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Abstract

This paper suggests an equivalent plate model to analyze the mechanical behavior of corrugated-core sandwich panels under tensile
and bending loads. A homogenization-based theory based on the equivalent energy method is used to obtain the stiffness matrices of
corrugated cores of a sandwich panel. Equivalent continuum layers with orthotropic elastic constants corresponding to the membrane and
bending stiffness terms of the corrugated layers are determined by using classical lamination theory (CLT). The importance of this work
is that an equivalent plate model for corrugated-core sandwich panels can be easily obtained by combining the equivalent energy method
and the CLT. The proposed equivalent model is verified by numerical simulations of sandwich panels with sinusoidal and trapezoidal

corrugated cores.
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1. Introduction

The design of corrugated plates and shells is a major issue
in civil, marine and aerospace engineering to enhance the
strength and stiffness of structures. A sandwich panel con-
structed with corrugated laminates can provide a much better
strength and stiffness of structures. Numerical simulation of
these complex-shaped structures requires a great deal of hu-
man effort in preparing analysis models with a fine mesh. An
equivalent model for corrugated laminates and corrugated-
core sandwich panels is highly required to simplify analysis
models of their complex configurations. However, it is not
easy to obtain an equivalent model representing the mechani-
cal behavior of corrugated-core sandwich panels under varied
situation loads. To solve these problems, effective methods are
being studied constantly to develop a simplified model for
corrugated laminates.

Homogenization-based modeling techniques for corrugated
plates and laminating materials with different mechanical
properties have attracted considerable attention. Seydel [1]
studied the shear strength of corrugated panels by using a sim-
ple formula for an orthotropic plate with equivalent stiffness
properties when the direction of the corrugation is constant
and the wavelength of the curve is very short as compared
with the side length of the plate. For the triangular corrugation,
Wang and Chung [2] described truss-core plate models and
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compared the accuracy with finite element (FE) simulations.
Valdevit et al. [3] studied possible combinations of different
layers of triangular corrugations. Briassoulis [4] and
McFarland [5] presented the equivalent bending stiffness for
corrugated plates with sine-wave and rectangular corrugations.
Kress and Winker [6-8] derived the exact numerical equation
of an equivalent orthotropic plate for circular corrugations.
They also studied the effect of geometry changes by using FE
analysis. Xia et al. [9] suggested an equivalent plate modeling
method that allows for the geometry of arbitrary corrugations
to be analyzed easily and accurately.

Some approaches based on homogenization-based theory,
determining the equivalent stiffness properties of corrugated-
core sandwich panels, have been proposed. Luo et al. [10]
developed numerical expressions for the bending stiffness of a
sandwich panel which has a flexural plate between two flat
plates. Carlsson et al. [11, 12] presented the homogenized
properties such as transverse shear stiffness and bending stiff-
ness of the corrugated board by an analytical method. Aboura
et al. [13], Talbi et al. [14] and Buannic et al. [15] studied
homogenization model based on laminate theory for sandwich
panels, and compared numerical results with experimental
data. Biancolini [16] used an FE numerical approach for
evaluating the stiffness parameters.

In this paper, we propose a simple approach for evaluating
equivalent plate models of corrugated-core sandwich panels.
First, the stiffness matrices of corrugated cores of a sandwich
panel are obtained by using the homogenization-based model-
ing method based on the equivalent energy method [9], which
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Fig. 1. Definition of the coordinate systems.

is very efficient for arbitrary corrugations. Second, the mem-
brane and bending stiffness terms of the corrugated layers are
converted into equivalent continuum layers with orthotropic
elastic constants. We present an efficient method to determine
the thickness and the orthotropic elastic constants of the
equivalent continuum layers by matching the stiffness terms
of the corrugated layers with the reduced stiffness components
in the classical lamination theory (CLT). Finally, an equiva-
lent plate to account for the mechanical behavior of corru-
gated-core sandwich panels can be easily determined by inte-
grating mechanical properties and geometric parameters
through the thicknesses of the equivalent continuum layers.
The effectiveness of the present method is verified by compar-
ing the results of FE analyses of corrugated-core sandwich
panels and the equivalent plate models.

2. Equivalent modeling for corrugated plates

In this study, we consider a plate with periodic corrugations
in one direction as shown in Fig. 1. The global coordinate
system (x, y, z) is defined by the corrugation direction, and the
local coordinate system that changes along the corrugated
surface are indicated in this figure. The local coordinate sys-
tem (s, n) is defined by the tangent direction to the corrugated
surface in the xz plane, and the normal direction to the corru-
gated surface in the xz plane, respectively. Hence, the position
r of a point on the corrugated surface can be written as

r(s, ) = x(s)i+ yj + z(s)k, (1

where i, j and k are the unit vectors in x, y and z directions,
respectively.

The macroscopic mechanical behavior of the corrugated
plate can be represented by a Kirchhoff orthotropic plate ig-
noring the coupling stiffness matrix, and the corresponding
constitutive equation can be written as

N | [Aa, A4, 0 o o0 o0 ]%
Nl |A, &, 0 0 o o [|&
Nol_| 0 0 A 00 0 I% @
M, 0 0 0 D, D, 0 ||%
M, 0 0 0 D, Dy, 0%
My| L0 0 0 0 0 Dgllky

where &, , &, &, K, &, and &, denote the effective

strain and curvature components, and N, , N, , N M

> Nyys» My,
1\_/[y and 1\_/Ixy denote the effective force and ymomeil‘[ com-
ponents with respect to the middle plane of the corrugated
plate.

The constitutive equation in the local coordinate system is

expressed as follows:

Nel A, A, 0 0 0 0]|%
Nyl A, A, 0 0 0 0%
Nyl |0 0 Ag 0 0 0[5 8
M, 0 0 0 D, D, 0| x«,
M, 0 0 0 D, Dy 0 ||k,
My LO 0 0 0 0 Dgllk,

The strain energy over a unit cell whose length correspond-
ing to one period of the corrugation is calculated as

U= %”NTSNdsdy, @)

where N = [NS,Ny,NSy,MS,My,Msy T and S indicates the
inverse matrix for the stiffness matrix in Eq. (3). The stiffness
terms in Eq. (2) can be related to the constitutive equation in
Eq. (3) by using the equivalent energy method. The strain
energy U of the corrugated plate should be equal to the
strain energy U of the equivalent orthotropic plate such that

U—G—l(Zb)(2c){f} [A EHE} )
2 K 0 Dk

where 2c¢ is the period of the corrugation and b is the
width of the unit cell. In order to obtain the stiffness terms in
Eq. (2) as a function of the corrugation geometry, different
boundary conditions are applied to the corrugated plate and
the equivalent orthotropic plate, respectively. Xia et al. [9]
presented a homogenization method for a basic unit cell by
using the six strain boundary conditions. In this method, the
stiffness terms of the equivalent plate are estimated by apply-
ing in-plane and out-of-plane deformations. Detailed proce-
dures for the derivation of the equivalent orthotropic plate
from Eq. (5) are described well in Ref. [9]. The stiffness terms
are listed in Table 1 in which parameters I, and I, are de-
pendent on the corrugation shape. Specifically, the parameters
in the stiffness terms for sine-wave and trapezoidal corruga-
tions are given in Table 2.

3. Equivalent modeling for corrugated-core sandwich
panels

In this study, we consider sandwich panels constructed with
corrugated layers between flat plates as shown in Fig. 2. The
corrugated laminates are glued together with layers of flat



Y.-J. Cheon and H.-G. Kim / Journal of Mechanical Science and Technology 29 (3) (2015) 1217~1223 1219

Table 1. Stiffness terms of corrugated plates.

Stiffness term Expression
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Table 2. Parameters in the stiffness terms for sin-wave and trapezoidal
corrugations.
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plate. The corrugated laminates are symmetric with respect to
the middle plane of the sandwich panel, and the corrugation
directions of the stacking layers are mutually orthogonal with
each other. In general, the membrane stiffness and the bending
stiffness along the corrugation direction are significantly dif-

THayer ——
layer €—
3 layer

Atlayer «— N S w S
Shlayer e £
Shlayer €— N o w7
Thlayer s b

Flayer <

B ———

Fig. 2. Geometry of the corrugated-core sandwich panel with four-
corrugated layers.

ferent from those along the orthogonal direction of the corru-
gation direction. However, the corrugated laminates with mu-
tually perpendicular corrugation directions show much higher
membrane stiffness and bending stiffness in both directions. In
particular, it is possible to obtain a symmetric mechanical
behavior with respect to the middle plane of the corrugated-
core sandwich panel when the corrugated laminates are sym-
metric with respect to the middle plate.

The layer number of the corrugated-core sandwich panel is
assigned sequentially from the top plate to the bottom plate, as
indicated in Fig. 2 where represents the entire thickness of the
corrugated-core sandwich panel. As shown in Fig. 2, the even
layers of the sandwich panel (2, 4, 6, 8 layers) are the corru-
gated layers, and the odd layers are the flat plates (1, 3, 5, 7, 9
layers) joining the corrugated layers. For convenience, we
describe the present method for the sandwich panel composed
of four-corrugated layers shown in Fig. 2. The stiffness matri-
ces of the individual corrugated layers can be easily evaluated
by using the equivalent energy method mentioned described in
the previous section. As a result, the effective forces and mo-
ments in each corrugated layer can be expressed by the effec-
tive strains and curvatures:

E(") =F’j 01 E(k) k=2,4,6,8 6)
Mx) 0 Dy o LKG)

where £ is the sequential layer number in the corrugated-core
sandwich panel.

The distances from the middle plane of the corrugated-core
sandwich panel to the middle planes of individual corrugated
layers should be considered in the evaluation of equivalent
stiffness matrix of the corrugated-core sandwich panel. It is
well known that the classical lamination theory (CLT) is an
efficient approach to estimate the mechanical behavior of
laminated layers by integrating mechanical properties and
geometric parameters through the thicknesses of continuum
layers. However, the equivalent plates in Eq. (6) cannot be
applied directly to the CLT because mechanical properties and
geometric parameters of laminated continuum layers are not
specified in the stiffness terms. To use the CLT, in other way,
we assume that the [;‘U} and []_)iJ in Eq. (6) can be
written by

[Aq]=[Q]¢" ™
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[D]- [Qﬂﬁ ’ (®)

where t* indicates the thickness of an equivalent continuum
layer of the corrugated layer, and [éij} are the so-called
reduced stiffnhess components for a plane stress state. Note that
Egs. (7) and (8) correspond to the membrane and bending
stiffness terms of the continuum laminated layers in the CLT,

respectively. The reduced stiffness components [Q,-J are
expressed by

= E = E

Q11 = _1_ > sz :+

1=vj,vy 1=vi,vy )

Qi =VinQu =V21Qi1» Qe =Gp2
with

Mo _Yu (10)

where E, E,,V,, and v, are the orthotropic elastic con-
stants of the equivalent continuum layer. The orthotropic elas-
tic constants in Eq. (9) with the reciprocal relation in Eq. (10)
can be evaluated by using Egs. (7) and (8), respectively, when
the thickness of the equivalent continuum layer is given.
However, the orthotropic elastic constants evaluated by using
Eq. (7) are different from those by using Eq. (8) when the

thickness of the equivalent continuum layer is taken arbitrarily.

In this study, the thickness of the equivalent continuum layer
is determined to minimize the differences between the elastic
properties for the membrane deformation in Eq. (7) and those
for the bending deformation in Eq. (8). As a result, the equiva-
lent continuum layers have the orthotropic elastic constants
and the thickness so as to represent the mechanical behavior
for both membrane stiffness and bending stiffness of the cor-
rugated layers. Fig. 3 illustrates an equivalent continuum layer
with the thickness t* for a sine-wave corrugated layer.

Since the corrugated layers or the corrugated cores of a
sandwich panel are modeled by the equivalent continuum
layers as illustrated in Fig. 4, the equivalent stiffness matrix of
the corrugated-core sandwich panel can then be estimated by
integrating mechanical properties and geometric parameters
through the equivalent continuum layers. Although empty
spaces exist between the equivalent continuum layers and the
flat plates, the equivalent continuum layers converted from the
corrugated layers by using the CLT can be assumed to be
deformed in accordance with the effective strains and curva-

L,

I .

Fig. 4. Equivalent continuum layers of corrugated layers or corrugated
cores of a sandwich panel.

tures with respect to the middle plane of the corrugated-core
sandwich panel. Hence, the equivalent stiffness terms of the
corrugated-core sandwich panel can be expressed as

For the flat plates (k =1,3,5,7,9),

[45]-[Q], (=~ ) (an
[53]-3Leu () () ) (12)

For the corrugated layers (k=2,4,6,8),

[Ai]=[Qu], (= =), (13)

D3] :%[Qul [(Z?f ~(ar )3j (14)

where [Qdk ,zi and z) in Egs. (11) and (12) are the re-
duced stiffness components and z coordinates on the top and
bottom surfaces of the flat plates, respectively, and (_)U}k ,
z! and z? in Eqgs. (13) and (14) are the reduced stiffness
components determined from Egs. (7) and (8) and z coordi-
nates on the top and bottom surfaces of the equivalent contin-
uum layers, respectively.

Consequently, the constitutive equation of the equivalent
plate model of the corrugated-core sandwich panel can be
expressed by

1
I
R
*

Nel 1A, A, 0 0 0 0] &
Nyl [A, A, 0 o0 0 0%
I\jx*y _ 0 0 26 ~0* ~(:1 0 8x*y , (]5)
M 0 0 0 D; D, 0|k
M, 0 0 0 D, Dy 0|k
Mo, L0 0 0 0 0 Dl
with

(A ]=[As]+[A5 ] (16)

[f)ﬂ:[ﬁﬂ*[ﬁﬂ’ 17)

K v denote the effective
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Fig. 5. Representative parts of finite element models and cross-sectional
views of corrugated-core sandwich panels: (a) sine-wave corrugation;
(b) trapezoidal corrugation.

strain and curvature components, and N Ny s ny , M
M, and M,, denote the effective force and moment com-
ponents with respect to the middle plane of the corrugated-

core sandwich panel.

X 2 X

4. Numerical examples

The present method is validated by comparing FE results
for corrugated-core sandwich panels and equivalent plate
models. A commercial code ABAQUS/standard is used to
perform the FE analyses. A linear elastic material with
Young’s modulus E =210 GPa and Poisson’s ratio v=0.3
is used for the FE simulations of the corrugated-core sandwich
panels. The equivalent stiffness terms in Eq. (15) are directly
used for the equivalent plate models in ABAQUS/standard.
Sandwich panels with sine-wave and trapezoidal corrugations
are considered in this study. Representative parts of FE mod-
els using 4-node shell elements (S4R) are shown in Fig. 5.
Horizontal and vertical lengths of the corrugated-core sand-
wich panels are 500 mm. and the average size of elements is 1
mm. The total thickness is varied by h=8,10,12,14,16 mm
to investigate the effect of the thickness on the validity of the
present method. The distances between the corrugation crests
are 2.0,2.5,3,3.5,40mm for h=8,10,12,14,16 mm , Te-
spectively.

The thicknesses of the equivalent continuum layers of the
corrugated layers or the corrugated cores with sine-wave and
trapezoidal corrugations are determined to minimize the dif-
ferences between orthotropic elastic constants evaluated by
using Eq. (7) and those by using Eq. (8). The thickness of the
equivalent continuum layers depends on the corrugation
height and the corrugation shape. The orthotropic elastic con-
stants evaluated by using Egs. (7) and (8), which represent the
membrane and the bending deformations of the corrugated
layers, respectively, are plotted in Fig. 6 when the total thick-
ness of the corrugated-core sandwich panel with the sine-wave
corrugation is 16 mm. As indicated in these figures, the thick-
nesses in Egs. (7) and (8) to give the same orthotropic elastic

Table 3. The thickness ¢ and orthotropic elastic constants of the
equivalent continuum layers for sin-wave and trapezoidal corrugations.

Continuum thickness Total thickness h (mm)
& elastic constants 8 10 12 14 16
Sin-wave
* . 1.67 2.09 2.53 2.96 3.38
t corrugation
(mm) Trapezoidal
. 1.73 2.16 2.59 3.02 345
corrugation
Sin-wave 1.65 1.28 1.10 9.42 8.24
E corrugation x10° | x10° | x10° | x10* | x10°
(MPa) | Trapezoidal | 137 | 115 | 101 | 921 | 853
corrugation x10° | x10° | x10° | x10* | x10*
Sin-wave 6.03 3.16 1.24 1.06 9.29
E, corrugation x10* | x10* | x10* | x10* | x10°
(MPa) | Trapezoidal | 573 | 277 | 150 | 895 | 565
corrugation x10° | x10° | x10° | x10° | x10?
Sin-wave
. 0.32 0.32 0.33 0.34 0.34
_ corrugation
V12 ;
Trapezoidal
. 0.31 0.32 0.33 0.33 0.34
corrugation

Fig. 6. Loads and boundary constraints for corrugated-core sandwich
panels and equivalent plates.

constants E, and E,, respectively, are almost similar. In
other words, the orthotropic elastic constants evaluated by
using Eq. (7) are almost similar to those by using Eq. (8) for a
chosen thickness of the equivalent continuum layer. In our
numerical examples, the thickness and the orthotropic elastic
constants of the equivalent continuum layers of the corrugated
layers in the sandwich panels with h=238,10,12,14 mm are
similarly determined by using Egs. (7) and (8). It means that
the membrane and bending stiffness terms resulted from the
equivalent energy method can be converted into the equivalent
continuum layers with the orthotropic elastic constants. The
thicknesses and the orthotropic elastic constants of the equiva-
lent continuum layers for the sandwich panels with sine-wave
and trapezoidal corrugations are listed in Table 3.

Uniform pressure p=0.2 MPa is applied on the top sur-
faces of the corrugated-core sandwich panels and the equiva-
lent plates with boundary constraints on all displacement and
rotation at the sides of FE models, as illustrated in Fig. 7. The
stiffness matrix of the corrugated-core sandwich panels can be
obtained by using the CLT for the equivalent continuum lay-
ers and the flat plates. The vertical displacements of the corru-
gated-core sandwich panels and the equivalent plates are plot-
ted in Figs. 8 and 9 when the total thicknesses are 8 mm and
16 mm , respectively. Note that the sandwich panels with sine-
wave corrugations show higher stiffnesses than the sandwich



1222 Y.-J. Cheon and H.-G. Kim / Journal of Mechanical Science and Technology 29 (3) (2015) 1217~1223

; ] i —— In plane
a5 L - 1 | — —— Bending
I
£ 4
2
T —
i i
35 E) 55 an
10’
asE
— la-plane
4 —— Beuding
35 ¢
S S SU
1 —_ |
o ———
i i
35 a0 45 S0 55 an

1 )

Fig. 7. Orthotropic elastic constants El and Ez with varying the
thickness ¢* of the equivalent continuum layer when the total thick-
ness of the corrugated-core sandwich panels with sine-wave corruga-
tionis A~ =16mm.
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Fig. 8. Displacement contours of finite element results for the corrugated-
core sandwich panels with the thickness #=8 mm and the equivalent
plates: (a) sine-wave corrugation; (b) trapezoidal corrugation.

panels with trapezoidal corrugations. We obtained similar
results for the corrugated-core sandwich panels with
h=10,12,14 mm . The vertical displacement contours indi-
cate that the equivalent plate models can be used effectively
instead of the complex-shaped models of corrugated-sandwich
panels. The relative displacement errors of vertical displace-
ments at the center of the corrugated-core sandwich panels
h=8,10,12,14,16 mm and their corresponding equivalent
plates are plotted in Fig. 10. The relative displacement errors
for the trapezoidal corrugations are relatively higher than
those for the sine-wave corrugations. As the total thickness

F
=

GbbbORELLBRELS
SO

< Cormgted-coresandwich pancl > < Fiuivalent orthoapic plare >

£
s
ey}

e Y

< Cormgated-core sandwich panel = < Equivalent orthoropicplate

Fig. 9. Vertical displacement contours of finite element results for the
corrugated-core sandwich panels with the thickness /=16 mm and the
equivalent plates: (a) sine-wave corrugation; (b) trapezoidal corrugation.
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Fig. 10. The relative displacement errors between finite element results
of corrugated-core sandwich panels and their equivalent models with
varying the total thickness.

increases, the relative displacement errors increase because the
ratio between the thickness and the distance between supports
in the model increases. We confirm that the accuracy of the
equivalent plate model is improved as the ratio between the
thickness and support distance of the model decreases.

5. Conclusions

We have proposed equivalent plate models of corrugated-
core sandwich panels by using a homogenization-based model
for corrugated layers and the CLT. The stiffness matrices of
the corrugated layers or the corrugated cores of a sandwich
panel can be effectively obtained by using the equivalent en-
ergy method. The thickness and the orthotropic elastic proper-
ties of the equivalent continuum layers representing the me-
chanical behavior of the corrugated layers are determined by
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matching the membrane and bending stiffness terms of the
corrugated layers with the reduced stiffness components of the
equivalent continuum layers. As a result, the equivalent stiff-
ness matrices of the corrugated-core sandwich panels can be
easily obtained by integrating mechanical properties and geo-
metric parameters through the equivalent continuum layers.
The present method was verified by comparing FE results for
corrugated-core sandwich panels with sine-wave and trape-
zoidal corrugations and their corresponding equivalent plates.
When the total thickness is not large compared to the distance
between supports, we confirmed that the present method can
provide an easy and efficient way to analyze corrugate-core
sandwich panels.
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