engineering K\
proceedings MD\Py
Proceeding Paper

Performance Analysis of Double-Layered Thin-Walled

Hemispherical Shell Structures Under Quasi-Static Compression

Nalla Mohamed Mohamed Ismail *

check for
updates
Academic Editors: M. S. Alphin,

Divya Zindani and Ramkumar P.
Published: 23 July 2025

Citation: Mohamed Ismail, N.M.;
Sudha Ramakrishnan, K. Performance
Analysis of Double-Layered
Thin-Walled Hemispherical Shell
Structures Under Quasi-Static
Compression. Eng. Proc. 2025, 93, 20.
https://doi.org/10.3390/
engproc2025093020

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

t
and Kavin Sudha Ramakrishnan

Department of Mechanical Engineering, Sri Sivasubramaniya Nadar College of Engineering,

Kalavakkam 603110, India; kavin2011014@ssn.edu.in

* Correspondence: nallamohamedm@ssn.edu.in

* Presented at the International Conference on Mechanical Engineering Design (ICMechD 2024), Chennai, India,
21-22 March 2024.

Abstract

Thin-walled hemispherical shell structures are mainly used in the aerospace industry as
energy absorbers. However, their thin walls frequently lead to stability problems. To
create a stable structure, double-layered thin-walled hemispherical shell structures were
developed. In this study, we investigated the deformation behaviors of these structures
through both experimental and numerical methods. The shell span diameter is taken as
200 mm. Monolithic layers have thicknesses of 1.0 mm compared with double-layered
shells which have thicknesses of 0.5 mm (inner)/0.5 mm (outer). We developed numerical
models to simulate the structural responses of monolithic and double-layered spherical shell
structures using ABAQUS/CAE® V6.14 software. These models were validated against
experimental results. Our results show that double-layered shells absorb more energy
compared to monolithic shells. These insights provide a foundation for improved designs
of hemispherical structures, ultimately enhancing their energy absorption performance.
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1. Introduction

In recent years, the application of multilayer metal protection shields has become
increasingly widespread in many areas. Aluminum, one of the widely used metal products,
has become a popular choice in many industries due to its lightweight, high strength, low
cost, corrosion resistance, and fire resistance, which are the main features of research on
protective coating [1-5]. However, current research on the crushing and impact resistance
of aluminum alloys tends to focus on a single metal type. Based on the literature reviewed,
it is clear that while single shells possess a strong capacity for energy absorption, their thin
walls make them prone to stability issues. An effective alternative is the layering of shells
which creates a robust protective structure [6-8]. While there are some studies on nested
tubes and rings, there is a noticeable gap in research regarding the mechanical behavior
of layered spherical shells which could exhibit interesting mechanical behaviors. In this
study, we developed two designs: a monolithic (MSS) and a double-layered Hemispherical
Shell System (DLS). We investigated the deformation behaviors of these structures using
both experimental and numerical methods. The shell’s span diameter is 200 mm and
includes multiple configurations. These configurations comprised monolithic layers with
thicknesses of 0.5, 1, and 1.5 mm and double-layered options, such as having 0.5 mm layers
on both the inside and outside, or 1.0 mm on the outside and 0.5 mm on the inside, and
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vice versa. We first developed numerical models to simulate the structural responses of
monolithic spherical shell structures (MSS) using ABAQUS/CAE® software. These models
were validated against experimental results. Moreover, we explored the effect of layering
on enhancing the stability of monolithic shells. Additionally, parametric studies were
conducted to examine how different shell geometrical configurations influence crushing
resistance and energy absorption. Further details are presented in the following sections.

2. Experimental Methodology

In this paper, a compression test was first carried out by using a universal testing
machine on monolithic and double-layered 1100 aluminum alloy spherical shells, respec-
tively. Then, 3D finite element software (ABAQUS/Explicit software V6.14) was used to
simulate the crushing processes in a specific working condition of the experiment. 1100-H12
aluminum sheet was purchased in standard thicknesses (0.5-1.5 mm). Tensile samples were
extracted from the sheet to obtain the material properties. Uniaxial tensile experiments
were performed to find the mechanical properties of the material [9]. The resulting data
are shown in Figure 1 and are employed as a response for the performance of plastic strain
curves in the FEM software by extracting the main points.
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Figure 1. Material properties of aluminum 1100-H12.

The sample geometry is shown in Figure 2, and the detailed dimensions are publicized
in Table 1. To obtain a stable model, a two-layer hemispherical shell model is also designed.
The double-layered hemispherical shell model (DLS) model has two hemispherical shells
and is made of AA-1100H12 aluminum alloy. The details are shown in Table 1.
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Figure 2. Fabricated monolithic spherical shell structures (MSS).
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Table 1. Geometric details and fabricated monolithic spherical shell structures (MSS).

Radius (R) Thickness (t)
Specimen Radius Depth (mm) Thickness (t) Specimen (mm) (mm)
Inner Outer Inner Outer
MSS 1 100 100 0.5 DLS1 99.5 100 0.5 0.5
MSS 2 100 100 1.0 DLS 2 99 100 0.5 1.0
MSS 3 100 100 1.5 DLS 3 99.5 100 1.0 0.5

3. Numerical Methodology and Validation

The collapse of monolithic and two-shell structures under quasi-static loading is
simulated using the commercial finite element code ABAQUS explicit solver [10]. The finite
element model consists of a deformable shell, an unrestrained stiff upper plate, and a rigid
lower plate. Figure 3 shows the design model developed using ABAQUS® explicit coding.
Four nodes quad shell elements were allotted for modeling a spherical shell. Rigid shell
elements were allotted for the top and bottom plates. The mesh independence study was
carried out for MSS to optimize the mesh size of the FE model. The optimum mesh size
of 1 mm is suitable. Figure 4 demonstrates the buckled pattern of the hemispherical shell
foreseen by finite element simulations and experimental observation.

Figure 3. FE model of MSS specimen.

Numerical Results Experimental Results

Figure 4. Experimental and numerical collapse modes of MSS1 specimen.

Comparison of radius of parallel circle and EA of MSS specimen obtained through
numerical procedure and validated by experimental results is tabulated in Table 2.

Table 2. Comparison of results on radius of parallel circle (mm) and EA of ‘MSS 1’ specimen.

Radius of Parallel Circle (mm) EA(K])
Expt Software % Variation Expt Software % Variation
MSS1 67.1 70.2 441 54.6 56.2 2.84

Geometry
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4. Results and Discussions

A comprehensive numerical analysis was performed on the axial crushing of mono-
lithic (MSS), double layered hemispherical shells (DLS) structures under quasi-static load-
ing. The samples were crushed up to half of their depth. Several types of failure [2] were
detected which depend on the geometrical structures of the shells. Different methods of
collapse such as flattening in local, dimpling internal, and development of unsymmetrical
multiple number of sections were detected. Figure 5 shows the numerically expected buckle
history of the ‘MSS 1" and ‘MSS 3’ specimens at various stages of axial compression. It is
perceived that in the early phase of crushing, the spherical shells buckled with a flat contact
region against the stiff plate. This is called the first stage. Stage-I deformations occur in all
specimens. Equivalent P-5 curves are also revealed in these records for assessment.

D=0mm D=10mm D =20 mm D =30 mm D= 50 mm
D = Displacement
(a) MSS 1 Specimen
D=0mm D =10 mm D =20 mm D =30 mm D= 50 mm
D = Displacement
(b) MSS 3 Specimen

Figure 5. Deformation history of (a) MSS 1 specimen and (b) MSS 3 specimen.
Equivalent P-5 curves are also revealed in these record for assessment is shown in Figure 6.
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Figure 6. Typical P-5 curves for MSS specimen with various thicknesses.

Figure 7 illustrates the typical deformed results of monolithic shell of thickness 1 mm
and double-layered shells of 0.5 mm (inner)/0.5 mm (outer) hemi spherical specimens.
Figure 8 shows typical results of force—time curves. It is understood that the single layered
sphere-shaped shells of thickness 1 mm buckled mainly by inner dimple. In the double-
layered shell with the same mass, the inward dimpling was followed by the unsymmetric
integral numbers of lobes. In the initial stage, when the sole shell and double layer are
exposed to crushing, the load—-time curve for both are the same. Then, the dangerous
place where the top layer contacted the bottom layer in the double layered shell caused
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a deviance between the force-time curves jumps to appear. Figure 8 shows a notable
difference between monolithic and double layered shell system. Double-layered shells had
an extended reaction time and a comparatively stable force plateau while monolithic shells
achieved a higher peak force which is undesirable.

o

(a) Monolithic specimen (t =1 mm)
o =

(b) Double-layered specimen
(0.5 mm/0.5 mm)

Figure 7. Comparison of deformed shape of Monolithic and Double-layered Specimen.
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Figure 8. Comparison of Load-Deformation curve of Monolithic and Double-layered specimen.

Energy absorption (EA) is utilized to assess the capacity of energy absorbing systems.
EA capacity of the double-layered shell is higher than that of the monolithic shell of the
same mass. Hence, layered configuration is more advantageous than the bulky one.

5. Conclusions

The crushing behavior of the monolithic and double layered hemispherical shells
are examined utilizing the UTM tests and numerical calculations. Distinctive buckle
modes were detected in the trials. Also, numerical models are utilized and confirmed
by experiments. Based on the FE simulation studies, the varied buckle procedures of the
binary layer shells are defined, and the ratio of thickness of inner and outer is used to
recognize the buckle mechanism after the crucial point when the top shell contacts with
the bottom shell. Finally, parametric examination is performed for better understanding of
the layering effect. The outcomes show that the thickness and radius of the shells are the
influencing factor for the crushing performance and the energy absorption capability of the
double-layered shells.
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