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Abstract. In the framework of the Zigzag theories, an important role is played by the zigzag
function. In the open literature, two kind of zigzag functions exist. A comparison of the
advantages in adopting one zigzag function rather than the other is compulsory. In this work,
with a general formalism, a displacement-based model wherein the First Order Shear
Deformation (FSDT) kinematic is enriched by adding a zigzag contribution only to the in-
plane displacements description, is developed. By selecting the zigzag function, two models
arise from the general formulation. Comparison on the response predictive capabilities
ensured by the two zigzag functions, is made. Results pertaining the elastostatic deformation,
free vibrations and buckling load problems of square sandwich plates subjected to several
load and boundary conditions are compared with exact Elasticity solutions, when available, or
high-fidelity FE model.

1 INTRODUCTION

In modeling multilayered composite and sandwich structures, the main challenge is to
capture the slope variation of the in-plane displacements distribution along the thickness
direction of a beam/plate/shell component. The mismatch in mechanical properties between
two adjacent layers requires to model a jump in the shear strain at layers interface in order to
satisfy the equilibrium condition of the interlaminar transverse shear stresses. In the
framework of the displacement-based models, two approaches are available: (i) Layer-Wise
models [1], accurate but computationally expensive; (ii) Zigzag models, firstly introduced by
Di Sciuva [2,3], where a zigzag contribution, accounting for the slope variation of the
through-the-thickness in-plane displacements, is added to a smeared displacement field. The
Zigzag models save the computational cost ensuring an accuracy comparable with that of the
LW theories.

Assuming the same polynomial distribution, Zigzag models stand out based on the zigzag
function adopted. In the open literature, two zigzag functions, ascribable to their original
authors, exist: (i) Di Sciuva’s type zigzag function [2-4]; (i) Murakami’s type zigzag function
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[5]. The former is derived by enforcing the transverse shear stresses continuity at layers
interface. Following the Di Sciuva’ idea, several zigzag models arose [6-8]. Even though
physically correct, the models developed have as main drawback a vanishing transverse shear
stresses at the clamped edge [9]. To overcome this problem retaining the great accuracy in
predicting the through-the-thickness distribution of in-plane displacements proper of the
original D1 Sciuva’s work [2], Tessler, Di Sciuva and Gherlone [10] formulated the Refined
Zigzag Theory (RZT). The RZT is a displacement-based approach wherein the FSDT
kinematics is enriched by adding to the in-plane displacements a piece-wise and continuous
linear contribution. The zigzag function is derived enforcing only a partial continuity
condition of transverse shear stresses at layers interface. This model, even thought violates the
equilibrium at interfaces, ensures an estimation of the transverse shear stresses, piece-wise
constant along the thickness, correct in a average sense along with an accurate prediction of
in-plane displacements. From this point, we refer to the RZT zigzag function (RZT-F) as Di
Sciuva’s type function. On the contrary, Murakami [5] developed a mixed first-order zigzag
model via the Reissner Mixed Variational Theorem [11]. The Murakami’s type zigzag
function (MZZ-F) is derived considering the distribution of in-plane displacements proper of
periodic laminates, that is laminates with stacking sequence (a/b/a/b/..). Then, the MZZ-F is
not a physically-based zigzag function and its limits have been remarked by its same author
[12]. Despite the author of the MZZ-F warned the scientific community about the drawbacks
of his zigzag functions, the use of the MZZ-F in the formulation of first- and higher-order,
both displacement-based and mixed, models is wide in the open literature and some examples
of application are found in [13-15].

The need for a comparison between the two zigzag functions performances has been
underrated for a long time. Recently, Gherlone [16] has covered this lack in literature by
performing a deep investigation on the capabilities of the two zigzag functions both when
used in a displacement-based approach and a mixed one. By means of extensive numerical
investigation concerning the bending problem of multilayered and sandwich beams, the
author remarks the advantages in adopting the RZT-F over the MZZ-F.

Aim of this paper is to extend the deep investigation performed by Gherlone [16] to the
bending, free vibration and buckling load problems of sandwich plates. To compare the
predictive capabilities of the two zigzag functions, two first-order zigzag models are taken
into consideration. The first is the RZT; the second, called MZZ, consists in an enrichment of
the FSDT kinematics, wherein to the in-plane displacements approximation, a zigzag
contribution ruled by the MZZ-F is added. Moreover, by comparison with FSDT, adopting a
suitable shear correction factors, the advantages in adding a zigzag contribution to the FSDT
is assessed. Results are compared with the exact Elasticity solution, when available, and with
high-fidelity FE models.

2 KINEMATICS AND FORMULATION

In this section, the kinematic assumptions proper of a first-order zigzag model are
presented.

Consider a laminated plate of uniform thickness 2h with N perfectly bonded orthotropic
layers as shown in Figure 1. The orthogonal Cartesian coordinate system (x,z) is taken as

reference where the thickness coordinate z ranges from -h to h. The middle reference plane (or
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midplane) of the plate, Sy, is placed on the x-plane. The plate is bounded by a cylindrical edge
surface, S, constituted by two distinct surfaces, Sy andS_, on which the geometrical and

mechanical boundary conditions are enforced, respectively. Moreover, the intersection of the
surface S and of the x -plane is the curve C which represents the perimeter of the midplane,

Sm. As for the edge surface, the curve C is composed by two distinct curves, Cy andC_,
originated by the intersection of Sy and S_ with the x -plane, respectively.

& v

Figure 1. General plate notation.

Formally, the RZT and the MZZ share the same kinematic description:

UL (x2)=u,(0)+20,(9+ 1@y, (0 (2=12)

U, (x,2) = w(x) @

wherein U® and U, are the in-plane displacements and the transverse one respectively, and

the superscript (k) means that the quantities is related to the kth layer. The first-order zigzag
model results as the superposition of the FSDT kinematic field and a piece-wise linear and
continuous contribution, i.e. the zigzag contribution, given by the product of a priori known

zigzag function, f®(z), and the relative zigzag amplitude, w,(X). To the five kinematic
variables, proper of the FSDT (u,(X), 8, (X),w(x)), the first-order zigzag model adds the two

zigzag amplitudes, y,(X), resulting in seven kinematic unknowns, independent of the number

of layers.
Consistent with the displacement field in Eq.(1), the non-linear (in the Von Karman sense)
in-plane and transverse shear strains are

® _ ®) ® G ®)
268 _uavﬁ+uﬂ,a+z(9a'ﬁ+0m)+fa Wost 100, + W W =0, +w, + 8%, 2)

ai

The generalized Hooke’s law for the kth orthotropic lamina, whose principal material
directions are arbitrary with respect to the reference coordinate system reads

0 _cl 0. 0 _ o0, ®
O-aﬂ _Caﬂy§ ¥ ! z-otZ _Qaﬁ 7ﬂz (3)
where C) and Q) are the transformed elastic stiffness coefficients referred to the (x,z)
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coordinate system and relative to the plane-stress condition that assumes that transverse
normal stress is negligibly small in relation to the in-plane stresses.

2.1 Refined Zigzag function
This section briefly recalls the key features of the RZT-F, herein quoted as %) (z). By

RZT,
using the strain-displacement relations (Egs. (2)), the shear strain deformation read as

=0, B, =, (B @

where f5 denotes the first derivative with respect to the thickness coordinate of ) (z),

and the strain measure 7, =6, +W_, —y _is introduced. According to Egs.(3), the transverse
shear stress follows

£ QW +Q¥ 1+ A8, v, ©

The transverse shear stress in Eq.(5) are composed by two contribution: the first is zigzag
function-independent, Q{)n, , whereas the second, QY (1+ L) )1//1, is related with the

RZTl
zigzag function by means of its derivative with respect to the thickness coordinate, A%\ .

According to the RZT [10], the continuity condition at layers interfaces of the zigzag-
dependent transverse shear stress (when y =« ) is enforced, that is the second contribution on

the right hand side of Eq. (5) is stated to be constant and equal to G, . In formula

QY (1+ 4%, ) =G, ()
Solving Eq.(6), the first derivative of the zigzag function reads
G
B = o )

where the constant G, is a weighted —average transverse shear stiffness coefficient of their
respective lamina-level coefficients Q. For sake of brevity, only the final expression is
given for G_, that is

10 dz )
oala) .
To completely define the zigzag function f3) (z), the zero-condition at the top and bottom
plate surface is enforced, that is

f& (z=-h)= {3 (z=h)=0 ©)

Readers interested to a detailed derivation of the RZT-F can refer to [10].
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2.2 Murakami’s zigzag function

Murakami [5] derived his zigzag function based on the distribution of the in-plane
displacements along the thickness of periodic laminates. For this reason, the MZZ-F reflects a

periodic nature, that is it oscillates between the values -1 and +1. The MZZ-F reads as
f(k)

Mzz, (2)= (_1)k g(k) (10)

where ¢ e[-1,+1]is a local nondimensional thickness coordinate of kth lamina, defined as

¢ =(z-2%)/n® where z{is the distance of the kth layer mid-plane from the reference
plane. Figure 2 compares the two zigzag functions for a three-layer laminate.

z z

\f&% @ 1 (@)
\ X(l X(l

-1 +1

Figure 2. Comparison on the through-the-thickness distribution of zigzag functions.

3 GOVERNING EQUATIONS

The plate represented in Figure 1 is subjected to a transverse pressure loading, g(x,t),
applied on the midplane S, to surface tractions, P, (x,t) and P,(X,t), acting on the top
surface, and p; (x,t) and P (x,t), acting on the bottom surface. Traction stresses, (T,,T,,T,).
are also prescribed on S_.The non-linear (in the Von Karman sense) plate governing
equations and boundary conditions are derived from the D’Alembert’s principle and read as
[17]

— .. - fooee
aﬂﬁ+p =1,U, +I0 +I01//a MQM—Qa+ma:Ilua+I29a+Il v,

11
M;ﬂ,/j_Qa =IOf ua+|l Ha+|2 l/}a Qa,a+<Naﬁ,ﬂWﬂ)ya+q=|0W ( )

where the force and moment stress resultants, the mass moments of inertia and the external
loads are defined as

h h

(Nepi MM ) ,[Ut(zk) (L2, 19@)dz; (Q,.Q)=[(c¥. 9% )dz

-h

' : (12)
K Ip(k) 2 (LE0@)z 1= [ pW (19(2) dz; B, =B, +Po; m, =h(P, - )
~h

The D’ Alembert principle leads also to the variationally consistent boundary conditions
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u, =0, onC, AN, =NamonC, 6,=6,0nC,AM_n,=MauonC,

_ _ (13)
v, =%, onC,AMUn, = Mu onC, w=wonC, A Q,n, +(N,w,)n, =V onC,
wherein the force and moment of the prescribed tractions are
h
(Nan,Man,MLn,vm)z [(Te 2T (97,7, 2 (14)

“h

By Introducing Egs.(2) and Egs.(3) in Egs.(12) and integrating, the model constitutive
equations are derived.

4 NUMERICAL RESULTS

In order to compare the two zigzag functions, the bending, free vibrations and buckling
problems of square sandwich plates are solved.

Mechanical properties of materials and stacking sequences taken into consideration are
listed in Tables 1 and 2.

Table 1. Mechanical properties of materials; elastic moduli are expressed in GPa, the density in kg/m®.

Material EY. B EY Vi Vis Vs Gy .G3 .Gy pY
50,10,10 0.25, 0.25, 0.25 5,5,5 -
N 10°, 10°,75.85x10° 0.01,0.01,0.01 22.5x10%225x10°,22.5x10% -
B 276, 6.9, 6.9 0.25,0.25, 0.3 6.9,6.9,6.9 681.8
H 0.5776,0.5776, 0.5776  0.0025, 0.0025,0.0025  0.1079, 0.1079, 0.22215 1000
G 19,1,1 0.32,0.32,0.49 0.52.0.52,0.338 -
P 3.2x107°, 2.9x10°,0.4 0.99, 3x107, 3x107° 2.4x107%, 7.9x107, 6.6x107 -

Table 2. Laminate stacking sequences (from bottom to top surface).

Laminate  Normalized lamina thickness, 2h®/2h  Lamina materials Lamina orientation
L1 (0.1/0.8/0.1) (CIN/C) (0°/Core/0°)
L2 (0.05/0.05/0.8/0.05/0.05) (CICINICIC) (0°/90°/ Core /90°/0°)
L3 (0.50.5tt,/0.5t/0.5t) (B/B/HIB/B)  (90°0°/Core/90°/0°)
L4 (0.1t0.1t)s/t./(0. 1t/0. 1ty)s (GI G)/ PI( G/ G)s  (0°/90°)5/Core/(90°/0°)s

4.1 Linear bending

The numerical results reported in this section pertain the linear boundary value problem of
bending of simply supported square sandwich plates subjected to bi-sinusoidal transverse
pressure. Two sandwiches are considered (laminate L1 and L2), made by the same materials
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for faces and core but with different stacking sequence. Figure 3 compares the through-the-
thickness distribution of normalized in-plane displacements and normalized transverse shear
stresses obtained by the RZT and the MZZ. In order to assess the benefit given by the
inclusion of a zigzag function in the FSDT kinematic, results obtained with the FSDT

adopting a suitable shear correction factor are also presented. The reference solution is the
exact Elasticity solution as derived by Pagano [18].
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Figure 3. Laminate L1, a/2h=6: through-the-thickness distribution of normalized in-plane displacement,
U, =(10'D,/g,a*)U ¥ and normalized transverse shear stress, z,, =(2h/q,a’)z% . The FSDT solution is
obtained with k,*= k,*=0.022.

If compared with the reference solution, both RZT and MZZ provides accurate results for
the in-plane displacements and transverse shear stresses, obtained by integration of the
equilibrium equations. Instead, the FSDT is not able to follow the exact solution.

By changing the stacking sequence, the laminate L2 is obtained. For this laminate,

distribution along the laminate thickness of normalized in-plane displacements and integrated
transverse shear stresses are shown in Figures 4.
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Figure 4. Laminate L2, a/2h=6: through-the-thickness distribution of normalized in-plane displacement,
U, =(10°D,,/g,a*)U and normalized transverse shear stress, 7, =(2h/q,a*)z%. The FSDT solution is
obtained with k,’= 0.0242, k,*=00225.

Considering results in Figure 4, the RZT preserves its great accuracy if compared with the
Elasticty solution demonstrating an adaptive behavior. On the contrary, MZZ leads to
significant error since the solution fits with the FSDT one in every z location.

For laminate L2, a comparison on the normalized maximum deflection for several values
of the span-to-thickness ratio, a/2h, is in Table 3. Solution obtained with the FSDT adopting
an adequate value of the shear correction factor [17] and a unit one is listed. Comparison
performed in Table 3 demonstrates the great accuracy of RZT for every value of a/2h since its
solution is in agreement with the reference one. The FSDT improves its accuracy if a suitable
shear correction factor is adopted, even if the through-the-thickness distributions of in-plane
displacements and transverse shear stresses are far from the exact pattern (see Figure 4). The
MZZ predicts the same deflections than the FSDT model with unitary shear correction factor.
In fact, the only difference between this two model relies on the zigzag contribution. If the
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zigzag function used is not well established, the zigzag contribution tends to vanih thus
leading the MZZ to coincide with the FSDT model with k= k,?=1.

Table 3. Laminate L2: normalized maximum deflection, W= (10°D, / g,a*)w(a/2,b/2); k* is the shear
correction factor.

FSDT
k=1,k =1 )
k2= 0.0225
6 8.038 8.040 0.573 0.573 8.243
10 3.254 3.253 0.456 0.456 3.217
20 1.118 1.118 0.406 0.406 1.097
50 0.507 0.507 0.392 0.392 0.503
100 0.419 0.419 0.390 0.390 0.418

The bending problems solved in this section remark the periodic nature of the MZZ-F and
its limited applicability only to periodic laminates (like the L1 lamiante) whereas the MZZ-F
becomes complitely inadequate for those laminates without a periodic stacking sequence (like
the L2 laminate).

4.2 Free vibrations

In this section, the problem of undamped free vibration problem of fully clamped square
sandwich plate is solved. For this kind of boundary condition, the exact RZT and MZZ
solution do not exist and an approximate one has been developed by using the Rayleigh-Ritz
method. For the details, refer to [17].

Table 4 lists the first six natural frequencies obtained by means of the RZT, MZZ model
and the FSDT adopting both an adequate and a unit value shear correction factor. Results
from a three-dimensional finite element analysis [19], are assumed as reference in the
comparison.

Results in Table 4 demonstrate the superior predictive capabilities of RZT that preserves
its accuracy changing the boundary conditions, stacking sequence and nature of the problem.
The FSDT model is able to provide results close to the reference ones only if an appropriate
shear correction factor is used; when the unit value is assumed for k. and k,?, relative error
greater than the 140% since the first natural frequency is obtained. The erroneous
overestimation of the natural frequencies concerns also the MZZ that provides the same
results than the FSDT with unit shear correction factors. As for the bending problem of
laminate L2, laminate L3 is not a periodic one then the MZZ-F is not adequate to simulate the
elastic behavior of this laminate.
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Table 4. Laminate L3, a/2h=10, core-to-face thickness ratio, t./t;=8: comparison on the first ten non-dimensional

circular frequencies, @,, =100, ,a (,oc/E1f ) , Where p, is the mass density of the core and E,; is the

longitudinal Young’s modulus of the face.

FSDT

Mode: m,p 3D FE [19] RZT MZZ W=Lki=1 k2=0.0834;

k,’=0.1445
1,1 11.22 11.44 27.76 27.76 11.18
2,1 16.68 16.46 45.03 45.03 16.09
1,2 18.96 19.81 45,71 45,72 19.05
31 22.71 22.92 58.11 58.11 22.20
2,2 23.53 23.16 67.32 67.32 22.36
3,2 28.07 28.19 68.77 68.77 27.11

4.3 Linear buckling
In this section, the linearized problem of buckling of a simply supported square sandwich
plate subjected to a compressive load, N, , is solved. It is assumed that the plate remains flat

during the pre-buckling equilibrium state and that the external in-plane stress resultants vary
neither in magnitude nor in direction during buckling. For details on the solution procedure,
readers can refer to [17].

Table 5. Laminate L4: comparison of uni-axial overall buckling load parameter, 0, = Nfrbz/(E2f h3) where N

is the uniform uni-axial critical load and E,, is the transverse Young’s modulus of the face.

t/2h 0.025 0.05 0.1

a/zh 5 10 20 5 10 20 5 10 20

3D [20] 1503 2.238 2.554 2.082 3.737 4.659 2.605 5.608 7.897
RZT 1539  2.263 2.566 2.115 3.765 4.681 2.628 5.633 7.921
MZZ 1676 2334 2.588 2.509 4.108 4.806 3.517 6.905 8.474

FSDT

k’=k’ | 1682 2337 2580 | 2622 4122 4811 | 4029 6952  8.491

k2, k,? 1539  2.263 2.566 2.116 3.767 4.682 2.620 5.638 7.926

(k=0.820, k,’=0.782) (k=0.697, k,°=0.643) (k=0.541, k,°=0.479)

10
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In Table 5, results on the overall uni-axial buckling load parameters obtained with the
RZT, MZZ and FSDT are listed. A 3D solution [20] is taken as reference in the comparison.
The results investigate also the effect of the face-to-thickness ratio, t/2h, and the span-to-
thickness ratio, a/2h.

The RZT results fits with the reference solution on the entire range of face-to-thickness and
span-to-thickness ratio considered. The FSDT allows prediction of the buckling load
parameter of the same RZT accuracy only when a suitable shear correction factor is
implemented. Instead, the FSDT with a unit shear correction factor leads to errors, up to 7,5
%, that decrease with the reduction of the face-to-thickness ratio as the sandwich tends to
become a single layer plate, made only by the core. When the MZZ model is used, results in
agreement with the FSDT with a k&= ky2 =1 are obtained as result of the non periodicity of
the sandwich. Then, also in this case, the MZZ-F reveals not adequate zigzag function.

5 CONCLUSIONS

The aim of this paper is to compare the capabilities of the two zigzag functions available in
literature (the Refined Zigzag Theory function, RZT-F, and the Murakami’s zigzag one,
MZZ-F) in predicting response of sandwich plates, both simply supported and clamped,
covering a lack in the open literature.

The zigzag functions are involved in the formulation of a general first-order zigzag model,
wherein the First-Order Shear Deformation (FSDT) kinematic is enriched by adding a zigzag
contribution, given by the product of a zigzag amplitude and a zigzag function. Depending on
the zigzag function adopted, two first-order zigzag models are obtained.

Results reported for the bending, free vibrations and buckling load problems demonstrate
superior predictive capabilities of the first-order zigzag model employing the RZT-F over that
adopting the MZZ-F. The MZZ-F provides results accurate as those of the RZT-F only for
periodic laminates. When the periodic structure of the stacking sequence is removed, the first-
order zigzag model using the MZZ-F leads to an heavily underestimation of the maximum
deflection and overestimation of natural frequencies and buckling loads. It is worth to note
that when the non periodic laminates are considered, the first-order zigzag model adopting the
MZZ-F leads to the same results provided by the FSDT adopting a unit shear correction
factor. In fact, if the zigzag function is not adequate, the zigzag rotation becomes small
enough to get the zigzag correction almost ineffective on the FSDT. Then, the first-order
zigzag model using the MZZ-F and the FSDT, with a unit shear correction factor, tend to be
the same model.

By considering the numerical results presented in this work, contrary to the wide use
established in the open literature, the authors strongly recommend the adoption of the Refined
Zigzag function, instead of the Murakami’s one, in modeling the laminate and sandwich
structures.

REFERENCES

[1] Ghugal, Y.M. and Shimpi, R.P. A review of Refined Shear Deformation Theories of
isotropic and anisotropic laminated plates. J. Reinf. Plast. Comp. (2002) 21:775-813.

[2] Di Sciuva, M. Development of an anisotropic, multilayered, shear-deformable rectangular
plate element. Compos Struct (1985) 21(4):789-796.

11



L. lurlaro, M. Gherlone and M. Di Sciuva.

[3] Di Sciuva, M. Bending, vibration and buckling of simply supported thick multilayered
orthotropic plates: an evaluation of a new displacement model. J. Sound. Vib. (1986)
105(3):425-442.

[4] Di Sciuva, M. Multilayered anisotropic plate model with continuous interlaminar stresses.
Compos Struct (1992) 22(3):149-167.

[5] Murakami, H. Laminated composite plate theory with improved in-plane responses. J.
Appl. Mech.(1986) 53(3): 661-666.

[6] Cho, M. and Parmenter, R.R. Efficient higher-order composite plate theory for general
lamination configurations. AIAA J. (1993) 31(7): 1299-1306.

[7] lcardi, U. Higher-order zig-zag model for analysis of thick composite beams with
inclusion of transverse normal stress and sublaminates approximation. Compos B Eng
(2001) 32: 343-354.

[8] Vidal, P. and Polit, O. A thermo mechanical finite element for the analysis of rectangular
laminated beams. Fin Elem Anal Des (2006) 42: 868-883.

[9] Averill, R.C. Static and dynamic response of moderately thick laminated beams with
damage. Compos B Eng (1994) 4(4): 381-395.

[10] Tessler, A., Di Sciuva, M. and Gherlone, M. A consistent refinement of First-Order Shear
Deformation Theory for laminated composite and sandwich plates using improved zigzag
kinematics. J Mech Mat Str (2010) 5(2): 341-367.

[11] Reissner, E. On a certain mixed variational theorem and a proposed application. Int J
Numeric Methods Eng (1984) 20(7):1366-1368.

[12] Toledano, A. and Murakami, H. A composite plate theory for arbitrary laminate
configurations. ASME J Appl Mech (1987) 54(1): 181-189.

[13] Ganapathi, M. and Makhecha, D.P. Free vibration analysis of multi-layered composite
laminates based on an accurate higher-order theory. Compos Part B Eng (2001) 32: 535-
543.

[14] Vidal, P. and Polit, O. A sine finite element using a zig-zag function for the analysis of
laminated composite beams. Compos Part B Eng (2011) 42: 1671-1682.

[15] Umasree, P. and Bhaskar, K. Analytical solutions for flexure of clamped rectangular
cross-ply plates using an accurate zig-zag type higher-order theory. Compos Struct (2006)
74: 426-439.

[16] Gherlone, M. On the use of zigzag functions in equivalent single layer theories for
laminated composite and sandwich beams: a comparative study and some observations on
external weak layers. J App Mech (2013) 80(6): 061004-1:061004-109.

[17] lurlaro L., Gherlone M., Di Sciuva M. and Tessler A. Assessment of the Refined Zigzag
Theory for bending, vibrations and buckling of sandwich plates: a comparative study of
different theories. Compos Struct (2013), 106:777-792.

[18] Pagano, N.J. Exact solutions for rectangular bidirectional composites and sandwich
plates. J Compos Mater (1970) 4(1): 20-34.

[19] Kulkarni, S.D. and Kapuria, S. Free vibration analysis of composite and sandwich plates
using an improved discrete Kirchhoff quadrilateral element based on third-order zigzag
theory. Comput Mech (2008) 42: 803-824.

[20] Noor, A.K., Peters, J.M. and Burton, W.S. Three-dimensional solutions for initially
stresses structural sandwiches. J Eng Mech (1994) 120(2): 284-303.

12



