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Fig. 3 Comparison of neural network predictions with experimental
data for graphite-epoxy (±6) laminates under cyclic loading for
trained data.

nates in the literature, no other predictions are made for the cyclic
stress-strain behavior.

Concluding Remarks
Two different back-propagation neural networks were developed

to represent the nonlinear stress-strain behavior of (±0) graphite-
epoxy laminates under monotonic and cyclic loadings. The NN
predictions for both monotonic and cyclic loadings are in good
agreement with the experimental data obtained from the literature.
These preliminary results support the use of a NN approach to
composite material modeling. The network developed in this study
aids in identifying important aspects of the stress-strain behavior,
such as breaking stress, fracture stress, etc. This approach can also
be used to predict failure mechanisms.
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Postbuckling Analysis of Composite
Laminated Cylindrical Panels Under

Axial Compression
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Introduction

IN designing shell-type structures, the buckling and postbuck-
ling behaviors have been considered as the important issues.

Specifically, the composite cylindrical panel has been an object of
great interest in the weight-sensitive structures due to its high spe-
cific stiffness and strength.1"5 Unlike the flat plate, the cylindrical
panel has the limit points on the equilibrium path. The limit point
and numerical problems related to that have been the obstacles to
the postbuckling analysis of cylindrical panels, and a great number
of numerical schemes have been proposed to overcome these prob-
lems. The most widely used scheme is the arc-length method.6

In this Note, the postbuckling behavior of composite laminated
cylindrical panels with various stacking sequences under compres-
sion is investigated by the nonlinear finite element method. For the
finite element analysis, the updated Lagrangian formulation and
the eight-node degenerated shell element are used. An improved
load-increment method based on the arc-length scheme is pro-
posed for the postbuckling analysis. Experiments are conducted to
verify the validity of the present analysis for a cross-ply laminate.

Finite Element Formulation
At an arbitrary (n + l)st equilibrium state, the principle of vir-

tual work is expressed as

(D
+JJJ n^r'sJ J J 11 +1 I
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where cijf e^,^, Tt, ut, and 6 are the Cauchy stress, infinitesimal
strain, body force, surface traction, displacement, and variation
operator, respectively.

In the case of no body force, Eq. (1) can be rewritten in terms of
the second Piola-Kirchhoff stress Stj and the Green strain ez;- taking
the configuration at the nth equilibrium state as the reference one:

200

JjJ = o

(2)
From Eq. (2), the finite element equation for the composite lam-

inated cylindrical panel is derived :

(3)
where

[KT] = JJJ n [ B n J T [ D n ] [BnJ dV

+ JJJ jKJ^n^J^ (4)
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Fig. 1 Finite element and experimental load-shortening curves of the
[03/90]s panel.

(5)

(6)

In Eqs. (4-6), [BL], [BNL], {o}, and [o] can be found in Ref. 7.
Also [D], X, and {F0} are material stiffness matrix in the global
coordinate system, load-parameter, and force-distribution vector,
respectively.

The finite element used is the eight-node degenerated shell ele-
ment, and the first order shear deformation theory is applied to the
element. Incremental displacement fields in the element are
expressed as

Av (7)

where £, r|, and £ are local coordinates of the element. Also, //„(£,
r|), tn, and {AVn£} are shape function, thickness, and increment of
the vector in the direction of £, respectively.

Load-Increment Method
The load increment in the arc-length method is accomplished as

1 - ±M[{uT}T{uT}}

(8)

In the conventional arc-length schemes, the sign of AX1 is deter-
mined according to that of the determinant of the finite element
stiffness matrix. However, using this determinant-based load-
increment method in the analysis of a quasi-isotropic panel like the
[0/±45/90]5 panel, the sign of the determinant oscillates between
positive and negative just after the buckling. A similar phenome-
non was found in the analysis of the stiffened steel diaphragm in
Ref. 6.

In the method proposed in this Note, the direction of the load
increment is independent of the determinant of the stiffness matrix,
and the condition is imposed that the first incremental displace-
ment vector in the present load step should make an acute angle
with the total incremental displacement vector at the last step:

(9)

Using this criterion for the load increment, numerical problems
did not occur in the postbuckling analysis, and the time for the
evaluation of the determinant was saved.
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Load-shortening and load-deflection curves of the [0/±45/90/]5

Results and Discussion
The stacking sequences considered are unidirectional, angle ply,

cross ply, and quasi-isotropic. The fiber angle 0 for each layer is
defined as the counterclockwise angle from the longitudinal axis of
the panel. Boundary conditions are clamped on the curved edges
and simply supported along straight edges constraining circumfer-
ential displacement. Both the radius of curvature and the panel
length are 150 mm. The ratio of panel width to length is 1.047. The
panel thickness is 1 mm. The material properties of T300/5208 are
used as El = 181 GPa, E2 = E3 = 10.3 GPa, G12 = G13 = G23 = 7.17
GPa, and V12 = V13 = V23 = 0.28. Also, after the convergence test of
element size, the panels without the bending-twisting coupling
stiffness are divided by a 5 x 5 mesh for a quarter of the panel and
others are analyzed with 10x10 mesh for the whole panel.
Comparison with Experiment

To verify the validity of the present finite element analysis,
experiments were conducted for a [03/90]5 panel. For the compari-
son with experimental results, material properties and panel thick-
ness were used in this case as follows: El = 130.0 GPa, E2 - E3 =
10.0 GPa, G12 = G13 = 4.85 GPa, G23 = 3.62 GPa, V12 = V13 = 0.31,
V23 = 0.52, and t = 0.9 mm. As shown in Fig. 1, the present finite
element result is well correlated to the experiment in the buckling
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Fig. 3 Three dimensional plots of postbuckling deformed shapes of the
[0/±45/90]5 panel.
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Fig. 4 Equilibrium paths for various laminated cylindrical panels.

and postbuckling load-carrying capacity. It is presumed that a little
difference in the buckling loads is due to the imperfections in
geometry, material, boundary condition, and alignment. Because
the effects of the initial imperfections vanish as the deflection
becomes large, the difference in the load-shortening curves is
reduced. In this study, since the effect of failure on the stiffness
degradation is not considered, the finite element result does not
follow the experimental equilibrium path after the failure.
Postbuckling Behavior

Typical load-shortening and load-deflection curves of the [O/
±45/90]5 panel are shown in Fig. 2. The deflection of the panel is
given in terms of the sum of radial displacement UR at all of the
finite element nodes. After the axial load passes the first load-limit
point, the axial load and the edge displacement are reduced drasti-
cally. The path between the first and second load-limit points is the
process that the panel in the unstable equilibrium state is deformed
to the stable configuration. When the deformation is developed to
the stable equilibrium state, the gradient of the equilibrium path

becomes positive and the carried load is increased again. Also, it
should be noted that the total deflection is increased even on the
path where the edge displacement is reduced. The postbuckling
shapes of the panel are shown in Fig. 3. As the deformations are
developed progressively, the bending moment about the curved
edge is concentrated to the inwardly deformed region. Therefore,
the magnitude of deflection is enlarged, and the inwardly deformed
regions are extended to the whole panel. Also, the second buckling
accompanied by the small load reduction and the change in the
deformation shape occurs after the first buckling.

The equilibrium paths for other panels are shown in Fig. 4. The
postbuckling load-carrying capacities are different from the initial
buckling loads. Whereas the difference between buckling loads of
the [08]rand [908]r panels is 3.9%, the postbuckling load-carrying
capacity of the [08]r panel is extremely greater than that of the
[908]r panel. Although the [452/-452]s angle-ply panel has a buck-
ling load higher than that of the [08]r panel, the postbuckling load-
carrying capacity is extremely lower than that of the [08]r panel.
As the deformations are progressed, the differences in the loads
carried by the [0/90/±45]5, [02/902]5, and [08]r panels are de-
creased. The final load-carrying capacities are rearranged in the
order of their magnitude as [02/902]5, [08]r, and [0/90/±45]5 panels.
This distribution of the postbuckling load-carrying capacities dif-
ferent from that of the initial buckling loads results from the differ-
ence in the bending stiffness in the axial direction Dn. Because the
buckled panel experiences large rotation, the bending moment
about the curved edge becomes the dominant loading pattern.
Therefore the importance of Dn is enlarged in the buckled panel.
The [908]r panel cannot resist the bending moment about the
curved edge and has the poor load-carrying capacity after the
buckling. In contrast with the [908]r panel, the [08]r panel in which
the stiffness Dn is large shows the small load reduction at the first
limit point and has the high load-carrying capacity after the buck-
ling. From present results, it is known that the postbuckling load-
carrying capacities of laminated cylindrical panels under compres-
sion are largely dependent on the bending stiffness component Z)n,
and not only the buckling loads but also the postbuckling load-car-
rying capacities should be considered in designing the structure.
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