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Abstract: The corrugated core sandwich structure consists
of a corrugated sheet between two thin face sheets. Due to
their high stiffness-to-mass ratio, metal sandwich panels in
corrugated structures are an attractive industrial solution as
structural components. Corrugated sandwich panels are
often preferred in many applications since they are easy to
manufacture process and low cost. The bending character-
istics of aluminum corrugated sandwich panels with cores of
various shapes subjected to three-point bending are inves-
tigated numerically in this paper. The core shapes are
square, Y-form, trapezoid, diamond, triangle, sinusoid,
hexagon, and symmetric Y-form. According to the numerical
results, the symmetric y-form model showed optimum
values for specific load-carrying capacity (SLCC) and specific
energy absorption capacity (SEAC). The model that gives the
optimum values by revising the symmetric y-form model has
been determined. The revised model’s specific load-carrying
capacity (SLCC) increased from 101.31 N-gr " to 106.89 N-gr ",
The specific energy absorption capacity (SEAC) increased
from 3.14J-gr! to 3.71]-gr . It has been observed that the
reduction of the section moment of inertia is also an essen-
tial factor in the collapse behavior of sandwich structures.

Keywords: aluminum; corrugated sandwich panel; bending;
large deformation; finite element simulation

1 Introduction

As is known, sandwich structures, which are preferred over
monolithic structures due to their high rigidity/weight ratio,
stability under compressive forces, and superior acoustic
properties, mainly consist of two thin, solid surface layers
and a low-density core. In addition to cellular materials such
as foam, lattice beams, honeycomb, or corrugated structures
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are used in the core section [1]-[10]. Corrugated structures
are essential because of their relatively easy manufacturing
process and low cost. A corrugated-core sandwich panel
typically comprises a corrugated sheet between two thin
skins. A principal feature of this type of structure is its high
strength-to-weight ratio.

The corrugated core keeps the skins apart and stabilizes
the components by resisting vertical forces. This design en-
ables the complete structure to act as a single thick plate
under its high shear strength [11]. Corrugated sandwich
structures are superior to hexagonal (honeycomb) sandwich
panels, foam sandwich panels, and lattice sandwich panel
structures due to their two-dimensional repeating periodic
feature and mechanical performance. These corrugated
structures have a significant specific load-carrying capacity
and high bending and torsional performance [12]-[17].
Moreover, thanks to their shear strength, the fact that the
corrugated structure acts like a thick plate under strain
offers an important privilege among sandwich structures.
Due to their advantages, corrugated structures have areas of
use in construction and marine structures, especially in
aviation. Studies on the behavior of corrugated sandwich
structures used in the manufacture of hull plates subjected
to plane loads (such as hydrostatic pressure and impact) and
local impact loads (such as collision, impact of floating
objects on the surface, and impact of falling weight) under
bending and compression and local impact at low speeds are
increasing day by day [18]-[21].

Xia et al. [22] studied corrugated beams’ longitudinal
and transverse bending behaviors. They compared corru-
gated beams with other cellular structures such as auxetic,
foam and honeycomb sandwich beams. They reported that
corrugated beams’ energy absorption and bending strength
in the transverse direction were several times lower than
those in the longitudinal direction. Tilbrook et al. [23] studied
the dynamic response of corrugated and Y-frame sandwich
panels using SHPB. They evaluated the influence of inertial
stabilization and shock wave effect at different loading
speeds. Lu et al. [24] described four failure mechanisms
(i.e,, yielding in face and core, buckling face, and core
buckling) and proposed failure criteria for triangular
corrugated sandwich panels under bending. Based on the
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study, Valdevit et al. [24], [25] constructed fracture maps for
supported triangular corrugated sandwich beams subjected
to transverse and longitudinal three-point bending. Kaze-
mahvazi [26] conducted experimental studies on hierarchi-
cal core corrugated sandwich panels and found that
hierarchical structures have higher specific strength than
their monolithic counterparts, which he attributed to the
buckling resistance of the sandwich core. He also empha-
sized that the density of the core is an essential parameter in
terms of the structure’s anti-impact ability. Another study
investigated the impact resistance of corrugated structures
with different geometries for ship-side hulls. The compari-
son between the proposed auxetic-based structures and the
traditional ship hull side structures (double hull, X-core, and
Y-core) indicated that the proposed side structures exhibit
superior energy absorption and collision resistance capa-
bilities and thus have the potential to be applied in protec-
tive structures [27].

As a result of the literature review, the bending
behavior of sandwich panels with corrugated structures has
not been sufficiently investigated in the literature. This study
investigated the three-point bending behavior of corrugated
sandwich panels with different geometries. As a result of the
analysis, the structure that gives the optimum values will be
determined, and necessary revisions will be made to this
structure.

2 Simulation
2.1 Validation

In this section, a square aluminum tube was used to validate
the finite element analysis of sandwich panels. The tube
material is AA 6063-T832 aluminum alloy. The tube structure
has 40 x 40 mm section dimensions and 1.5 mm wall thick-
ness. Its length is 320 mm. The specimen was removed from
the tube structure for a tensile test by ASTM-E8, and the
tensile test was performed on an Instron test machine with a
capacity of 5 tons. Strain values were measured with a video
extensometer during the test. Data obtained from tensile
tests for tube material were used in finite element analysis.
The elastic modulus of aluminum alloy is 71 GPa; the yield
strength is 280 MPa, the tangent modulus is 500 MPa, and the
poison ratio is 0.33. The point-bending finite element anal-
ysis model of square section tube structure is given in
Figure 1. ANSYS program was used for analyses. The model
created for three-point bending analysis was designed as
quarter symmetry. The mandrel and supports are defined as
rigid structures. Since the problem involves large deforma-
tion, the nonlinear geometry feature is enabled during the
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analysis. Mesh sensitivity analysis is also performed. The
friction coefficient between the contacting surfaces is taken
as 0.2. The sandwich panels are modeled using a 3D 20-node
solid element (Solid186). Figure 2 shows the load-
displacement curves obtained from the three-point
bending test and finite element analysis of the tube struc-
ture. It is seen that the maximum load value is almost
convergent for an element size of 2mm. Therefore, an
element size of 2 mm with element number 3280 is consid-
ered in the validation analysis. As seen in this figure, both
curves initially show excellent agreement up to and beyond
the elastic regime, and the calculated peak load is less than a
1.5 % difference between the experiment and the analysis.

2.2 Finite element simulation

In this section, finite element analyses of corrugated sand-
wich panels with various core shapes were carried out using
the aluminum alloy material used in the validation study.
Square, Y-form, trapezoid, diamond, triangle, sinusoid,
hexagon, and symmetric Y-form geometries are the core
shapes. In the design of sandwich panels, attention was paid
to ensure that the weights of the panels were almost the
same. In addition, considering the production situation, the
panel’s outer surface and inner core were modeled as a
single piece, not separately, to provide ease of work and cost.
The finite element models of three-point bending analysis
for symmetric Y-form sandwich panels are given in Figure 3.
The overall dimensions of sandwich panels are
64mm x 180 mm x 20 mm. The sheet thickness is 1 mm.
Cross-sectional views of sandwich panels are shown in
Figure 4. Finite element analyses were carried out using the
ANSYS program. Nonlinear analyses were performed.
Sandwich panels were modeled using a 3-D 20-node solid
element (SOLID186). The mesh size is 2 mm. An elastic-plastic
bi-linear material model with the material properties
(Young’s modulus, yield strength, and hardening modulus)

7000(mm)

1750 5250

Figure 1: Quarter symmetry finite element simulation validation model.
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Figure 2: Sensitivity analysis of finite element model of square tube
structure with different mesh sizes.

provided in Section 2 is adopted in the simulation. Material
properties of aluminum alloy are given in Table 1.

3 Simulation results

3.1 Finite element analyses of sandwich
panels

Load-displacement curves obtained from finite element an-
alyses of sandwich panels with eight different geometries
are given in Figure 5-a. Three different bending behaviors
come to the fore when the plots are examined in Figure 5-b.
In type A behavior, the load decreases monotonically after
reaching the maximum value. In type B, the curve shows a
plateau regime after a specific decrease after the maximum
value. Finally, in type C, the curve exhibits a plateau regime
after the maximum load value, with a tendency to increase
after a partial decrease.

Figure 3: Finite element model of the three-point bending test.

Figure 4: Models of the cross-sections of corrugated sandwich panels a)
square, b) Y-form, c) trapezoid, d) diamond, e) triangle, f) sinusoid, g)
hexagon, h) symmetric Y-form.

The bending response of square, hexagon, and diamond
panels decreases after the displacement value at which the
maximum load is reached, as seen in Figure 5-a. It has been
observed that the load values are constantly decreasing
without any increase. In Group B, Y-form, trapezoid, and
symmetric Y-form panels, the load decreases slightly with a
low slope and then shows a plateau regime after the
displacement where the load reaches its maximum value. In
subsequent displacements, the decrease in load is relatively
slower. Group C, sinusoid, and triangle panels, on the other
hand, show that the load value reaches a plateau regime by
showing an increasing trend after some decrease and main-
tains this behavior. Simulation results for sandwich panels
are given in Table 2. Load-displacement graphs for three
different types of sandwich panels are given in Figure 6.

A comparison was made to evaluate sandwich panels
according to specific load-carrying and specific energy ab-
sorption values. Since the aim here is both high load-
carrying, energy absorption capacity, and low panel weight,
it would be more helpful to look at specific values. Table 2
and Figure 6 show that the highest specific load-carrying
capacity was seen in the square panel, and the lowest value
was in the diamond panel. The highest specific energy ab-
sorption capacity was obtained in the Y-form, and the lowest
value was obtained in the hexagon model. However, since it
would be more meaningful to find the model in which both
SLCC and SEAC are optimum, the symmetric y-form model
provided the most optimum values. As a result, the sym-
metric Y-form gave the best result in terms of both specific
load-carrying capacity and specific energy absorption ca-
pacity. Von-Mises stress distributions at different displace-
ments for one model selected from three groups are given in
Figures 7, 8, and 9.



DE GRUYTER

S. Eksi: Bending behavior of corrugated sandwich panels —— 947

Table 1: Elastic and plastic material properties of stainless steel and aluminum alloy.

Material Density (kg-m) Poisson’s ratio Young’s modulus (GPa) Yield strength (MPa) Tangent modulus (MPa)
Aluminium alloy 2.770 0.33 Al 280 500
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Figure 5: Load-displacement curves of sandwich panels, a) load-displacement curves of all panels, b) schematic load-displacement curves characterizing

the three main bending behaviors.

Table 2: Simulation results for sandwich panels.

Specimen Fnax Weight Specific load Energy® Specific
core type (N) (g) capacity (SLC) ()} absorbed
(N-g™ energy (SAE)
()
Hexagon  9,239.8  105.45 87.62 187.83 1.78
Triangle 9,310.2 107.05 86.97  328.40 3.07
Square 11,195 97.20 115.17  235.23 2.42
Y-form 9,051.6 96.81 9350 312.65 3.23
Sinusoid 8,533.1 108.4 78.72  315.20 2.91
Trapezoid 10,129  101.33 99.96  246.20 2.43
Diamond  8,924.2 118.9 75.06  261.18 2.20
Symmetric 10,208  100.76 101.31 316.02 3.14
Y-form

?Energy values are calculated up to 40 mm displacement.

3.2 Revision of optimum sandwich panel

The symmetrical Y-form sandwich panel gave the optimum
result from the finite element analysis results. In this part of
the study, geometric modifications were made to the sym-
metrical Y-form model to increase the specific load-carrying
and energy absorbing capacities. New designs were created
by changing the h and H values shown in Figure 10 in the
modified panel.

Figure 11 shows the load-displacement curves obtained
from analyzing the two new modified models and the

original panel. The h-H™" ratio is 0.25 in the original model.
The h-H™ ratios of the newly created models are 0.30 and
0.35. The model with the highest load-carrying capacity and
energy absorption capacity is the model with the h/H value
of 0.30. When the curves are examined, it is seen that after
the displacement at maximum load, when the deformation
continues, the load values decrease slightly and then
continue at the constant load value, showing a plateau
regime.

As the plateau regime’s load range increases, the sand-
wich panel’s load-carrying capacity increases accordingly.
The plateau regime is shown schematically in the load-
displacement curve in Figure 12. The plateau load is
expressed as F,. As shown in the table, when the FyFpay '
ratio is increased, the LCC and EAC values of the panel also
increase. As a result of the revisions made to the symmetric
Y-form model, the symmetric Y-form R1 model has emerged
as the highest Fp-linax‘1 ratio. Therefore, the optimum model
is the Double Y-R1 design.

Simulation results of the optimized model are given in
Table 3.

Simulation results of the optimized models are given in
Table 4. If the h value is increased more than it should be, it
will cause buckling in the h length, so the h value should not
be increased too much. Figure 11 shows the Fp/Frax value
change depending on the h/H ratio. As seen in Figure 13, the
h/H ratio of 0.30 is the optimum value for SLC and EAC.
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Figure 6: Load-displacement curves of specimens, a) type A, b) type B, c) type C.

Figure 7: Von-Mises stress distribution of square corrugated sandwich Figure 8: Von-Mises stress distribution of symmetric Y-form corrugated
panel at various displacements, a) 5mm, b) 10 mm, c) 15 mm. sandwich panel at various displacements, a) 5mm, b) 10 mm, c) 15 mm.
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Figure 10: Symmetric y-form sandwich panel.
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Specimen Fmax Weight Specific Energy® Specific
core type (N) (9) load ()] absorbed
capacity energy (SAE)
(SLO)(N-g™") 0g™)
Symmetric 10,208  100.76 101.31  316.02 3.14
Y-form
Symmetric 10,710  100.20 106.89  371.80 371
Y-form R1
Symmetric  9,551.6  100.02 95.50  320.43 3.20
Y-form R2
°Energy values are calculated up to 40 mm displacement.
Table 4: Simulation results of the optimized models.
Frmax Fo  FoFmax'  h(mm)  hH”
Double Y 10,208 9,300 0.96 5 0.25
Double Y-R1 10,710 10,600 0.99 6 0.30
Double Y-R2 9,552 8,300 0.87 7 0.35
1 T T T T T T T T T
0,96 — —
LI_‘§ 092 |~ —
S
0,88 [~ —
04 L 1 L 1 L 1 L 1 L
0,2 0,24 0,28 0,32 0,36 04
h.H-
Figure 13: Variation of FyFrax ' depending on h-H™.
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Figure 14: Change of cross-section inertia moment with displacement.

The graph showing the section inertia moment
depending on the displacement, based on a model from three
different deformation modes and the optimum model that
emerged as a result of the improvements made, is given in
Figure 14. Figure 14 shows the inertia moments (CIM) change
of the examined structures up to 30 mm displacement. From
the general graph, it can be seen that the inertia moments of
all sections decrease with increasing displacement. The
figure shows that the section inertia moment decreases
faster and more in square and triangular section structures.
In contrast, less decrease occurs in the symmetric y-form
model. In the modified model, the change amount of the
section inertia moment is lower. Thus, an increase is pro-
vided in both SCL and EAC values. When evaluating the
performance of different cell sections examined, it will be
helpful to consider the panel volume, bending displacement,
and change in CIM. In the following Equation (1), ACIM is the
change amount of the section inertia moment (mm?), Vis the
panel volume (mm?®), and d. (mm) is the displacement value
at which the first maximum load is seen; therefore, the
collapse sensitivity (Cs) can be calculated,;

Cs=ACIM«V'd' @

Figure 15 shows the Cs ratios of these cross sections.
Collapse sensitivity, the susceptibility of the cross-section to
collapse, is highest for the symmetric Y-form structure. It is
understood that the symmetric Y-form structure is the best
one among the existing multi-cellular sections. While the
collapse sensitivity of the square structure was 20.1, the
sensitivity of the revised symmetric Y-R1 structure
decreased to 3.35, decreasing by 83 %.
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4 Conclusions

In this study, the bending behavior of sandwich panels with
corrugated structures having various geometries was
investigated numerically. Three-point bending analyses of
sandwich panels in the shapes of triangle, square, trapezoid,
sinus, diamond, hexagon, Y, and symmetric Y-form were
performed. The following results were obtained from the
study.

— The highest load-carrying capacity was obtained in the
square structure with 11,195N, and the specific load-
carrying capacity was obtained in the square structure
with 115.17 N-g. The lowest values were seen in the
sinus structure.

— The structure with the highest energy absorption
capacity was the triangular structure with
328.40]. Regarding specific energy absorption capacity,
the highest value was seen in the symmetric Y-form
structure with 3.23 J/g. The lowest values were seen in the
hexagon structure.

— The most optimum value for both SLCC and SEAC was
obtained in the symmetric Y-form structure. A more
optimum structure was achieved with the revisions
made to this structure.

— The specific load carrying capacity (SLCC) of the
revised symmetric Y model increased by 5.2% from
101.31N-gr! to 106.89 N-gr’. The specific energy
absorption capacity (SEAC) increased by 15.4 % from
3.14]-gr*to3.71]-gr %

— It was observed that the collapse sensitivity decreased
significantly in the modified model compared to the
others.
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