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Abstract

A finite element computer code, STAGS C-1, was used to
study the effects surface imperfections and cutouts have on
the load bearing capability and the displacement patterns of a
graphite-epoxy panel. A nonlinear collapse analysis was
conducted on two different ply layups each with five different
surface imperfection patterns. In addition three different
ply orientations were studied each having two different size
cutouts (a two inch by two inch square and a four inch by four
inch square).

The nonlinear branch of STAGS C-1 uses a energy

technique using the nonlinear stiffness matrix that was gener-

ated by using the Sanders' strain displacement equations.
STAGS did a very good job in calculating the collapse load and
displacements of a panel with surface imperfections when
compared with an experimentally tested panel.

It was found that as the number of surface imperfec-
tions is increased, the collapse load decreases until there
are nine surface waves. After that, the collapse load
increases with increasing imperfections. An imperfection
pattern that models the linear bifurcation eigenvector did not
have the lowest collapse load as was believed. The displace-
ment pattern followed the initial surface imperfections in

all cases,




The collapse characteristics of composite panels are
dependent on the ply layup and size of the cutout. Small cut-
outs had a displacement pattern that was not expected and is
different than the larger cutouts. Changing the vertical
boundary conditions on the panel with the small cutout had a

negligable effect.

xi
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INTRODUCTION

Background

Composite materials are being used more frequently in
the aircraft industry. Because of their high strength to
weight ratio when compared to conventional materials, compos-
ite materials are proving to be invaluable in the design and
manufacture of high performance aircraft.  However, in order
to use composite materials in the aircraft industry, a higher
level of understanding of the materials behavior and the
effects of imperfections and cutouts will have to be known.

Various studies have been done on the buckling of
composite panels and plates under axial compression both exper-
imentally and analytically [1-11)]. 1In the analytical studies
done, the authors in references [1-7] assumed no surface imper-
fections in the panels. However, they stated in their work
that composite panels are very sensitive to surface imper-
fections. - This imperfection sensitivity was demonstrated both
analytiéallx and experimentally by Bauld et. al. in references
[8-11]. 1In the analytical studies referenced with surface
imperfections, all imperfections were axially symmetric.
Bauld, in his experimental study for the Air Force Flight
Dynamic Lab [10], actually measuréd surface imperfections on

-graphite epoxy panels, and tested them to the collapse load.
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Therefore, little is known about how different surface imper-
fections affect the behavior of composite panels.

Very little information on composite panels with
cutouts could be found. There have been studies done on
cutout reinforcement in composite shells [12] and two studies
by Starnes et.al. have been done on flat rectangular graphite-
epoxy plates with either surface damage or cutouts [(13,14].

No studies were found relating the effect of cutouts on curved
composite panels. Thus, in order to use composite panels in
the aircraft industry, a greater understanding of the effect
of surface imperfections and cutouts on a compostie panel is
needed. This thesis is an attempt to bring a greater under-

standing to this area.
Approach

A nonlinear analysis using the STAGS C-1 computer code
has been used. A nonlinear analysis was chosen for two
reasons, First, an imperfection on the surface of a panel is
a true geometric imperfection. 1In order to handle this satis-
factorily, a nonlinear analysis must be performed. Secondly,
a cutout produces a geometric discontinuity within the panel.
Therefore, in both situations a nonlinear solution algorithm
will have to be used.

The imperfections are going to be input using features
built into STAGS. Thus, the imperfections that are incor-

porated become more abstract than discrete. They will be




symmetric about a point and will be described as sine waves
with given maximum amplitudes and wavelengths generating
vertically and horizontally from a specified point. This type
of imperfection is more design oriented and can be measured as
the variance in the surface of a composite panel. Experi-
mental comparisons have been carried out for a panel whose
surface imperfections were measured and tested. An analytical
study has also been carried out on the effect of various
shapes of surface imperfections on a composite panel.

After completing the surface imperfection portion, a
study has been made on the effect of ply layup and cutout
size. The cutouts considered are located at the center of the
panel. Two different size cutouts have been studied with
three different composite panel ply orientations. Also, an
experimental investigation has been conducted on panels with

small cutouts to verify the results of the analytical study.

. THEORY

Basic Theory
STAGS is a computer code developed by B. O. Almroth,
F. A. Brogan, and G. M. Stanley of the Lockheed Palo Alto
Research Laboratory for the structural analysis of general
shells. The code was originally developed in 1967 using
finite differences and was sponsored by the Lockheed Missle
and Space Company [15]. There have been many revisions and

3




. improvements added since the initial development. The current
version C-1 (last revised in 1979) is an energy based finite
element code using the Kirchoff-Love hypothesis [16, 17].This
thesis is investigating the static nonlinear collapse of
composite panels., Therefore, the problem is that of

satisfying the equations of static equilibrium.
I F=0 (1)

With the sum of the forces equal to zero, the total potential
energy must be stationary and the first variation of potential
energy will equal zero. The total potential energy of a body
is the strain energy of the body minus the work done on the

body.
V=0U-W (2)

The work done on the body is the sum of the displacements

times the externally applied forces.
W= (x)T (F) (3)

{X} is the vector of displacements and

{F} is the vector of externally applied forces.

Ly O

T e

MRS

AN 4

. - T T R . . o . . . N . N L
o ettt e T et - S . . . . .- . — . s 2 e ..
WY P PRERT Y. S N . P - PR A W W VAP o P L PP - RPN L A P G AP




The strain energy of a body is [18]

u-=4 Volume ©Ox €x * oy €y * ‘l’nyxy) dvolume. (4)
STAGS uses the strain displacement relations based on the
middle surface kinematic relations of the Sanders' equations.
Therefore, the midsurface strains are [9]
o _ 2 2 _
€ = Ury + }¢x ) wo,xcbx (5)
;! 0 W 2 2
. € = + = + - -
o y Vig * R *¢Y ¥ wo,x¢y (6)
€f o _
E! 2y S Vi ¥ Urg + 00 W b =W O ()
3
- and the midsurface curvature are
. Kx = ¢x,y (8)
K = ¢ 9
Y Y.!Y (93
= 2« =9 + +
2ny 2ny °y.x ¢x,y $/R (10)

where ¢x’ ¢y’ and ¢ are the components of rotation about
the coordinate lines and about the normal to the surface. The

rotations in terms of the displacement are

b = Wiy (11)
= = +

¢y w,y V/R (12)

¢ = ¢ (V,x -U,y) (13)
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In equations 5-13, W, is the initial geometric imperfection

and R is the radius of curvature. By knowing the middle
surface strains and curvatures and using the Kirchoff-Love

hypothesis, the corresponding strain at any point in the panel

-can be found.

o

Ex Ex Kx

e = €9 +2 | « (14)
Y Y Y

Y Yy <

Xy Xy X
Further, using the orthotropic stress-strain relations, the

stresses for any layer of a composite panel can be found [18].

% x T

g = 0 [ (15)

Y Q Yy

T Y

- Yk -k XY lx
or using the midsurface strains and curvatures
o] e 7 ] K
X X X
— o —

o} = € + 2 K 16
Y Q y k| @ y (16
T Y° K

where [6]k is the transformed reduced stiffness matrix and

is composed of

Q . Q1 Y92 Qe
Q2 Q% (17)
sym Q
66
_ N 1K




in which

1 _—_— 4 2.2 4
_Si Q); = 01;C + 2(Q, + 2Q¢)8°CY + Q,, S (18)
= 2.2 4 4
| —_— 4 22 4
T? 022 - Qlls + 2(012 + ZQGG)S C + szc (20)
53 Q. = (Qyy - Q- - 2Q yse3 + (Q,. - Q.. + 20 ys3c  (21)
L 16 11 12 66 12 22 66
L 0. = (Qe = Qi = 20..)8C3 + (Qis = Qon + 20..)SC3  (22)
e 26 11 12 66 12 22 66
= _ _ _ 2.2 4 4
066 d (Qll 022 2Ql6 2066)8 C + QGG(S + C ) (23)

where S = sin ® and C = cos ©

and
0y, = Z1/(1 = v v..) (24)
11 21712

le = 12E2/(l - Vlzvzl) = 21E1/(1 - V12V21) (25)

Q2 = Ep/ (1 = vypv9y) (26)
2 %6 = ©12 (27
éé The resultant laminate forces and moments can be found
e from the appropriate stress components. (See Figure 1 for

sign notation for the forces and moments and Figure 2 for the

geometry of the laminate.)

.................................................
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Geometry of an N Layered Laminate

The resultant forces and moments are defined as [17].

__ Middle
Surface

t

_ £/2 N I
X X X
= i 8 dz = G d 2
Ny } ny Y z (28)
T T
XY | /] -t/2 Xy k=1 /2, , | xy
2
v ] / t/2 -5 N k o
X X - X 1
M = la] zdz = c i zdz (29
y y y ’
- Myy ~t/2| “xy k=1 /z,_,| “xv
9
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Where the N's are resultant force per unit length and the M's
are the resultant moment per unit length. If one substitutes

the stresses in, the resulting forces and moments become

— — — — a
N N zk 2 Zk K
X X X
= o
N = € dz + K y 30
y Q y 2z y dz (30)
o
N - Y K
I T P | )Zk-l XY k-1 L XY
" N A (/% O Ze Tk ]
X x X
M |= 3 e |zdz + <. |z%2az| (31
Y 4 \ Yy
i Yo " K.
Xy k=1 Lk | k-l{_ X¥J / k-1 Xy ] LJ
However, recalling that the middle surface strains and
curvatures are not a function of Z, they can be removed from
under the summation sign. The equations can then be inte-
grated through the thickness of each composite layer to yield.
— -4 0" — A
Ny A1 P2 Pre| |5k Bjy By Big|| %
- o
Ny = A22 A26 Ex + 822 826 Ky (32)
)
Nxﬁ Sym Ree ‘xy Sym Bgg “xy
SR - o- .
My Byy Bi2 Big| [%x D11 P12 Dig|| *x
- o
My = 822 826 E:x + D22 D26 Ky (33)
0
Mxy Sym BG6 ny Sym D66 ny
] g B e gk B !
the extensional stiffness matrix and ‘

.............
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is defined as
N -—
A;,: = (Q..) (2, - 2. .) (34) !
ij k=1 5 I k k-1 1

lBijl is the coupling stiffness matrix and is

B, = ig (@..0 (22 -32%2 ) (35)
ij k-1 ij7, 7k k-1

Finally, [Dij] is the bending stiffness matrix which is

3

= 3

k-1’

N
1
Diy =3 i_

1
It may be stated that by using the finite element tech-
nique to find the displacement vector of the middle surface of
a panel using numerical differentiation to solve Sanders' equa-
tions the midsurface strains and curvatures can be calculated.
If one incorporates the midsurface strains and curvatures, the
strain at any point can be found by using the Kirchoff-Love
hypothesis. Since the material properties, ply layup and
individual laminae thickness are known, the transformed reduced
stiffness matrix can be generated which is them used with the
corresponding strains to formulate the individual laminae
stresses and the corresponding resultant laminate forces and
moments., All the forces are now known in order to calculate
the potential energy and check for static equilibrium., All
that is needed is the displacement vector generated by finite
element techniques. Through the strain relationship, remember
that in solving this problem in the nonlinear case, the displace-
ment vector being established is determincd by a prior solution.

Thus, a nonlinear solution algorithm is needed.
11
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Nonlinear Solution Algorithm Theory

The solution technique used by STAGS in the nonlinear
analysis branch is a modified Newton-Raphson iteraction scheme
with a periodic updating of the stiffness matrix [13]. The
difference between the modified and full Newton-Raphson tech-
nique is in the modified technique, a previous stiffness
matrix is factored and its inverse is used instead of refor-
ming the stiffness matrix and inverting for every load
increment (load step). The stiffness matrix is then inverted
only when there is convergence difficulties, that is, the solu-
tion is slow to converge or the solution diverges [18]. 1In
order to understand the solution technique, some equations
will be developed.

The problem that will be dealt with is that of static
equilibrium, and the solution as previously stated, is
nonlinear. But since the basic problem is static equili-

brium, the sum of the applied, residual, and restoring force

,ﬁﬁ vectors must equal zero at any load step, or the body is not

< in equilibrium,
- - -
e {F(xn+l)} = (Fxn)} =0 (37)

where {F(xn+l)} is the vector sum of all forces corres-
il ponding to the {X,,,} displacement vector for the nil load

step. If one uses Taylors series expansion {F(xn+1)} can be

"
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expressed as

6{F(Xn)}
0= {F(xn+l)} = {F(Xn)} + — ({Xn+1} - {xn}) + H.O.T. (38)
§{X_}
n
G(F(xn)}
0= (F(X_}) + {AX} + H.O.T. (39)
n
G{Xn}
therefore
-G{F(xn)}
{AX)} = {F(xn)} + H.O.T. (40)
S{Xn}

where H.O.T. represent higher order terms. However, noting
that the derivative of the force vector is the negative of the

nonlinear stiffness matrix [K(xn)] one may write.

[K(X )] {aX} = {F(X )} + H.O.T. (41)
Another way the force vector can be written is

{F(Xn)} = {R} + H.O.T. (42)

where {R} is the vector of externally applied forces and the
H.0.T. are the forces generated by the strain energy and
residual forces. If one substitutes Equation (42) into
Equation (41) and combines the H.0.T. the result becomes

[K(Xn)] {AX} = {R} + H.O.T. (43)
or

[K(Xn)] {AX}) - {R} + H.O.T. = 0 = (F(Xn+1)} (44)

13
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STAGS treats [K(xn)] {AX} as a nonlinear operator L acting
on the displacements

0 = {F(Xn+l)} = L(Xn) - R + H.O.T. = {F(Xn)} (45)
Thus, the operator L is the first derivative of the strain
energy functional and the first derivative of L is the non-
linear stiffness matrix [K(xn)] [13). The above equations
can be incorporated into a modified Newton-Raphson iteration
scheme, but first (referring to Figure 3) notice that for the
one dimensional case.

sp_ Bon)

_ (46)
§X (AXn}

A

EN
el

Residual
Forces

FIGURE 3: Residual Forces Versus Assumed Displacement
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R Where {A¢} is the change of residual forces for an assumed
:ﬂ = change in the displacement vector considering a given applied

hﬁf external force vector {R}. {AX} vector can be found by

- - _ _ {89}
A%} = (X1} - (X} = /T 86, (47)

| 6Xn

Recalling Equation (45)
H.O0.T. = L(X,) - (R} (48)

and noting that the change in the residual forces {A¢$} are the

higher order terms, it is possible to write

-(L(xn) - {R})
(Xpa} = (X} = ” (49)

axn

But, the [§¢/8X] is the nonlinear stiffness matrix at that
given load step [K(xn)] = L°(X ). Therefore, the modified
Newton-Raphson solution scheme can be written using a

previously factored matrix

1

{Xn+1} = {Xn} + L'(Xm) ({R} - L(X)) (50)

15
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1 is the previously factored stiffness matrix.

where L (Xm)
The nonlinear operator L can be removed and the solution
scheme in terms of the nonlinear stiffness matrix [K(Xn)],

becomes

-1
{X .} = (X} + [K(X )]~ ({R} - [K(X )]{AX}) (51)

The complete flow chart for the nonlinear solution algorithm
is shown in Figure 4. Therefore, by using finite element
techniques and formulating the nonlinear stiffness matrix
directly, along with using a modified Newton-Raphson iteration
scheme, the displacement vector can be found for a given load
vector knowing the previous displacement and load vectors., As
noted earlier, once the displacement vector is known, all the

strains, stresses and resultant forces can then be calculated.

16




| “START |

| Begin New Load Step |

4
| Increment Load Vector |

¥
| Extrapolate Solution Vector {X ..} |+

|

Form Vector of Force Residuals
[K(xn)]{AX} - (R}

1

\ Form New Solution Vector '

= - -1 -
(X ) = (X} - [K(X )17 ([K(X ) 1{AX} = (R})

|

I Force Residuals Within Tolerance OR l

Number Iterations Greater Than 7 NO
lYES
YES | Solution Converged |
lNO
| Refactoring Allowed | NO
YES
Form [K(X_)] * |
m
| "Allowed to Cut Load Step |
l NO l YES
| "Solution Terminates | | "/Recompute Load Vector (R} | -

FIGURE 4: Nonlinear Solution Algorithm

,,,,,,,,,

PPN WA I O I UINr - SN Uy NP G, S T TIPS Gy G A




p -

RO P Aptanpiaiin
: catat ‘.,"‘.‘,".A‘

Y
.

MODELLING
Panel Properties

This thesis will model a graphite epoxy composite
panel that is 12 inches long, a chord length of 12 inches, and
a radius of curvature of 12 inches. The panels dimensions and
sign convention are shown in Figure 5. The panel has eight
.005 inch plies for a total panel thichkness of .04 inches.
Four different ply orientations will be used, [0, +45, -45,
90]., [0, -45, +45, 901,, [90, 45, -45, 0]l;, and [90,

0]25. Also, two sets of boundary conditions will be used.

In both sets of boundary conditions the top of the panel will
be clamped with only the u degree of freedom (DOF) free and
the bottom of the panel will be clamped with no DOF's. The
vertical sides of the panel will be simply supported with u,
v, and rotation about u free in one set of boundary conditions
and only u, and the rotation about u free in the second set of
boundary conditions. The panel will be loaded along the top

edge. The material properties of each ply are:

3 3

=1.3 X 105 KSI G 3

= .75 X 10~ KSI

t
"

20.5 X 10° KSI E

2 12

These are the same material properties used by M. L. Becker in

his paper [3] and N. R. Bauld, Jr. in his report [10].

18
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= thickness = 8 plies @ 0.005" = 0.04"
= radius = 12"
= width = chord length = 12"

= length = 12"

= gtructural coordinate directions
= ply orientation

= displacements

FIGURE 5: Panel Notation
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Element Selection

The current version of STAGS has 20 different elements
incorporated into it. There are 6 transition elements, 6 tri-
angular elements, and 8 quadrilateral elements. The trian-
gular and quadrilateral elements are divided into two types, a
membrane type and a plate type element. Since all the
membrane type elements have no out of plane DOF, they are not
a good choice for this study. 1In the plate type elements,
STAGS breaks the quadrilateral element down further into type
1l and type 2. The triangular plate elements and the type 2
quadrilateral plate elements do not have normal rotations as a
DOF, therefore, they are not suitable for shell elements. The
type 1 plate element, called the QUAF elements are composed of
the 410 element and the 411 element, both of which have the
basic 6 DOF at each of the corner nodes (See Figure 6). In
addition to these basic 6 DOF, the QUAF 411 element has an
additional 8 DOF. There are 4 midside nodes that have a tan-
gential displacement DOF and at each of the corner nodes there
is an additional rotational DOF. This DOF is the rotation of
the plane that is defined at the intersection of the corres-
ponding sides of that node. The rotation was added specifi-
cally to the element to help alleviate the problem of trying
to model a curved surface with flat elements [16]). The shape

functions used for the 411 element for inplane displacements

20
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FIGURE 6: Element: DOF

are cubic parallel to the edge and quadratic perpendicular to
the edge and the bending shape functions are cubic in both
directions [15). Since a nonlinear collapse analysis will
require large deflections and moderately large rotations, the
QUAF 411 element will be the best element to use because of
the extra rotational DOF at the corner node and translational
DOF at the midside. However, there is one disadvantage to the
411 element. There is no suitable transition element in the
library, therefore, a constant grid size is required.
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Grid Selection

The first panel to be modeled has a 2 inch by 2 inch
square hole located in the center of the panel. There are two
grid sizes with constant spacing that will be used to model
this panel. The first grid size will have 13 rows and columns
with 1 square inch elements. The second grid size to be used
will have 25 rows and columns with one half inch square
elements (.25 square inch element). The critical load for non-
linear collapse was completed for both grid sizes. The 13 by
13 grid size had a collapse load that is 12.5% higher than the
finer grid (See Figure 7). The largest difference was in the
computer time (CPU time) needed for completion and the number
of different load steps used in solving the problem. The
coarser grid completed 76 load steps to reach its collapse
load in only 20% of the CPU time of the finer grid. The finer
grid was stopped just prior to completion because the last
load step used 1500 CPU seconds to complete. The load versus
top edge displacement was plotted to see the differences in
the stiffness between the two grid sizes (See Figure 8).

Since both the grid signs were very close in stiffness to each
other with only a 12.5% difference in the collapse load, the
coarser grid size, one square inch elements, will be used thus

saving on CPU time and expense for the panels with cutouts.
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GRID SELECTION
DATA SHEET

2 INCH by 2 INCH CUTOUT

13X13 Grid 25X25 Grid
NDOF 2100/1253 7840/5029
BANDWIDTH 98 192
CPU TIME 971 4852
COLLAPSE LOAD 215 191
NO. OF LOAD STEPS 76 22

IMPERFECTION GRID

.04 INCH IMPERFECTION

SHS by 5HS
15X15 Grid 25X25 Grid
NDOF 2835/1668 7975/5018
BANDWIDTH 117 198
CPU TIME 3466 5946
COLLAPSE LOAD 273.9 243.5
NO. OF LOAD STEPS 75 23

NOTE: The 15X15 grid was 4% higher on the bifurcation
load when compared to the finite difference load
M. L. Beckers Paper [3].

FIGURE 7: Grid Selection Data
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2 INCH by 2 INCH CUTOUT

300 -r

Ter

LINEAR
251

13x13
215

200
TOP N
EDGE (1bs/in)

LOAD

100 -+

1.25

TOP EDGE DISPLACEMENT * 100
u (inch)

FIGURE 8: Convergence Study for Cutout Panel
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For the panels with surface imperfections 2 different
grid sizes will be compared along with a linear analysis of an
imperfection free panel. A nonlinear collapse analysis was
run on a panel that had a .04 inch maximum amplitude imper-
fection at the center of the panel with 5 half sine waves
going in each direction. The 2 grid sizes used on this panel
with the imperfection was 15 by 15 grid and a 25 by 25 grid.
The coarser grid was 14.6% higher in collapse load than the
finer grid (See Figure 7). This time the CPU time difference
was not great. The coarse grid was run in 42.7% less time
than the finer mesh. An imperfection free panel was run to
find the linear bifurcation load using the 411 element and 15
by 15 mesh. The panel selected had the same size, shape, and
material properties as used by M. L. Becker in his paper (3].
His article used a finite difference method to calculate the
bifurcation load using a one half square inch mesh. The 15 by
15 grid with the 411 element computed a bifurcation load that
was 4% higher than the load that was calculated by Becker.
Therefore, a 15 by 15 grid is to be used in the imperfection
study which means the elements will be .857 inches square. In
addition, the convergence study was run with the minimum
imperfection wavelength of 2.4 inches. Therefore, a minimum
of 2.8 elements per half sine wave will have to be used to
insure accuracy of the grid size and because a fewer number c~

elements per half sine wave have not been checked for

convergence.




DISCUSSION AND RESULTS

411 Element

The first result of this study was the discovery of
the 411 element. 1In order to make this project successful,
with a reasonable amount of computer cost involved considering
the nonlinear iterations, a good element was needed. A
compatability problem at the junction of elements will arise
when modelling a curved panel with flat elements since
adjacent elements do not lie in the same plane. The 411
element in STAGS has been developed specifically so that the
displacement compatability can be incorporated for flat
elements meeting at a nonzero angle [14]). This is
accomplished by adding the extra DOF Y at each corner (Figure
6). This angle (Y) insures that each element's common corner
node has the same planar rotation as its common neighboring
element. This will permit the original qg;ved surface a
relatively smooth transition without any discontinuities
forming at the edge of the elements. 1In addition, this extra
DOF allows the curved surface to be modeled by larger elements
producing comparable accuracy to the same surface modeled by °
smaller elements without the extra DOF. Therefore, the Y DOF
reduces the total computer time for accurate results since the

total number of DOF in a given problem can be made less.
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- | . Analytical Model Versus Experimental Study

The first study undertaken was to evaluate the finite
element model for a panel which was experimentally tested
incorporating accurately measured surface imperfections.
Nelson R. Bauld, Jr. [10] completed such a study for the Air
Force Flight Dynamics Laboratory and the designated BCP
9824-A-31 AS panel was arbitrarily selected. 1In his study,
Bauld made 56 surface measurement on a 16 inch by 16 inch

graphite-epoxy panel with a 12 inch radius of curvature. The

measurements were made in a grid covering the surface with 10
columns across the panel and 9 rows down, with a measurement
made at each interior grid point. By looking at each row and
column of the grid, the number of half sine waves could be com-
puted for that row or column, The average number of half sine
waves was determined for the row and column directions and the
surface imperfection. For analysis purposes, the surface
imperfection will be modelled by to the average number of half
sine waves circumferentially (3) and longitudinally (2). The
average magnitude of the 56 measured surface imperfections was
.00634 inches. The center of the panel was chosen as the ini-
tial point of maximum amplitude and the imperfection pattern
(3 half sine waves circumferentially and 2 half sine waves
longitudinally) was generated from this point with a maximum
imperfection amplitude of .00634 inches directed radially

outwards., The experimental panel, when tested, collapsed at a

27
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total load (N,) of 290.1 lbs/in with a total displacement of
the top edge of .021 inches. Using STAGS and the imperfection
model referred to previously, the nonlinear collapse load
(N, ) was 365.1 lbs/in with a total top edge displacement of
.019 inches. Figure 9 shows both the experimental and analy-
tical panels load versus top edge displacement curves. The
STAGS solution predicted a 25.8% higher collapse load and was
9.5% lower on the top edge displacement. This demonstrated
that the model, using STAGS, was stiffer than the actual
tested panel and was expected., Overall though the author
believes the model showed very good agreement in both the
collapse load and the total top edge displacement. With this
agreement, the model was said to be acceptable for use in
further studies.

In evaluating the results of this nonlinear analysis,
two items appear to show the greatest amount of nonlinearity.
This was the radial displacement and the moment resultant
about the y axis (Mx). The radial displacements were found
to follow the shape of the initial imperfection. At the lower
load level of 221 1lbs/in (60% of the collapse load) radial
outward displacements showed twice the radial inward displace-
ments (Figure 10). These radial displacements are the dis-
placement of the midsurface with respect to the initial imper-
fection. As the load is increased to 331 1lbs/in (91% of the
collapse load) the radial inward displacements increased at a

greater rate than the outward displacements so that they equal
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FIGURE 9: Load Versus Top Edge Displacement
On BCP 9824-~A-31-AS Panel
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each other (Figure 11l). Just prior to collapse, at 363.5
lbs/in loading (99.5% of the collapse load), the panel loses
the symmetry in radial displacements that it showed in earlier
load steps (Figure 12). The radial inward displacements grew
at a greater rate became larger than the radial outward
displacements. This increase in the radial displacement is
caused by the changes in the moment resultants about the y
axis, Mx‘ As can be observed in Figure 13, as the early

load levels are increased, the Mx resultant across the

center of the panel is symmetric and increases symmetrically.
At an 81 1lbs/in load level, the Mx resultant has almost the
same magnitude in the positive direction at the center of the
panel as it has in the negative direction at the %} and i}
chord lengths. The positive Mx corresponds to the radial
outward displacements and negative M, likewise corresponds

to the inward radial displacements. As the load level is
increased to 281 1lbs/in, the positive Mx only doubles its
magnitude while the negative M increases to 600% of its
original value. This building of the negative M, faster

than the positive accounts for the larger magnitude of change
in the negative radial displacements over the positive., As
the load level is increased up to the collapse load, the Mx
resultant loses its symmetry and the overall shape of the
moment curve changes. The moment function near the center of
the panel, where Mx was increasing positively, now decreases

in magnitude and has a very slight negative value at collapse.
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This unsymmetric shape of the M, profile corresponds with

the unsymmetric radial displacements. All of this can be tied
together because of the effect the initial surface imper-
fection has on the various curvatures of the panel, M, is a
function of K« and Ky. When the surface imperfection is
added, the values of Ky and Ky are no longer constant as

they were in the perfect panel. Since the initial surface
imperfection is small and symmetric, the initial changes in
curvature will be small and symmetric. Now as the load level
is increased, the Mx resultant will build according to the
initial imperfection shape, and this will cause the radial
displacements. These radial displacements will likewise cause
a change in curvature. A radially inward directed displace-
ment has a greater effect on the change of curvature than
would an equal radial outward displacement. This change in
the curvatures cause the negative Mx to grow faster than the
positive Mx at the higher load levels because the radial
displacements now have a larger affect than the initial sur-
face imperfection. Therefore, the initial surface imperfec-
tions will influence the function M, as it builds according

to the shape of the imperfection. This is the reason why the
displacement pattern in the panel follows the initial shape of
the imperfection. As the Mx nonlinearly builds, this causes
the radial displacements to build which further causes a

change in curvature. This change in curvature has a greater

effect when the displacement is radially inwards than
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E?ﬁ S outwards. Therefo;é, the M, grows at an increasing rate

:!Q - when the displacement is radically inwards along with the

ﬁif radial displacement itself. This phenomena continues until
the panel reachesjthe collapse load and is no longer able to
absorb any more potential energy. Any additional load
increases the potential energy in the panel and the panel is
not capable of absorbing it and stay in the symmetric shape.
Therefore, the panel then redistributes the potential energy
and through the larger rotations the panel loses its symmetric
shape.

In conclusion to the experimental versus the analy-
tical analysis, it can be seen that the model being used does
a good job in predicting the collapse load and top edge dis-
placements of a panel with surface imperfections. As the load
level is increased the radial displacements of the panel will
follow the initial shape of the surface imperfection. These
radial displacements show a great deal of nonlinearity as the
load level is increased and corresponds to the nonlinearity of
the Mx resultant and the change in curvatures. This case
study also demonstrates that the model and STAGS are accept-
able to continue further studies of different imperfections

analytically with good accuracy.
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Analytical Imperfection Study

After verifying that the surface imperfection model
correlated well with an experimentally tested panel, interest
turned to the effects that the number of surface imperfections
with same maximum amplitude, have on a cylindrical composite
panel from the point of view of the collapse load and
displacement patterns. The panel size and notation are the
same as shown in Figure 5. The 411 element has been used with
a 15 by 15 grid (196 total elements per panel). Two ply
layups have been analyzed, the [0, +45, -45, 90]s and [90,
0]25. The maximum amplitude of the imperfection was chosen
to be equal to the thickness of the panel (.04 inch). The
point of origin for the generation of the surface imperfection
will be the center of the panel with the maximum amplitude
being radially outward (a positive w displacement). Five
different imperfection patterns were chosen for each panel to

be considered and are shown in Table 1.

Table 1

Imperfection Patterns

Number of Number of Ply Layup
Circumferential Longitudinal (0, 90] or
4 Sine Waves 4 Sine Waves [0, +45, -Z?, 90]
s
or Both
2 2 Both
3 3 Both
5 5 Both
2 3 Both
4 4 [90, O]25
5 2 {0, +45, =45, 90]S
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The boundary conditions on all the panels are: top edge
clamped with only u free, bottom edge clamped, both sides are
simply supported with u, v, and the rotation about u free. A
nonlinear collapse analysis was accomplished for each panel
using STAGS Cl. The different results follow.

Figures 14 and 15 are graphs of the relative tope edge
displacement versus relative loads for the two sets of panels.
The load and displacement values were normalized relative to
the linear bifurcation load and top edge displacement of an
imperfection free panel with the same ply layup. The numbers
on the curves refer to the imperfection pattern. For example,
curve 52 corresponds to the imperfection pattern of 5 half
sine waves circumferentially with 2 half sine waves longitu-
dinally. 1In comparing the two figures, it can be seen that
the [90, 0]25 panel showed a greater amount of nonlinearity
in the top edge displacement than the [0, +45, -45, 90]s
panels. The total number of surface imperfections each panel
had is the product of the number of circumferential half sine
waves and longitudinal half sine waves. As the number of
imperfections increased in both panels, the collapse load
decreased until there was a total of 9 surface imperfections.
After this, increasing the number of imperfections did not
necessarily increase the stiffness in the panel, but the load
bearing capability of the panel increased. One of the largest

differences noticed between the panels is that the (0, +45,

-45, 90]s panel is more imperfection sensitive than the
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terminates at .338 relative displacement
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{90, 0]25. For example the 22 imperfection in the [0, +45,
-45, 90]S panel can only handle 34% of the bifurcation load
(PCcr = 478 lbs/in), however with the same imperfection the
(9o, 0]25 panel can withstand 63% of its bifurcation load
(Pcr = 316 lbs/in). While the bifurcation loads of the two
panels will show that the [0, +45, =45, 90]s panel can
withstand the greater load, 478 lbs/in to 316 1lbs/in for the
f90, d]2S panel, the [90, 0]ZS panel will withstand a larger
load with the same imperfection, 198 lbs/in versus 164 lbs/in
for the 22 imperfection.

In both sets of panels the deformation pattern, as the
load level increased, followed that of the initial surface
imperfection. Figures 16-18 show the [90, 0}2s panel with
3X3 imperfection pattern at three different load steps and
Figures 19-21 show a 5X5 imperfection pattern at 3 different
load steps on a [0, +45, -45, 90]s panel. 1In viewing the
six figures it is easy to see the initial shape of the imper-
fection. As the load is increased the initial magnitude of
the imperfection increases with the greatest amount of
increase in the radial inward direction. The effect is even
more dynamic than it seems since the contour plots are plots
of the w displacement relative to the initial imperfected
surface. Therefore, the total displacement of the midsurface
from the "perfect"” pénel, is the amount of displacement shown
plus any initial imprefecti.: of the panel at that point. To

get the total displacement of the peaks and valleys in the
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figures add .04 inch, which is the initial displacement of the
imperfection at the start, to the magnitude shown in the
figures. As was seen in the experimental study, the radial
inwards displacements are about twice the magnitude of the
outward displacements. As the load level is increased, the
inward displacements increase at twice the rate as the outward
displacements, thereby keeping a relative magnitude of two
between them. These six plots are just examples of all the
panels studied. The same displacement patterns were observed
in all ten analytically observed panels, that is, the
displacement pattern follows that of the initial surface
imperfection and the radial inward displacement is twice the

outward displacement.

42




(90, 0]23
N, = 86 lbs/in

Positive Contour Levels Are Radial Outward

Maximum Displacement .023 inch
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FIGURE 16: W Component Displacement Contours
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[90, 0]2s
Nx = 128.5 1lbs/in
Positive Contour Levels Are Radial Outward
Maximum Displacement = .049 inch

ths

Displacement Contours In 10 of Maximum Displacement
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FIGURE 17: W Component Displacement Contours
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. (90, 0]25

, [ N, = 154.4 lbs/in

Positive Contour Levels Are Radial Outward
Maximum Displacement = .076 inch
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In examination of the displacement contour plots, it
was noted that the radial inward displacement showed a great
amount of nonlinearity. The point of maximum inward radial
displacement was chosen and its magnitude was plotted against
the top edge load intensity (Nx) for each set of panels
(Figure 22-23). In viewing these figures, one notices that

there seems to be a maximum radial displacement in each set of

In Figure 22, the average maximum radial displacement
for the [90, 0]2S set of panels is .068 inches. The average
is the sum of the maximum displacement divided by the number
of curves. 1In the five panels considered, the 55 panel had

the smallest maximum radial displacement (78% of the average)

G

:

3

3. panels occuring at the collapse load.
E@

f

5

E‘

while the 44 panel had the largest maximum radial displacement

(131% of the average). Figure 23 indicates a narrow band of

ﬂ? maximum displacement difference for the [0, +45, -45, 90]S
panels. The average maximum radial displacement is .056 inch.

1 All of the panels investigated in this series were within 8%

{ of the average when the panel collapsed. One realizes that the

% M, and My moment resultants are functions of the radial

displacements through the change of curvature and thus they

are analyzed next.
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Average Radial Displacement .056 inch
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FIGURE 23: Maximum Radial Displacement Versus Top Edge Load
[o, +45, -45, 90]s Panel

51




Figures 24 and 25 are plots of the maximum M, and
My resultant for the [0, +45, -45, 90]s panels. The
points of maximum M and My were the same as the point
where the maximum radial displacement occurred. Figures 26
and 27 are the companion figures for the (90, 0]25 set of
panels. 1In viewing the figures, one can see a great amount of
nonlinearity appearing, as was demonstrated in the radial
displacement. One of the interesting things noted about these
figures is that in the [0, +45, -45, 90]s set of panels
(Figure 24 and 25) the Mx resultant is of a larger magnitude
than the My resultant and the opposite is true in the [90,

0]2S set of panels. This can be explained by the entries in

the Dij bending stiffness (See Appendix B for complete

array). For the [90, 0]2s panels Dyy is almost twice as

large as D11 while in the [0, % 45, 901S panels D,,

is over three times as large as D22. Bearing this in mind

and examining Figures 24 through 27, for the [0, + 45, %
90]s panels, one can see that the Mx resultant is greater

than the My resultant, because D11 is greater than D22.

While on the other hand, the [90, 0]25, the opposite is

true, One can also see a larger difference in the magnitudes
of Mx and My in the [0, + 45, 90]s panels. This

directly corresponds to the differences in Dy and Dy, in

the different sets of panels,
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FIGURE 28: Linear and Nonlinear Moment Resultants
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As a comparison of the effects of the nonlinear

analysis on the moment resultants versus the linear analysis,

Figure 28 was plotted.

chosen and the three moment resultant Mx

the collapse load of 116.3 lbs/in the differences are shown in

The [0, +45, -45, 90]s 33 panel was ‘

yl
were plotted in both the linear and nonlinear analysis. At

Mx, and My

Table 2.
Table 2
Linear Versus Nonlinear Comparison
at 116.3 1lbs/in
Moment Linear Nonlinear % change
Resultant vValue value Nonlinear to linear
Mxy .073 .481 278
M, .744 2.0 268
My .426 1.01 237

The effects of the nonlinear analysis on the resultant moment
can be readily seen in Figure 28 and Table 2.
earity within the moment functions is a by product of any
change in curvature created by the radial displacements nonlin-
earity as discussed previously.
pronounced as the collapse load is approached and thus the
maximum moment resultants become larger and more nonlinear as
observed in Figures 27 and 28.
nonlinear characteristics of moment through the curvature, one
may observe in comparing Figures 24 through 28 with Figures 14

and 15 that the nonlinear characteristics of the moments is
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This curvature effect is very

In order to reinforce the

P N U .

This nonlin-




more apparent than the nonlinear characteristics of the top
edge displacement curve.

Another item that was examined with the moment result-
ants was how they varied across the center of the panel with
increasing load steps. The M, moment resultant for one
panel in each set is illustrated. Figure 29 is the plot of
the [0, +45, -45, 90]s 55 panel and Figure 30 is [90,
0]Zs panel. These two panels are representative examples of
the two sets, since each panel in the set had the some charac-
teristics. When comparing these two figures with the corre-
sponding displacement contour plots (Figures 16-21) it becomes
readily apparent that the maximum moments correspond with the
maximum radial displacement and the negative moment resultants
are much greater than the positive one. 1In viewing Figures 29
and 30, one can see that the shape of the moment resultant
curve correspond to the shape of the initial imperfection about
the midsurface. As the load is increased this symmetry is
lost, and the negative moment resultants increases rapidly.
Also, the greatest gradient in the moment curves correspond to
the steep gradients in the displacement contours. This is due
to the fact the moments are a function of the curvature and
the curvature is a function of the radial displacements. Where
there is a steep gradient, that is a rapidly changing displace-
ment, there will also correspond a steep gradient in the
change of the curvature. This steep gradient in the change of

the curvature causes the change in the moment resultant.
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One final item was considered when testing the surface
imperfections on the panels. It was noted in some of the
research that when a perfect panel reaches its collapse load,
the panel will deform into the shape of its eigenfunction
[19]. Recalling that the radial displacements followed the
initial surface imperfection, it was reasonable to believe
that the panel with a surface imperfection of the eigenvector
would have the lowest collapse loads. A linear bifurication
was completed on both [90, 0]25 and [0, +45, -45, 90]s
panels and the w component of the eigenvector plotted using
contour levels to visualize the shape of the eigenvector
(Figures 31 and 32). 1In viewing the two figures, one can see
that the [90, 0]ZS panel has an eigenvector in the shape of
4 half sine waves in both directions and is symmetric about
the center of the panel. 1In Figure 32, considering the [0,
+45, 90]S panel the eigenvector shape is approximated
by 5 half sine waves across the panel and two down. These two
imperfection patterns were tested to see if this would give
the lowest collapse load. As already shown in Figures 14 and
15, the collapse load for these two test cases was not the
lowest of the cases tested, which came as a surprise,

All of these different observations made on these
panels can be tied together by looking at the energy a panel
can absorb prior to collapse. When one looks at a perfect
panel, the only deformation that occurs is the end shorting.
In addition, since there are no imperfections present, the
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surface does not have significant radial displacement until
the collapse load occurs. Therefore, the panel is able to
absorb energy equally throughout the panel and there are no
localized areas where great amounts of energy are accumulated.
Thus, the panel can absorb a great amount of energy and has a
high collapse load.

When surface imperfections are added to the panel,
these localized areas will become "energy hot spots"”. That
is, as the panel is loaded into compression the moment result-
ants will build in the areas of the imperfection faster than
in the other areas due to the changing radial displacement
pattern. Since the energy is a direct function of the moment
and curvature as well as the membrane force and inplane
displacements the imperfection sites become localized areas of
higher concentrations of stored energy, that is "energy hot
spcts”. The number of imperfections therefore will dictate
the number of "energy hot spots”.

With large surface imperfections, absorbed energy will
be spread over a larger area than if the imperfection were
smaller. This explains why the 22 panels were able to have a
higher load bearing capability than the 23 and 33 panels. All
these panels had relatively large surface imperfections. As
the area of the surface imperfection decreased, that area was
not able to absorb as much energy and the panel would
collapse. Keep in mind that the magnitude of the imperfection

was the same in all cases.
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The question then arises, why was the 33 panels the
weakest instead of the 55 panels. As the number of imperfec-
tion become greater, and the area they covered become smaller
they begin to interact. Each imperfection still absorbs energy,
but when the shape of the imperfection is looked at closely the
answer is revealed. For example, take two surface imperfections
next to each other with their amplitudes opposite one another.

As the panel is loaded, each imperfection tries to dis-
i place in the shape of the individual imperfection. Therefore,
as they both try to displace in opposite directions they begin
to react with one another and store the energy internal rather
then being able to displace. Therefore, the absorbed energy is
now being absorbed by a greater area of the whole panel, much

(tir like the perfect panel. There are still localized "hot spots of

energy", but the difference in magnitude around the panel is

i; closer to being uniform, rather than just a few areas. In recap-
ping what happens, as surface imperfections are added to a
panel, localized areas of absorbed energy appear and the panel
will not be able to absorb as much as a perfect panel, therefore,
the collapse load is smaller. As the number of imperfections
increase, the "energy hot spots" begin to react and start to
keep the absorbed energy pretty well constant throughout the
panel, therefore, the panel starts to gain some of its strength
”% back. A few large imperfections will weaken a panel while many
i small imperfections will give some of its initial strength back.

The last idea is very much like the fqQlded plate concept where

the ridges stiffen the plate.
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Analytical Study of Panels With Cutouts

In order to understand the effect that a true geome-

tric imperfection has on a composite panel, a study of the
effect a discontinuity has on a panel has been carried out.
The geometric discontinuity will be a cutout in the center of
the panel. This portion of the study, just like the surface
imperfections, will be interested in the collapse load,
displacement pattern in the radial direction, and moment
resultants., The panel size and notation are the same as used
previously and shown in Figure 5. The 411 element has been
incorporated into the finite element model with a 13 by 13
grid. Three different ply layups with two different size

cutouts have been analyzed and are shown in Table 3.

Table 3

Ply Layup and Cutout Size

Ply Cutout Size
- Layup (inches)
-
[0, ~-45, +45, 90]S 2X2 and 4X4

The 2 inch by 2 inch cutout removed 2.78% of the panels total
area and the 4 inch by 4 inch cutout removed 1ll.1l% of the

total area.
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The boundary conditions for all five of the panels
evaluated in Table 3 are the same as used on the panels with
surface imperfections. That is u free on top, bottom of the
panel clamped with no free DOFs and the sides of the panel u,
v, and the rotation about u are free. One other panel was
examined with a different boundary condition. A [0, +45, -45,
90]s panel with a 2 inch by 2 inch cutout was analyzed with
the same boundary conditions on the top and bottom of the
panel and on the vertical sides only u and the rotation about
u was free. A nonlinear collapse analysis was performed in
all six of the different panels the following results were
observed.

A graph of the top edge load versus the top edge
displacement is shown in Figure 33 for the panels with
cutouts. As can be seen in the graph, the cutouts affect the
load bearing capability of the panel. When considering just
the linear bifurcation of the panels, it can be seen that the
presence of a cutout greatly reduces the load bearing capa-
bility of the panel and its stiffness. The linear bifurcation
of the panels shown in Figure 33 is for a [0, +45, -45, 90]s
ply layup with the indicated cutout. By changing the orienta-
tion of the 45 degree plies with each other, one did not find
a change in the bifurcation load or top edge displacement.
Thus, the lines are the plots of the linear bifurcation for
both the [0, +45, -45, 0]_ and [0, -45, +45, 90]g panels

with their respective cutouts. The linear bifurcation of the
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FIGURE 33: Top Edge Load Versus Top Edge Displacements
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- S {90, +45, -45, 0]S panels has the same axial stiffness as

:ii - the [0, +45, -45, 90]S panels. However, their load bearing

{ capability is reduced. Because the axial stiffness is the
same for the two panels, the plots of the top edge load versus

E.E the top edge displacement overlay one another. One notices

! that the panels with the two inch by two inch cutouts have the

}, bifurcation load is reduced to 8l% of the [0, +45, -45, 90]s

t‘. panels bifurcation load (252 lbs/in to 205 lbs/in. See hash

Ef: mark on a linear bifurcation 2X2 cutout plot in Figure 33).

The 4 inch by 4 inch cutout panel had its bifurcation load

reduced to 65% of the [0, +45, -45, 90]S panels bifurcation
load (113.2 1lbs/in to 74.3 1lbs/in). In other words, it can be
seen from the linear bifurcation that the different ply layup
did not affect the axial stiffness of the panel. However, the
load bearing capability of the panel with the zero degree
outside ply has the largest bifurcation load. This is because

of the change in the bending stiffness array (See Appendix B).

When the nonlinear collapse analysis was performed, a

;i couple of interesting things were noticed about the load bear-
%‘é ing capability of the panels and their top edge displacements.
;;; The panels with the three different ply layups and 4 square
Efﬁ inch cutouts all had the same top edge displacement, at their
%‘5 respective collapse loads, of .0103 inch. The collapse load
- for the [0, +45, -45, 90]s panel was exactly the same as the

L [0, -45, +45, 90]s panel at a load of 215.9 1lbs/in. The

*.> _ collapse load for the [90, +45, -45, 0]s panel was a little
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higher (3.4%) at 223.6 lbs/in. Since they are so close to one
another they are represented in Figure 33 as the same curve
for the nonlinear analysis. Referring to Figure 33, one can
see that the zero degree outside ply pane's had a collapse
lower than the linear bifurcation load. However, the panel
with the 90° outside ply had a collapse load higher than its
respective linear bifurcation. The collapse load for the 2
inch by 2 inch cutout panel in the nonlinear analysi: falls

in between the two different bifurcation loads and top edge
displacements (See Figure 33).

This item can be explained by considering the stiff-
ness matrix for the panels and the effects the small cutout
has on a nonlinear collapse analysis. 1In the straight linear
bifurcation the panels had the same axial stiffness and
becs ce of the bending stiffness the panels with the zero
degree outside plies were able to withstand the greater load.
When the nonlinear collapse analysis was done, the radial
displacements and the nonlinearity of the cutout comes into
play. Since the load is applied in the zero degree direction
(axial compression) the cutting of this ply orientation by the
cutout produces a reduced bending stiffness. Therefore, the
panel with the zero degree outside plies will allow the panel
to displace radially more than the panels with the 90°
outside plies. Taking this into account, the panels with the
90° outside plies will have a higher collapse load (be able

to absorb more energy) than to zero degree outside ply panels.
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Eﬂ R Therefore, when compared to the linear bifurcation analysis,
E’ - the load bearing capability for the 90° outside ply panels
will increase in the nonlinear collapse analysis, and likewise,
Lt the 0° outside panels will have the opposite effect. This is
the reason why the nonlinear collapse analysis of the 2 inch
by 2 inch cutout is very close to the same for both ply orien-
tations and why it falls in between the two linear bifurcations.

!l In looking at the effect a 4 inch by 4 inch cutout had

on the panels, one will notice a different effect than the 2

}ﬁ. inch by 2 inch cutout had (Figure 33). The nonlinear collapse
load of the 4 inch by 4 inch cutout was higher than both of
the different bifurcation loads. This is because in the non-
linear collapse analysis the radial displacements along the
cutout edges will play a greater part in absorbing energy than
the 2 inch by 2 inch cutout and the linear bifurcation of the
4 inch by 4 inch cutout panel. By having the larger cutout,
radial displacements along the cutout edges are less con-
strained in the radial direction and will allow greater amount
of bending. Therefore, the panel will be able to absorb more
energy (higher collapse load) than the linear bifurcation
value and will have a larger top edge displacements.

Briefly in reviewing, the 2 inch by 2 inch cutout non-
linear analysis does not effect the panels load bearing capabi-
lity that greatly compared to the linear cutout analysis
because of the small amount of area removed, and the length of

the cutouts edges. This is due to the fact that the radial
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displacements along the cutouts edges are not as large as
those of a panel with a larger cutout. Therefore, there is
less bending in the panel for the smaller cutout and its non-
linear collapse load will be close to the bifurcation load.

As the cutout gets larger in size, the radial displacements
along the edge of the cutout will play a greater effect in the
nonlinear analysis and thus will have a larger moment effect.
One will notice when an area is removed from panel the overall
bending stiffness is reduced in the area of the cutout. Since
the general resistance in a panel is axial, a reduction in the
bending stiffness makes the overall axial resistance less.
Therefore, the larger cutout will have a greater top edge
displacement when compared to the linear bifurcation and the
collapse load will be higher because of the greater moment due
to the larger radial displacements. However, the presence of
a cutout will greatly reduce the strength of a panel when
compared to the uncut panel (See Figure 33).

After seeing the effect that the radial displacements
had in the nonlinear collapse of the cutout panels, they were
studied further. Figures 34 through 38 are the w component
displacement contours of the panels with a 2 inch by 2 inch
cutout (small cutout). 1In examining these figures, one can
see a difference in the displacement pattern then that exper-
ienced by isotropic panels. That is, at collapse the symmetry

is lost.
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Figure 34 shows that for the lower load step of 81
lbs/in for the [0, +45, -45, 90]s ply layup the displacement
pattern is relatively symmetric about the center of the
cutouts. This symmetry is due to the energy absorption by the

axial stiffness of the panel and very little bending. The

extensional (axial) stiffness matrix is symmetric in the A11
and A,, terms (See Appendix B). This pattern of symmetry is
again shown in Figure 37 at 71 lbs/in for the [90, +45, -45,
0]s ply layup. This is the displacement pattern that was
expected and is the same type of symmetry shown in displace-
ment patterns of isotropic panels and shells [5, 12].
However, as the load is increased this symmetric displacement
field about the center of the cutouts edges is lost when the
collapse load is reached. This loss of symmetry is due to the
larger radial displacements, hence the larger moments. With
the greater radial displacements, the bending stiffness matrix
has a greater effect. Therefore, the D11 and D22 will
have ar. effect on the displacement pattern. Since there is a
large difference between them, the symmetry in the
displacement field is lost.

Figure 35 shows the radial displacement contour of the
[0, +45, -45, 90]s panel at the collapse load of 215.3
lbs/in. One will notice that there is a trough of large
radial inward displacements from the upper left corner of the
cutout to the lower right. Figure 36 represents the is

displacement contours for the [0, -45, +45, 90]s panel and
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is almost the mirror image of Figure 35. Both of these panels

have the same collapse load and maximum radial displacements.
Figure 38 (considering a [90, +45, -45, 0]s panel) on the
other hand does not show as great a change from the symmetric
displacement pattern as the two previous panels did. This
stands to reason since the D22 term in the [90, +45, -45,

0]s panel is larger than the corresponding value in the [0,
+45, -45, 90]s panel. The larger D22 term will absorb the
same energy with less bending involved. With the smaller
bending, the displacement pattern will be more symmetric. One
will notice however, that also in Figure 38 there is still a
trough or radial inward displacements that run from just right
of center of the top edge of the cutout to slightly left of
center of the bottom edge of the cutout. These displacement
troughs and loss of symmetry are better shown on radial
displacement profiles for different load levels across the
panel at several distances from the top of the panel.

The [0, -45, +45, 90]s panel with a 2 inch by 2 inch
cutout was selected to show this. Figures 39 through 44 are
the plots of the radial displacement versus load level for a
specific circumferential arc across the panel at different
locations from the top of the panel. Figure 39 is the plot
for 2 inches from the top of the panel at load levels 56
lbs/in, 106 lbs/in, 156 lbs/in, and 215.9 lbs/in. Likewise,
Figures 40 through 44 are for the same load levels at the dis-

tance from the top of the panel is indicated on each figure.
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One can see in viewing the figures that the panel's radial
displacements are relatively symmetric as the load
increases about the center of the panel for the first 3 load
levels. At the final load level (collapse load level) one can
see the loss of symmetry and the trough of layer displacements
that run from the upper right of the panel to the lower left
is easily seen. The other panels that were analyzed displayed
the same type of displacement profiles as the panel's load
increased as the small cutout panel had. In the comparison of
the radial displacements for the nonlinear analysis of the
cutouts it was noticed, and mentioned earlier, that the [0,
+45, -45, 90]s panel had a trough of displacements that were
about twice as deep as the [90, +45, -45, Ols panel did even
though they had the same top edge displacement and almost the
same collapse load. This is because of the difference in the
022 term in the bending stiffness. 1In light of this, the
moment resultant profiles for these two panels were studied.
Like the displacement profiles, the same four load
levels were selected to show the resultant moment profiles
across the panel and down the panel. Figure 45 through 52 are
-..@ resultant moment profiles for the [0, +45, -45, 90]s
panel with the small cutout and figures 53 through 60 are the
moment resultant profiles for the [90, +45, -45, 0]s panel

with a small cutout. 1In viewing Figures 45 through 60, one

can see that the moment resultants are relatively symmetric
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3 about the center of the panel for the first 3 load levels.
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This corresponds to the symmetric radial displacement profiles
previously shown. At the collapse load the symmetry of

the moment resultant is lost. The trough that appeared in the
displacement contours and was easily seen in the displacement

profiles can once again be seen easily in the moment resultant

‘profiles. Figures 45 through 48 show how the maximum moment

resultant (Mx) goes from the upper left of the panel to the
ﬂi lower right at the collapse load. Likewise, Figures 49

& through 52 show the My resultant at various rows down the
panel and likewise indicate the trough of maximum concen-

ﬁi trations at collapse. These eight figures correspond to the
displacement trough seen in the displacement contours (Figure

:tz 35) of a [0, +45, -45, 90]_ panel with a small cutout.

gl qj? Figures 52 through 60 show the same phenomena and correspond
éi to the displacement contours shown in Figure 38, 1In recalling
:; how the D,, term affected the radial displacements of the

troughs in the two panels, an examination of the magnitude of
the moment resultants is warranted.

In comparing the moment resultants for the different
panels at the same location (i.e. Figure 45 with Figure 53, 46
with 54, etc.) one can notice a difference in the magnitude of
the moment resultants. 1In comparing the moment resultant

about the y axis (Mx) one notices that the magnitude of the

moments for [0, +45, -45, 90]s panel is greater than the

T

(90, +45, -45, 0]s panel. However, in comparing the moment

about the y axis (My) the opposite is true. The moment
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resultants for the [90, +45, -45, Ols panel is larger than

[0, +45, -45, 90]s panel. This can be accounted for by

the bending stiffness matrix. In the two different ply layups
and D

the D terms are swapped (See Appendix B). In

11 22
the [0, +45, -45, 90]s panel the Dy term is roughly 4

times the D term, This accounts for the way the

22
magnitudes in the M, and My moment resultants switch in
the panels. Also the moment about the x axis (My) is less
than the moment about y axis (M) for a given curvature in
the [0, +45, -45, 90]s ply layup while the opposite is true
for the [90, +45, -45, 0]s ply layup. This also can be seen
in comparing Figures 45 through 60.

Why these troughs of displacements and moments appear
can be explained by the eigenvectors of panels. Figures 61
and 62 is the eigenvector of the various panels with 2 inch by
2 inch cutouts. Figure 61 is the eigenvector plot of the [0,
+45, -45, 90]s panel., One will notice that a trough of
inward radial displacements run from the upper left to the
lower right of the cutout. The eigenvector plot of the [0,
=45, +45, 90]s panel is not shown however it is the same as
Figure 61 except the trough of inward displacements is now
oriented from the upper right to the lower left of the cutout.
Figure 62 is the eigenvector plot of the (90, +45, -45, Ols
panel with a 2 inch by 2 inch cutout. Notice that the trough
of negative displacement goes from the upper right to lower

left of the cutout. 1In reviewing Figures 34 to 60 one can see
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the history of the displacement pattern, that is how it
develops and the shape as the load level is increased from
zero up to collapse for the various panels with 2 inch by 2
inch cutouts.

As the load level is increased the radial displace-
ments and moment resultants build symmetically with respect to
the horizontal and vertical axis of symmetry on the panel. As
the collapse load is approached the painicl has absorbed as much
energy as it can. The displacement contours and the moment
resultants are near their maximum and are still symmetric.
When the load level is increased, that is more potential
energy is added to the panel, the panel has reached its limit
point and , therefore, in order to absorb more energy the
displacement pattern shifts to that of the secondary loading
path (the eigenvector) to absorb the additional energy. This
was evident in all the displacement contour plots at the
collapse load for all the panels analyzed with a 2 inch by 2
inch cutout as can be seen by comparing Figures 34 through 38
to Figures 61 and 62 for the respective panels.

Now that the effects of a small cutout have been
examined with respect to the displacement patterns and moment
resultants, the effect of the larger cutout (4 inch by 4 inch)
will be examined. Figures 63 and 64 are the displacement
contours of the radial displacements at 78.5 lbs/in and
collapse load (131.2 lbs/in) respectively for the [0, +45,

-45, 90]_ panel with a 4 inch by 4 inch cutout. Uikewise,
s
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Load Level 78.5 lbs/in
Maximum Displacement = .042 inch
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FIGURE 63: W Component Displacement Contours
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Load Level 113.2 lbs/in
Maxim