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Abstract: Sandwich panels are widely used in various
applications due to their ability to support loads while
maintaining a lightweight structure. This study employs
finite element analysis (FEA) to evaluate the performance
and strength of sandwich panels under compressive loads.
The material choices and core shape of squared sandwich
structures under compression are examined by FEA.
Material variants include ASTM A36, AISI 1045, and AISI
52100, while core geometry configurations, such as circular,
rectangular, and hexagonal, are analyzed to determine the
optimal structural performance. Compression is executed by
releasing an impactor weighing 350 kg at an initial velocity of
9.68m/s, which is directed directly into the surface of the sand-
wich panel. The Johnson–Cook damage model is used to char-
acterize the behavior of materials under damage conditions. It

can be observed that core geometry governs collapse behavior
more strongly than material types. Hexagonal cores deliver the
most balanced crash performance, where concertina-type
folding develops symmetrically, producing the flattest and
longest force plateau and the highest specific energy absorption
in all material types tested. A circular core exhibits the same
hexagonal peak load in higher-strength steels while maintaining
low-strain gradients. In contrast, a square core performs well in
ductile, low-strength steels but rapidly loses efficiency as metal
strength increases, as early localized buckling dominates its
collapse.

Keywords: sandwich panel, core geometry, material type,
compression, finite element analysis

1 Introduction

A thin-walled structure design is considered to maximize
the efficiency and effectiveness of the structure [1,2]. A thin-
walled structure serves as a primary structural element due
to its capacity to absorb energy upon impact, lightweight
nature, high structural efficiency, ease of manufacturing,
and beneficial economic value [3–5]. The mechanism of
impact energy absorption is generally based on the plastic
deformation of materials with low strength and high elasti-
city. This energy absorption is critical for reducing the impact
damage to the main structural components [6]. Some of the
methods for analyzing a thin-walled structure are the numer-
ical analysis technique using finite element analysis (FEA)
[7,8] and experimental test [9,10].

As a thin-walled structure, a sandwich panel consists
of two steel plates acting as stiffeners, separated by a core
that may be composed of a composite material or metal
faceplate [11]. Sandwich panels have been utilized in sev-
eral technical sectors, including automotive
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manufacturing, marine engineering, and aerospace pro-
duction [12]. This structural design concept offers additional
benefits compared to traditional engineering materials. Com-
pared to monolithic composite laminates or metals, the sand-
wich structure significantly reduces weight while enhancing
stiffness, thereby preserving strength. Numerous investiga-
tions have demonstrated that the sandwich panel structure
effectively absorbs substantial impact energy through plastic
deformation when subjected to compression [13–16]. Com-
pared to conventional stiffened plate designs, sandwich panel
structures offer advantages such as enhanced strength and
superior impact resistance [17].

Another critical aspect of the sandwich structure that
primarily influences its mechanical performance under
varying loads is its core design. The selection of a core
depends on the application or manufacturing method, and
it is possible to identify cores in a wide range of materials,
shapes, sizes, and density combinations. In the past, sandwich
structures intended for impact applications frequently fea-
tured basic core topologies, such as the conventional honey-
comb. Honeycomb cores are extensively studied due to their
high strength-to-weight ratio. Recent technological improve-
ments have enabled the production of sandwich structures
with designed cores that exhibit enhanced mechanical prop-
erties [18]. Five common basic designs for sandwich panels
are identified under different loading scenarios in the
existing literature: honeycomb cores [19,20], corrugated cores
[21–23], lattice cores [22,24,25], folded cores [26,27], and foam
cores [28,29].

The impact capacity of sandwich panels is significantly
influenced by the geometric parameters of the core, including
thickness, height, and span length. Performance can be
enhanced by optimizing these parameters [30–32]. The type
of face sheet [33,34] and bonding/adhesive layer conditions
[35,36] also influence the strength capacity of the sandwich.
Researchers have extensively explored various core geome-
tries in sandwich structures, including circular, triangular,
rectangular, square, and rhombic shapes, to evaluate their
structural behavior [37,38]. The impact performance of these
configurations has been widely investigated through numer-
ical FEA [39–41]. Vishnu Vardhan et al. [42] analyzed sand-
wich composites with various core shapes and face sheet
materials, with a primary focus on round and rectangular
cores. Their results emphasized the critical role of core mate-
rial selection and core thickness in determining structural
performance. Burlayenko and Sadowski [43] evaluated the
dynamic response of foam and honeycomb core sandwich
panels under dynamic loading, revealing that both boundary
conditions and core type significantly affect their behavior.
Using experimental and numerical methods, He et al. [44]
fabricated honeycomb panels with carbon fiber-reinforced

polymer face sheets. Additionally, Raeisi et al. [45] have
shown that the Z-pin geometry and configuration can signifi-
cantly enhance the structural performance.

Focused on compressive tests, FEA has been used to predict
the compressive strength of sandwich panels with different
structural configurations. The core geometry is crucial for deter-
mining the compressive strength and energy absorption perfor-
mance of sandwich structures [46]. The influence of different
core geometries has been reviewed. FEA of thermoplastic hex-
agonal honeycombs reveals that hybrid cores, which integrate
conventional and auxetic cells, significantly enhance the
mechanical performance [47]. The compressive strength is
directly proportional to the number of cells in the honeycomb
core subject to static compression [48] Moreover, the circle-
square core demonstrated superior load-bearing capacity and
structural integrity due to optimized stress distribution and
enhanced energy absorption [49]. Analytical and FEA models
have been developed to study the compressive response of
Y-shaped cores, showing that practical designs deform in an
elastic–plastic manner and are efficient energy absorbers
[50]. Diamond and square core sandwich structures were tested
under compression by Nath and Nilufar [51]. Diamond cores
offered better compressive strength and weight efficiency,
while re-entrant cores excelled in energy absorption.

Based on the above-mentioned literature, investigations
into metal sandwich structures with different core geometries
applied to steel-based ship structures are limited. While hex-
agonal honeycomb cores are renowned for their excellent
strength-to-weight ratio and energy absorption, alternative
geometries such as triangular, square, or irregular cores may
offer superior performance for specific applications. This gap
highlights the need for comprehensive research comparing the
mechanical properties of alternative core designs with those of
the standard honeycomb core using identical configurations.
Subsequently, a series of finite element models are constructed
to predict the mechanical response of these sandwich struc-
tures under compressive loads. In this case, a symmetrical
cross-sectional design will evaluate core geometries of circular,
square, and hexagonal shapes using ASTM A36, AISI 1045, and
AISI 52100 materials. By incorporating these materials, the
study aims to identify the optimal combinations of core geo-
metry and steel grade thatmaximize performance parameters,
such as load-bearing capacity and resistance to deformation or
failure under compressive loads.

2 Benchmark study

FEA is a numerical technique extensively employed in
engineering and mathematics to decompose complex
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problems into smaller, more controllable parts [52]. In this
simulation, a benchmark test was performed using the
simulation results of Tak and Iqbal [53] obtained with
ABAQUS/CAE using Abaqus/Explicit. A square tube sand-
wich panel model with a diameter of 63.05 mm, made of
mild steel, was used as the benchmark. A cylindrical
impactor with a diameter of 300 mm applied axial com-
pressive loading to the model. The benchmark simulation
was performed three times at different impact velocities,
ranging from 3.63 to 9.68 m/s, and drop heights, ranging
from 0.67 to 4.78 m, using a blunt-headed cylindrical
hammer with a diameter of 300mm, a length of 631 mm,
and a mass of 350 kg. The impactor was treated as a rigid
body, while the tube was represented as a deformable
three-dimensional solid. The shell structure was modeled
using four-node S4R shell elements with reduced integra-
tion and five integration points across the thickness.

The results of maximum axial compression in the form
of displacement data and the amount of energy absorbed
by the model in the simulation were then compared
between the benchmark results and the comparison study
results. Based on the benchmark data comparing the cur-
rent study with a previous study (Table 1), the highest error
was 8.1%. This shows that the methods and parameters

used between comparative research and current research
are not very different. Moreover, a comparison of the
stress contours from the benchmark simulation at dif-
ferent velocities is illustrated in Figure 1.

3 Materials and methods

3.1 Sandwich geometry and material model

The panel shape design was modeled using ABAQUS/
Explicit, with the geometrical parameters established in
the previous study by Tak and Iqbal [53]. The thin-walled,
squared, hollow sandwich panel was modeled using four-
node S4R shell elements, with a thickness of 1 mm, an outer
diameter of 63.05 mm, an inner diameter of 47.34 mm, and
a height of 200 mm. The panel’s cross-sectional design is
symmetrical, incorporating core geometries of circular,
square, and hexagonal shapes. For the circular core design,
the cores have a diameter of 7.855 mm, with 24 cores dis-
tributed evenly across the four sides of the cross-section.
The square core design features cores with side lengths of
7.855 mm, totaling 20 cores symmetrically distributed along
the four sides. The hexagonal core design adheres to the
golden ratio rule (approximately 1.618), a principle com-
monly employed in creating hexagonal shapes. Each hex-
agonal core has a side length of 3.9275 mm, with 28 cores
evenly distributed across the four sides of the cross-sec-
tion. The spacing and dimensional aspects of all core
designs are uniform and symmetrical, ensuring consis-
tency across the cross-section. Detailed dimensions for
each core shape are provided in Figure 2.

Table 1: Benchmark result between current and previous tests

Velocity (m/s) Maximum axial compression (mm) Error (%)

Tak and Iqbal [53] Current result

9.68 200.00 198.12 1.0
6.05 193.04 185.79 3.7
3.63 95.43 103.11 8.1

Figure 1: Comparison of stress value (MPa) of benchmark simulation at different velocities: (a) 9.68 m/s, (b) 6.05 m/s, and (c) 3.63 m/s.
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The Johnson–Cook (J–C) damage model is a widely uti-
lized phenomenological framework for predicting damage
and failure in materials under various loading conditions
[54]. This damage modeling is extensively employed in situa-
tions involving high strain rates, elevated temperatures, and
significant deformations, such as metal forming, impact, and
ballistic events. The J–C damage model defines damage initia-
tion based on the critical threshold of the damage parameter
(D) [55]. The damage parameter (D) is the accumulation of
plastic strain ϵ*p( ) expressed in Eq. (1).
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where D is the damage parameter, ∆ϵp is the plastic strain
increase, and ϵ*p is the plastic strain equivalent to the
failure strain. Failure occurs when the value of D ≥ 1.
The plastic strain equivalent is a function of critical

parameters representing the accumulated plastic strain a
material can withstand before failure. The equivalent
plastic strain function is given by Eq. (2).
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where η is the triaxial stress, ϵ̇ is the strain rate, T is the
temperature, and D D D D D, , , , and1 2 3 4 5 are the experimen-
tally obtained material constants. The triaxial stress η is
the hydrostatic stress ratio to the equivalent von Mises
stress. This triaxial stress can significantly affect the ducti-
lity and failure behavior of the material. The triaxial stress
equation is given by Eq. (3)
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Figure 2: Core geometries: (a) circular core, (b) square core, and (c) hexagonal core.

Table 2: J–C parameters between different material types [56,57]

Parameter ASTM A36 AISI 1045 AISI 52100

Young’s modulus (E), N/m2 200 × 109 205 × 109 200 × 109

Poisson’s ratio 0.26 0.29 0.3
Density (ρ), kg/m3 7,850 7,850 7,810
Yield stress (A) (N/m2) 250 × 106 506 × 106 774.48 × 106

Strain hardening coefficient (B), N/m2 477 × 106 320 × 106 134 × 106

Strain hardening exponent (n) 0.18 0.28 0.37
Strain rate sensitivity coefficient (C) 0.012 0.064 0.018
Thermal softening exponent (mm) 1 1.06 3.171
Reference strain rate (ε̇0) 0.0001 0.0001 0.0001
Melting temperature (Tmelt), K 1,811 1,733 1,424
Transition temperature (Ttransition), K 300 300 300
Fracture constant (D1) 0.403 0.1 0.0368
Fracture constant (D2) 1.107 0.76 2.34
Fracture constant (D3) −1.899 −1.57 −1.484
Fracture constant (D4) 0.00961 0.005 0.0035
Fracture constant (D5) 0.3 −0.84 0.411
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J–C damage modeling also considers the effect of the
carrier temperature relative to the yield temperature,
which affects the material’s ductility. J–C damage modeling
has an equivalent equation for von Mises stress shown in
Eq. (4). The material parameters for each sandwich panel
material utilized in the study are presented in Table 2.
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3.2 Dynamic load setting on the sandwich
panel structure

The impactor is modeled as an undeformed rigid body,
while the sandwich panel is modeled as a deformable
body. The impactor is a solid cylinder with a diameter of
300mm, a length of 631 mm, and a mass of 350 kg. The drop
height of 4.78 m resulted in an impact velocity of 9.68 m/s,
following the parameters established by Tak and Iqbal [53].
The simulation is conducted in ABAQUS Explicit with a
dynamic analysis period of 0.1 s. The linear bulk viscosity
parameter is set to 0.06, and the quadratic bulk viscosity
parameter to 1.2. History outputs are defined for

displacement changes (U2) and force magnitude (RF2).
The tangential surface contact behavior between the
impactor and the sandwich panel is modeled using penalty
friction with an isotropic distribution and a friction coeffi-
cient of 0.03.

In contrast, normal contact is modeled as hard contact.
The impactor is designated as the master surface, and the
sandwich panel is defined as the slave surface, with stan-
dard discretization applied during the analysis. The displa-
cement boundary condition allows movement only along
the U2 axis for the axial surface of the sandwich panel in
direct contact with the impactor. The crush boundary con-
dition restricts motion along U1, U3, UR1, UR2, and UR3 (set
to 0) for the axial face of the panel not in contact with the
impactor. The boundary condition settings are illustrated
in Figure 3. The initial velocity of the impactor is defined
using a uniformly distributed velocity field restricted to
translational motion. The velocity is assigned a value of
−9.68 m/s in the U2 direction, with the negative sign indi-
cating the downward direction of motion [58,59].Figure 3: Compressive load and boundary condition settings.

Figure 4: Mesh configuration in different core shapes: (a) hexagonal core, (b) square core, and (c) circular core.
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Figure 6: Force–displacement curves of the hexagonal core model: (a) ASTM A36, (b) AISI 1045, and (c) AISI 52100.
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Figure 7: Strain contours of the hexagonal core model at different time intervals: (a) ASTM A36, (b) AISI 1045, and (c) AISI 52100.
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3.3 Mesh convergence test

The mesh modeling settings were optimized to strike a
balance between simulation processing time and accuracy
[60]. Mesh elements were configured using four-point
reduced integration S4R elements, which are suitable for
shell modeling. Thickness was defined using a five-point
integration method, applying Simpson’s rule for thickness
integration. The resulting meshes for the sandwich panels
with varying core shapes are depicted in Figure 4. This
study analyzed the convergence of hexagonal core models
made of ASTM A36 material. Maximum force values were
used as the reference metric for each mesh size. The results
were plotted on a mesh convergence graph, as shown in
Figure 5. The mesh size range of 12–20mm, resulting in a

total number of elements ranging from 10,812 to 69,345,
was observed to produce relatively consistent data, indi-
cating an optimal mesh resolution for the simulation.

4 Results and discussion

4.1 Simulation result on core shapes and
material types

This study examines three core geometry modifications
across three different material types. The forced displace-
ment of the model under compressive load is included in
the simulation results, along with progressive stress
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contours at specific locations for a comprehensive analysis.
Contour plots are another tool used to depict strain distri-
bution, enabling a thorough assessment of strain charac-
teristics across various material and geometric changes. The
mechanical performance of hexagonal core models made
from ASTM A36, AISI 1045, and AISI 52100 under compressive
stress is shown by the force–displacement curves in Figure 6.
The highest strength is exhibited by AISI 1045, which suggests
minimal ductility and greater load-bearing capacity due to its
steep peak force and slight displacement. While AISI 52100
strikes a compromise between strength and ductility, exhi-
biting intermediate strength and ductility, ASTM A36 has the
lowest strength but the highest ductility, deforming signifi-
cantly before fracture.

Furthermore, as shown in Figure 6, the stress contours
throughout the force–displacement curve indicate various
stages of structural behavior. Because the stress distribu-
tion throughout the elastic zone is uniform and low, with
very modest localized concentrations in areas of geometric
irregularity, the material remains within flat mode. As
the peak force approaches, stress concentrations increase
at the edges and corners of the hexagonal cells, indicating
the onset of plastic deformation and localized buckling of
the face plate. Deformation brought on by highly localized
stress, particularly at critical locations such as the center or

margins, indicates the onset of plastic collapse after
the peak.

Figure 7 illustrates the strain contours of a hexagonal
core model subjected to uniaxial compression over three
distinct time intervals. The deformation modes include
progressive folding, localized buckling, and plastic col-
lapse, which are typical in uniaxial compression of thin-
walled structures [61,62]. Each material demonstrates
distinct strain distribution patterns over time, reflecting
variations in mechanical properties. It can be found
that strain concentration areas increase in intensity and
size over time. The wider strain distribution in ASTM A36,
a more ductile material, indicates energy absorption
through plastic deformation. AISI 52100, a high-strength,
low-ductility material, shows severe strain concentrations,
indicating the possibility of brittle failure under sustained
loading, whereas AISI 1045 exhibits intermediate behavior
with moderate strain localization. The impact of material
qualities on deformation and failure risk is highlighted by
increasing strain intensities with time, especially at stress
concentration places.

The force–displacement curves for the square core
models depicted in Figure 8 demonstrate changes in
mechanical behavior. ASTM A36 demonstrates a progres-
sive increase in force with a more ductile behavior,
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Figure 9: Strain contours of the square core model at different time intervals: (a) ASTM A36, (b) AISI 1045, and (c) AISI 52100.
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attaining moderate force levels before exhibiting strain
softening as displacement escalates. AISI 1045 exhibits a
more pronounced increase in force, attaining a greater
peak before softening, signifying enhanced stiffness and
moderate ductility. AISI 52100 exhibits maximum strength
but undergoes rapid reductions after peak loads, dis-
playing high strength yet constrained ductility, with failure
resulting from brittle characteristics. Stress contours for
designated displacements indicate concentrated stress at
the center and edges, highlighting material-specific defor-
mation and potential failure modes: widespread plasticity
in ASTM A36, localized yielding in AISI 1045, and brittle
fractures in AISI 52100. Figure 9 illustrates that ASTM
A36 exhibits extensive and increasingly distributed strain
regions, with strain intensity incrementally increasing
over time, indicating its ductile characteristics. AISI 1045

exhibits a more concentrated strain distribution, particu-
larly in its central areas, indicating moderate stiffness and
greater localized deformation compared to ASTM A36. AISI
52100 exhibits pronounced and concentrated strain con-
centrations, particularly in its center areas, attributable
to its high strength and brittle characteristics, indicating
restricted energy dissipation during plastic deformation.
Strain intensities grow over time across all materials,
although the distribution patterns vary distinctly, influ-
enced by the specific mechanical properties of each
material.

The force–displacement curves for the circular core
models demonstrate a similar phenomenon in the mechan-
ical performance of various material types, as illustrated in
Figure 10. ASTM A36, as depicted in Figure 10a, exhibits a
consistent increase in force, reaching a moderate peak
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force before softening, which signifies ductile behavior
characterized by significant energy absorption and
delayed failure. AISI 1045, as illustrated in Figure 11b, exhi-
bits a more pronounced force increase, reaching elevated
peak forces due to its enhanced stiffness, followed by a
gradual softening that indicates its intermediate ductility
and strength. Conversely, AISI 52100 in Figure 10c achieves
the maximum force values, exhibiting sudden decline post-
peak, which indicates its considerable strength and brittle
failure mode.

Figure 11 illustrates a similar phenomenon, where the
ASTM A36 model demonstrates a uniform strain distribu-
tion with progressive increases over time, exhibiting its
ductility and capacity to absorb energy through extensive
plastic deformation. The AISI 1045 model exhibits localized
strain concentrations predominantly at the edge area, with
increasing intensity over time, indicating its moderate duc-
tility and elevated stiffness. The AISI 52100 model exhibits
highly localized strain areas, especially at crucial stress
locations, with limited dispersion, underscoring its brittle-
ness and elevated strength. Strain intensity increases over
time across all materials. However, levels and distribution
patterns vary substantially due to their mechanical
properties.

4.2 Overall discussion

The geometry size, shape configuration, and mechanical
properties influence the mechanical behavior of the mate-
rials [63–65]. The force–displacement curves in Figure 12
compare the mechanical responses of three materials for
different core shapes. Across all core shapes, AISI 52100
exhibits the highest peak forces due to its high strength,
followed by AISI 1045. In contrast, ASTM A36 has the lowest
peak force but demonstrates a more gradual slope, indica-
tive of its ductility. All materials exhibit similar displace-
ment capacities in the hexagonal core, with AISI 1045
achieving the highest force before sudden failure,
reflecting its brittle behavior. In the square core, AISI
1045 leads in peak force again, but its abrupt drop high-
lights limited ductility, whereas ASTM A36 shows a balance
of strength and moderate ductility. Overall, the circular
shape yields higher peak forces than the hexagonal and
square shapes, likely due to the uniform stress distribution
inherent in circular geometry.

Figure 13 highlights the force–displacement behavior
of different core geometries made from ASTM A36, AISI
1045, and AISI 52100 materials. For ASTM A36, the hexa-
gonal and circular cores exhibit the highest peak force, and
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Figure 11: Strain contours of the circular core model: (a) ASTM A36, (b) AISI 1045, and (c) AISI 52100.
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the rectangular core shows the lowest strength but slightly
higher ductility. In AISI 1045, all geometries achieve similar
peak forces, with the rectangular core showing a marginal
advantage in displacement capacity. For AISI 52100, the
hexagonal and circular cores exhibit the highest peak
forces, while the rectangular core demonstrates slightly
lower strength with better ductility. Across all materials,
circular and hexagonal cores generally show superior
load-bearing capacity, while rectangular cores provide
greater ductility. Table 3 presents a summary of failure
modes across different core types. It can be observed
that collapse response is primarily dictated by the core
shape rather than the material types. While all three steels
undergo the same sequence of events (initial yielding, core
compaction, and overall folding), the way each stage
develops differs according to whether the core cells are
hexagonal, square, or circular.

5 Conclusions

A series of FEA results were conducted to investigate the
impact of material selection and core shape on the structural
performance of steel sandwich plates under uniaxial com-
pressive loads. Three different materials, including ASTM
A36, AISI 1045, and AISI 52100, and core types such as hexa-
gonal, square, and circular cores were investigated using
ABAQUS/Explicit. The results show that the same three-stage
collapse progression, including local yielding, core crushing,
and global folding, is observed for each material, where
higher-strength steels merely delay each stage of collapse.
Hexagonal cores deliver the most balanced compressive per-
formance, producing the flattest and longest force plateau. In
contrast, square cores experience the highest local strains,
which can be beneficial for peak-load capacity but may
lead to premature wall tearing if ductility is limited.

Figure 12: Comparison of force–displacement curves at different core shapes: (a) hexagonal, (b) square, and (c) circular.
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Figure 13: Force–displacement curves of different core types: (a) ASTM A36, (b) AISI 1045, and (c) AISI 52100.

Table 3: Summary of failure modes between different core types

Criterion Hexagonal Square Circular

Onset of yielding Simultaneous at cell-corner joints
and evenly distributed plastic zone

Highly localized vertical bands along
interior webs; ends stay mostly elastic

Two discrete circular patches near mid-
width

Principal local-
failure feature

Progressive bending/crushing of
hexagon walls; plastic hinges form
symmetrically

Buckling of square webs in a chess-
board pattern; central indentation
dominates

Uniform flattening of ring walls; the core
densifies smoothly

Global
collapse mode

Concertina-type folding with two to
three regular plastic hinges

Diamond/asymmetric folding; one
dominant hinge at mid-height and
secondary hinges near ends

Barrel-type global bowing; diffuse
hinges, gradual shortening, and smooth
but lower-energy collapse

Energy-absorption
efficiency

Highest – largest plateau area,
thanks to uniform strain and
sustained folding

Moderate to high local plastic strain, but
with a shorter plateau and earlier
densification

Moderately smoother curve; slightly
lower specific energy absorption in
ASTM A36

Stability of post-
peak response

Very stable (flat plateau and minimal
load drop)

Less stable (pronounced oscillations
after peak)

Stable but with a gently declining
plateau
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Future studies should expand this investigation to
examine the behavioral influence of steel sandwich plates
with various core designs, particularly in dynamic or colli-
sion contexts. Investigating enlarged core geometries,
including truss-like or lattice structures, may yield more
insights into their efficacy in energy absorption, impact
resistance, and structural recovery. The impact of core-
to-face sheet bonding and hybrid materials on improving
the overall structural resilience requires investigation.
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