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Abstract

Sandwich materials in plate form, crafted from advanced composite face sheets and lightweight core materials, are extensively utilized in marine
structures, particularly in pleasure boats. This is due to their high specific strength, ease of formability, high rigidity, and cost-effectiveness. Given
their complex internal structures, there is a pressing need for practical methods to accurately analyze the behavior of sandwich plates during the
preliminary design phase, where time constraints can heavily impact the designer's decisions. Although rule-based approaches are often seen as
a quick and suitable solution for reaching initial design assumptions, they can result in heavier structures compared to those achieved through
optimization using more time-intensive numerical methods, ultimately leading to suboptimal designs.This study presents a practical method for
obtaining a lightweight sandwich structure without the necessity of numerical analyses, utilizing a parametric approach specifically developed for
this purpose. The approach is tailored to address the design of a sandwich plate representing the bottom of a boat. It features carbon fiber-reinforced
epoxy face sheets and a PVC foam core, which is simply supported at the edges while being subjected to compressive loads that can induce buckling
along the long edges. Ansys was also used to select the lightest one among 12 different sandwich plate combinations. The optimization was carried
out on the basis of critical buckling loads obtained by the Long Sandwich Plate Method.
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1. Introduction emissions and have a long lifespan primarily because of
Sandwich plate materials made from polymer-based their resistance to environmental factors. This aligns well
composites are extensively used in the marine industry, with current environmental concerns that drive industries

serving various purposes, from the hull structures of ships toward sustainability in design and production. Other
to their components. These plates are utilized by ships and ~ benefits of sandwich structures in marine applications

in structures that generate marine renewable energy, such include good buckling resistance and crashworthiness,
as wind turbines and wave energy converters, as well as in ~ reduced construction weight, and the ability to support large
modern technologies like unmanned marine vehicles [1- spans without additional stiffening. This results in increased
6]. These materials have proven to be an excellent choice ~ Usable volume, greater design flexibility, fewer parts, and
due to their superior specific strength, meaning they are reduced assembly time.The marine industry can widely use
lightweight while maintaining high strength. Additionally, sandwich materials made from polymer-based composites.
they offer advantages in logistics and production with low  This includes innovative applications that ensure time-

saving designs and allow designers to work freely. Because
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these materials can easily produce complex forms that
cannot be achieved with metal or alloy equivalents, this
flexibility in design allows for innovative shapes and
structures that can enhance performance and aesthetic
appeal. Glass or carbon fiber-reinforced epoxy or vinyl ester
composites are commonly used as face sheets. At the same
time, closed or open-cell foam, balsa of various densities,
and aluminum honeycombs serve as cores. These materials
are notable components of sandwich structures made from
polymer-based composites, which are widely utilized in the
boatbuilding industry.

The loads that the structural elements of ships, especially
those sailing in rough seas, must carry are quite variable
in terms of their magnitude, the direction of action
(compression, tension, shear, compound, bending, torsion,
buckling, etc.), and behavior (cyclic, randomly variable over
time, singular, shock, etc.). The selection and dimensioning
of the materials of the structural elements are made by taking
into account the various loads that a ship in the design phase
may encounter throughout its life. In marine conditions,
buckling comes to the forefront as the inevitable load that
elements in plate form will be exposed to.

Research on buckling, recognized as the most critical load
that sandwich plates encounter, focuses on optimizing
both the geometry and lamination of these plates under the
relevant loads [7-9] and selecting the appropriate materials.
When addressing complex challenges, such as designing
the bottom sandwich plates of high-speed marine vehicles,
buckling loads are typically analyzed using various plate
theories, considering them as uniformly distributed axial and
biaxial in-plane loads [10,11].

It is worth noting that the first scientific publication on
sandwich plates was a study by Marquerre in 1944 on
the behavior of these structures under buckling loads,
which was cited in [12]. Most research investigating the
buckling behavior of sandwich composite plates focuses
on enhancing the mechanical properties of the facesheet
and core components by using auxiliary materials, such
as modifications with multi-walled carbon nanotubes [13-
15]. Additionally, at an analytical level, studies that aim
to determine buckling responses utilize approaches like
Reddy’s higher-order shear deformation theory [16] as well
as numerical methods, including the Finite Element Method
(FEM) and the Generalized Differential Quadrature Method
[17].

In this study, the optimization of the components (face sheets
and core) of rectangular sandwich plates with long length
compared to their width and subjected to buckling load,
representing the bottom structure of a small marine craft, was
carried out with the Long Sandwich Plate Method (LSPM)
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[18,19]. The obtained analytical results were also verified
with the help of the ANSYS software [20] based on the
FEM. The study aims to propose practical tools for designers
who design composite sandwich plates, whose numerical or
analytical modeling requires expertise and time, such as the
graph that gives the critical buckling loads depending on the
plate dimensions presented at the end.

2. Materials and Methods

2.1. Governing Equations of Sandwich Plates Under
Critical Buckling Load

Kirchhoff Plate Theory is applied to analyze thin plates
undergoing small deformations. Under this theory, it is
assumed that after deformation, the normal to the plane
remains perpendicular to the reference plane and does not
curve. The governing equations for plates and thin plates are
presented below.

In the case of sandwich plates, the normal line remains
straight but is not perpendicular to the reference plates
(neutral axis) (Figure 1). The displacements at the x and y
axis are given in Equation 1.

uw=u"—zy_ v=v—zy ()

where, y_and X, are the rotations of the normals at the x-z
and y-z planes, respectively.

From Figure 1, the first derivative of the deflection w° of
reference plane with respect to x is

a 0
G = Xt 2

74

and similarly the first derivative of the w° of reference plane
with respect to y is,

Reference plane _

Reference plane

Figure 1. Deformation of a sandwich plates [18]
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() 0
Sy = Xt 3)

As for the strains at the reference planes are,

0 — ou’ o — o o _ ou’ 9
& = x 0 6 T dy > ‘w7 dy  ox S

From Equations 2 and 3, transverse shear strains are

0W“

aWO
Ve = ox - ©)

)(xz ’ yw = ()_y )(yz

While shear deformation is zero, those expressions of
curvatures of reference planes can be reached

%, %, . M 6
K= "o K.,v__dy’ ny__dy_dx (6)

From these Equations 4-6, strain-displacement relations of
the sandwich plates can be seen.

The section of the sandwich plate is illustrated in Figure
2, where ¢ and # represent the thicknesses of the outer and
inner (upper and lower) face sheets, respectively. In this
study, # and # are equal, as they share the same thickness and
symmetrical lamination sequence. Similarly, the reference
plane is located at the midplane of the sandwich plate, which
means that d' and d” are also equal. For these variables, the
relationship d=c+t is shown in Figure 2.

To establish the force-strain relationship, the forces and
moments are described in Equations 7 and 8, respectively.

h, h,
N = _hfg"dz’ N = _hfaydz,
' h, ' h,
Nx’v = / Txy dZ ’ MX = / Zaxdz’ (7)
: ~h, —h,

h, h
M = _hf w,d, M, = [zz dz

_hh
h, h,
‘/x = ./szdz’ ‘/) = ./dez (8)
—h, —h, .

N,-’ Mi, and V, are in plane forces, moments and transverse
shear forces respectively.  and A, are the distances from the
reference plane to the surface of the plate.

[ ttag B I
h i T Reference Td(
h of TP T T,
he d
I i} tb:,\: —1 Nz

Figure 2. Sandwich plate geometry [18]
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As for in-plane stresses,

0, 0, 0, O €,
% =10, 0, O, K% ©)
o 0, 0, O T

ﬂ 8 u 0 z axxz
x ox ox ox

ox,
o v _ o _ %
ey - ay - ady Z@y (10)

o_@+@_@E@L<%Z%)
Yy = dy = ox ~ dy = Ox dy ' ox
From the Equations 4, 7% 9" and 10" and the definitions of
rigidity matrices [A], [B] and [D], following expressions can
be obtained:

..
N 60 0x
; o,
N, b = [AlR€) ¢ + [BI ' (11
Nn yx(; ())()Cz ())(‘
dy  ox
9%,
M ef ox
g o %,
M L = [BRe€’} + [D] ~ 5 (12)
M, Vo %
9y " ox

From the Equation 6, the Equations 11 and 12 can be written
as;

(N, €’ K,
N2 adeol gl & (13)
Ny 7y o
(M €’ K,
M, b = [BlJe! b + DI K (14)
Mxy yx‘fv Xy

The relation between transverse shear forces and transverse
shear stress can be given as,

{Vx} _ lgu S112] {yxz} (15)
Vy S, S, Yy
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where [$] is the shear stiffness matrix (rigidity matrix) of the
sandwich plate.

At the boundary conditions for simple support, deflection,
w?, boundary moment, MX , torsion moment M » and in-plane
forces N and N, , are zero. A

w=0,M=M_=0,N=N_=0 (16)

s0, governing equations of thin plates can be given below

Force-strain relations:

e 3 - T 00

N, A, A, A, B, B, B, Eix
Ny AIZ A22 A26 BIZ BZZ BZ6 €‘0
b, Nx} \ — AIG A26 A66 B]6 BZé Béé J y‘(z 9 (17)
Mx BII Bl2 Blﬁ DII DI2 Dl6 Kx
My BIZ BZZ 826 D]Z D22 D26 y
L Mxy L B16 BZ6 B66 D16 D26 D66 R ny
A B, and D, in Equation 17" are the extensional,

Aljbendlng extensmn coupling, and bending stiffnesses
matrices, respectively. These matrices are shown in the form
of reduced stiffness matrices below,

Aij = kK=1 (Qy) k(Zk ~ %)
B,j = %Zszl(gij)k(Zkz_Zkz—l) (18)
D[j = %Zle(g,,)k(zf - Z:—l)

The elements of the reduced stiffness matrix of [(j ] are
given below:

0, = c'Q, +5'0,+2¢5%(Q,+20,)

0, =5'0,+c'0,+2¢%(0, +20,)

le = Czsz(Q//+Q22_4 66) <C4+S ) 0,

_ (19)
Qg = zsz( 0,+0,-2 12) + ( ) Ops

glé = CS<CZQ11_SZ (Cz 2)(Q12+2Q66))

st = CS(SZQ// ¢ Q22+ (02 )(Q12+2Q66))

Here ¢ = cose and s = sineé.

To determine the stiffness matrix of the sandwich plate, the
following procedure will be used:

It is assumed that the thickness of the core is constant and
in-plane stiffnesses of the core are neglected. By these
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assumptions, the stiffness matrices [A], [B], and [D] can be
obtained by using the stiffnesses of face sheets and parallel
axes theorem.

Since the upper and lower faceshetts are the same and have
a symmetrical lamination sequence to their midplane, the
bending-extension coupling stiffness matrix, [B], is zero
while the bending-extension coupling matrix, [A], is the
summation of the upper and lower extensional matrices.

[A] = 2 [AY (20)
and [D] is the bending stiffness matrix,
[D] = 3d*[AY +2 [DY' e2))

To determine the shear rigidity matrix, [5‘1 the transverse
shear stresses, 7xz are distributed uniformly due to the
assumption of neglecting in-plane stiffness of cores.
Generally, the shear stress distribution of outer face sheets
is like that shown in Figure 3a. This approach assumes a
linear shear stress distribution (Figure 3b). Accordingly, the
transverse shear force, ins

g b
= f 7 dz = 75+ T;% + T;"ti:r;d (22)
Tt P 2 2

and

t b
d=c+5+5%5

) (23)

where the relations ¢, ¢, and b are core, outer (upper), and
inner (lower) face sheets, respectively, while d is given in
Figure 3.

Similarly, Vis given below,

Vo= rd (24)
R Tz Tz
t! Z o
<
Ter Ter
c d
b - N e
t X~
@) ()
Figure 3. (a) Actual distribution, (b) approximate distribution of

shear stress at the sandwich plate [18]
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The relation between stress and strain in the core material is
also given below.

|G Gl [ 25
(- e =) @

Where C” is the element of the stiffness matrix of the core.
In Equat1on 25, the shear deformations of the outer face
sheets are neglected. By this approach, the transverse section
of y¢ is shown in Figure 4a. The mean shear deformation, y _

is also shown in the Figure 4b. As for Figure 4c. shows the
relation between shear deformation and core deformation.

From Figure 4,
y,fz = %yxz’y;z = %yyz (26)

From the Equations 22-26, the relation between transverse
shear forces and mean shear deformations yields:

Vx _d? égs (_jis Ve 27
Vy - 625 624 T 7
By substituting the Equation 15 into Equation 27:
S 11 S12 d? 625 625
S i = ¢ e c (28)
S 12 Szz C45 C44

2.2. Buckling of Long Sandwich Plates

Long rectangular plates have length, b is quite larger
compared to its width a (b > a). The boundary condition
is simply supported at the edges of the plate. A uniform
compressive force N is applied along the long edges of the
plate. The deflected surface of the plate can be assumed to be
cylindrical at a significant distance from the short edges and
is parallel to the axis.

The LPSM can be applied for orthotropic plates when the
following inequality is satisfied [18]:
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by 34/7n (29)

Where D, and D, are bending stiffness matrix elements.

The equilibrium equations are given below

d‘/x dZWO_

= Nxo—dx2 =0 (30)
M, =0 31
= (31)

The sandwich plate is symmetrical to the midplane. The
bending moment and the transverse shear force are given
below

dy ~
M=-D ==V =S8 ,7, (32)

X

From the Equations 30, 31, 32, and 2, the expressions of
symmetrically laminated plates

d*y d*w"?

-D, FE - N, L0 (33)
d*y

D, SE+3, (dx —;()=o (34)

As for isotropic sandwich plates

Ad‘}( &~ dPwo
—EIE-N s (35)
~dy | ofdw _
E1Z4+ S(E —;()_o (36)

where EI and § are the bending and shear stiffnesses,
respectively, and N is the compressive load acting on the
length of the plate.

<2

Q.

[e]
<

@ (b)

Figure 4. (a-c) Shear deformations of a sandwich plate [18]
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By substituting D,u’ S . and N o of the Equations 35 and 36
into E1, S, and N, the buckling equation of by sandwich
plates was obtained.

The critical buckling load of an isotropic sandwich beam for
the simply supported boundary condition is given below:

= a? 1 -1
N = <ﬂ2E1+ §) 37)

The critical buckling load of a symmetrical laminated long
sandwich plate for the simply supported boundary condition
is given below

No= (-2 1) (38)
x,cr 2D §

11 11

The shear stiffness matrix is given below

S11 S12 d? 625 625

SO I (39)
S12 S22 C45 C44
where
Te =T = 52—,C =0 (40)
55 a4 T 2l 4v) Tas T

for isotropic core material.

2.3. Sandwich Plate Forms, their Laminates, and
Properties

The sandwich plates under investigation are illustrated in
Figure 5, which includes the coordinate system used for
analysis, as well as the dimensions of the short edge (a) and
long edge (b) of the plates, their thickness, and the direction
of the applied buckling load. The face sheets of these plates
are made from symmetrically laminated, quasi-isotropic
carbon fiber-reinforced epoxy composites, while the core

Altunsaray and Neger.
A Practical Approach to the Design of Long Sandwich Plates

material consists of PVC foam with varying densities.
Notably, the long edge of the rectangular plate, referred to as
‘b’ in this study, is significantly longer than the short edge,
designated as “a”.

The properties of the components of 12 diferent sandwich
panels are given in Table 1.

Some other specific properties (such as lamination sequences,
core, and face sheet thicknesses) of twelve different sandwich
plates considered in this study are given in Table 2. While
laminating the face sheets of the plates, the carbon fibers
were placed in three different directions, 0°, 45°, and 90°.

2.4. Numerical Approach

A commercial software application based on the FEM was
used to calculate the critical buckling loads. The results
obtained from this software were compared with those derived
from the LSPM. In the numerical model, a rectangular four-
point shell element was selected (refer to Figure 6). A square
mesh with a size of 1/20 of the short edge of the sandwich

facesheets

Figure 5. Form of sandwich plate studied and its buckling loads
exposed

Table 1. Material properties
Facesheets (carbon/epoxy, T300-934) [18]
Longitudinal Young’s Modulus (E,,) (GPa) 148
Transverse Young’s Modulus (E,)) (GPa) 9.65
Longitudinal Shear Modulus (G,,) (GPa) 4.55
Longitudinal Poisson ratio (v ,) 0.3
Lamina thickness (t) (m) 0.1x10°3
Density (p0) (kg/m?) 1.5 x10°
Core (PVC foam) [21]
H45 H60 H80 H100 H130 H160 H200 H250
Young’s Modulus (E) (MPa) 55 75 95 130 175 205 250 320
Density (p0) (kg/m?) 48 60 80 100 130 160 200 250
Poisson ratio (v) 0.4
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Table 2. Sandwich plate studied LSPM
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plate was employed. This element operates according
to First Order Shear Deformation Theory, specifically
the Mindlin-Reissner Shell Theory.

3. Results and discussions

In this study, the critical buckling loads were determined
using LSPM and FEM-based numerical modeling. The
related results are presented comparatively in Figure 7.

s ,, Was obtained using Equation 39 since the E is
Young modulus of core, and v is Poisson ratios of core
the only variable parameter in the calculation was D,
which was derived from Equation 21. In this equation,
d is a function of plate thickness, (A) is the extensional
stiffness matrix of face sheets, and (D) is the bending
stiffness matrix of face sheets. In long sandwich plates,
the critical buckling value increases with the increase
of the plate thickness and the elements of the A and D
matrix.

Figure 7 shows that as the core thickness increases, the
critical buckling load increases, as expected. Sandwich
plates with thick core material have lower density but
higher strength. In fact, a three-fold increase in core
thickness increases the specific strength (load/density)
based on the critical buckling load by 10 times.

The results clearly showed that at Plate 4, whose core
thickness is the lowest, has the lowest critical buckling
load. Since the plate has a thinner core (5 mm), it
behaved as a single skin rather than a sandwich plate.
This phenomenon also shows that the core thickness
should be larger than a certain value. Without
considering Plate no. 4, the results were very well
fitted to a cubic polynomial given in Figure 8.

The results also showed that the critical buckling
loads were independent of the rate of the aspect ratio
(b/a) of the plates when it is larger than b/a=3.0.
Almost the same results were found for b/a=3.1 and
4.0 (Figure 9).

The graph of the critical buckling loads that sandwich
plates can withstand depending on their densities by
changing the core materials is presented in Figure 10.
In this graph, plate number 4, which was seen to be
a single skin plate rather than a sandwich plate, was
not taken into account. According to this figure, critical
density range should be considered when designing
sandwich plates. An approach that designers will use
when choosing the right core materials is suggested
in this graph. Namely, when designing a sandwich
material, it is seen that it should prefer cores with a
density of less than 300 kg.m? and more than 400
kg.m™.
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/3 Analytical

1 2 3 4 5
Sandwich Plate No

Figure 7. Critical buckling load of sandwich plates

In a comparison of eight sandwich plates with different face
sheets and core materials, it was also found that there were
no significant effects of lamination sequences on the critical
buckling loads. It is also seen that sandwiches designed with
thinner face sheets and thicker cores can carry higher critical
buckling loads.

4. Conclusion

This study proposes a practical method to assist sandwich
material designers based on the critical buckling load. This
load is obtained both numerically (using the Ansys software
based on the FEM) and analytically (using LSPM), which
validate each other.

O Numerical

6
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7 8 9

10

11 12

Critical buckling loads were systematically obtained for
88 plate combinations consisting of different core and face
sheets. These plates were assumed simply supported at their
four edges and subjected to axial compression loads along
their long edges.

It has also been observed that the face sheets and edge
dimensions of the sandwich plate are not effective in forming
the critical buckling load. However, the thickness of the core
material is more decisive as the lowest-density sandwich
plate component. In practice, designers should choose this
core thickness to give the plate a sandwich character and
reduce the density.
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Figure 8. Critical buckling load versus density with (a) and without (b) Plate no. 4
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Figure 9. Results for different plate form ratios
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Numerical

Analytical = = = =

400 500 600 700

Density (kg/m?3)

Figure 10. Change in critical buckling loads depending on core densities

It is clearly seen that the software developed in this study
based on the LSPM is an effective tool for obtaining critical
buckling loads in a shorter time than the commercial
software based on FEM. By using this tool, the economy in
time, labor, and budget can be provided while studying long
sandwich plate optimization.
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