper

half of the panel does not affect NH significantly.

Examining M~ for boundary condition 3 (Figure 3.20) shows

that the moment Is smaller for the 2946 lb load near the

* semi-clamped left edge. The mnoments 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 whiich

correspondingly reduces MN near the panell' s center.* The

values for NM near the right edge of the panel for boundary

condition 3 are greater than the corresponding moments for

the other boundary conditions. This Is caused by the right

edge being freer to move as compared to the left edge. The

moets at collapse have the same trend for the symmetric

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

4 upper line (Figures 3.21 through 3.24). Once again there is

~ no significant effect introduced by restraining the v

displacement on the upper half of the panel. For boundary

condition 3v Figure 3.24p the values for H are ouch less

than for the other boundaries. The negative values for "N

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 thatI

displacements farther away oscillate more freely, yielding

larger negative moments about the x axis. The large peak in

M yIn Figures 3.21 through 3.23 at 2.5 inches from the left

edge corresponds to LVDT location 2. Boundary condition 3

more accurately models 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 experimental 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 M~ and M y were also compared alonga

line 9.5 inches from the top of the panel. This line Is far

enuhaa ro h hnig onaiss ta n ol

*expect little change between the values. M for the

symmetric boundary condition (Figure 3.25) does not differ

significantly from the values for M~ with boundary condition

1 (Figure 3.26) or 2 (Figure 3.27). These two unsymmetric

boundary conditions show a slight increase in moment at

collapse load 10 inches from the left edge of the panel. A

slight influence from the restained u displacement is

MW experienced by M values along the lower line for boundary

condition 3 (Figure 3.29). The moment has peaks at

approximately the same locations as with symmetric boundary

conditons, but the magnitudes are slightly less.

Moment about the x axis, M1 was also examined at the
y

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 M near the right edge of the panel.
y

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 II are
y
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Figure 3.28. Moment about Y Axis, IM.. versus Distance

from Left Edge for Boundary Condition 3
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Boundary Condition
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Figure 3.30. Moment about X Axis, my . versus Distance

from Left Edge for Boundary Condition 1
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Figure 3.31. Moment about X Axis, M. versus Distance

from Left Edge for Boundary Condition 2
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from Left Edge for Boundary Condition 3
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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 moment about the y axis along

both lines near the middle of the panel correspond to the

location of the cutout. Along the upper line, the @mmnts

about the y axis are negative near the center of the panel,

* i whereas the moments armu positive at the center of the panel

Aalong the bottom line. The moments are symmetric about the

center of the panel except for boundary condition 3 at the

l ower locad lovel s.

Notch and Cuot td

The foc-us of the notch analysis Involved examing the

0 effect that different size cutouts have on the buckling

behavior of cylindrical panels. Six different cutout sizes

were studied as listed In Table 2.1. The 20xlw 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

0 .5 or 2.0. The boundary conditions used for this part of

the analysis Is the symmetric boundary condition listed In

Table 2.2. It may be recognized that under the definition

* used in this thesis to define a notch, the resulting

phenomena of collapse tends to be linear contrary to

nonlinear behavior for cutouts as will be shown

* subsequently.
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The procedures developed previously have been used to

model the finite element mesh for each of the cutouts.

Figure 3.33 shows the cutout region's refined mesh. As was

noted In the mesh refinement section of this thesis, the

mesh should be refined equidistant around the cutout. Due

to the size and positioning of the 1lx2n and 2"xl notches,

this was not possible. For the 1"K2" notch the mesh

was refined 2 inches to each side and 1.5 inches to the topIand bottom of the notch. This refinement kept elements with
Ole

a 0.5 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. In order to keep

the elements with a .5 aspect ratio the minimum distance

0 from the opening, the mesh for the 20x1" notch was refined

2.5 Inches in the circumferential direction. Since the

2"x4" and 4"x2" cutouts and the square cutouts have even

dimensions, the mash 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"x2n notch with the 19x19 mesh can be found in

Table 3.1. As can be noted from Table 3.2, the 4"x4* cutout

took the most computer timeq yet had the lowest collapse

load. This time function occurred because there were over

300 active degrees of freedom for this cutout.

The first parameter examined in this notch comparison

study was the collapse load for each panel. The top edge

displacement an a function of applied load is plotted in
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Table 3.2

Grid Selection Data for Panels

Size of 2"xl" 1"x2" 40x4" 2"x4" 4"x2"

Cutout

Grid Size 19x19 17x19 21x21 19x21 21x21

Number of 2761 2437 37 2903 2917
Active DC3Fs

CPU Time 2532 1294 4018 2888 3214
(sac)

Collapse 292.9 249.3 122.0 162.3 180.4
Load
(lbs/in)

Number of 21 33 49 32 34
Load Steps

Figures 3.34 and 3.35. The panels with the 2"xl" and 1"x2"

0notches have higher collapse loads because there is less

material cut from the panel. The 2"xl" notch produces the

highest collapse load because its smallest direction is

perpendicular to the applied load. This is a stiffer panel

than the 1"x2" notch panel because the l'x2" notch has

higher stress concentrations at its corners. The higher

stress concentrations can be correlated to higher strains

which results in greater displacements. The 4"x4" cutout

has the lowest collapse load because it has the most

material removed. The 4"x26 cutout, which has an aspect

ratio of 29 has a higher collapse load than the 2"x4O

cutout. This is due again to the high stress concentrations

at the corners of the cutout when considering the 0.5 aspect

ratio. These figures show that notches with an aspect
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ratio of 2 can withstand greater loads than cutouts of the

same area with aspect ratios of either 0.5 or 1.

Furthermore, these figures show that those cutouts defined

as notches resist load linearly relative to displacement.

As mentioned previously, the area around cutouts with

0.5 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 minimum radial

.4 d isplacements corresponding to applied loads. For the

2"xl, l'x2" and 2"x2N notches, the point of minimum radial

displacement 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. Minimum 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"xl" 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 resul:s in a more

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

4 .- *.., panel, contour plots at collapse load are presented in

Figures 3.36 through 3.41. For the 20xlp l"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"xl" notch,

the trough Is almost diagonal from corner to corner whereas

the trough for the 1x2" and 2Nx2" begins to shift more

towards the center of the panel. Two bulges of positive

radial displacement occur along either side of the trough

with the maximum displacement being on the upper left

quarter of the panel. Refer to Table 3.3 for the coordinate

locations of maximum and minimum radial displacement. For

the 4'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 displacement

pattern of the panels with the 4"x2" and 2"x4" cutouts

* remain almost symmetric 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 trough

corresponds to the width of the cutout. Janisse E233

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 displacement 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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83
le I

.Ile

4% ¢'' ¢-g , ' " ,- , ,2"" :°"" , - . . , . .

94." , ' -' ,, ,:. .' . _. .,,, .. , .' .,; '.". :,. -. . . .'., .,-...-. ' ..



I\

7, 2

~Note: Positive radial displacement is outward.

Sw~a 
- .02547 inches

aa

%in ' -" 05377 Inche
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trough begins to appear with Increasing load and the minimum

radial displacement shifts from about 40 from the left edge

* (along the line 30 from the top of the panel) to about 70

*from the left edge (along the line 90 from the top of the

panel ). The moment about the y axis as a function of

distance from the left edge Is plotted in Figures 3.43

through 3.45 for the 1ux2u notch. The point of minimum x

along a line 4.250 from the top of the panel corresponds to

the sameS location as the point of minimum radial

displacement in Figure 3.42. The moments are greater in

magnitude along the area where the trough forms in the panel

4than Mxnear the right edge of the panel. Figure 3.44 is a

plot of M x along a line 5.750 from the top of the panel

O 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 mo men t on the right edge of the notch.

Along the line 7.751 from the tap of the panel (Figure

.1 3.45)9 the maximum negative mtoments occur In the same area

that the trough forms. At lower load levels,, the values for

H are sy mme tric along each of the lines across the panel.

At collapse load, the moments 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 20x1O notch are plotted in Figures 3.46 through

3.49. The radial displacement trough seen In Figure 3.46

1 AN. extends from approximately 50 from the left edge (above the

cutout) to 70 from the left edge (along the line below the

9
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cutout). The notch is slightly skewed because the left

S "" edge of the notch displaces inward more than the right edge

of the notch. Positive radial displaceiments correspond to

positive moments in Figures 3.47 through 3.49. Minimum

-; moments correspond to the locations of minimum radial

displaceiment (the trough) in Figure 3.46. Along the line

4.251 from the top of the panel, the moment is small near

the right edge of the panel and the minimum value occurs in

the radial displacement trough. The moments are primarily

positive along the line that passes through the notch

(Figure 3.48). On the left edge, the moment goes negative

at, collapse load, then makes 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 M x are very small along the line 7.75" form the

top (Figure 3.49) except for a large negative moment in the

*area of the trough.

The radial displacements and moment resultants for the

2"x2" notch are presented in Figures 3.50 through 3.53. The

positive radial displacements in Figure 3.50 correspond to

positive values of I . 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 forming from the upper left section of the panel to

the lower right section. The moments directly above the

.' .-. notch are negative. Along the line that passes through the

notch Figure 3.529 the moment again jumps in magnitude from
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the left edge to the right edge of the notch. The largest

moets In the panel at collapse load are at the right edge

of the cutout. There Is a large negative moment in the

trough along the 7.750 line (Figure 3.53) which corresponds

to the large negative moet In the trough along the upper

line.

* For the 2ux4w cutout, the radial displacement trough is

not diagonal across the panel as with the smaller notches.

The trough is also considerably waider, corresponding to the

width of the cutout. Figure 3.54 depicts the displacement

pattern for the 2ux4" cutout. The point of minimum radial

displacement shifts to the right by only one inch from top

to bottom of the panel. For low load levels, H is

Q symmetric about the center of the panel as can be seen in

Figure 3.55. At collapse load, the moment still retains its
N

symmetry along the upper line. The minimum value for the

moment once again occurs In the slight radial displacement

trough. II along the line at the center of the panel,

Figure 3.56, 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

moments along the line near the bottom edge (Figure 3.57)

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 moments.

Once again the radial displacement profile (Figure

*3.58) shows only a slight shift in the location of the

displacement trough from top to bottom of the panel for the

41x2" notch. There are large symmetric peaks in

displacement on either edge of the cutout. This is due to

'.-4 the small length of the notch in the circumferential

direction which causes the notch not to skew with applied

load. The moments along the 3.750 line are much greater

than the moments for the smaller notches as can be seen in

Figure 3.59. The moments are symmetric about the center of

-, the panel for all load levels. This is because the trough

is not diagonalv but rather follows the center line of the

,/. panel. M along the center of the panel (Figure 3.68) is

symmetric about the notch, again indicating that the cutout

does not skew. Along the line near the bottom of the panel,

Figure 3.61, the moments are greater than for the sialler

notches and are symmetric.

The results for the 4"x4" cutout follow the same

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 amount

of the surface area of the panel is removed, the edges of

the cutout act like free edges and displace large amounts.

This panel and the panel with the 4"x2" cutout are the first

cutouts examined in this thesis that truly make use of the

large displacement 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 moment

along each of the lines (Figures 3.63 through 3.65) are all

symmtric about the center of the panel. The

characteristics of the moments are different from those for

the notches. The moments for these large cutouts are

symmtric about the cutout at collapse load. Again, Janisse

E233 pointed out that large cutouts (4x4") displace

differently when comparing the nonlinear analysis with the

linear results. The eigenvactor at buckling contains a

trough similar to the small 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 importance of

bending in the resistance for the structure against bending.
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Darned on the analysis presented in this thesis, the

following conclusions can be made:

1. Individual elements In a finite element mesh should

prefer-ably have equal dimensions in the x and y directions.

2. In a refined mesh around the area of a cutout,,

rectangular QUAF 411 elements Influence the moments in the

direction of their longer dimension to a greater degree than

square elements. If elemennts near the cutout have an aspect

ratio of 0.5, the collapse load estimation is not Improved

as one would expect over the results for a coarse mesh.

3. In a mesh refinement process from one Inch square

elements to half-inch square elements, the half-inch square

elements should be a uniform distance around the cutout for

a STASSC-l nonlinear collapse analysis. Elements with an

aspect ratio of 0.5 should be at least two inches from the

M cutout and elements with an aspect ratio of 2 should be at

least one and a half inches from the cutout.

4. Restraining the v displacement along the upper left

or upper right half of the cylindrical panel does not

significantly improve the results over the results obtained

with symmetric boundary conditions when compared to

experimental data.

5. Experimental results considering the given panel

and supports, are better approximated by an analytic

Cy) boundary condition In which the u and v displacements are

held fixed along the left edge of the panel between I and6

lie



Inches from the top edge of the panel. This boundary

condition appears to model the change in boundary conditions

that occurs experimentally with applied load.

6. Surface Imperfections in the test panel result in a

lower collapse load and different radial displacement

-, patterns than those modelled analytically.

7. The restrained boundary condition introduces

greater stiffnesses into the panel which result In a higher

collapse load.

B. It appears to be possible, with the use of the

STABSC-l computer program, to actually model an experimental

set of boundary conditions. The ideal boundary condition

* was not reached in this thesis, but with additional computer

O time, several iterations could be carried out and the ideal

.4 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.

* - 10. Panels with notches having an aspect ratio of 2

have higher collapse loads than panels with notches of the

K.. same area but with aspect ratios of 0.5. This is due to the

higher stress concentrations around the corners of the

cutouts with 0.5 aspect ratios. The higher stresses result

In larger displacements and therefore lower collapse loads.

Panels with cutouts with an aspect ratio of 0.5 can carry up

to 172 greater load than panels with the same area cutout

having an aspect ratio of 2.0.

12. The 2"xlO notch Is associated with the highest
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collapse load but smallest radial displacements. This is

because the notch Is a small percentage of panel area and

theref ore, the panel retains such of the structural

integrity of a panel without a cutout.

13. The mo men ts in the x direction are sy mme tric about

all cutouts at low load levels. At collapse load, the

moments for the 4"x2N and 4"x4" retain their symmetry

Indicating that these cutouts do not skew with applied load

as is the case with the other cutout.

14. Considering the author's definition of a notch, (a

cutout of less than 5% of the panel area) panels with

notches behave differently from a collapse displacement

function point of view than panels with cutouts. The radial

~ displacement pattern of a panel with a notch forms a

* diagonal trough whereas panels with cutouts have a vertical

displacement trough down the center of the panel. Thus, the

notch does not produce the typical nonlinear effect

1~' associated with cutouts.
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