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Application of the Finite Element Method to
Postbuckling Analysis of Laminated Plates

Le-Chung Shiau* and Teng-Yuan Wu'
National Cheng Kung University, Tainan, Taiwan 70101, Republic of China

Based on the von Kdrmé4n large deformation assumptions, a 72-degree-of-freedom high-precision higher order
triangular plate element using a simplified higher order shear deformation plate theory is developed for the analysis
of postbuckling behavior of a composite laminated plate subjected to edge shortening or in-plane compressive
loading. By examining the local minimum of total potential energy of each mode, a clear picture of buckled pattern
change is presented. Results show that the buckled pattern change may occur for plates with certain material
properties and boundary conditions. The important transverse shear effect on the buckled pattern change is also
presented. It shows that the buckling mode will shift from first to second mode shortly after buckling occurs if the

transverse shear deformation is included.

Nomenclature
D = bending rigidity
E;, E,. = Young’s modulus referred to principal material
direction
Gij = shear modulus
[H] = Hessian matrix of plate system
h = plate thickness
[K;] = linear stiffness matrix of plate
k] = linear element stiffness matrix
[K;] = tangent stiffness matrix
L = width of plate
N, = in-plane loading induced by edge shortening
[Ni] = first-order nonlinear stiffness matrix of plate
[N2] = second-order nonlinear stiffness matrix of plate
[n1] = first-order nonlinear element stiffness matrix
[n2] = second-order nonlinear element stiffness matrix
{P} = consistent load vector
D = in-plane loading
Der = critical buckling load
{0} = total degree of freedom
Qij = transformed reduced stiffness
{g} = element degree of freedom
U = total strain energy of the laminate
U, = strain energy of quadratic form
Us = strain energy of cubic form
U, = strain energy of quartic form
u,v,w = displacement fields in the x, y, z directions
W, = work done by conservative force
x,y,z = global coordinates system
€ij = strain components
Vij = Poisson modulus of lamina
& n = local coordinates system
T = total potential energy
oij = stress components
Subscripts
0 = yniform in-plane displacement
/ = derivative with respect to the variable '
Superscripts
b = deflection due to bending deformation
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s = deflection due to shear deformation
= transpose of a vector or matrix

Introduction

T is known that a plate is capable of carrying a much increased

load after buckling without failure. Therefore, it is necessary to
consider the behavior of the plate after buckling, i.e., the postbuck-
ling behavior, to fully utilize the strength of the plate and to reduce
weight of plate material. A precise analysis of postbuckling behavior
is quite difficult due to the use of the nonlinear plate theory and to the
buckled pattern changes that occur in the buckled state. The buckled
pattern change, which is often encountered in experiments, occurs
when the energy stored in the plate is sufficient to carry the plate
from one buckled pattern to another. In most postbuckling analyses,
the buckled pattern of the plate is assumed to remain unchanged.
This is only a reasonable assumption in the immediate vicinity of the
buckling load. To obtain a detailed analysis of plate response overa
wide postbuckling load range, changes in buckling pattern must be
taken into consideration. :

An early discussion of buckled pattern change was presented by
Stein! for a three-bar-column model subjected to axial compressive
load. In his subsequent paper,” he considered buckled pattern change
for the postbuckling analysis of isotropic plates with various aspect
ratios. He concluded that the intersection of the load-shortening
curves indicates possible changes in buckled pattern. The postbuck-
ling behavior of composite plates has been discussed by various
investigators.>~® Among these studies, the postbuckling behavior
with no buckled pattern change assumption usually concerns the
relation of in-plane compressive force vs transverse deflection or in-
plane compressive force vs buckled bending stress. Chial® in 1988
reviewed geometrically nonlinear behavior of composite plates and
pointed out that the buckled pattern change may occur if p/p;, is
greater than 3.0. Recently, Shin et al.!! proposed a different ap-
proach to examine the buckled pattern change. He compared the
magnitude of the total potential energy of each buckling mode. The
mode which has the minimum value of the total potential energy is
assumed to represent the actual buckled pattern. However, he only
checked the first variation of the total potential energy, which may
not necessarily give the local minimum of the total potential energy.

Based on von Kdrman large deformation assumptions, a 72-
degree-of-freedom (DOF) high-precision triangular plate element
developed in Ref. 12 is extended to study the postbuckling behav-
ior of a composite laminated plate subjected to edge shortening or
in-plane compressive load. This plate element was developed based
on a simplified higher order shear deformation plate theory that sat-
isfies zero transverse shear stress conditions on the free boundary
planes and does not require a shear correction factor. The element
presents no shear locking problem'? due to the assumption that the
total transverse displacement of the plate is expressed as the sum of
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the displacement due to bending and that due to shear deformation.
The results obtained by this element for free vibration analysis of
various composite laminates!? are in excellent agreement with those
obtained by using three-dimensional elasticity and other solutions.

Formulations
Simplified Higher Order Plate Theory
Consider a laminated plate as shown in Fig. 1. The total trans-
verse displacement of the plate is assumed to be the sum of the
displacement due to bending alone and that due to shear deforma-
tion alone,

wix, y,2) = w(x, y) +w' @, y) @

where w? and w* denote the displacements of the midplane due to
bending and shear deformation, respectively.

The in-plane displacements can also be expressed as the sum of
the displacements due to bending and shear deformation,

u(x,y,z) = uo(x, ) +u’(x, y, ) + ¥’ (x,3,2) (28
v(x, y, 2) = vplx, y) + v (x, y,2) +v'(x,y,2) (2b)

in which ug and v, are the uniform in-plane displacement compo-
nents of the plate. The in-plane displacements u® and v’ due to
bending follow the Kirchhoff hypotheses and vary linearly through
the thickness. The in-plane displacements #° and v* due to shear
deformation are assumed to:vary cubically through the thickness so
that the zero transverse shear strain conditions at the free surfaces are
satisfied, and the transverse shear stresses are varied parabolically

through the plate thickness. Based on these assumptions, the in-

plane displacements may also be expressed in terms of w® and w* as

Y2 = Uy — f— — —— — 3

e S "R N T G
awd  4z2° dw?

VD) = Uy — e — e —— 3b

v(x, ¥, 2) = —2 3y 3 dy (3b)

where £ is the plate thickness.

Adopting the von Kdrmén large deflection assumptions, the
strain-displacement relations can then be determined from those
disptacement functions as

duy w423 Pw 1<aw)2
=€ =—— —Zo— — > = ==

ax ax? 3h% 9x2 +2 ax
e w0 Bt 42wt (0w ’
2T T %y z ayz . 3h2 9yr ' 2\ dy
e&3=¢,=0
dupy v wt 873 9%w’
€=2€y=—+— —22—— — —— —n 4
6= 2 = ot 5 T %axay 342 3xdy @
+ Jw ow
dx dy

472\ dw*

= ( hz) dy

422\ dw*

e&=2€,=|1-—}|—

5= S ( hZ) ax

The total strain energy of the laminated plate is

1
U=3 / {o} {e}dv 5)
v
where the stress vector {o'} and strain vector {¢} are defined as

{o}Y = (o1 o2 o4 o5 0) (6a)

{e" = (i €& e e € (6b)

~

A-A
Fig.1 Geometry of laminated plate.

For a composite laminated plate with n layers, the stress-strain rela-
tion of kth layer of the plate can be expressed in the plate coordinate
system!®

{oh = [Q) {ek @)

where 0; ; are the transformed reduced stiffnesses. By substituting
Egs. (4) and (7) into Eq. (5), the total strain energy of a composite
laminated plate can be expressed as the sum of quadratic, cubic, and
quartic displacement functions as

U=U,+Us+ U, ®
where

1
V=3 f({I}T[A]{I}+2{I}T[B]{K} +2{L)" [E}D}
A

+{K }T[D]{K} +2{L)" [FI{K} + Ly [HHL)
+ (MY [AHM} + 2(N)Y (DM} + (N} [F1{N}) dx dy

1
Us=3 f(Z{J}T[A]{I} + 2{1}7 [BUK}
A
+2(J) [E)L}) dx dy

1
Uy = 3 /{J}T[A]{J}dxdy
A

and
—4 »
"o x —-w"’n 3p2 ¥
' b -4
{I} = v;),-y ’ {K} = —w,_;r]y s {L} - 3_hZ.w:‘YY
u v
0.y 0,x —2w'x), -8
3V
—4 1 2
w " 2
{M} = w."x s {N} = 4 R {J} — %(w’y)Z
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(Aij, Bij, Dij, Eij, Fij, Hyj)
n %
=Zf 0y z.22,2,2dz G, j=1,2,6)
k=1VY%-1
n 2%

(Aij, Dij, Fj) = Z

k=1"YZk-1

0,0, 2dz (,j=45)
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The work, due to the in-plane loading p(x, y) integrating over the
side of the element along which the load is applied, is given as

Wc=/u(x,y)p(x,y)ds )]

and the total potential energy of the laminate is then expressed as
n=U-W (10)

The nonlinear equilibrium equation of the laminated plate can be
derived by taking first variation of the total potential energy 7 of
the plate as

s =0 1n

and the Hessian matrix of the laminated plate is obtained by taking
second variation of the total potential energy of the plates as

[H] = &’n (12)

If the eigenvalues of the Hessian matrix are all positive, then the
system is in a stable equilibrium state with its total potential energy
in a local minimum stage.

Finite Element Formulation

Consider a 72-DOF triangular element with thickness # as shown
in Fig. 2. The lateral displacement within this element is assumed to
be the sum of the displacement due to bending and that due to shear
deformation. For simplicity, the four displacement functions for the
in-plane, bending, and shear deformation are assumed to have the
same form. These displacement function for u, v, w?, and w* can be
expressed in the local £—7 coordinate system as a polynomial to the
complete fifth order of £ and 5, excluding the term £45. Omitting the
term £47 is to ensure that the slope normal to the edge n = 0 varies
cubically along £, so that the normal slope compatibility along this
edge is satisfied:

20
o=y " (132)
i=1
20
v=)_ BE™n" (13b)
i=1
20 -
wh = yigmin (13¢)
i=1
20
w' =Y g (13d)

i=1
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Fig.2 Coordinate system of triangular plate element.

where
m=01,021032104321053210
n;=(0,0,1,0,1,2,0,1,2,3,0,1,2,3,4,0,2,3,4,5)

and oy, B;, ¥:, ¢; are constants to be determined by using conditions
at nodal points. By following the procedure described in Ref. 14,
the displacement functions with reference to the global coordinate
can be expressed in terms of the element nodal displacement vector
{g}. Substituting the displacement functions in Egs. (13) into Eq. (8)
and integrating over the plate element, the total strain energy of an
element can be expressed as

U, = Hg) IR [TT" [k + $m1] + 3[ma]]ITIR g} (14)
with
@)" =[{g)". 9.)", 4} ()]

in which the matrices [R] and [T] are given in Ref. 14, matrices [k;],
[n11, and [n,] are the linear, first-order, and second-order nonlinear
stiffness matrices, respectively, and can be written in the following
matrix form as

ko ki K, ki
ki, Ky ki, K
Ko kg ki,
ki, ki ki, Ky

k] = (15a)

0 0 nlw nla;
0 0 ni n
f B B
[n]= Rl (15b)
e  Plyg Plyy Py

Bliu Plp M, P

00 O 0
fn.] 00 0 (15¢)
n,] = c
? 00 Ry, M2,
00 2y P2y
where
U, U, 92U,

W bgoq; VT dgdg; VT agidg;
The details of the linear stiffness matrix &;, ' is given in Ref. 12 and
the elements n,,, and n,,, are given explicitly in the Appendix.

By substituting Egs. (13a) and (13b) into Eq. (9), and integrating
along the loading edges of the plate element, the consistent load
vector {p} is obtained as

{(ps} =IR]"IT)" {pu) (16)

where the matrices [R,] and [T] are submatrices of [R] and [77],
and the column vector {p,,} is expressed as )

Pu; = / f p&™in" dédn

On assembling all element stiffness matrices and load vectors and
applying kinematic boundary conditions, the statically nonlinear
equilibrium equations may be written as

(K1 + 31 + $INLT] (@) = (P} an

In the present study, the Newton—Raphson method is applied to solve
this nonlinear system equations.
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Fig. 3 Center deflection vs in-plane force of square isotropic plates
subjected to edge shortening.
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Fig. 4 Postbuckling behavior of square laminates with simply sup-
ported subjected to in-plane loading.
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Fig. 5 Postbuckling behavior of square isotropic plate with unloaded
edges, stress free: —, NyL2/D; &, A/ Xq.

Numerical Results and Discussions

In the following analysis, the plate is modeled by using a 4 x 4
mesh with 32 elements. The material property for the laminates is
EI/EZ = 265, Gn = G13 = G23 = 1.184E2, and, Vip = 0.21. For
the purposes of validation and comparison, the present computer
code is first used to analyze a square, simply supported isotropic
plate subjected to edge shortening which is identical to the one
analyzed by Yamaki® using the analytical method. The results are
presented in Fig. 3. It is seen that the results obtained by the present
finite element method agree quite well with the analytical solution.
Further, the postbuckling behaviors of two asymmetric cross-ply
laminates studied by Chia'® are also analyzed here, and the results
are depicted in Fig. 4. The finite element results are in good agree-
ment with those obtained by the series solution.

100 ————F————]———— 77— 100
i e Rushton [4] : 3
—— Stable Second mode ‘g

75 |~ ---- Unstable ‘L - 175
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<

-1 25
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Fig. 6 Postbuckling behavior of square isotropic plate with unloaded
edges kept straight: ~, NyL?/D; A, A/ .
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Fig.7 Postbuckling behavior of square laminate with unloaded edges
stress free.

Postbuckling of Square Plate Subjected to Edge Shortening

The results shown in Figs. 5 and 6 are the postbuckling behavior
curves of a square isotropic: plate with edge displacements vs in-
plane forces and eigenvalues. Note that N, is the in-plane force
induced by the edge shortening in the x direction, A is the minimum
eigenvalue of the Hessian matrix, and A is the minimum eigenvalue
of the Hessian matrix for a plate without edge shortening. The loaded
edges of the plate are kept straight. The other two edges are stress
free for the plate in Fig. 5 and kept straight for the plate in Fig. 6. The
results from Ref. 4 are also shown in the figures as open rectangles
for comparison purpose. The lines AB, BC, BD, and CE represent
the load-shortening curves, and their corresponding curves ab, bc,
bd, and ce are the lowest eigenvalues of the system in its equilibrium
state. As the load is increased from zero, the plate remains flat until
the load reaches point B. At this bifurcation point, the plate will
buckle into first buckling mode due to the equilibrium state of the
flat plate becoming unstable. It is also evident from the lines bc and
bd that the lowest eigenvalue of the system for the unbuckled plate
is negative and for the first buckling mode is positive. After buck-
ling, the plate in Fig. 6 is stiffer than the plate in Fig. 5 due to the
in-plane edge constraint of the plate in Fig. 6. Therefore, the slope
of line BD in Fig. 6 is higher than that in Fig. 5. If the load is further
increased beyond point F in Fig. 6, the plate will remain in the first
buckling mode even though the load required to maintain the plate
in the first mode is higher than that in the second mode. This is
due to the fact that the system is in stable condition at this moment
and the buckled pattern it will have is dependent on the previous
deformed buckling shape. However, if there is enough external dis-
turbed force, the buckling mode of the plate may shift from the first
mode to the second, i.e., the total potential energy may jump from
one local minimum point to another. Figure 7 shows the postbuck-
ling behaviors of [0/90], and [+45], laminates. It is seen that both
laminates possess the same characteristics as those just stated for the
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Fig. 8 Postbuckling behavior of square isotropic plate.
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Fig.9 Postbuckling behavior of square angle-ply [45/ — 45]; laminate.
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Fig. 10 Postbuckling behavior of square cross-ply [0/90]; laminate.

isotropic plate. From the trends of the eigenvalue curves (not shown
in the figure), the second buckling mode of the [0/90]; laminate is
always unstable.

Postbuckling of Square Laminate Subjected to In-Plane Loading
Usually, a square plate will buckle into, and remain in, the first
buckling mode without a buckled pattern change if the load is grad-
ually increased and there are no external disturbed forces. However,
for some plates with certain material properties and boundary con-
ditions, the first buckling mode may become unstable and the buck-
led pattern change may occur. Figures 8—10 show the postbuckling

3.0

c.0
0.0 05 1.0 1.5 2.0 25 3.0

P/ Py

Fig. 11 Postbuckling behavior of square isotropic plate with clamped
boundary condition.
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0.0 0.5 1.0 15 2.0 25 3.0

plpy

Fig. 12 Postbuckling behavior of square laminate [45/ — 45]; with
clamped boundary condition.

behaviors of square plates subjected to uniaxial in-plane uniform
load. The four edges are not necessarily kept straight. The plates
with simply supported boundary conditions show the same post-
buckling characteristics as those discussed in the preceding section
for the edge shortening plates. But the isotropic and [£45]; lami-
nated plates with clamped edges display a different postbuckling be-
havior. When the in-plane load reaches the buckling load, the plates
buckle into the first buckling mode. As the load is further increased
to a certain value, the plate becomes unstable and the buckled pattern
change occurs. The buckling mode of the plate is now shifted from
the first mode to the second. The plate will remain in the second mode
until the loading change causes the plate to become unstable again.

Transverse Shear Effect.on Postbuckling Analysis of Square Plate

Itis known that transverse shear has a significant effect on the me-
chanical behavior of a thick plate. Figures 11 and 12 show the effect
of transverse shear on the buckled pattern change of the aforemen-
tioned isotropic and [£45], laminated plates with clamped edges.
The results obtained using thin plate theory are also presented to
indicate the extent of the transverse shear effect. It is seen that the
buckled pattern change will occur earlier if the transverse shear de-
formation is included. The thicker the plate is, the earlier the buckled
pattern change happens. For the [+45], laminate with L/k = 10,
the buckled pattern is changed from the first mode to the second
shortly after the buckling occurs. This may be attributed to the fact
that the transverse shear deformation will reduce the lateral stiffness
of the plate which, in turn, shifts the point of bifurcation to the left
in the deflection-loading curve.
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Conclusions

Based on von Kdrmén deformation assumptions, a 72-DOF high-
precision triangular plate element using a simplified higher order
shear deformation plate theory is developed for the analysis of
postbuckling behavior of isotropic and composite laminated plates
subjected to edge shortening or in-plane compressive load. By ex-
amining the local minimum of total potential energy of each mode,
a clear picture of buckled pattern change may be seen. From the
present results, the following conclusions can be made.

1) By checking the eigenvalues of the Hessian matrix of plate,
the instability behavior of plates after buckling can be determined
clearly. ' ‘

2) The combination of loading type (edge shortening or uniform
loading), material properties, and boundary conditions influences
the trends and the occurrence of the buckled pattern change.

3) The buckled pattern change will occur earlier if the transverse
shear deformation is considered. The thicker the plate is, the earlier
the buckled pattern change happens.
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Appendix: Elements in
Nonlinear Stiffness Matrices

(”lw)ij = fub,
(nlﬂr)ij = fub,

(m1,,),; = Fbbi — fbbs — (4/3h%) fbbs

(’lla;)ij = fus
(”lﬂ;)ij = fos

(n1,0),; = fbby — fbsy — fbsy — (4/3h>)(fbs: + fbsq)

(1ie),; = Fbbi— fss2 — (4/3h) fss3
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k=1

+ Eppty + Exts + Ents + Eisty + Exty + Exsty)

20
fhsy =Y (w} +wj)

k=1
x {Bymgm;(m; — Dm j®(m;j — 4, nije)
+ Byymem;(m; — Dinj®(mijp — 2, nij; — 2)
+ B [mgm; (m; — Dnj + npmi(m; — m;]
X ®(mj = 3, nije — 1) + Boomyni(n; — Dm;
X @@, — 2, nijr — 2) + Bongn;(n; — D
x ®(m;ji, nijp — 4) + Byy[mpni(n; — Dn;
+mni(n; —~ Dm]1 @ — 1, nije — 3)
+2Bismpminim P (mij, — 3, nijp — 1)
+2323nkmininj¢(mijk ~1Lnp—3)

+ 2By (mynj +ngmj)min; ®mgx — 2, nyjr — 2)}
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20
fbse = Z (wi + wp)

k=1
x {Egmymimj(m; — D)@ (mij — 4, nip)
+ Eyingnim j(my — P Omyje — 2, nj — 2)
+ Es[mgnimj(m; — 1) + nymym;(m; — 1)]
x ®(myj — 3, nijx — 1) + Eompmunj(n; — 1)
X @(mijx — 2, nijp — 2) + Enmninj(nj — 1)
X ®(mijx, nije — 4) + Exlmninj(nj — 1)
+memin(n; — DI®myje — 1, nyjpe — 3)
+2Eumymimn; ®(mgj, — 3, n, — 1)
+2Epnnimin; (mi — 1, nij — 3)

+2E3(myn; + memg)mn; @ (myj — 2, nyj — 2)})
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