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ABSTRACT. Safety Impact resistance is defined as the ability of a material to
absorb impact energy through a controlled failure mechanism. The greater the
energy absorption by the crash safety structure, the greater the safety in
preventing deformation of the main structure due to impact. Based on the
data provided by Statista, in 2020 there were 2,395 people died in road
accidents in Italy, that number is still high, so we need vehicle components
that are able to protect us from the effects of collisions so that the passengers
can be protected. In this study, numerical validation, mesh convergence
studies, and multiple load case studies were performed to investigate crash
resistance of crashworthiness structure under axial loading. Numerical
validation results showed that the similarity between this study and the
reference reaches 95%. A deviation of 5% occurred due to different input
material properties. The results showed that the concave hexagons as filling
elements had greater energy absorption capacity than conventional hollow
tubes, and the more concave hexagonal structures, the better the energy
absorption. Oblique compression was performed in this study, and as a result,
the sample had good impact resistance at low angles and no effect at high
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angles like 20°. Therefore, this research aims to improve multi-cell structures
for the energy absorption.

KEYWORDS. Energy absorption, Crashworthiness, Thin-walled structures,
Multi-cell, Concave hexagonal.

INTRODUCTION

ue to its outstanding mechanical properties coupled with its lightweight and high-performance, the thin-walled

structure has been widely applied in various fields, one of which is the crashworthiness of vehicles which can be

seen in Fig. 1. During a collision, the occupants of the vehicle experience a number of forces that can result in
injuries, including rapid damage and rapid acceleration, depending on the direction of an impact during the collision.
Effective crashworthiness vehicle design will distribute these detrimental forces over a long period and distance, including
by directing them to parts of the body that are better able to withstand them.

Angle ITmpact

Angle Impact

0'}

Angle Impact

E Crashworthiness

Figure 1: Illustration of crashworthiness in a vehicle.

Single-cell structures with different cross-sectional properties and different shapes and material distributions have been
studied intensively in the last few decades, e.g., square structures [1—4], circular geometries [5-8], sinusoidal [9,10], polygons
[11,12], and for metal composite hybrid materials [13—16], and many others. With the development of automatic driving
technology, there is frequent damage to the occupants and the vehicle's main structure due to many unexpected damage
scenes. In recent years, many researchers have tried to increase the impact strength of thin-walled structures [17-22]. To
improve the feasibility of thin-walled structures, multicellular energy-absorbing structures combining unicellular and cellular
structures have been proposed, which have attracted great attention from researchers due to their better impact resistance
compared to conventionally used tubes [23—28]. Several studies have shown that increasing the number of cells in a thin-
walled structure can significantly increase the energy dissipation capacity [29-31].

The multi-cellular structure was developed by combining cellular and unicellular arrangements to increase the impact
resistance of thin-walled structures. Kim [32] proposed a new multi-cell box arrangement by optimizing the distribution of
box elements in the corners. The results show that the collision resistance of the new multi-cell profile is almost twice that
of the original structure. Vinayagar et al. [33] proposed the triangular shape of the tube into a circular tube, resulting in a
two-part multicellular column with a more stable deformation pattern than the traditional unicellular structure. Optimization
of the configuration of the multicellular fallopian tube structure was proposed by Sun et al. [34]. Compared with the original
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tube, the optimized results show more energy absorption under axial and inclined impact conditions. The above studies
confirm the performance advantages of multi-cell structures over single-wall columns in many respects, but there is still
room for improvement in their energy efficiency.

The above studies confirm the performance advantages of multi-cell structures over single-wall columns in many respects,
but there is still room for improvement in their energy efficiency. So in this study, we aim for the improvement of the multi-
cell aspect applied to the structure. We choose the concave hexagonal structures with a given number of cores and the
effectiveness of the object when itis hit from vatious angles, namely 0°, 10°, 20°, and 30°. Therefore this research is expected
to be useful for optimizing the crashworthiness structures in a crash box for the safety component in a vehicle.

LITERATURE REVIEW

In-land vebicle accident: sample data

ith the increasing population in a region, it will also impact the need for transportation facilities. This can boost

the sale of motorized vehicles such as cars and motorbikes or the increase in users of public transportation

facilities such as buses. On the other hand, with the increasing volume of vehicles on the highway, it will also be
more prone to driving accidents. This is certainly not what we want. Based on the data provided by Statista [35]. The number
of accident victims in Italy experienced an overall downward trend from 2006-2020, as seen in Fig. 2. In 2020, just under
2,400 individuals were killed in car accidents in Italy, down from more than 3,000 in 2019. This was the lowest value on
record since the peak in 2006 due to the pandemic of Covid-19 and travel restrictions in the country. Many situations of
accidents occur due to drowsiness, the influence of alcohol, and others that cause the vehicle to hit an object, and the
structure of the vehicle is still not able to reduce the force due to the collision, so that passengers experience the impact and
become injured. Based on the picture, car accidents in Italy are still high, above 2000 fatalities in 2020 or approximately 199
cases per month.
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Figure 2: Number of road fatalities in Italy from 2006-2020.

The development of automotive technology has an impact on the need for driving safety systems, such as the example of
an airbag system in a car that protects passengers from hitting the vehicle interior during a collision with sensor technology.
Still, this technology does not protect the vehicle's main frame, and a bad situation can occut if this sensor is inactive or
does not work properly. Therefore, a vehicle component is needed that can absorb the collision energy experienced by the
vehicle itself to protect the passengers inside and the car's main structute. Crash boxes that contain the crashworthiness
structure of the vehicle are considered capable of reducing the force of the collision so as not to endanger the passengers
inside or the main chassis of the vehicle.
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Indicator of structural crashworthiness

The force transfer diagram, as shown in Fig. 3, is the most common and widely used indicator of crashworthiness, by
showing the relationship of compressive strength to the maximal thin-walled profile (PCF) strength contraction and sample
contraction during the breaking process, which is the basis for the energy dissipation development plot [36]. Tatlochan et
al. [37] described the peak forces, Fmax, and energy absorption (EA) in a thin-walled structure subjected to axial and oblique
impact forces. The peak force of a component is the maximum load required to cause significant permanent deformation
of the body. In simulation, the peak load is measured using the reaction force on a fixed platform.
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Figure 3: Peak crushing force (MCF), mean crushing force (MCF), and energy absorption (EA) in force vs displacement curve.

Energy absorption and axial deformation caused by axial compressive loads were investigated using a cylindrical cross-
section tube. Energy absorption is obtained by first calculating the reaction force/crushing load. Typical failute modes of
squate tubes laid out by Abramowicz et al. [38] predicted the reaction force/compression load. A higher energy absorption
efficiency of a material is reflected in a higher specific energy absorption (SEA) value, as seen in Eqn. 1. The differential
energy absorption (SEA) is obtained by calculating the energy absorption per unit mass of the structure as follows:

EA

SEA = —= )
() Iif% 2

where EA and M represent the energy absorption of the cylinder and the total mass, respectively. EA is equal to the area
surrounded by the force transfer curve as in the example: The cut-off transfer of the energy absorption process is determined
according to the energy efficiency method, which is presented in Eqn. 2. In addition, the mean crushing force (MCF) is
analyzed as the average energy absorption experienced by the material, which is depicted in Eqn. 3.

1oy 1L o

The value of n(d) represents the energy absorption efficiency. The cut-off displacement (point C), as shown in Fig. 3, is the
displacement value corresponding to the stationary point (point A) where global efficiency is maximum. The SEA
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corresponding to point C is the total specific energy absorption. While the MCF represents the mean or average crushing
force from the curve shown in Fig. 4 from the yield point to the broken material. Considering the influence of the impact
angle on the impact resistance of the structure of the object, two comprehensive indicators and were developed to evaluate
the impact resistance of structures under multi-angle loading, which is defined as [39]:

N,
SEAg =Y o, SEA, )
Z\IT
PCF, =Y ‘w, PCF, (5)
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Figure 4: Schematic of deriving crashworthiness indicators [40]. Point A is the position where the energy absorption efficiency is a global

maximum. The displacement value cotresponding to the stationary point (point A) is the cut-off displacement (point C). The
SEA value corresponding to point B is the total SEA at the cut-off displacement.

Fundamentals in finite element analysis

Incremental loads are required for all nonlinear and non-static analyses. Simply put, solving a math problem requires
breaking down the relationship between physics and time. We usually use "implicit" and "explicit" methods to solve these
problems. Implicit and explicit problems are expressed by mathematical partial differential equations. Today's computers
cannot solve his PDE on their own, but they do have the ability to solve matrix equations. These matrix equations can be
linear or nonlinear. For most structural problems, nonlinear equations fall into three categories.

Material Nonlinearity: where deformations and strains are large (i.e., polymer materials),

Geometric Nonlinearity: where strains are small, but rotations are large (i.e., thin structures),

Boundary Nonlinearity: due to non-linearity of boundary conditions, (i.e., contact problems).

In linear problems, the PDE’s reduce to a matrix equation as:

[KHx}={F} ©)

and for non-linear static problem as

[K () fp={F) ™

For Dynamics, the matrix equation comes down to:
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[M]{&] + [l +[K ) = {F) ®

M], [C], [K] - Mass matrix, damping matrix, and stiffness matrix, respectively
[x] ,[x] ,[x] - Acceleration, Velocity, and Displacement, respectively
] - Load Vector

One method of solving for the unknowns {x} is through matrix inversion (ot equivalent processes). This is known as an
implicit analysis. When the problem is nonlinear, the solution is obtained in a number of steps, and the solution for the current
step is based on the solution from the previous step. For large models, inverting the matrix is highly expensive and will
require advanced iterative solvers (over standard direct solvers). Sometimes, this is also known as the backward Euler
integration scheme. These solutions are unconditionally stable and facilitate larger time steps. Despite this advantage, the
implicit methods can be extremely time-consuming when solving dynamic and nonlinear problems. Explicit analysis aims to
solve for acceleration (or otherwise { % }). In most cases, the mass matrix is considered as “lumped” and thus a diagonal
matrix. Inversion of a diagonal matrix is straightforward and includes inversion of the terms on the diagonal only. Once the
accelerations are calculated at the nth step, the velocity at n + 1/2 step and displacement at n + 1 step are calculated
accordingly. In these calculations, the scheme is not unconditionally stable; thus, smaller time steps are required. To be more
precise, the time step in an explicit finite element analysis must be less than the Courant time step (i.e., the time taken by a
sound wave to travel across an element), while implicit analyses have no such limitations. Therefore, we use dynamic explicit
non-linear method because it is time dependent and the condition is really fast with the velocity is 15000 mm/s, because
automotive crash causes an increasing in the strain rate.

Dynamic-explicit algorithm

Explicit dynamics is a time integration method used to perform dynamic simulations when speed is important. Explicit
dynamics account for quickly changing conditions or discontinuous events, such as free falls, high-speed impacts, and
applied loads. In this case the situation is high-speed impact, the dynamic explicit simulation was carried out using ABAQUS
[41]. The authors argue that the simulation of thin-walled structures subjected to compressive loads is part of the dynamic
wake. Pioneer works using dynamic finite element, e.g., [42-52] presented the deployed algorithm implemented in collision
and grounding simulations. The dynamic equilibrium equations of the system are:

W(r)+f<f)—p<f>=o ©
w =M [ 5, = ()] (10)

Vi —
i = 1;1+1/2 n=1/2 (11)
E(Afﬂ + Aiﬂ+1
. ”}7 B ”IZ
Uyviy2 = Zz‘ (12)
n+1

The value of is the nodal displacement vector, while M represents the mass matrix, f, and p are the internal force and external
load vectors, respectively, where t stands for time. Then, for velocity and displacement, calculation can use from Eqn. 11
and Eqn. 12, respectively, with a central differential operator. Using the values obtained from the previous time steps, we
know that the solution progresses with time, namely the velocity and the displacement. Due to the limited time addition,
this scheme is only conditionally stable. This clear solution strategy is highly efficient and suitable for describing general
contact conditions and considering large rotations and stresses to model crushing and tearing. This is because there is no
iteration and there is no need to formulate a stiffness matrix for axial and shear forces. The peak load of a component is the
maximum load required to produce significant permanent deformation. The peak load is the highest value of the reaction
force received by the test object. Fig. 3 shows the force transfer diagram. The total energy absorption can be plotted for the
pre-cracked and progressively fractured regions of formed samples/structures with different masses.
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RESEARCH METHODOLOGY

Problen: description

xial and angular collisions are the two main points of vehicle collision, as shown in Fig. 1. In previous studies, many
A experts have intensively studied key components with bionic structures to increase vehicle impact resistance, such

as energy dampers and front springs. These studies have achieved excellent results in ideal axial impact scenarios,
but little attention is paid to tilt effects. In this section, high-precision simulation models were built and verified with
reference results and numerical results. This study comprehensively investigated the proposed new cylinder rods by
considering the axial and oblique impact cases. Assuming that the bottom face of the cylinder was attached to a rigid base
plate and compresses a rigid plate moving with an initial speed of 15000 m/s and a constant mass of 600 kg at the top of
the cylinder. The acceptable compression angle between the rigid plate and the test sample varied from 0° to 30°.

Geometrical model

We declared the current test specimen with “Cyl-1” name. In this study, a numerical model was created using 3D CAD
software then to investigate the compression characteristics of Cyl-” in various loading cases using the nonlinear explicit
dynamic ABAQUS software. For this purpose hexagonal structures were prepared as fill elements for the cylindrical shell
specimens as shown in Fig.. 4, which were divided along the circumference and radial directions of the cylindrical shell and
connected by circular arcs. It was assumed that the outer diameter of the inner diameter is represented by d and D. The
coefficient a was used to express the ratio between the two diameters, namely & = d/D. The number of concave hexagons
in the perimeter and radial distributions was indicated by x and y, respectively. As shown in Fig.. 5, the cylindrical shell has
a uniform thickness distribution t = 1 mm. The sub-parameters x, y, and a were 6, 2, and 0.5, respectively. The axial height
of the cylindrical shell was 150 mm and the outer ring diameter was 60 mm.

Detail View
A

3.6

Figure 5: Details of the geometrical model Cyl-1.

Finite element settings

In this section, a finite element configuration was given to analyze the performance of Cyl-1 under axial impact conditions.
For the geometric elements used, a homogenous continuum shell element type was used, these shell types are general-
purpose shells that allow finite membrane deformation and large rotations and, thus, are suitable for nonlinear geometric
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analysis. These elements include the effects of transverse shear deformation and thickness change with uniform thickness t
= 1 mm. The cylindrical shells had the same axial height of 150 mm and had an outer ring diameter of 60 mm. The sub-
parameters m, n, and « were 6, 2, and 0.5, respectively. The dimensions of the hexagonal concave cross-section of sample
"Cyl-1" can be observed in Fig. 5. As for the contact properties given in the form of hard contact, the "hard" contact
relationship minimized the penetration of the slave surface to the master surface at the constraint location and did not allow
tensile stress transfer across the interface. Then, "Tangential Behaviour" was given with a penalty type with a friction
coefficient of 0.2. Simulating ideal friction behavior can be very difficult; therefore, in most cases, ABAQUS uses a penalty
friction formulation with allowable "elastic slip" by default. "Elastic slip" is the small amount of relative motion between
surfaces that occurs when the surfaces are supposed to stick. ABAQUS automatically selects the penalty stiffness (slope of
the dashed line) so that this allowable "elastic slip" is a very small part of the characteristic element length. The penalty
friction formulation works well for most problems, including most metal-forming applications.

v = 15000 mm/s

Moving Rigid Wall
m = 600 kg

Figure 6: Schematic illustration of the idealized compression test.

Mesh size = 1mm

Fixed End
Uy= U= Uz = Ugpy = Upa = Ugs

A |

Top surface of Cyl-1

‘_1 Moving Rigid Wall
Y v = 15000 mm/'s

Figure 7: Boundary condition settings for Cyl-1.

The boundary conditions can be observed from the illustration in Fig. 7. The upper surface of Cyl-1 was compressed by a
rigid wall that moves at an angle of 0°. The mass of the moving rigid wall was 600 kg described as an inertia mass. On the
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lower surface, Cyl-1 was limited to the fixed end (U;= U= Us= Uri= Uro= Urs = 0) which is shown in Fig. 7. The upper
part had a horizontal velocity limit condition. The specified velocity control for the Cyl-1 FE model was 15000 mm/s axially
described as an initial speed. The cylindrical shell used S4R element / Quad elements with reduced integration and finite
membrane strain, this means the cylindrical shell had four nodes with quadrilateral elements, with the global size of 1 mm.
For the indenter, it was described as 3D discrete rigid elements, this means the indenter assumes to be rigid and cannot
deform with the mesh element size of 21 mm globally.

Material properties

Various impact resistance studies have been carried out using alumunium as the base material for the sample, some of which
are, for example, Jafarzadeh and Schroder [53] who studied impact resistance using Alumunium 6060 as the base material.
The next example is Rogala et al. [36] who used 6061-T6 alumunium as the base material for conical energy dampers, and
others such as Zarei and Kroger [54] who studied impact resistance with foam-filled alumunium. Based on these studies,
alumunium is used because it is lighter than other metals such as steel but has quite strong properties. Based on the findings
of the above studies, the material used in this research is Alumunium 6061-T4, which has the characteristics of high
performance and lightweight. The material's properties are shown in Tab. 1 and a stress-strain curve was given so that the
relationship between stress and strain in the material can be observed as shown in Fig. 8.

Material Properties Units Value
Density kg / mm? 2700
Poisson ratio - 0.28

Young’s Modulus GPa 70

Initial Yield Stress MPa 112.14

Ultimate Stress MPa 21416
Shear Modulus GPa 260
Shear strength MPa 170
Thermal Conductivity W/m.K 170

Table 1: Material properties of Alumunium 6061-T4.

Tensile Test Of
Alumunium 6061-T4

Crashworthiness structures in a crashbox
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200 +

- - = ’
-
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|
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0 T T T -
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Figure 8: (a) Tensile test of Alumunium 6061-T4, and (b) Stress-strain relation curve.
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Profiles of benchmark particulars

In this research, we used Liang et al. [40] research on specimen named as “BBT-1" for this benchmark of this study, based
on research on a new bionic bamboo tube design under several compressive loads that have been carried out by Liang et al.
[40]. The base model was tested with a universal testing machine conducted in automotive simulation and control laboratory
in Jilin University of Changchun, China it was compressed at room temperature over a measurement range of 300 kN. The
name of the tested specimen was “BBT-17, as shown in Fig. 9. The dimension of BBT-1 was same as Cyl-1 as shown in
Fig. 4 Next, the alumunium 6061-T4 was compressed by universal testing machine. The testing machine then drilled a hole
in the sample by cutting the wire to process the internal cavity of the BBT-1 structure. Then the wire-cutting wire was
carried out using computer programming to complete the processing of the BBT-1 test object. The top surface of the BBT-
1 sample was placed on a rigid plate and pressed with a moving plate with a pressing speed of 5 mm/min. The results
obtained from the compression test of “BBT-1" specimen was used to validate this study as hysterical result later discussed
in result of benchmarking study in the result and discussion’s section.

Figure 9: Compression test conducted by Liang et al. [40] on the “BBT-1".

RESULT AND DISCUSSIONS

Results of benchmarking study

fter examining the Cyl-1 specimen which had the same geometry model as BBT-1 and with the same boundary
A conditions applied, it was found that the maximum yield force (PCF) was 92.38 kN. In addition, the average force

(MCF Numerical) recorded in Fig. 10 was equal to the energy absorption ratio to the reference MCF, which is
“BBT-1". The experimental and simulation average failure values compared with the numerical results obtained were 77.99
kN, 79.12 kN, and 79.09 kN. This result was also confirmed by the line in Fig. 10a, which shows that the lines coincided.
The results obtained were close to the benchmark simulation results and slightly higher than the experimental results at an
error rate of 5%. Regarding the change trajectories observed in Fig. 10b, it can be seen that the trajectories shown by Cyl-
1 and BBT-1 look similar at each step up to 8 ms. It can be seen from the shape of the stress and the shape of the stress
that the force received was evenly distributed on the body of the Cyl-1 sample.
Compared with the numerical processing results, The cones formed from the test results obtained by the general testing
machine show the similarity in the number of blocks formed up to 8 cones, so it can be concluded that the experimental
and numerical results show similar tendency which indicated that the current FE methodology has successfully verified
based on comparison with pioneer work of Liang et al. [40]. For the stress and strain contour as seen in Figs. 10c and 10d,
respectively, the stresses and the strain seem to be evenly distributed in specimen body.
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(b) Displacement contours of BBT-1 and Cyl-1.
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(c) Stress contour of Cyl-1 at 8 ms.
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(c) Strain contour of Cyl-1 at 8 ms.

(e) Lobes formed after test (front view): 8 lobes.

(f) Vertical view of the experimented BBT-1 and numerical results of Cyl-1.

Figure 10: Numerical results and comparisons: (a) Force result compared with benchmark’s result; (b) displacement contours of BBT-1
compared to Cyl-1; (c) stress contour at time step 8 ms; and (d) strain contour at time step 8 ms; and (¢) Comparison of lobes formed
after test. BBT-1 (left) and Cyl-1 (right) (f) Vertical view of the experimented BBT-1 (left) and numerical result of Cyl-1 (right).

Mesh convergence study

To determine the appropriate number and size of mesh for further studies, a convergence mesh study is required. The
simulation results are not only influenced by the geometry and material properties but also by the shape and size of the
mesh. If the curve is made with the horizontal axis as the number of elements and the vertical axis as the simulation results,
a logarithmic curve will usually be formed. The logarithmic curve determines the number of elements and mesh size that
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can be used. The determination can be made by looking at the number of elements that have started to appear convergent
(if the elements multiplied do not have a large effect on the result).

The results of the convergence mesh curve can be seen in Fig. 11. Specifically, Fig. 11a shows that the greater the number
of elements, the smaller the energy absorption. At the number of elements 4320, the value of energy absorption reached
22.03 kJ /kg. This value decreased as the number of elements increased. However, for elements 23402, the energy absorption
tended to stabilize at 4.5 k] /kg. Mesh convergence was achieved at an energy absorption value of 2.87 kJ /kg with a number
of elements of 93148. The opposite occurred at displacements, where the greater the number of elements, the greater the
displacement that occurs. As can be seen from Fig. 11b, mesh convergence was achieved when the displacement was 108.552
mm with the number of elements 96148. This was further clarified in Fig. 11a which shows that when the element size was
1 mm the progressing displacement tended to be more stable compared to other meshes. Summary of the convergence
mesh study from a mesh size of 10 to 0.5 is presented in in Tab. 2. Based on the progtess contour that can be observed in
Fig. 12, that the mesh size affected the stress and strain experienced by the specimen, for example with a mesh size of 10
mm, the stress experienced tended to be smaller compared to a smaller mesh so that the object looked irregularly deformed
at the time step of 4 ms and 8 ms. As for the convergence of 1 mm mesh size, it can be seen that when the time step was 4
ms and 8 ms the object deformed regulatly and compared to a larger number of meshes. This indicated that the smaller the
mesh size, the more accurate the results will be.
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g g 801 A g
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Figure 11: Results of the convergence study based on the given parameters: (a) energy absorption; and (b) displacement.

Mesh Size
Parameter
10 mm 5 mm 3 mm 2 mm 1 mm 0.5 mm
Number of elements 4320 23402 59441.34 77094.97 96148 96865.92
Displacement (mm) 94.54 79.59 94.54 104.31 108.522 109.3
Energy absorption (k]) 22.03 4.5 4.15 3.57 2.87 2.68

Table 2: Mesh convergence study from 10 mm mesh size to 0.5 mm.

Variation of core inside concave hexagonal

As depicted in Fig. 13, this study divided the cross-section of the Cyl-1 specimen into three types, namely: (i) « = 3, (i) o« =
4, (i) o = 5, (iv) & = 6, these specimens had the same boundary condition and material as Cyl -1 except the « and same
type of mesh element which was S4R Quad type. After conducting the simulation, it can be seen that the number of cores
in the cylindrical shell as a filler element greatly influenced the increase in energy absorption by the cylindrical shell. As can
be seen in Fig. 14, there was a significant increase in PCF and MCF. The more the number of cores, the greater the PCF
and MCF experienced by these objects due to the increased surface area of the cylindrical shell which was pressed by the
moving rigid wall.
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Figure 12: Progressive contour from different types of mesh size.
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Figure 13: Variation of core («) inside concave hexagonal cylinder shell.
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Figure 14: (a) Force — Displacement curve for variations of core («); and (b) PCF and MCF for variations of core.

The highest PCF was obtained from o = 6, which was 92.38 kN, and the lowest was obtained from o = 3, which was 75.01
kN. The highest MCF value was obtained from a = 6, which was 79.09 kN, and the lowest was obtained from « = 3, which
is 53.26 kN. Based on data in Fig. 14, the energy absorption by the cylindrical shell was greater as the number of cores
increased, as detailed: « = 3 absorbed the energy of 6.23 k], « = 4 absorbed the energy of 7.06 k], 13.32% greater than o =
3, for a = 5 absorbed the energy of 8.18 kJ, 31.3% greater than o = 3, while for & = 6 absorbed the energy of 9.18 kJ or
47.35% greater than o = 3. From the above data, it can be concluded that the number of cores significantly affected the
total energy absorption by the cylindrical shell. The stress progress contour for each number of cores can be observed in
Fig. 16.

Effect of gradient thickness arrangement

In this section, all specimens had the same boundary condition, material, load, and mesh element type, applied with Cyl-1,
except the shell element thickness. To investigate the gradient effect on the cylindrical shell as can be seen in Fig. 17a, we
divided the cylindrical shell into three gradients with different thicknesses but with the value t = 1 mm or t = 2 mm and the
same height, the height of each gradient was h = 50 mm. It is just that the sequence was different, after conducting a study
it turned out that the gradient arrangement affected PCEF and MCF. For example, the 1-1-2 thickness arrangement results
in PCF and MCF were different from the 1-2-1 thickness arrangement. As can be seen in the graph in Fig. 17b, the gradient
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4

arrangement had an effect on the final result obtained. It was classified into 2 categories: the arrangement consisting of t =

1 mm, two times, and the other category, namely the arrangement consisting of two times t = 2 mm.

10 T T T T T T
|| Total Energy Absorbed 9.18
8 ij
= 7.06 =
= XY x
B 6.23 XX -
6 [0l - — 5
-g 9@% X
@ s &.D‘> 4 [ S om0
e AN N X X T
< GENES Y Pt Lo
> 44 L STRL] P
5 \eimd = |-
c NN o | e
LUl 4“6 AR SN D D 0. - ./.7
> A 7% O L e
24 K50 e [
. " 'D§><>£ XX XX o :”T”. o Q
- Ly XX Co
T Ol T o D¢ D& D . . ‘o
4'% -~ ‘QJ .< X X W o —_
. y A X X o~ (@)
0 FRASh AN ~ Y o D —.
I I I I
a=3 a=4 a=5 a=6
Number of Core (a)
Figure 15: Enetgy absorption for each core ().
S, Mises S, Mises

SNEG, (fraction = -1.0)

SNEG, (fraction = -1.0) 7 75%)
vg: (]

(Avg: 75%)

+1.905e+02 +2.014e+02
+1.752e+02 +1.852e+02
+1.599e+02 +1.689%e+02
+1.446e+02 +1.526e+02
+1.294e+02 +1.363e+02
+1.141e+02 +1.200e+02 (a)
+9.881e+01 +1.037e+02 a=3
+8.353e+01 +8.738e+01
+6.826e+01 +7.109e+01
+5.298e+01 +5.47%+01
+3.770e+01 +3.850e+01
+2.243e+01 +2.220e+01
+7.154e+00 +5.910e+00
Time step : 4 ms Time step : 8 ms

S, Mises S, Mises

SNEG, (fraction = -1.0) SNEG, (fraction = -1.0)

(Avg: 75%) (Avg: 75%)
+1.943e+02 +1.975e+02
+1.787e+02 +1.814e+02
+1.631e+02 +1.652e+02
+1.476e+02 +1.490e+02 (b)
+1.320e+02 +1.329e+02
+1.164e+02 +1.167e+02 a=4

Time step : 4 ms

+1.008e+02
+8.518e+01
+6.958e+01
+5.399e+01
+3.83%e+01
+2.280e+01
+7.207e+00

Time step : 8 ms

+1.005e+02
+8.438e+01
+6.822e+01
+5.205e+01
+3.58%+01
+1.972e+01
+3.557e+00

150



S
K A. Hartawan Mettanadi et al., Frattura ed Integrita Strutturale, 65 (2023) 135-159; DOI: 10.3221/1GF-ESIS.65.10
S, Mises

S, Mises v o

SNEG, (fraction = -1.0) e N = L0)

(Avg: 75%) (Avg: 75%)
+1.910e+02 +2.002e+02
+1.758e+02 +1.83%+02
+1.606e+02 +1.675e+02
+1.455e402 +1.511e+02
+1.303e+02 +1.347e+02 (c)
+1.152e+402 +1.183e+02 a=5
+1.000e+02 +1.019e+02 =
+8.485e+01 +8.557e+01
+6.96%+01 +6.918e+01
+5.453e+01 +5.280e+01
+3.938e+01 +3.642e+01
+2.422e+01 +2.004e+01
+9.057e+00 +3.657e+00

Time step : 4 ms Time step : 8 ms

S, Mises

SNEG, (fraction = -1.0) S, Mises

(Avg: 75%) SNEG, (fraction = -1.0)
+2.013e402 P (Avg: 75%)
+1.848e+02 +2.010e+02
+1.683e+02 +1.gg%e+8§
+1.517e+02 +1.692e+
+1.352e+02 hhpaaatkas (d)
+1.186e+02 i et a=6
+1.021e+02 +1.214e+02 =
+8.5553+01 +1.055e+02

69016401 +8.959e+01
A +7.368e+01
12 244a+01 +5.777e+01
+3.593e+01 +4.186e+01
+1.93%+01 +2.594e+401
+2.850e+00 +1.003e+01
Time step : 4 ms Time step : 8 ms

Figure 16: Progress of contour for each core specimen in 4 ms and 8 ms. (a) « = 3; (b) « = 4; (c) « = 5;and (d) « = 6.

After conducting a study of variations in arrangement thickness in Cyl-1, it can be seen in Fig. 17¢ that the phenomenon
that occurred is in Category 1 with variations t = 1 mm, two times, that the PCF results would be greater when the gradient
had thickness t = 2 mm (1-1- 2') with a value of 92.22 kN if it was placed at the bottom the PCF results would be greater
than if t = 2 mm was placed above (2-1-1) with a value of 88.67 kIN. The lowest result was obtained if t = 2 mm was placed
in the middle with a value of 87.77 kN in the middle, while for MCF can be seen in Fig. 17d in category 1 the maximum
result was obtained if t = 2 mm is placed at the top with a value of 115.88 kN, followed by placing t = 2 mm at the bottom
with a value of 113.08 kN, the worst result was obtained if t = 2 mm was placed in the middle with a value of 93.74 kN.
In conclusion, the best results for the MCF value were obtained if the thicker gradient thickness was placed at the top than
if the thicker gradient thickness was placed at the bottom, and the lowest results were obtained if a single gradient thickness
was sandwiched by another gradient thickness with the different value of thickness. The results of this MCF will play a
major role in the total energy absorbed value as shown in Fig. 20.

The same thing happened in Category 2 with a thickness of t = 2 mm, two times and t = 1 mm, one time which can be seen
again in Fig. 17¢ that an effective PCF was obtained if t = 2 mm was placed on the bottom with a thickness of 2-1-2 PCF
that occurred was 150.15 kN followed by a thickness of 1-2-2 of 149.53 kN, these two results were not much different
compared to when t = 2 mm was placed on top and at the bottom, a wall with a smaller thickness t = 1 mm was placed,
namely 2-2-1 with a value of 90.57 kN. For MCF in Category 2 which can be seen in Fig. 17d that the phenomenon that
occurred is if a larger thickness was placed at the top (2-2-1) which had a value of 153.58 kN, the result would be greater
than if a large thickness was placed at the bottom (1-2-2) with a value of 146.58 kN, the lowest MCF result if the middle
part was placed with a different thickness from the top and bottom (2-1-2) with a value of 146.56.

For progress contours, it is depicted in Figs. 18 and 19. This shows that the thickness gradient affected the progress contour
of the deformation where if a thicker thickness was placed on the part then the deformation occurred starting from the
bottom to the top and vice versa if the gradient had a thicker thickness If the thick was placed on the bottom then the
deformation process that occurred starts from the top to the bottom. So, it can be concluded that the part that has a lower
gradient thickness will experience deformation first compared to a part with a thicker gradient thickness.
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Figure 17: Variation of thickness configuration and results. (a) Thickness Configuration; (b) Force-Displacement result; (c) PCF result;
and (d) MCF result.
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Figure 18: Different arrangement of thickness in Category 1.
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Figure 19: Different arrangement of thickness in category 2.

For total energy absorption, which can be observed in Fig. 20, the results similar to the MCF case will be found, namely if
objects with a greater thickness were placed at the top in Category 1 and 2 in this case (2-1-1 and 2-2-1), the value will be
greater than if the larger thickness was placed at the bottom in each category (1-1-2 and 1-2-2), and the lowest results in
each category were found if identical thicknesses were placed at the top and bottom while the middle was placed a different

154



\ A. Hartawan Mettanadi et al., Frattura ed Integrita Strutturale, 65 (2023) 135-159; DOIL: 10.3221/1GF-ESIS.65.10
20 T T T T T T T T T T T
18 4 Total Energy Absorbed ‘17_82‘ ]
- I
16 o — U
S ., —
£ 147 4312 — ]
E 12 R
ST 10.87 e
8 10 - ITL I ‘ [
=== -
> 8 '717.1‘ R
% SREREN E—
0 ==
L —1117 I.I - i L 7‘
VR | e — —
e \
T —
29 ET | ]
=== - > —
0 — T T T T T T = T T —
1-1-2 1-2-1 2-1-1 1-2-2 2-1-2 2-2-1

Variation of Thickness

Figure 20: Energy absorption for each thickness arrangement.

Obligue compression

In

this section, all specimens had the same boundary condition, material, load, and mesh element type, applied with Cyl-1,

except the moving rigid wall angle. Fig. 21a shows a comparison of the force and energy absorption in Cyl-1 with a variety
of different impact angles, the receiving angle varied from 0°, 10°, 20° and finally 30°. As an illustration, see Fig. 21b. Under

0° and 10° impact, the Cyl-1 structure showed excellent results in absorption energy compared to an angle of 20° or 30°
which showed the ineffectiveness of the structure with that impact angle, marked by a decrease in force after the PCF point.
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Figutre 21: (a) Illustration of oblique impact in the cylindrical shell; and (b) Force — Displacement curve from 0° to 30°.

It can be seen from the progress contour experienced (Fig. 22) by the Cyl-1 specimen at various angles, that angles 0° and
10° had good absorption marked by the deformed object at the end of the compression process when (t = 8 ms), whereas
when it was compressed at an angle of 20° and 30° the object was not effectively deformed, but tended to fall. This can be
caused by the slippery surface of the object so that there was a slip that occurred between the collider and the specimen
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wall, the greater the angle received, the greater the slip that will occur. This caused a decrease in the energy absorption by
the specimen.
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Figure 22: Deformation progtess for each specimen duting oblique compression.
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Figure 23: (a) Results of the PCF and MCF; and (b) Total energy absorption graph for each angle of compression.

Summarized results in Fig. 23 show that the largest Peak Crushing Force (PCF) was at an angle of 0°, and it decreased as
the pressure angle increased pressure angle. For Total Energy absorption, the 0° angle effectively absorbed the force with a
value of 9.18 kJ. For the 10° angle, it still had sufficient ability to absorb 7.74 kJ of energy or 84.31% from the axial angle.
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In comparison, for the 20° angle, it absorbed as much as 3.62 k] or 39.43% of the axial angle, and the last 30° angle which
was only able to absorb as much energy as 1.26 kJ or only 13.72% of the axial angle.

CONCLUSIONS

observed by increasing the number of filler elements or cores (o). The more cores, the greater the energy absorption

by the cylindrical shell. As an example, the comparison can be seen in the number of cores (« = 4), which absorbed
the energy of 7.06 kJ. This result was 13.32% greater than the number of cores (« = 3), which was only able to absorb the
energy of 6.23 k]. The greater the number of elements, the smaller the energy absorption. At the number of elements 4,320,
the value of energy absorption reached 22.03 kJ/kg. This value decreased as the number of elements increased. However,
for elements 23,402, the energy absorption tended to stabilize at 4.5 kJ/kg. Mesh convergence was achieved at an energy
absorption value of 2.87 kJ/kg with a total of 93,148 elements. The opposite occurred in displacements where the greater
the number of elements, the greater the displacement that occurred. Mesh convergence was achieved when the displacement
was 108.552 mm with the number of elements 96,148, with a mesh element size of t = 1 mm
Cylindrical with filler elements had a good crashworthiness ability if they hit at a small angle as an example, in this study,
when the collision angle was 10° the energy absorption was 7.74 kJ,. This result was almost two times compared to the
receiving angle of 20° which energy absorption was only 3.62 kJ. These results were influenced by several factors, and one
of the main factors was the slip that occurred between the moving rigid wall and the specimen so that the energy absorption
by the specimen was not optimal. The greater the oblique compression received, the less energy absorption by the object.
For the gradient thickness arrangement with two different thickness categories and placed on one specimen which can be
observed in the thickness arrangement study the results of each experiment were not similar and all differed. For example,
the gradient thickness t = 2 mm (2-1-1) with the energy absorption was 13.44 kJ, compared to if t = 2 mm was placed at
the bottom (1-1-2) with a value of 13.12 kJ. The two examples showed differences even though, in principle the arrangement
consists of the same components, it was just that the order in which they were placed was different. For this thickness
arrangement, objects tended to get a large energy absorption value if a thicker gradient thickness was placed on top, then
followed by a larger gradient thickness placed at the bottom. Less optimal results were found if a smaller gradient thickness
was placed in the middle and sandwiched with a greater thickness gradient at the top and bottom of the specimen.
We recommend further research to explore different multi-cell shapes or different geometries because the performance of
multi-cell as crashworthiness is good, so further research is needed on the shape of multi-cell that is suitable for vehicles
such as cars, ships, etc. We also suggest exploring the arrangement of gradient thickness in crashworthiness structures more
deeply because gradient thickness has a big effect on energy absorption performance based on the arrangement or level of
gradient thickness. In addition, further research is needed on the impact of this structure if it is hit at a certain speed that is
more inclined to a certain speed experienced by the car so that the effectiveness of the crashworthiness structure can be
further improved.

C ylindrical shells with filler elements had better performance compared to ordinary hollow tubes. This can be
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