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Abstract

This paper presents buckling and free vibration analysis of composite plate/shell
structures of various shapes, modulus ratios, span-to-thickness ratios, boundary con-
ditions and lay-up sequences via a novel smoothed quadrilateral flat element. The
element is developed by incorporating a strain smoothing technique into a flat shell
approach. As a result, the evaluation of membrane, bending and geometric stiffness
matrices are based on integration along the boundary of smoothing elements, which
leads to accurate numerical solutions even with badly-shaped elements. Numeri-
cal examples and comparison with other existing solutions show that the present
element is efficient, accurate and free of locking.

Key words: buckling response, natural vibration, laminated composite plate and
shell, strain smoothing method, locking-free.

1. Introduction

The extensive use of laminated composites in various types of plates and shells
is of considerable interests to many researchers in the field of modelling, analysis
and design of these structures. Accurate prediction of structural response charac-
teristics is a challenging problem for the analysis of laminated composites due to the
anisotropic structural behaviour and the presence of various types of complicated

constituent couplings. Buckling and vibration response of plate and shell are one of
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many important considerations of engineering design and a thorough study of sta-
bility behaviours and natural vibrations of these structures is essential in assessing
their full potential.

Numerical methods such as finite element methods have been developed and
widely used for the analysis of buckling and natural vibration responses of laminated
composite plates/shells. The body of works is too large to list altogether here. An
excellent review of the development of plate/shell finite elements during the past 20
years was presented by Yang et al [1]. More details and reviews of the literature
on laminated composite plates/shells may be found in Leissa [2] and Aydogu [3] for
buckling analysis and in Mohamad [4] and Liew’s group [5, 6, 7, 8, 9] for vibration
analysis.

As discussed in many references [10, 11, 12, 13, 14, 15], flat elements have been
often and widely used owing to the ease to mix these with other types of element,
the simplicity in their formulation and the effectiveness in performing computation.
In addition, the inclusion of transverse shear effect with the aid of Reissner-Mindlin
kinematics and the incorporation of drilling degrees of freedom significantly im-
proved the performance of the flat elements for moderately thick to thin plate/shell
structures [15].

The objective of the present study is to further develop the flat element MISQ24,
whose performance in geometrically linear static analysis and the effect of smooth-
ing have already been verified and demonstrated in reference [16], for buckling and
natural vibration analysis of composite plate and shell structures. In this study, the
consistent mass matrix is used in the dynamic formulation while the strain smoothing
operator is incorporated in the formulation of the geometric stiffness matrix for buck-
ling analysis. Stability and free vibration analysis of various composite plates/shells
are performed in order to have a better understanding of their behaviours associ-
ated with all relevant parameters such as boundary conditions (simply supported,
clamped, free and mixed combinations), types of laminates (symmetric/asymmetric
cross-ply, angle-ply), number of layers, mesh distortion, fibre orientations, span-to-
thickness ratios and modulus ratios. Comparison of the numerical results obtained
using the MISQ24 element with analytic solutions and other FSDT-based, HSDT-
based elements also forms a major part of the present investigation.

In the following sections, a brief review of the FSDT-based finite element formu-



lation of four-node flat shell element with drilling DOFs is first introduced. This is
followed by the strain smoothing approach for the flat shell finite element. Numer-
ical examples are then employed to investigate and assess the performance of the
proposed flat shell element in buckling and free vibration analyses, followed by some

conclusions.

2. A flat shell element formulation based on the first-order shear defor-
mation theory

2.1. Governing equations

In the first-order shear deformation theory (FSDT) [17], the flat shell kinematics

is governed by the midsurface displacement ug, vg, wo and rotation 6, 6, as follows.

u(:n,y,z) = ’LL(](ZE,y)—FZGm,
v(a:,y,z) = UO(‘Tay) +29y7 (1)
’LU(ZL',y,Z) = wO(gj>y)'

where (ug,vp,wp) are the displacements of a point situated in the middle surface
(an xy surface), and 0,, 6, are the rotations of the transverse normal, i.e. in the z

direction, about the y— and z— axes, respectively (see Figure 1).

The in-plane strain vector € = [, &, £4y]7 can be written as
Uo,z em,m
€= Vo,y + 2z Oy = €, + z€p, (2)
and the transverse shear strain vector as
T T
Y = e VyZ] = [0 — W ey - w,y] . (3)

For an anisotropic laminated shell, the stress resultant constitutive relationships

are expressed as follows.

N A B[ en
Op = {M}_|:B D—{eb}_cpeim (4)
20O kikoCY% ] [
T = 1%55 172845 { zz } = Cyv, 5
[ k1k2025 %024 Vyz 7 )

where N =[N, N, N7 ,M=[M, M, My,",T=[Q, @, are the mem-

brane force vector, the bending moment vector and the transverse shear force vector,



respectively; k?, k3 are shear correction factors (SCFs) which can be estimated by us-
ing special methods [18]; A, B, D, C; are matrices of extensional stiffness, bending-
extensional coupling stiffness, bending stiffness and transverse shearing stiffness,

respectively defined as

h/2 )
(Aij, Bij, Dij) =/ (1,2,2%)Qidz, 4,5 =1,2,6
—h/2
h/2 (6)
CZO] = Q,-jdz, Z,j = 4, 5
—h/2

where h is the thickness of the plate, Qij are the elastic constants with respect to
the global x—axis and their detailed definitions can be found in Reference [17].

2.2. Finite element formulation of the 4-node flat shell element with in-plane rota-
tions

2.2.1. Membrane part

The 4-node membrane element with drilling DOFs (Figure 2) is derived by com-
bining the in-plane displacements using Allman-type interpolation functions [19] and
the standard bilinear independent normal (drilling) rotation fields. Details of the
formulation can be found in the original reference [20] and only a brief review is
presented here.

The independent rotation field is interpolated according to

4
0. = Ni(&n)bi, (7)
i=1
and the in-plane displacement fields are approximated by the Allman-type inter-
polation
U ! U 1S Y
a=| ] =Emen | Wi mene 00| ] ®
i=1 ! k=5 ‘
where
Tij = Xj — T4, Yij = Yj — Yis 9)
Ni(g&.m = 3(L+&E)1+mim) i=1234 (10)
Ni(&m = 51 =&)L +mn) k=517 (11)
Np(&m) = 5(1+&E0 —n?) k=6,8. (12)

and the ordered triplets (k,i,7) are given by (5,1,2), (6,2,3), (7,3,4), (8,4,1)



The linear strain matrix is given by

4
€y = symmVu = Z B,.iu,, (13)
i=1
where w; = [u;  v; HZ,-]T is the nodal displacement vector and the gradient

matrix B,,; has the following form

Ni,x 0 Nwi,:c
B, = 0 Ni,y Nyi,y s (14)
Ni,y Ni,x N$i,y + Nyi,m

in which Nz, Ny are Allman’s incompatible shape functions defined as

1

Nz; = g(yile_yikNm)7 (15)
1

Ny, = g(l'ile_$ikNm)- (16)

Furthermore, the skew-symmetric part of the strain tensor (€5x) can be expressed

as
4
€ = skewVu=> by, + 0., (17)
i=1
where
%Nivy

L (—yijNiy + YieNmy + 2ijNiw — 2N ) — N

The variational formulation suggested by [21] is described as

I, (u,0,) = %/Qe?,gDmemdQJr %v/g (€sk — 0.)%dQ — /QqudQ. (19)

Minimization of Equation (19) results in the element membrane stiffness matrix

K nem » which is the sum of matrix K,,, and a penalty matrix P, as follows.
Kmem — Km + Pfy = / BZ;LDmBmdQ + ’7/ bdeQ (20)
Q Q

where D,,, = A is material rigidity matrix for membrane.

The positive penalty parameter v in Equation (20) is problem dependent. For
isotropic elasticity, the formulation is reported to be insensitive to the value of
which is taken as the shear modulus value (v = G) [20]. However, many recent
numerical studies showed that the smaller value of v (i.e. value of v/G between
1/10000 and 1) appeared to give more accurate solutions [22, 23, 13]. In this study,
~v/G12 = 1/1000 is used for composite material.



2.2.2. Plate-bending part
For the plate bending component of the flat shell element, the Mindlin-Reissner
type 4-node plate element is employed (Figure 3).

The displacement field u is approximated as
4

u=[w 6, 6,7 => N, (21)
i=1

where N; is the bilinear shape function as in Equation (10) and u; = [w; 0y 0]
is the nodal displacement vector of the element.

The corresponding approximation of curvature is given by

Hx,x
K= Oy.y = Byu, (22)
el',y + ey,x
where
0 Nig 0
0 Ny Nig

The shear strain is approximated with independent interpolation schemes in the

natural coordinate system [24]

2 0
S

Hﬂ:”‘_l[%]:"_l[%u{@ . e .

= 2
veke:

(24)
in which J is the Jacobian matrix and the midside nodes A, B, C, D are shown
in Figure 3. Expressing ’y;;‘, ’ync and ’ny ,’ny in terms of the discretized fields u, we

obtain the shear matrix

s Nig b'Nig b*Nig

By =J" ?
si J Ni,n bzleiﬂ? 1)122]\72,777 ) ( 5)
where
bl =g, b2 =g, 0 = mial, 0P =l 26)

in which & € {—1,1,1, -1}, m; € {~1,—1,1,1}
and (i, M, L) € {(1, B, A); (2, B,C);(3,D,C); (4, D, A)}.



Then through the direct application of variational principles, the element plate-
bending stiffness matrix can be obtained as follows.
K,=K,+K,= | BI{D,Byd2+ | BI'D,B.d, (27)
Qe Qe
where D, = D, Dy = C; are material rigidity matrices for bending and shear,

respectively.

2.2.8. Construction of a flat shell element

The plate bending and membrane formulations presented in the above sections
can be combined to form a four-node flat shell element. When all nodes of the flat
shell element are placed in the mid-thickness surface of the shell, the stiffness matrix

of a shell element can be formed as

| Kn+Py Ky
Kflat - |: K'_Zr;bb Kp :| ) (28)
where the membrane-bending coupling stiffness matrix K,,; is given by
K. = / B,,BB;d2 (29)
Q

For some shells with double curvature, it may not be possible to have all four
nodes of the flat shell element on the same plane (warped geometries) and the flat
element stiffness must be modified before transformation to the global reference
system by using the rigid link correction suggested by Taylor [25]. For the rigid
link correction, the mean plane is formed by connecting central points of each side
and distances between the mean plane and each nodes are taken to be the same
(|zi| = h). Then, the following displacement transformation equation at each node i

is employed to transform the nodal variables to the projected flat element variables

w) 1 0 0000O0 u;
v, 0 10000/ v
/
Wl oot 000w |
=g, (T 0 s 0100 6w (T VW (30)
9;2 —Zi00010 Qyi
o 0 0000 1] 6.

where W is the projection matrix and z; defines the warpage offset at each node ¢
perpendicular to the flat mean plane as shown in Figure 4.
The local element stiffness matrix, considering the warping effects, is obtained

as

Klocal = WKflatWT- (31)



The element stiffness in the global reference system Kgjopq; is then obtained via

the standard rotation matrix R [26] as
Kglobal = RTKlocalR- (32)

Through the direct application of variational principles, the eigenvalue equation

for free vibration analysis is given as
(K —w’M)q =0, (33)

where w is the natural frequency and M is the global mass matrix which is defined

by

100 0 0
010 0 0
M:/NTmNdQ, m=ph| 0 0 1 0 0 [ (34)
5 000 % o
(000 0 4
and for buckling analysis
(K —XKg)q =0, (35)

where A is the critical buckling load and K, is the geometric stiffness matrix which

is defined by

K, = | Bl6(B,dq, (36)
Q
in which
[ Niz O 0
N; 0 0
h 0 0 LY
a? ng . 70 3 0 Nz O
og = 50 50 , O = 0 200 30 ) Bgz = 0 N; 0
Yy Y 0 0 %UO 0 07y N
. 0 0 Ni:y i
(37)

3. Strain smoothing approach for flat shell finite element
3.1. Smoothed membrane strain approximation

The membrane strains at an arbitrary point xc can be obtained by using the

following strain smoothing operation

Em(xc) = /em(x)CI)(x — x¢)dS2, (38)
Q¢



where €, is the membrane strain obtained from displacement compatibility con-
dition as given in Equation (13); Q¢ is the smoothing cell domain on which the
smoothing operation is performed (¢ may be an entire element or part of an ele-
ment as shown in Figure 5); @ is a given smoothing function that satisfies at least

unity property | ®d =1 and, in the present work, is defined as

Q¢
. 1/AC X € Qc,
O(x —x¢) = { 0 x ¢ Qc, (39)
in which Ac = [ dQ is the area of a smoothing cell (subcell).
Q¢

Substituting ® into Equation (38) and applying the divergence theorem, one can

get a smoothed membrane strain

- 1 ou; 8uj 1
m(Xc) = P <8x] 833@) dQ = s (um] + ujn;)dl, (40)

where I'¢ is the boundary of the smoothing cell.
Introducing the finite element approximation of u,, = [u v 6.]7 into Equa-
tion (40) gives

Em(XC) = Bm(XC)uma (41)
where
Wi = [ v 0.)7, (42)
. 1 Ning 0 Nzxing
B,i(xc) = . 0  Niny Ny;ny dr. (43)
C

Fe Niny Ning Nxzing + Nyng
Applying Gauss integration along the four segments of the boundary I'c of the

smoothing domain Q¢, the above equation can be rewritten in algebraic form as

Zl Wy, N (Xpn )10 0 0

4 n=
Bmi( = AL Z 0 Z wy N, (an) 0
E W Ni (Xon )12y Z wWn N; (Xpn )1 0

0 0 Z W Nx; (Xpp )11z
) 4 nn:1
— . A4
+ Ao E 0 0 ngl Wy NY; (Xpn )12y )

nG nG
0 0 > wyNaiy(Xpn)ny + > wnNyi(Xpn)ng
n=1 n=1



where nG is the number of Gauss integration points, xp, the Gauss point and w,
the corresponding weighting coefficients. The first term in Equation (44), which
involves only bilinear shape functions, is evaluated by one Gauss point (nG = 1).
The second term, involving quadratic shape functions, is computed using two Gauss
points (nG = 2).

The smoothed membrane element stiffness matrix can be obtained as
Kpem =K+ P, = [,BID,,B,,d2+ 7 [, b"bdf
= Y B!'.D,B,,cAc +7 [, b bdQ (45)
C=1

in which nc is the number of smoothing cells. In the present method nc =1 is
used and the penalty matrix P, is integrated using a 1-point Gauss quadrature to

suppress a spurious, zero-energy mode associated with the drilling DOF's [20].

3.2. Smoothed plate-bending strain approximation
In a similar way, by using the same constant smoothing function ® as for mem-

brane strain, the smoothed curvature matrix can be obtained as
1
R(xc) = / K(X)P(x —x0)dQ = —— (O;nj + Ojn;)dl. (46)
QC 2AC FC
Then the relationship between the smoothed curvature field and the nodal displace-

ment is written as

R(xc) = By(xc)w, (47)
where
u, = [w; Oy 9yz’]T7 (48)
R 1 0 Nmm 0
Bulxc) = o / 0 0  Nm, |dr. (49)
¢JTe \ 0 Nin, N,

Using integration with one-point Gauss quadrature to evaluate the above equation
over the four boundary segment of the smoothing cell we obtain

. 1A 0 Ni(x$)ng 0
Byi(xc) = —— o 0 Ni(x$ny | e (50)
=\ 0 Ni(x$)ny,  Ni(x$)ng

Finally, the plate-bending element stiffness matrix in Equation (27) can be trans-

formed as follows

K, =K, +K,=> B{D,B,Ac + / BI'D,B,df. (51)
Cc=1 Qe

10



In Equation (51), the shear term Kj is still computed by 2 x 2 Gauss quadrature
[24] while the element bending stiffness K, is computed by one Gaussian point along
each segment of the smoothing cells of the element. In this study, two smoothing
cells (nc = 2) as shown in Figure 5 are used for calculating the smoothed bending
stiffness matrix of the element.

The flat shell element stiffness matrix in Equation (28) is then rewritten as

K + Py K ] (52)

KT K,

mb

I‘{flat = |:
where the smoothed membrane-bending coupling stiffness matrix K, is given by

1
Ko = / B! BB, = > B] BB, Ac. (53)
& Cc=1

3.8. Smoothed geometric stiffness matrix

Similarly, the smoothed geometric strain over the element domain )¢ can be

written as
€(xc) = By(xc)ap (54)
where
Avi = [wi Oy Oy, (55)
Ning 0 0
Niny 0 0
- 1 0 Ning 0
Bgi (XC) - A—C T'o 0 Niny 0 dr (56)
0 0 Ning
0 0 N;ny

Equation (56) can be evaluated with one-point Gauss quadrature integration along

the four boundary segments of the smoothing cell as follows

Ni(x§)n, 0 0
N;i(x§)n, 0 0
- 1 0 N; (x?)nz 0 c
Bgi (XC) - A_C Z 0 N; (XG)ny 0 lg ’ (57)
9=t 0 Og N;i(x§)ne
0 0 N; (x?)ny

Finally, the smoothed element geometric stiffness matrix can be obtained as

nc
R, - /Q Bl6oByd = Y BloooB,cAc, (58)
Cc=1

11



where nc is the number of smoothing cells, chosen to be 1 for evaluating the smoothed
geometric stiffness matrix.

The analysis described above forms the basis of the four-node quadrilateral flat
shell element, named MISQ24 (Mixed Interpolation Smoothing Quadrilateral el-
ement with 24 DOFs) which passed the patch tests and hence possesses proper

convergence properties [27], for analysis of plate and shell structures.

4. Numerical examples

In this section, a number of numerical examples are presented to demonstrate
the performance of the MISQ24 element in buckling and free vibration analysis of
various plate/shell panel structures. In all examples, the material properties are
assumed to be the same in all the layers. The ply angle of each layer is measured
from the global z—axis to the fibre direction. The thickness of each layer is identified.
All the units of the model data are assumed to be consistent and therefore are not
specified. Unless otherwise specified, shear correction factors k% = k:% = ’f—; are

used for all computations. The following two sets of typical graphite-epoxy material

properties are used in the analysis:

e Material I: By /Ey = 3, 10, 20, 30, 40; G12 = G13 = 0.6Ey; Gaz = 0.5Es; v1g =
V13 = V93 = 0.25, pP = 1.

e Material II: El/Eg == 25; G12 == G13 = 0.5E2; G23 == 0.2E2; V19 = V13 =
V93 = 0.25, p = 1.

4.1. Laminated square plates under uniazial compression

This section deals with the uniaxial buckling analysis of laminated square plates
as shown in Figure 6 with different modulus ratios, span-to-thickness ratios, number

of layers and mixed boundaries.

4.1.1. Convergence study and effect of modulus ratios
A simply supported four-layer cross-ply [0°/90°/90°/0°] square laminated plate
is chosen to study the convergence of the present method using MISQ24 element.
The span-to-thickness ratio of the plate a/h is taken to be 10 in the computation.
Table 1 shows the convergence and comparison of the normalized fundamen-

tal frequencies of the present method with other solutions for various degrees of

12



orthotropy of the individual layers. It is found that the MISQ24 element yields
accurate results in a wide range of Ey/FEs ratios.

The effect of various modulus ratios E;/FE, on the accuracy of the critical buck-
ling load is displayed in Figure 7. It can be seen that the present results are in good
agreement with the 3D elasticity solutions [28] and slightly better than FSDT-based
RPIM’s solutions [29]. It is also observed that the present solution using MISQ24

element is quite insensitive to the variation of modulus ratios.

4.1.2. Effect of span-to-thickness ratio

The effect of the span-to-thickness ratio (a/h) on the uniaxial critical buck-
ling load is studied for simply supported symmetric/antisymmetric 2-layer cross-
ply [0°/90°] and angle-ply [-45°/45% square plates made of Material I having
Ey/Ey = 40. The results obtained by the present MISQ24 element are shown
in Table 2 and Table 3 in comparison with those obtained by FSDT and HSDT
[30, 31, 32].

The numerical results show that the present solutions converge with mesh refine-
ment for various span-to-thickness ratios a/h = 10, 20, 50, 100. It is observed that
the critical buckling loads increase with increasing span-to-thickness ratio for both
cross-ply and angle-ply laminates. The obtained numerical results are comparable

with other solutions and in closer agreement with the HSDT than the FSDT results.

4.1.3. Effect of mized boundaries

The influence of the mixed boundary conditions and span-to-thickness ratio are
now considered. The plate is always simply supported (S) along the edges parallel
to the y—axis while the other edges have simply supported (S), clamped (C) or free
(F) boundary conditions. The notation SSFC, for example, refers to the simply
supported condition of the two edges parallel to the y—axis and the free and fully
clamped conditions for the two edges parallel to the r—axis as shown in Figure 6.
The 10-layer [0°/90°]5 square plate is analyzed with E; = 40F (Material I) and a
10 x 10 mesh .

Table 4 contain the normalized critical buckling loads for various mixed bound-
aries obtained by the present method and other solutions using FSDT-based MLSDQ
method [33], RKPM’s results by Wang et al. [34] and FSDT, HSDT solutions of
Reddy and Khdeir [35]. It can be seen that the accuracy of the present method

compares very well with FSDT solutions and other numerical results cited here.
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The fundamental buckling mode of the 10-layer [0°/90°]5 plate under various edge

conditions are shown in Figure 8.

4.2. Laminated skew plates under uniaxial compression

This section deals with 4-layer symmetric cross-ply skew laminated plates under
uniaxial compression as shown in Figure 9. Simply supported conditions at the four
edges are considered with various skew angles from 0 to 30°. The span-to-thickness
ratio a/h is taken to be 10, 20, 50 and 100 and the entire plate is modelled using
10 x 10 mesh. In this problem, the material properties used for each individual layer
are: B = 128 GPa, Fy = 11 GPa, G192 = G13 = 4.48 GPa, Go3 = 1.53 GPa and
V1o = V13 = o3 = 0.25.

Table 5 presents the normalized critical buckling load obtained by the present
MISQ24 elements together with those of Chakrabarti and Sheikh [30] and Hu and
Tzeng [36]. It can be seen that there is a good agreement between the present results
and other existing solutions. Numerical results also show that the critical buckling

load increases as the skew angle or as the span-to-thickness ratio increases.

4.8. Laminated square plates under biazial compression

In this section, 3-layer symmetric cross-ply [0°/90°/0°] square plate is chosen to
demonstrate the computation of the bi-axial buckling loads. The plate is of width
a and thickness h and the span-to-thickness ratio a/h is taken to be 10. Material I
is used in this computation.

Firstly, the effect of modulus ratio Fy/F5 on the critical bi-axial buckling load
is studied. Table 6 reports the normalized critical buckling loads obtained by the
present elements together with the FSDT solution of Fares and Zenkour [37] and
HSDT solution of Khdeir and Librescu [38]. The present results in general indicate
a good agreement with other referenced results and closer to those of HSDT than
FSDT. It is also observed that the critical bi-axial buckling load increases with
Ey/Es ratios.

The effect of mixed edge support conditions on the critical biaxial buckling load is
now investigated. Table 7 reports the present critical biaxial buckling loads together
with the FSDT solutions in References [38, 39] and HSDT solutions in References
[29, 38]. Omnce again, the MISQ24 element exhibits a good agreement with other

numerical results cited here.
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4.4. Uniazxial buckling of multi-layer cylindrical shallow shell panels

This section deals with the uniaxial buckling analysis of simply supported cross-
ply laminated cylindrical shell panels as shown in Figure 10 with different span-to-

thickness ratios and number of layers.

4.4.1. Effect of span-to-thickness ratio

A symmetric cross-ply 5-layer [0°/90°/0°/90°/0°] shell panel is chosen for inves-
tigation. The panel is simply supported at all edges, with aspect ratio a/b =1 and
R/a = 20. In this problem, the material properties used for each individual layer
are: Fy/FEy = 40; Gi2 = G13 = 0.5E9; Gog = 0.6E3; 119 = v13 = 93 = 0.25.

Table 8 reports the normalized critical buckling loads obtained by MISQ24 el-
ement for various of span-to-thickness ratio a/h together with FSDT-based higher
order element solutions [40, 41] and an analytic FSDT solution [42]. It can be seen
that the MISQ24 element shows a slightly better performance than those of Kumar
et al. [40], Prusty and Satsangi [41] for ratios a/h < 50. It is also observed that an
increase of ratio a/h leads to higher critical buckling loads but this effect is minor

with a/h > 50.

4.4.2. Effect of the number of layers

The effect of the number of layers on the critical buckling load is now studied
with a/h = 5 and 10. A simply supported cross-ply k—layer [0°/90°/...]x cylindrical
shallow shell having Material I, with aspect ratio R/a = 2 and a/b = 1 is considered.

Table 9 reports the normalized critical buckling loads obtained by the present
elements together with the analytic solution of [43] with various value of k. The nu-
merical results show that the solutions obtained with the present MISQ24 elements
are in good agreement with the analytic solution. The effect of the number of layers

is also found to be a weak influence on the critical buckling loads.

4.5. Free vibration of square laminated plates

This section deals with cross-ply laminated square plates with various span-
to-thickness ratios, number of layers, boundary conditions and lay-up stacking se-

quences. The geometry data of the plate used in these analyses are shown in Figure 6.

4.5.1. Mesh distortion
A simply supported 4-layer cross-ply [0°/90°/90°/0°] square plate is chosen to

study the influence of mesh distortion. The distorted elements created by irregular
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interior nodes which are derived from a set of regular nodes by using a controlling

distortion factor s with the following expressions:
¥ =z +r.sAz, Yy =y +r.sAy, (59)

where r. is a computer-generated random number between —1.0 and 1.0, Az, Ay are
initial regular element sizes in the z—and y—directions, respectively and s € [0,0.4] is
used to control the shapes of the distorted elements: the bigger value of s, the more
irregular the shape of generated elements. A mesh of 14 x 14 elements is chosen in
this analysis and typical corresponding irregular meshes are shown in Figure 11.
The effect of mesh distortion on the fundamental frequency of the plate obtained
by the present method is shown in Table 10 and Figure 12. It is found that the
accuracy of the fundamental frequencies associated with irregular mesh decreases
in comparison with regular meshes. However, the deterioration is very small and
the overall performance is insensitive to mesh distortion as the maximum error of

frequency is below 0.3% (in the case of E;/Ey = 10).

4.5.2. Effect of span-to-thickness ratio

This section deals with the effect of the span-to-thickness ratio (a/h) on the
fundamental frequency of a simply supported or clamped square cross-ply plate
made of material having F1/Es = 40. Table 11 presents a convergence study on the
normalized fundamental frequency. The present numerical results are comparable
with those of Reddy and Phan [31] who used higher-order shear deformation theory,
Liew [44] who used a p-Ritz solution, Wu and Chen [45] who used local higher-
order theory, Matsunaga [46] who used global higher-order theory, Striz et al. [47]
who used higher-order individual-layer theory and Zhen and Wanji [48] who used
global-local higher-order theory. However, it can be seen that the present results
are in closer agreement with results of Liew than other results cited here. From
Table 11, it is also noticed that the span-to-thickness ratio has a considerable effect
on the fundamental frequency of plates at lower a/h ratios. At higher a/h ratios
(a/h > 25), the influence on the fundamental frequency is minor.

Table 12 reports the first four modes of a clamped unsymmetric cross-ply [0° /90°]
square plate with different thickness ratios. It can be seen that the present method
yields converged solution with mesh refinement and numerical results with a 14x14

mesh are in good agreement with the 3D laminate solutions of Liew [49] for all values
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of a/h ratio. It is also observed that the normalized frequencies increase with the

increasing of a/h.

4.5.8. Effect of mized boundaries and span-to-thickness ratio

The influence of the mixed boundary conditions and span-to-thickness ratio is
now considered. The plate is simply supported along the edges parallel to the y—axis
while the other edges have simply supported (S), clamped (C) or free (F) boundary
conditions. The three layer cross-ply [0°/90°/0°] square plate is analyzed with By =
40F5 and a 14 x 14 mesh. Table 13 contains the normalized fundamental frequencies
for various span-to-thickness ratios obtained by the present method together with
the solution of Ferreira et al. [50] and exact solutions [17, 38]. It can be seen that
the accuracy of the present method compares very well with exact solutions and

other numerical results.

4.6. Free vibration of skew laminated plates

This section deals with five-layer symmetric cross-ply and angle-ply skew lami-
nated plates. Simply supported and clamped edges are considered with various skew
angles « from 0° to 60°. The span-to-thickness ratio a/h is taken to be 10 and the
entire plate is modelled using 6 x 6,10 x 10 and 14 x 14 meshes. A representative
sketch of the 10 x 10 mesh used in the analysis is displayed in Figure 9.

Table 14 presents the normalized fundamental frequencies of the cross-ply skew
plate [90°/0°/90°/0°/90°] with simply supported and clamped edges while Table 15
shows the normalized fundamental frequencies of the angle-ply [45°/ — 459/450/ —
459 /459 plate with simply supported and clamped boundaries. The results calcu-
lated using MLSDQ method by Liew et al. [51] and B-spline Rayleigh-Ritz method
of Wang et al. [52] are also listed for comparison. It can be seen that there is a good
agreement between the present results and other existing solutions for both cases of
cross-ply and angle-ply laminates. The numerical accuracy is slightly dependent on
the skew angle o (accuracy deteriorates with increasing «) but insensitive to lay-up

sequence.

4.7. Free vibration of circular laminated plates

A circular symmetric 4-layer [#/ — 6/ — 6/6] laminated plate with a diameter
D and a thickness h as shown in Figure 13 is analysed. The span-to-thickness

ratio a/h is taken to be 10 in the computation. Two types of boundary conditions,
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simply supported (SSSS) and clamped (CCCC) with various fibre orientation angles
0 = 0°,15°,30°,45° are considered.

The effect of the ply angle 6 on the normalized fundamental frequency of the
simply supported and clamped circular laminated plate is presented in Table 16. The
natural frequencies of the first six modes in the case of clamped edge conditions are
presented in Table 17 while the corresponding mode shapes (in the case of § = 45°)
are depicted in Figure 14. It is observed that the numerical results obtained by the

present method are comparable with Liew’s results [51].

4.8. Free vibration of laminated cylindrical shell panel

The cross-ply laminated cylindrical panel with a radius R = 100, a side length
L = 20 and an angle ¢ = 0.1 radian, subjected to simply supported boundaries is
analysed. The total thickness of the panel is h = 0.2. All layers have equal thickness
and are made of the same material: E;/Ey = 25, G2 = Gi3 = 0.5F3, Gag =
0.2E5, v19 = 113 = 93 = 0.25, p = 1. The SCFs are assumed to be 5/6. Three
kinds of lay-up sequence: [0°/90°], [0°/90°/0°] and [0°/90°/90° /0°] are considered.
Considering only doubly symmetric modes, a quadrant designated as ABCD as
shown in Figure 15 is modeled. The 4x4, 6x6 and 8 x8 meshes are used in computing
the fundamental frequencies associated with the doubly symmetric modes. The
convergence study of the normalized fundamental frequency is presented in Table 18.
The present results are also compared with other numerical solutions such as results
of Liu and To using layer-wise (LW) shell element [53], of Jayasankar using 9-node
degenerated shell element [54] and the analytical solution by Reddy [55].

It can be seen that the accuracy of the present element compare very favorably
with other elements and the method is also convergent with mesh refinement. The
present element can provide accurate prediction of the solution with much reduced
degrees of freedom and its performance with respect to analytical solution is excel-

lent.

4.9. Free vibration of laminated spherical shell panel

A clamped nine-layered cross-ply [0°/90°/0°/90°/0°/90°/0° /90°/0°] laminated
spherical panel as shown in Figure 16 is considered. The panel has a radius R = 10
and a side length @ = 1. The total thickness of the panel is h = 0.01. All layers
are of equal thickness and same material properties: E; = 2.0685 x 10!, By =

E1/40,G12 = Glg = 0.5E2,G23 = 0.6E2,I/12 = 0.25 and p = 1605. The SCFs are
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k? = k2 = 5/6. Three different finite element meshes are used (6 x 6,10 x 10, and
14 x 14) for modelling the whole panel.

Table 19 gives the first four normalized natural frequencies obtained by the
present method in comparison with the solution of Jayasankar et al. [54] using nine-
node degenerated shell element while Figure 17 depicts the corresponding mode
shapes. It can be seen that the present results agree well with the solutions given

by Jayasankar et al.

5. Conclusion

In this paper, the flat shell element MISQ24 [16] is further developed and suc-
cessfully applied to analyse the buckling and free vibration analysis of laminated
plate/shell structures within the framework of the FSDT. In contrast to general
trend to use curved higher-order finite elements for analysis of shells, it is shown
that the flat element formulation herein is adequately accurate and stable in all test
cases. Several numerical investigations are conducted and the obtained results are
in excellent agreement with those of other efficient numerical models and analytic
solutions in the literature. The effect of various parameters on the critical buckling
load and fundamental frequency is illustrated and discussed.

It is observed that the present element is relatively simple but yields good accu-
racy for many thin to moderately thick laminated plates/shells without shear locking
or spurious modes. Since the integration is done on the element boundaries for the
bending, membrane and geometric terms, the present element remains accurate even
with badly-shaped elements while computational cost is reduced in comparison with

other methods based on domain integrations.
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Table 1: Simply supported cross-ply [OO /900 /900/00] square plate: Convergence of normalized
critical buckling loads with various FEi/E» ratios and comparison

Na?/(E2h?), a/h = 10)

with other solutions (\* =

Model B/ Es
3 10 20 30 40

MISQ24  (6x6) 5583 10.279  15.803  20.308  24.080
(10x10) 5409  9.978 15360  19.759  23.446
(12x12) 5380  9.927 15287  19.667  23.340
(16x16) 5352 9.878 15214  19.577  23.236
(1.096%) (1.188%) (1.298%) (1.414%) (1.551%)
(20%20) 5.321 9809  15.064  19.339  22.912

HSDT [32]
HSDT [38]

3D Elasticity [28]

(0.510%) (0.481%) (0.299%)
FSDT-based RPIM [29]  5.401 9
(2.021%) (2.284%) (2.364%)

5.114 9

985

174

15.374

15.298

(-3.400%) (1.230%) (1.858%)
5442 10.026
(2.796%) (2.704%) (2.657%)

5.294 9

762

15.418

15.019

(0.181%) (0.135%)
19.537  23.154
(1.207%) (1.193%)
19.957  23.340
(3.383%) (2.006%)
19.813  23.489
(2.637%) (2.657%)
19.304  22.881

Values in parentheses correspond to relative error compared to 3D elasticity solution.

Table 2: Simply supported cross-ply [0°/90°] square plate with various a/h ratios: Convergence

of normalized critical buckling loads and comparison with other solutions (E1/E> = 40, \* =
N.a?/(E2h?)).
a/h
Model 10 20 50 100
MISQ24 6x6 12.083 13.373 13.819 13.911
10x10 11.604 12.798 13.210 13.296
16x16 11.446 12.609 13.011 13.095
20x20 11.360 12.551 12.906 13.039
FSDT [30] 11.349 12.510 12.879 12.934
FSDT [31] 11.353 12.515 12.884 12.939
HSDT [31] 11.563 12.577 12.895 12.942
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Table 3: Simply supported angle-ply [45°/ — 45°] square plate with various a/h ratios: Convergence

of normalized critical buckling loads and comparison with other solutions (Ei/E2; = 25, A" =
N.a?/(E2h?)).
a/h
Model
ode 10 20 50 100

MISQ24  6x6 12.615 15.256 16.222 16.370
10x10 12.206 14.709 15.618 15.758
16x16 12.072 14.528 15.419 15.557
20x20 12.042 14.500 15.374 15.510

HSDT [30] 12.600 14.629 15.329 15.435
HSDT [32] 12.622 14.644 15.336 15.441

Table 4: Cross-ply 10-layer [00 / 900]5 square plate with various mixed boundaries: Comparison of
normalized critical buckling loads with other solutions (E1/E2 = 40, a/h = 10, \* = N,a?/(E2h?)).

Model SSSS SSFF  SSCC  SSSC  SSFEC SSES
MISQ24 25.534 12131 34.531 32.874 14.356 12.543
MLSDQ [33] 25.338 12.030  34.604 - -
RKPM [34] 25.703 12.224 35.162 32.950 14.495 12.658
FSDT [35] 25.450 12.092 34.837 32.614 14.358 12.524
HSDT [35] 25.423 12.077 35376  32.885 14.351 12.506

Table 5: Simply supported cross-ply [900 /00/00 /900] skew plate with various skew angles and
span-to-thickness ratios: Comparison of the critical buckling loads with other solutions (A* =
Noa?/(Ezh?)).

a/h
Skew Angle Model 10 50 =0 100
0 MISQ24 8.623 10.976 11.939 12.094
HSDT [30] 9.392 11.324 12.029 12.138
Hu and Tzeng [36] - - - 12.045
10 MISQ24 8.979 11.600 12.757 12.960
HSDT [30] 9.871 12.057 12.888 13.020
Hu and Tzeng [36] - - - 13.000
20 MISQ24 10.104 13.577 15.369 15.753
HSDT [30] 11.367 14.441 16.701 15.915
Hu and Tzeng [36] - - - 15.636
30 MISQ24 12.185 17.314 20.294 21.050
HSDT [30] 13.753 18.920 20.188 21.605
Hu and Tzeng [36] - - - 21.500
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Table 6: Simply supported cross-ply [00 / 90° / 00] square plate with various modulus ratio: Compar-
ison of the critical bi-axial buckling loads with other solutions (A\* = N,a?/(E2h?)).

E\/FEs

Model 10 20 30 10

MISQ24 (10 x 10) 4.039 7.488 9.016 10.252
FSDT [37] 4963 7.588 8575 10.202
HSDT [38] 4963 5516 9.056 10.259

Table 7: Cross-ply [O0 /900 /00] square plate with mixed boundaries: Comparison of normalized
critical bi-axial buckling loads with other solutions (Fi/E2 = 40, a/h = 10, \* = Nya*/(F2h?)).

Model SSSS SSFF SSCC SSSC SSEC
MISQ24 (10 x 10) 10.252 1.858 13.249 11.613 5.964
MLSDQ [39] 10.120 1.926 13.225 11.523 5.517
RPIM [29] 10.091 1.928 12.952 - -
FSDT [38] 10.202 1.937 13.290 11.602 5.551
HSDT [38] 10.259 1.937 13.288 - -

Table 8: Simply supported cross-ply [0°/90°/0°/90° //0°] cylindrical shell panel: Comparison of the
normalized critical buckling loads with other solutions (\* = N,a?/(FE2h?)).

a/h
Model 10 20 30 50 100
MISQ24 (8 x 8) 24.412 32557 34.796 36.081 36.656
(12 x 12) 24.088 32.077 34.268 35.525 36.087
(16 x 16) 923.976 31.911 34.086 35.334 35.891
Kumar et al. [40] 93.97  31.79 - 35.40  36.85
Prusty and Satsangi [41]  23.96 31.89  33.98 3539  36.84
FSDT [42] 24.19 3191  34.04 3542  36.86

Table 9: Simply supported cross-ply k—layer [00/900/...]k cylindrical shallow shell: Comparison of
normalized critical buckling loads (A\* = N, /(E2h), R/a =2, a/b=1).

a/h =5 a/h =10
MISQ24 Matsunaga [43] MISQ24 Matsunaga [43]
2 0.2344 0.2227 0.0956 0.0879
3 0.2964 0.2660 0.1498 0.1424
4 0.2828 0.2763 0.1506 0.1400
5 0.3093 0.2973 0.1601 0.1561
10 0.2858 0.3487 0.1639 0.1686

Stacking sequence: k=2: [0°/90°]; k=3: [0°/90°/0°].
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Table 10: Simply supported cross-ply [00/900/900/00] square plate: Effect of mesh distortion on
the normalized fundamental frequencies (w* = (wa?/h)\/p/E2,a/h = 5).

Ey/Es 5s=0 5s=0.1 5s=0.2 5s=0.3 s=04
40 10.8471 10.8476 10.8495 10.8528 10.8597
30 10.3224 10.3239 10.3257 10.3283 10.3354
20 9.5698 9.5712 9.5728 9.5749 9.5820
10 8.3094 8.3108 8.3125 8.3140 8.3207

Table 11: Simply supported cross-ply [0°/90°/90°/0°] square plate with various a/h ratios: Con-

*

vergence of normalized fundamental frequencies and comparison with other solutions (w* =

(wa?/h)/p/E2, E1/Es = 40).

a/h

Model 5 10 20 25 50 100
66 11.0001 154187 18.0504 18.4839 19.1221  19.2939
MISQ24  10x10 10.8792  15.2201 17.7903 18.2122 18.8325  18.9992
14x14 10.8461  15.1658 17.7192 18.1380 18.7535 18.9189
p-Ritz [44] 10.8550 15.1434 17.6583 18.0718 18.6734 18.8359
Reddy & Phan [31] 10.9891  15.2689 17.6669 18.0490 18.4624  18.7561
Cho et al. [47] 10.673  15.066  17.535  18.054  18.670  18.835
Local theory[45] 10.682  15.069  17.636  18.055  18.670  18.835
Global theory [46] 10.6876  15.0721 17.6369 18.0557 18.6702 18.8352

Global-local theory [48]  10.7294  15.1658 17.8035 18.2404 18.9022  19.1566

Table 12: Clamped cross-ply [0°/90°] square plate with different thickness ratios: Convergence of
fundamental frequencies and comparison with other solutions (w* = (wa®h/\/p/Ez), E1/FE2 = 40).

Mode sequences
a/h  Model Mesh i i T %
5 MISQ24 6x6 10.620 18.410 22.596 26.112
10x10 10.467 17.875 21.835 25.433
14x14 10.426 16.871 21.602 24.488
3D layerwise [49] 10.559 16.998 21.908 25.296

10 MISQ24 6x6 16.175 29.417  38.901 44.479
10x10 15.876 28.425 37.855 43.516

14x14 15.795 27.854 36.103 42.689

3D layerwise [49] 15.559 27.089 35.468 42.216
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Table 13:

Cross-ply [00/900/00] square plate with various mixed boundaries and span-to-

thickness ratios: Comparison of normalized fundamental frequencies with other solutions (w* =

(wa?/h)/p/E2, E1/Es = 40).

a/l Model SSSS SSSC SSCC SSFF SSFS SSFC
5 MISQ24 102780  10.6280  11.2387  4.0717  4.5613  5.9370
(-0.117%) (-0.169%) (-0.242%) (0.461%) (0.381%)  (0%)
RBF [50] 10.307  10.658  11.274 - - -
(0.165%) (0.113%)  (0.071%) - - -
Exact[38,17]  10.290  10.646  11.266  4.053 4.544 5.937
10 MISQ24 14.7823  17.1806  19.6614  4.3679  4.9401  7.3372
(0.110%)  (0.033%) (-0.039%) (0.573%) (0.531%) (0.084%)
RBF [50] 14.804  17.199  19.678 - - -
(0.257%)  (0.139%)  (0.046%) - - -
Exact[38,17]  14.766  17.175  19.669  4.343 4.914 7.331
100 MISQ24 18.9095  28.4750  40.5937  4.4835  5.1007  8.2665
(0.098%) (-0.091%) (-0.366%) (0.594%) (0.487%) (-0.030%)
RBF [50] 18.355  28.165  40.234 - - -
(-2.837%) (-1.179%) (-1.249%) - - -
Exact[38,17]  18.891  28.501  40.743  4.457 5.076 8.269

Values in parentheses correspond to relative error compared to exact solution.

Table 14: Cross-ply [90°/0°/90°/0°/90°] skew plate with various skew angles: Convergence of
fundamental frequencies and comparison with other solutions (w* = (wa®/p/E2)/(7h), E1/E> =

40,a/h = 10).
«
BC Model Mesh o 50 300 150 609
SSSS MISQ24 6x6 1.6030 1.7267 2.1441 3.0021 4.7710
10 x 10 1.5797 1.6977 2.0963 2.9141 4.6033
14 x 14 1.5733 1.6896 2.0820 2.8855 4.5412
MLSDQ [51] 1.5709 1.6886 2.1026 2.8798 4.4998
B-spline[52] 1.5699 — 2.0844 2.8825 —
CCCC MISQ24 6x6 24550 2.5528 2.8901 3.6260 5.2538
10 x 10 2.4014 2.4958 2.8194 3.5200 5.0610
14 x 14 2.3869 2.4803 2.7998 3.4893 4.9989
MLSDQ [51] 2.3790 2.4725 2.7927 3.4723 4.9430
B-spline[52] 2.3820 — 2.7921 3.4738 -
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Table 15: Angle-ply [45°/—45°/45° / —45° /45°] skew plate with various skew angles: Convergence of
fundamental frequencies and comparison with other solutions (w* = (wa®\/p/E2)/(7*h), E1/E2 =
40,a/h = 10).

a
B.C. Model Mesh o0 T80 30 150 600
SSSS MISQ24 6x6 1.8768 1.9255 2.1546 2.7185 4.1758

10 x 10 1.8491 1.8969 2.1093 2.6286 4.0249
14 x 14 1.8413 1.8889 2.0955 2.5672 3.9718

MLSDQ [51] 1.8248 1.8838 2.0074 2.5028 4.0227
B-spline[52] 1.8792  — 20002 24788 -

CCCC  MISQ24 6x6 23551 24242 2.7566 3.5013 5.1549
10 x 10 2.3045 2.3713 2.6892 3.3977 4.9605
14 x 14 2.2908 2.3570 2.6708 3.3683 4.8982

MLSDQ [51] 2.2787 2.3504 2.6636 3.3594 4.8566
B-spline[52] 2.2857 - 2.6626 3.3523 -

Table 16: Circular 4-layer [0/ — 6/ — 6/60] laminated plates with various boundary condi-

tions and ply angles: Comparison of fundamental frequencies with other solutions (w* =

(wa?/h)/p/E2, E1/Es = 40,a/h = 10).

0
Model B.C 0 15 30 15
MISQ24 SSSS 16.168 16.448 16.924 17.162
MLSDQ [51] 16.167 16.475 16.928 17.119
MISQ24 cccce 22.123 22.698 24.046 24.766
MLSDQ [51] 22.211 22.774 24.071 24.752

Table 17: Clamped circular 4-layer [0/ — 0/ — 6/6] laminated plate: Comparison of the normalized
natural frequencies of the first six modes (w* = (wa?/h)\/p/E2, E1/F2 = 40,a/h = 10).

Mode
0 Model i 5 3 1 5 6
0 MISQ24 22.123 29.768 41.726 42.805 50.756 56.950

MLSDQ [51] 22.211 29.651 41.101 42.635 50.309 54.553

15 MISQ24 22.698 31.568 43.635 44.318 53.468 60.012
MLSDQ [51] 22.774 31.455 43.350 43.469 52.872 57.386

30 MISQ24 24.046 36.399 44.189 52.028 57.478 67.099
MLSDQ [51] 24.071 36.153 43.968 51.074 56.315 66.220

45  MISQ24 24.766 39.441 43.817 57.907 57.945 66.297
MLSDQ [51] 24.752 39.181 43.607 56.759 56.967 65.571
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Table 18: Simply supported cross-ply cylindrical shell panel: Convergence of normalized funda-
mental frequencies w* = (wL?/h)+/p/E> for doubly symmetric modes and comparison with other
solutions.

Lay-up
Model Mesh [0°/90"] [0°/907/07] [0° /907 /90° /0"
MISQ24 x4 17.099 20.585 20.703
6 x 6 16.873 20.367 20.481
8x38 16.794 20.292 20.404
(0.756%) (-0.197%) (0.211%)
LW theory [53] 8 x 8 17.390 20.960 20.960
(4.332%) (3.089%) (2.942%)
9-node element [54] 5x5 17.7 - -
(6.192%) - -
Analytic [55] 16.668 20.332 20.361

Note that values in parentheses is relative errors with respect to analytic solutions

Table 19: Clamped 9-layer [(0°/90°)4/0°] cross-ply spherical shell panel: Comparison of the nor-
malized frequencies w* = (wa?/h)+/p/E2 with other solutions.

Model Mesh Mode 1 Mode 2 Mode 3 Mode 4
MISQ24 6 x6 69.61 98.25 118.15 136.05
10 x 10 67.94 88.24 104.45 119.73
14 x 14 67.51 86.00 101.27 115.88
9-node element [54] 15 x 15 67.43 84.16 99.71 113.70
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Figure 1: A quadrilateral laminated plate element consisting of n layers.
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Figure 3: A 4-node quadrilateral plate bending element
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Figure 4: The projection of a warped shell element into a flat mean plane
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Figure 5: Subdivision of an element into nc smoothing cells and the values of shape functions at
nodes.
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Figure 6: Cross-ply square laminated plate subjected to in-plane compression.

33



—v
@
« 87
[]
8
2,
<
~
3 af
(6]
a
™
T
N .
,é/ ‘I
S -1t ’ E
3 ’
=, 7 — — — 3D Elasticity [28]
= -2r 7 - =&~ FSDT-based RPIM [29][]
2 7 - =A- . HSDT [32]
| .=y~ HSDT [38] i
> A —6— MISQ24 (16x16)
_4 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40
E./E_ ratio
12

Figure 7: Effect of modulus ratios on the accuracy of critical buckling loads
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Figure 8: Fundamental buckling mode of cross-ply 10-layer [00/900]5 square plate with various
mixed boundaries.
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Figure 11: Typical irregular meshes with various distortion factor s.
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Figure 12: Square cross-ply [0/90/90/0] laminated plate: Effect of mesh distortion on the accuracy
of the fundamental frequency.
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Figure 13: Geometry and discretization of a circular laminated plate
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Figure 14: Clamped circular angle-ply [45°/ — 45°/ — 45° /45°] laminated plate: the first six mode

shapes.
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Figure 16: Geometry and discretization of a laminated spherical shell panel.
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Figure 17: Clamped 9-layer cross-ply [(0°/90")4/0°] spherical shell: the first four mode shapes.
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