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This study aims to analyze the performance of sandwich cylindrical shell structures under axial
compression load by varying the geometry and types of material. Numerical simulations were
conducted using ABAQUS software, employing the finite element method (FEM) to evaluate von Mises
stress, displacement, and energy absorption. The materials used include ASTM 1045, ASTM A36, and
Mild Steel, with geometry designs varying across five different configurations. The simulation results
indicate that the combination of material and geometry has a significant impact on the structural
response of the sandwich cylindrical shell. ASTM 1045 exhibited the highest von Mises stress and
displacement, indicating both high strength and substantial deformation, while Mild Steel
demonstrated better elastic properties. Geometry 4 combined with ASTM 1045 proved to be the
strongest configuration, while the combination of Geometry 1 and Mild Steel was the most elastic. This
study contributes to the development of more efficient and impact-resistant ship structural designs.
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1. Introduction

Indonesia is the largest archipelagic country in the world, boasting a lengthy coastline and extensive waters. This makes
the maritime sector one of the backbones of the national economy, with the shipbuilding industry playing a vital role in
transportation, fisheries, and naval defence. As the world s largest archipelago, Indonesia possesses extraordinary marine
wealth. With more than 17,000 islands and a coastline stretching 95,161 kilometres [1]. This unique geographical condition
makes the maritime sector a backbone of the national economy, where the shipbuilding industry plays a vital role in
transportation, fisheries, and naval defence. Indonesia s abundant marine wealth and the strategic function of its seas as
major transportation routes domestically and internationally demand innovation and technological advancement, especially
in the shipbuilding sector [2],

One of the key innovations in this industry is the use of sandwich cylindrical shell structures, which are composite
structures consisting of two strong and lightweight outer skins enclosing a thicker yet lighter core [3,4], This structure offers
a combination of high strength and low weight, making it ideal for ship construction [5], In the harsh maritime environment,
ships must resist corrosion, possess structural strength, and maintain fuel efficiency. A sandwich shell enhances ship
performance in terms of speed, stability, and durability while reducing operational costs [6], Adopting sandwich shell
technology can improve the global competitiveness of Indonesia s shipbuilding industry. Ships made with sandwich shells
offer advantages in energy efficiency and lower maintenance costs, which are critical for long-term operations [7,8],
Furthermore, this technology contributes to reducing carbon emissions, aligning with global efforts to mitigate climate
change [9,10], Therefore, integrating sandwich shell structures in ship construction is a strategic step in line with Indonesia s
vision to become a global maritime axis.

http://issn.pdii.lipi.go.id/issn.cgi?daftar&1342508490&1&&
http://issn.pdii.lipi.go.id/issn.cgi?daftar&1180427365&1&&
http://ejournal.undip.ac.id/index.php/kapal
mailto:aditya@ft.uns.ac.id
https://doi.org/10.14710/kapal.v22i3.75955
https://doi.org/10.14710/kapal.v22i3.75955
https://creativecommons.org/licenses/by-sa/4.0/
http://crossmark.crossref.org/dialog/?doi=10.14710/kapal.v22i1.64694&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.14710/kapal.v22i3.75955&domain=pdf


 

 

—

Kapal: Jurnal Ilmu Pengetahuan dan Teknologi Kelautan, 22 (3) (2025): 174-186

To support this advancement, the study aims to analyse the structural response of sandwich shells under axial
compression, focusing on various geometric configurations and material combinations. Furthermore, the research aims to
identify both the best- and worst-case performance scenarios, providing valuable insights into the optimal material selection
and design strategies for maritime applications.

175

2. Method

2.1. Benchmarking procedures

Vehicle collisions generally occur in two primary forms: axial impacts and angular impacts [11],[12]. Numerous studies
have explored ways to enhance vehicle crash resistance, such as the use of front spring dampers. Although this topic has
produced significant findings, few previous studies have focused on the effects of gradient layers. In this study, the
researchers proposed a new cylindrical rod, examined comprehensively with an emphasis on the gradient layer. It is assumed
that the plate used as the base of the tube is rigid. Subsequently, the cylindrical tube is subjected to a rigid impactor moving
axially at an initial speed of 12.5 m/s with a mass of 200 kg.

Several studies have been conducted on structural analysis under compression conditions. Pratama et al. [13]
investigated axial dynamic crushing of square and circular tubes. The same author later studied typical failure modes of
square pipes. Over time, thin-walled structures have become widely used in transportation systems as energy absorbers
during crashes and other accidents [14], Tak and Iqbal [15] studied thin-walled structures in the form of hollow tubes as
energy absorbers subjected to various compressive loads. Thin-walled structures help minimize damage from collisions,
including with ships, in the form of crash boxes, as used in automobiles [16],
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Figure 1. Axial Compression Testing Procedure (redrawn based on [15])

Figure 1 illustrates the experimental system for dynamic axial compression testing using an air-based launcher. This
system is used to fire a projectile at a target tube (a circular tube) to investigate the deformation behaviour and energy
absorption of the tube under high-speed axial compression. For this test, a hollow tube design and a 2D-designed projectile
are used, as shown in Figure 2.

Figure 3 shows the geometric simulation model used for benchmarking purposes, which consists of two main
components: the impactor and the hollow. The impactor is a solid object that strikes the hollow cylindrical tube, generating
an axial compression load. Meanwhile, the hollow is the primary test object a hollow cylindrical tube simulated to receive
force from the impactor. The simulation can be considered successful if the results deviate by no more than 10% from the
benchmarking reference, as shown in Figure 4, which presents the benchmarking results.
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Figure 4. Benchmarking of Von-Mises Contour

2.2. Geometrical Models

In this study, the geometry used for simulating impact conditions is a sandwich cylindrical shell structure on a tanker
ship. This structure is modelled using ABAQUS software with a shell model having a thickness of 1 mm and consists of five
different geometric variations. Overall, the sandwich shell structure has an outer diameter of 80 mm, an inner diameter of
60 mm, and a height of 200 mm. This structure will be compressed using an impactor with a diameter of 93 mm and a height
of 186 mm, as shown in Figure 5 and the technical drawing in Figure 6.
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(b) (c)(a)

(d) (e)
Figure 5. Sandwich Cylindrical Shell 3D Models: (a) Geometry 1, (b) Geometry 2, (c) Geometry 3, (d) Geometry 4, and (e)

Geometry 5
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Figure 6. 2D Designs of Sandwich Shells: (a) Geometry 1, (b) Geometry 2, (c) Geometry 3, (d) Geometry 4, and (e) Geometry
5

2.3. Johnson-Cook Failure Model

As stated in previous studies [15], the Johnson-Cook isotropic constitutive hardening and failure model [17], can be
used to characterize the material model applied in the simulation. This model incorporates material flow based on linear
thermo-elasticity, the von Mises yield criterion, isotropic strain hardening, strain rate hardening, and thermal softening due
to adiabatic effects. The equivalent von Mises stress in the Johnson-Cook model is expressed as:

where, A, B, n, C, and m are material parameters obtained from various experiments, is the reference strain rate, is the
equivalent plastic strain, and is a unitless temperature-related parameter defined as:
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The Johnson-Cook fracture model requires the strain rate, the effect of stress triaxiality, and temperature on the
equivalent failure strain. The equivalent fracture strain in the Johnson-Cook model is expressed as:

178

where D to D are material parameters determined from various mechanical tests. D ,D , and D are stress triaxiality
parameters, D is a damage parameter dependent on strain rate, and D is a fracture strain parameter dependent on
temperature., — is the stress triaxiality ratio, where is the mean stress and is the equivalent von Mises stress.

2.4. Material Definition

The materials used in this study comprise three types commonly employed in ship structures. These materials are ASTM
A36, ASTM 1045, and mild steel. In the ABAQUS software, to perform impact simulations using the axial compression method,
it is necessary to input not only general material properties such as yield strength, Young's modulus, and density, but also
Johnson-Cook damage parameters, as shown in Table 1 [18],

Table 1. Applied Material Properties of Sandwich Shells.
Mild SteelParameter ASTMA36 ASTM 1045

Density, (kg/ )
Modulus of elasticity, E (N/ )
Poisson's ratio, v

Johnson Cook flow stress parameters:
Initial yield stress, A (N/ )
Hardening coefficient, B (N/ )
Hardening exponent, n
Strain rate constant, C
Thermal softening constant, m
Reference strain rate, (s 1)
Melting temperature, T (K)
Transition temperature, T (I<)

Johnson Cook Fracture strain constant:

7850 7850 7810
203x

0.33 0.26 0.29

304.33
422

0.345
0.0156

0.18 0.28
0.012 0.064

0.87 1 1.06
0.0001 0.0001 0.0001

1800 1811 1733
293 300 300

D1 304.33
D2 422
D3 0.345

0.0156
0.18 0.28

D4 0.012 0.064
D5 0.87 1 1.06

2.5. Meshing Strategy

In numerical simulation methods, meshing is one of the most critical components that can affect the accuracy of the
simulation results [19], Therefore, selecting the appropriate element type and mesh size is essential to improve the accuracy
of simulations performed using the finite element method. In this study, a mesh size of 0.009 m was used with the S4R Shell
Element type. This element type and size were chosen because they had reached stability for conducting the compression
simulation [20], An illustration of the mesh used in this simulation is shown in Figure 7.

(a) (b) (c)

(d) (e)
Figure 7. Mesh Configurations: (a) Geometry 1, (b) Geometry 2, (c) Geometry 3, (d) Geometry 4, and (e) Geometry 5
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2.6. Boundary Condition

To represent a simulation that closely resembles realistic conditions, boundary conditions are applied to both sides of
the structure, with displacement constraints on one side and encased (fixed) conditions on the opposite side. Figure 8
illustrates how the boundary conditions are applied to the sandwich shell structure. In axial compression, displacement-
type boundary conditions are applied to the upper part of the shell to determine the maximum displacement imposed on
the structure. Additionally, axial compression is used by assigning a velocity to the impactor, which compresses the sandwich
shell until the maximum pressure is reached. The simulation is conducted over a time of 0.2 seconds, with geometric
variations to observe differences in structural damage for each geometry.

&

Figure 8. Boundary Conditions

2.7. Scenario Case

In this study, several scenarios were designed to simulate axial compression based on variations in parameters, namely
geometry and material type used in the model. This study aims to investigate the outcomes resulting from the differences in
these two parameters in more detail. The scenarios applied to the model are presented in Table 2.

Table 2. Summary of the simulation Scenarios.
Material Velocity (m/s) Time (s)Notation Geometry
Mild Steel
Mild Steel
Mild Steel
Mild Steel
Mild Steel
ASTM A36
ASTM A36
ASTM A36
ASTM A36
ASTM A36
ASTM 1045
ASTM 1045
ASTM 1045
ASTM 1045
ASTM 1045

Model 1
Model 2
Model 3
Model 4
Model 5
Model 6
Model 7
Model 8
Model 9
Model 10
Modelll
Model 12
Model 13
Model 14
Model 15

Geometry 1
Geometry 2
Geometry 3
Geometry 4
Geometry 5
Geometry 1
Geometry 2
Geometry 3
Geometry 4
Geometry 5
Geometry 1
Geometry 2
Geometry 3
Geometry 4
Geometry 5

12.5 0.2
12.5 0.2
12.5 0.2
12.5 0.2
12.5 0.2
12.5 0.2
12.5 0.2
12.5 0.2
12.5 0.2
12.5 0.2
12.5 0.2
12.5 0.2
12.5 0.2
12.5 0.2
12.5 0.2

3. Results and Discussion

3.1. Effect of Material Type

In the simulations conducted, material differences were one of the key factors contributing to variations in the results
under axial compression conditions. This is due to the differing properties of each material used. To determine these
differences, simulations were conducted by applying a pressure at a velocity of 12.5 m/s over 0.2 seconds. The results show
overall differences in the von Mises stress contours, as illustrated in Figure 9 to 13.
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Figure 9. Von Mises Stress Contour on Geometry 1 with Material Variations: (a) Mild Steel, (b) ASTM A36, and (c) ASTM

1045
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Figure 10. Von Mises Stress Contour on Geometry 2 with Material Variations: (a) Mild Steel, (b) ASTM A36, and (c) ASTM

1045
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Figure 1 1. Von Mises Stress Contour on Geometry 3 with Material Variations: (a) Mild Steel, (b) ASTM A36, and (c) ASTM
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Figure 12. Von Mises Stress Contour on Geometry 4 with Material Variations: (a) Mild Steel, (b) ASTM A36, and (c) ASTM

1045
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Figure 13. Von Mises Stress Contour on Geometry 5 with Material Variations: (a) Mild Steel, (b) ASTM A36, and (c) ASTM

1045

Based on Figure 9 to 13, the three tested materials exhibit distinct mechanical behaviours and failure modes influenced
by the structural geometry used. ASTM A36, with the lowest yield strength of 250 MPa but the highest strain hardening
coefficient at 477 MPa, demonstrates excellent energy absorption through stable and progressive deformation. In the
longitudinal stiffener configuration (geometries 1, 4, and 5), ASTM A36 displays flexible and consistent local buckling
patterns across the cylindrical shells. For the diagonal grid stiffener (geometry 2), the diamond-shaped shells undergo
significant stretching and bulging, enabling uniform energy distribution throughout the structure. Meanwhile, in the ring
stiffener configuration (geometry 3), the material forms tight and uniform concertina folds, indicating highly efficient energy
absorption through controlled deformation.

Mild Steel balances strength and ductility effectively. With an initial yield strength of 304.33 MPa and a strain hardening
coefficient of 422 MPa, it presents an optimal compromise, sustaining higher initial loads without sacrificing the stable
deformation behavior observed in ASTM A36. The failure mode in the longitudinal stiffener arrangement resembles that of
ASTM A36 but requires greater load levels to initiate. In diagonal grid and ring stiffener configurations, Mild Steel maintains
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ideal stiffness combined with effective plastic deformation, producing concertina folds that tend to be larger and fewer
compared to ASTM A36, thereby enhancing overall structural stability.

ASTM 1045 outperforms the other materials in terms of strength and stiffness. With a high yield strength of 506 MPa
but a comparatively lower strain hardening coefficient of 320 MPa, it withstands the highest load capacities across all
configurations. However, its deformation becomes more concentrated and less uniform. In the ring stiffener setup, concertina
folds are fewer but larger, indicating that each fold absorbs substantial energy. The advantages of ASTM 1045 are most
pronounced in stiff and robust structures, such as the diagonal grid and longitudinal stiffeners, where the synergy of material
strength and geometric stiffness yields highly resilient tubes, albeit at the cost of reduced energy dissipation efficiency.
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Figure 14. Displacement Graph of Material Variations

Examining displacement trends in Figure 14 reveals that ASTM 1045 experiences minimal displacement, correlating
with its high stiffness and concentrated deformation zones. ASTM A36 displays higher displacements with more uniform
and progressive deformation, indicating superior ductility and energy dissipation. Mild Steel s displacement and
deformation characteristics fall intermediate between the two, reflecting a balance between strength and flexibility in the
structural response. As a preliminary conclusion, ASTM A36 excels in ductility and stable deformation, making it suitable for
applications demanding high energy absorption. Mild Steel offers a balanced solution with good strength and flexibility.
ASTM 1045 is ideal for structures that require high strength and stiffness, while also offering limited deformation capacity.

3.2. Effect of Core Geometry

Variations in the core geometry of sandwich shell structures significantly influence the distribution of stress, strength,
and stiffness of the material. Different shapes and configurations of core reinforcements are designed to optimize the
structure s capacity to withstand mechanical loads while minimizing stress concentrations that could lead to failure.
Simulations using these diverse geometries produced varying Von Mises stress contours. Illustrations of the Von Mises
contours and displacement graphs for each geometry and material variation are shown in Figure 15 to 20.
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Figure 15. Von-Mises Stress Contour for Mild Steel with Geometry Variations: (a) Geometry 1, (b) Geometry 2, (c)

Geometry 3, (d) Geometry 4, and (e) Geometry 5
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Figure 16. Displacement Graph of Mild Steel: Geometry 1 vs. Geometry 2

The variations in core geometry for mild steel material, as depicted in Figure 15, demonstrate significant differences in
stress distribution. Geometry 1, with widely spaced longitudinal reinforcements, exhibits high stress concentration at the
junctions between the vertical reinforcement and both the top and bottom plates, indicating uneven load distribution and
potential failure risk in these areas. Conversely, Geometry 2, with a diagonal grid pattern that forms a diamond shell,
effectively distributes stress evenly across the entire surface, eliminating extreme stress concentrations. Geometry 3 utilizes
ring-shaped reinforcements that channel stress through horizontal rings, serving as the primary elements for resisting radial
loads. Geometries 4 and 5, featuring varied densities of longitudinal reinforcements, show proportional improvements in
stress distribution corresponding to the increased vertical reinforcement density.

From a mechanical performance perspective, as seen in the force-displacement graph in Figure 16, Geometry 2
outperforms Geometry 1. The force-displacement curve for Geometry 2 (marked in red) shows smaller deformation values
at equivalent force levels, indicating higher stiffness. For instance, under a load of 400,000 N, Geometry 2 deforms
approximately 0.04 mm, while Geometry 1 deforms about 0.06 mm. Furthermore, Geometry 2 can support peak loads up to
around 650,000 N, surpassing Geometry 1 s peak capacity of 550,000 N. This confirms that using a mesh/grid reinforcement
structure instead of widely spaced vertical reinforcements improves load distribution efficiency in multiple directions,
resulting in a stronger and stiffer structure.
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Figure 17. Von-Mises Stress Contour for ASTM A36 with Geometry Variations: (a) Geometry 1, (b) Geometry 2, (c)

Geometry 3, (d) Geometry 4, and (e) Geometry 5
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Figure 18. Displacement Graph of ASTM A36 Across Geometry Variations

The Von Mises stress distribution analysis for ASTM A36 material is shown in Figure 17 reveals similar findings.
Geometry 1 again exhibits high stress concentrations at the junctions, whereas Geometry 2 distributes stresses more evenly,
thereby reducing the areas of extreme stress. Geometry 3 with horizontal ring reinforcements exhibits stress concentrations
along the rings. Increasing reinforcement density in Geometries 4 and 5 results in a more uniform stress distribution
compared to Geometry 1, although the upper junction area still experiences high stress. Force-displacement curves in Figure
18 rank Geometry 3 highest in strength and lowest in deformation, indicating optimal stiffness, followed by Geometries 2
and 4, with Geometry 1 showing the weakest performance. This highlights the importance of reinforcement design and
density in determining structural load-bearing capability.
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Figure 19. Von-Mises Stress Contour for ASTM 1045 with Geometry Variations: (a) Geometry 1, (b) Geometry 2, (c)
Geometry 3, (d) Geometry 4, and (e) Geometry 5
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Figure 20. Displacement Graph of ASTM 1045: Geometry 1 vs. Geometry 2

Stress distributions for ASTM 1045 material with all five core geometries accentuate the significant impact of design
changes, as illustrated in Figure 19. Geometry 1 with widely spaced longitudinal reinforcements again reveals critical stress
concentrations at junctions, while Geometry 2 s mesh/grid structure evenly distributes stress, mitigating local failure risks.
Geometries 3, 4, and 5 show characteristic stress patterns according to their ring shapes and reinforcement densities.
Mechanical performance data in Figure 20 reaffirm the superiority of the mesh/grid design (Geometry 2) over Geometry 1,
with peak load capacity reaching about 1,100,000 N and improved stiffness, significantly enhancing structural performance.

Therefore, it can be concluded that modifying the core geometry from widely spaced longitudinal reinforcements to
mesh/grid structures (Geometry 2) or ring designs (Geometry 3) has a significant influence on the stress distribution and
mechanical performance of sandwich shell structures. Mesh/grid-based structures consistently demonstrate more efficient
load distribution, higher peak strength, and better stiffness than widely spaced vertical reinforcements. Additionally, ring-
shaped reinforcements provide superior resistance to radial loads and optimize stiffness. Therefore, selecting and optimizing
core geometry is a key factor in improving durability and structural efficiency under pressure.

3.3. Effect of Energy Absorption

Based on the analysis of the total energy absorption (EA) capacity across various tested materials and geometries, two
critical findings emerge in evaluating structural performance against impact. First, ASTM 1045 material consistently exhibits
the highest energy absorption values across all geometric variations, indicating that material properties such as yield
strength and ductility play a dominant role in determining total EA capacity. Second, among the five geometric designs
analysed, Geometry 3 consistently shows the highest energy absorption capacity for each material type. The combination of
ASTM 1045 material and Geometry 3 represents the most optimal design choice as it provides maximum energy absorption
capacity, which is crucial for minimizing damage caused by dynamic loads.
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Figure 21. Total Energy Absorption (EA) for Each Variation
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Furthermore, this study also evaluates variations in Maximum Compressive Force (MCF) based on numerical
simulations of sandwich shells with various materials and geometries. Considering the Coulomb failure theory, the
differences in energy absorption among these variations are apparent in Figure 21. Consistent with previous findings, ASTM
1045 shows the highest energy absorption, and Geometry 3 demonstrates the best performance in energy absorption across
all material types tested.
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4. Conclusion

Based on the tests conducted, several key conclusions can be drawn comprehensively. Material differences significantly
impact the von Mises stress values, with ASTM 1045 exhibiting the highest stress levels compared to ASTM A36 and Mild
Steel, which have higher elasticity, resulting in lower stress values. Regarding material displacement, ASTM 1045 exhibits
the greatest displacement, indicating more significant deformation, even though displacement values for other materials are
quite similar. Furthermore, geometry variations affect the distribution of stress and strain contours, with displacement
values increasing proportionally to the applied force, followed by a decrease in force once the material reaches its yield
strength. Lastly, the optimal combination was found to be Geometry 4 with ASTM 1045, as the most potent combination,
requiring the highest force to achieve the desired displacement. In contrast, Geometry 1 with Mild Steel represents the most
elastic combination, needing less force to reach the same displacement.
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