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Abstract
Article Info This study aims to investigate the effect of tube configuration with different bottom fixation
Submitted: components on the energy absorption of a two-segment crash box. The circular tube thickness
12/02/2025 configuration has two thickness levels, half of the length of the tube has thicker walls (t2), and
Revised: the other half has thinner walls (t1). The ti1 values are 1, 1.5, 2 and 2.5 mm while t2 is constant,
24/04/2025 3 mm. Finite element analysis using ANSYS WORKBENCH was performed for the axial load
Accepted: model. The bottom fixation component uses Cutting Die Model (CDM) and Flat Model (FM).
30/04/2025 Sixteen crash box models were run to provide the effect of two tube thickness configurations
Online first: and CDM-FM fixation components. The material of the circular tubes is Aluminum 6063 with
30/04/2025 a Bilinear Hardening Model assumption. Crashworthiness performance indicators were

observed based on the values of Energy Absorber (EA), Specific Energy Absorber (SEA), initial
peak force (Fmax), and Crash Force Efficiency (CFE). The results show that the CDM model has
the lowest Fmax value, due to the use of the die, which stimulates easier initial folding in the
tube end area. The CDM model also has better SEA and CFE values. According to the results
obtained from computer simulations, the CDM-t2t1 model with ti=Imm exhibited the highest
Specific Energy Absorption (SEA) of 67.93 k]. On the other hand, this same crash box model
provided the smallest Fmax of 205.88 kN and the highest CFE value of 0.69. From these results,
it can be concluded that this model provides the best crashworthiness performance.

Keywords: Crash box; Circular tube; Thickness configuration; Cutting die model

1. Introduction [6] play a role in determining the energy
absorption performance of thin-walled structures.

The high speeds of trains necessitate research
into enhancing the crash energy absorption
capabilities of thin-walled structures. For
instance, incorporating a multi-cell plate into an
energy absorber tube, with varying plate tilt
angles, can significantly increase the Specific
Energy Absorption (SEA) and Crash Force
Efficiency (CFE) values [7]. Additionally, using
multi-segment tubes with graduated thicknesses
has proven effective in enhancing the energy
absorption performance of thin-walled structures

Trains play a pivotal role in land
transportation worldwide, and their technology
has undergone substantial evolution over time. As
train speeds increase, the potential impact of
accidents becomes more significant.
Consequently, the development of effective safety
features for train passengers is paramount. One
promising  solution involves crash boxes
constructed from thin-walled tubes, serving as
passive safety devices [1], [2]. These structures are
widely used in the marine, transportation, and
aircraft industries due to their high strength and

energy absorption [3]. Factors such as cross- [8]. In related experiments, thin-walled tubes with

graduated thicknesses allowed precise control

sectional shape [4] and constituent materials [5],
over energy absorption characteristics along the
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tube’s length [9]. Configuring tubes with up to
four thickness levels results in reduced impact
energy, SEA,
optimized peak force values [9]. Furthermore,
adding stiffeners to thin-walled tubes has been
shown to increase energy absorption by up to 90%
and influence deformation patterns [10]. Bhutada
conducted a study on the impact of cut-outs in

higher improved CFE, and

circular aluminum tubes, testing both diamond
and circular shapes [11]. Lee explored new design
approaches for thin-walled tubes by incorporating
additional structures [12]. Peng investigated the
feasibility of thin-walled tube structures as energy
absorbers for subway trains, applying cutting
forces [13].

A novel design of a thin-walled tube crusher
was developed to enhance energy absorption
capability. The design can absorb 561.2 k] of
energy, surpassing the target value of 550 KJ.
Surface roughness and die inclination angle have
a significant effect on energy absorption [14]. The
application of a die as a tube crushing method is
also able to reduce the initial peak force that
occurs by up to 21% [14]. Another way to increase
the energy absorption of thin-walled tubes can be
done by filling them with aluminum foam.
Aluminum filling can increase SEA up to 6.4%
[15]. In another study, single- and multi-segment
tube crash box simulations
investigated. As a result, the crash box design
with three alternating diameter segments has the

circular were

best energy absorption capability [16]. Crash box
research with a tubular corrugated structure has
been tested and compared to the performance of
the Ordinary Corrugated Tube (OCT) and Bi-
tubular Corrugated Tube (BCT) types. The BCT
type results in a 71% increase in energy absorption
compared to the OCT type [17]. Another way to
Increase the absorption ability is by adding
honeycomb filling. The study compared the
energy absorption characteristics of two forms of
honeycomb filling, circular and hexagonal. The
circular shape has a high energy absorption
capacity, while the highest SEA value is achieved
by the hexagonal shape [18]. Yao conducted a
study of honeycomb crash boxes with eccentric
loading. The results show that the structure is
susceptible to instability if the horizontal offset
value is more than 3 mm [19].

This study investigates the impact of tube wall
thickness configuration, initial loading direction,
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and crushing method on the performance
optimization of a thin-walled single-tube crash
box. A two-thickness configuration is used in this
research, where one of the thickness variables is
constant, and the other thickness is the research
variable. The crushing method uses the Flat
Model (FM) and Cutting Die Model (CDM). The
die is a crusher component expected to reduce the
initial maximum force and increase energy
absorption by stimulating folding at the crash box
tube's end. Tests using the FM crushing method
were carried out to determine the effectiveness of
using CDM as a tube crushing method. Evaluation
of the direction of force is carried out by applying
a crash load to the end of the thinner-walled tube.
The next test was carried out by applying a crash
load to the end of the thick-walled tube. The
implementation of the die is anticipated to initiate
early folding in the end area of the crash box tube,
which will help lower the Fmax value, prevent
buckling, and result in improved SEA and CFE
values [20], [21]. The focus of the study is to find
the most with the
combination of test parameters.

optimal performance

2. Method

2.1. Material and Model

The crash box tube material is made of
Aluminum 6063, as referenced in previous
research [9]. Material properties are obtained from
tensile tests using a Universal Testing Machine
(UTM) as shown in Figure 1. The testing was
conducted using the ASTM E8M standard for
tension testing of metallic materials. To perform
the simulation, the properties of Al 6063 are
required as input parameters. The properties of
the Al 6063 material are shown in Table 1.

This study uses a bilinear isotropic hardening
material model. The tangent modulus is required
as an input parameter for the simulation. To
calculate the tangent modulus, it is important to
first convert the force-displacement graph from
the tensile test into a stress-strain graph. The
tangent modulus is obtained by calculating the
slope at a point in the plastic region of the stress-
strain curve. Within the linear elastic regime, the
tangent modulus is equivalent to Young's
modulus. However, once the material surpasses
the proportional limit, the tangent modulus
decreases compared to Young's modulus. This
reduction occurs because the material softens and
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Figure 1. Force-displacement curve of Al 6063

Table 1. Properties of Al 6063

Parameters Density Young’'s modulus Poisson’s Yield stress Ultimate stress
(kg/m?3) (Gpa) ratio (MPa) (MPa)
Value 2.700 70 0.3 130.81 165.78
loses stiffness as it experiences plastic was applied in two different directions: the first

deformation. The tangent modulus can be
formulated as:

do

ET = —
de

M

Based on test data and calculations, a tangent
modulus value of 480 MPa was obtained. The
research was carried out using ANSYS LD-Dyna
software simulation. The 3-dimensional crash box
design was created with ANSYS Design Modeler.
A quadrilateral mesh is used in the simulation
with a size of 5 mm. The maximum number of
cycles is 1,000,000 with a time step safety factor
value of 0.9. The end time of simulation is 0.1 s.

The configuration of the crash box tube
thickness, crash method, and direction of the crash
load are research variables. Crash box tubes have
different wall thicknesses (ratio, 50%-50%), which
makes the crash box tube have half the walls thin
and the other half thicker. A schematic of the wall
thickness of the crash box tube is shown in Figure
2. The length and diameter of the tube are 400 mm
and 100 mm. The tube's length-to-diameter (L/D)
ratio of 4:1 was selected based on previous
studies, which indicate that this ratio is safe from
buckling [10], [22]. The research uses tube wall
thickness configurations of 1 — 3 mm, 1.5 - 3 mm,
2 — 3 mm, and 2.5-3 mm. The crash method is also
a concern in this study. The crash method uses the
Flat Model (FM) collision field and the other uses
the Cutting Die Model (CDM). The frontal load

from the thin end of the tube (t1), and then in the
next test the direction of the load was applied to
the thick part (t2). A load of 2 tons was imposed in
this research. The frontal load crash scenario was
applied with reference to several previous studies
[1], [8], [9], [16].

The wall thickness of the tube is shown in
Figure 2, where t2 has a constant value of 3 mm,
and t2 is the thinner wall with varying thicknesses
of 1, 1.5, 2, and 2.5 mm. Analyses were done to
determine the effect of different crash box tube
wall  thickness  configurations on  the
crashworthiness criteria. The crash scenario uses
FM and CDM crash methods. Figure 3 shows the
two crash scenario methods. A new design of

CDM is introduced in this study. Analyses were

@100 mm

t
-
200 mm
200 mm
t2
-

Figure 2. Crash box tube geometry
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Figure 3. Tube crash methods: (a) Cutting Die Model (CDM); (b) Flat Model (FM)

done to determine the effectiveness of using CDM
considering to the crashworthiness criteria for
thin-walled tubes. The impactor is a rigid body
representing the object that will crush the crash
box, as done in previous studies [23], [24], [25],
[26]. The main axis of the crash box tube and the
direction of the impactor's movement are aligned
with the z-axis of the coordinate system. The
geometry of the die is shown in Figure 4. In the
application, the die will be fabricated using a CNC
lathe to achieve precise and accurate dimensions,
closely matching the design specifications. This
precision is crucial because the shape of the dies
significantly influences the impact process.

In this study, the impact of load direction on a
crash box composed of two segments with
varying tube wall thickness was investigated. Our
goal was to assess its effectiveness in enhancing
crash box performance based on crashworthiness
criteria. The study scenario was done using the
FM and CDM crushing methods and each method
uses a frontal force applied to the thin-walled tube
section first (FM-ti-tz and CDM-ti-t2). The second
scenario was done by applying a frontal force to
the thick-walled tube section (FM-t>-t1 and CDM-
t>-t1). Figure 5 shows the crash scenario based on

Initial Velocity Initial Velocity

the crash direction and crash box tube wall
thickness configuration with two crash methods.
Initial velocity represents the direction and load
applied.

In this study, 16 model specimens were
studied. The complete simulation specimens are
shown in Table 2. t2has a constant value of 3 mm.

Boundary conditions are applied in this
simulation. The impactor velocity is defined as the
initial velocity. The initial velocity value is 6900
mm/s. A speed of 6900 mm/s is deemed safe for
conducting crash tests, as it minimizes the risk of
significant damage to the testing equipment and
reduces the likelihood of serious injury to the
testers [27]. Several international standards, such
as EN15227 in Europe, set this speed for train
crash testing to ensure consistency and facilitate

2100

7140

Figure 4. Die geometry (mm)

Initial Velocity Initial Velocity

Impactor Impactor -
load - load Die as an
Impactor Impactor
load
t2< t2 -
ti— t
Flat field as Flat field as Flat field as Die as a fix
a fix part Bl - | a fix part i a fix part & part
Figure 5. Crash direction scenario: (a) FM-ti-tz; (b) FM-t>-t1; (c) CDM-ti-t2; (d) CDM-t2t1
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Table 2. Simulation specimens

Crash method Code t1 (mm)
Flat Model (FM) FM-ti-t2 FM-t>-t1 1
FM-ti-t2 FM-t2-t1 15
FM-ti-t2 FM-to-t1 2
FM-ti-t2 FM-t2-t1 2.5
Cutting Die Model (CDM) CDM- ti-t2 CDM- t-t1 1
CDM- ti-t2 CDM- to-t1 1.5
CDM- ti-t2 CDM- to-t1 2
CDM- ti-t2 CDM- to-t1 2.5
easier comparison of results [28]. The load is EA
applied in a frontal-axial direction, with a constant SEA = m ®)

load value of 2 tons. The length of time applied in
the simulation is 0.1s. Based on the velocity,
distance, and time calculation formula, the length
of time applied in the simulation is sufficient to
make the impactor's final velocity equal to zero so
that the energy absorption process stops. Tests
were done to determine the force reaction values,
deformation patterns, displacement, and internal
energy. The simulation data were processed to
determine the SEA, EA, Fmax, Fmean, and CFE
values.

2.2. Crashworthiness Indicators

It is important to determine the impact
resistance index before starting to study the
impact resistance of a crash box structure. It is
necessary to evaluate crashworthiness indicators
such as initial crushing force (Fmax), average force
(Fmean), Energy Absorption (EA), Specific Energy
Absorption (SEA), Crushing Force Efficiency
(CFE), and crushing deformation patterns.

2.2.1. Energy Absorption (EA)

EA reflects the tube's ability to absorb energy,
or the total energy absorbed by a thin-walled tube
in receiving an axial load. It is beneficial if the EA
value is high.

EA = foxnf (x)dx (2)

xn is defined as the effective crushing
displacement, normally 70% to 75% of the total
length of the crash box tube [29]. F(x) is the
instantaneous axial compressive force.

2.2.2. Specific Energy Absorption (SEA)

SEA is the total energy absorbed per unit mass
of the crash box tube. The higher SEA value, the
better

m represents the total mass of the crash box tube.

2.2.3. Finax

It shows the maximum peak force at the
beginning which causes the crash box tube to start
to fold. It would be good if the Fmax value gets
lower.

2.2.4. Fuean
It shows the average crushing force of the crash
box tube. Fmean can be calculated as :

EA xn
=2 o7 Frean f fdc/m 4
0

Enean =

s is defined as the crushing distance.

2.2.5. CFE
It is an evaluation index of load consistency
during impact. The higher the CFE, the better

Fmean

CFE =

©)

Fmax

3. Results and Discussion

3.1. Validating the Numerical Model

To validate the numerical model in this study,
it is crucial to confirm that the simulation
produces accurate results. The explicit solver
consistently verifies the total energy balance and
tracks the distribution of energy within the
to the
conservation, the total energy must remain

system. According law of energy
constant, meaning energy can only change forms
and cannot be created or destroyed. Kinetic
energy results from the speed and mass of an
object before a collision, represented in this study
by the impactor. Internal energy is the energy
absorbed by the crash box during deformation,
including plastic deformation, fracture, and other
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mechanisms that reduce the object's kinetic
energy [30].

Figure 6 shows the energy conservation graph
from the CDM-ti-tz (ti=lmm) simulation. It is
observed that as the internal energy curve rises, the
kinetic energy begins to decrease. There is a process
of energy release and absorption. The simulation is
considered well-validated if the total kinetic energy
equals the total internal energy. Figure 6 shows that
it is evident that the kinetic and internal energy
curves have the same total value. This total value is
obtained by calculating the area under the curve.
The total internal energy is 45.42 kJ, and the total
kinetic energy has the same value. This confirms
that the simulation conducted is validated.

3.2. Effect of Crash Box Tube Wall Thickness
Configuration on Crashworthiness Criteria

An explicit dynamics simulation of the crash
box crash test was conducted using ANSYS LS-
Dyna software. Crash tests were used to simulate
the effects on the crash box tube. Figure 7 and
Figure 8 show graphs of the relationship between
the force and displacement of crash box tubes with
different tube thickness configurations. The initial
velocity parameters and the applied load were the
same in all tests. Different tube wall thickness
configurations influenced differences in crushing
displacement in all variables. This can be seen in
Figure 7 and Figure 8. We can see that as the
thickness of the tube (t1) is reduced, the total
displacement increases. Conversely, when the
tube is thicker, the displacement becomes shorter.
The thinner the ti, the longer the total
displacement that occurs.

Figure 7a shows the force-displacement curve
for the FM-t>-t1 tube. The impact load is initially

© Muhammad Vendy Hermawan et al.

mm, 1.5 mm, 2 mm, and 2.5 mm, while t> remains
constant at 3 mm. Fmax
displacement range of 0 to 10 mm, which holds
true for all thickness configuration variables. The

occurs within a

force tends to rise again at a displacement of 200
mm, where energy is distributed to other parts of
the thicker wall. However, the force does not
exceed the initial peak value. FM-ti-t2 with t1 =1
mm exhibits a lower peak force and a trend in the
curve, but the highest force occurs when impact
energy strikes the thick wall (t2)

Figure 7b shows the force-displacement curve
for the FM-t2-t1 tube. The impact load on the FM is
initially applied to the thick tube wall (t2). t1 values
are 1 mm, 1.5 mm, 2 mm, and 2.5 mm, while t
remains constant at 3 mm. The peak force tends to
be high, exceeding that of the FM-ti-t2 tube type.
Excessive peak force is detrimental to
crashworthiness The
increases at a displacement of 200 mm, albeit with
a moderate rise. The tube with t1 =1 mm exhibits

criteria. curve trend

the lowest force trend. An increase in the force
curve corresponds to improved energy
absorption, Fmean, and CFE. A higher CFE value is

12000
10000
8000
=
E\D 6000 Internal
a} Energy
=1
25|
4000
2000
0
0 0.02 0.04 0.06 0.08 0.1

Time (s)

Figure 6. Curve of energy conservation numerical

applied to the thin tube wall (t1). t1 values are 1 simulation
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Figure 7. The curve of force-displacement FM crash methods: (a) FM-ti-t2; (b) FM-t>-t1
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Figure 8. The curve of force-displacement CDM crash methods: (a) CDM-tz-t1; (b) CDM-ti-t2

certainly better for crashworthiness criteria [31].
However, excessively high peak forces should be
avoided. Based on Figure 7, as the wall thickness
(t1) decreases, the initial peak force decreases, but
the force increases during the second stage (when
energy impacts t2). However, the effective crush
displacement distance becomes longer.

that the FM-ti-t2
configuration results in better performance. This
can be seen from the lower Fmax value and the
higher force curve, which leads to an increase in
EA and CFE values. Thinner t1 will reduce Fmax
and extend displacement.

It can be concluded

Figure 8a shows the force-displacement curve
of the CDM-t>-t1 tube. Fmax occurs at a
displacement of 20-30 mm. Due to the initial
deformation of the tube end wall by the die radius,
buckling occurs. The same behavior applies to the
CDM-ti-t2 tube (see Figure 8b). CDM-t2-t1 exhibits
a lower peak force trend compared to CDM-ti-t2.
The force increases at a displacement of 200 mm.
As t2 becomes thinner, the Fmax value decreases.
Both graphs demonstrate a significant force
increase experienced by the tube with t1 =1 mm at
a displacement of 200 mm. It is observed that
specimens with thinner t1 have a longer crash
displacement.

It can be inferred that the CDM impact method
yields lower peak forces compared to the FM
method. The die energy
absorption by minimizing Fmax. The initial force
direction difference does not significantly affect
the force-displacement curve trends for tubes t2-t1
and ti-tz. Employing a tube with two thickness

radius enhances

segments results in a new level of increased
energy absorption upon impacting the second
wall thickness.

Figure 9 illustrates the reaction force response
to loading as shown in the displayed force-
displacement curve. The curves in Figure 9 have
been simplified by reducing the number of
iterations. The response consists of two phases:
the initial and secondary. The initial phase
encompasses the response before failure occurs at
the peak load, known as the initial peak crushing
force. This response occurs at a displacement of 5-
10 mm. Subsequently, changes occur through
plastic failure in the crash box tube wall, forming
the first folds facing outward and inward,
corresponding to the response in the increase and
decrease of the force-displacement curve. Folds
with a constant wavelength are formed along the
model. All CDM and FM models show initial
crushing in the thin wall section (t1). The next
phase occurs at a displacement of 150-200 mm,
where the thick wall (t2) undergoes crushing. This
increases the SEA value of the crash box. The
occurrence of two sequential crushing phases is
beneficial in preventing the crash box from
experiencing buckling.

The
displacement

and
for
calculating energy absorption based on Eq. (2).
The values of Fmax and displacement for energy
absorption are obtained from the force-
displacement curve. CFE, SEA , and Fmean can be
determined using Eq. (3) to Eq. (5). Data on the
crashworthiness indicators for the crash box

of reaction force

crucial

parameters

are components

multi-segment tube are shown in Table 3.

3.3. Influence on Fmax, SEA and CFE

Energy absorption (EA) and specific energy
absorption (SEA) are crucial parameters for
evaluating crashworthiness. EA is calculated by
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Figure 9. Force-displacement curve and deformation pattern: (a) CDM-t>-t1 (t1=1mm); (b) FM-to-t1 (ti=1mm); (c)
CDM-ti-t2 (ti=1mm); (d) FM-ti-t2 (ti=1mm)

Table 3. Data of the crashworthiness indicators for the crash box multi-segment tube

Cutting Die Model (CDM)
Indicators Unit ti-t2 to-t1 Mean
ti=1 t1=1.5 ti=2 ti=2.5 ti=1 t1=1.5 ti=2 ti=2.5
Mass kg 0.70 0.78 0.87 0.96 0.70 0.78 0.87 0.96 0.83
disp. mm 324 308 268 217 332 312 274 228 282.89
Ea kJ 45.29 47.24 48.06 49.02 47.21 47.78 49.23 50.91 48.09
Fmax kN 231.00 26220 324.00 465.00 205.88 225.00 278.00 388.7 297.47
Fmean kN 139.84 153.38 179.33 22575 14220 153.12 179.66 223.29 174.57
CFE 0.61 0.58 0.55 0.49 0.69 0.68 0.65 0.57 0.60
SEA kJ/kg 65.17 60.41 55.3 51.28 67.93 61.10 56.65 53.25 58.87
Flat Model (FM)
Indicators Unit ti-t2 to-t1 Mean
ti=1 ti=1.5 ti=2 t1=2.5 ti=1 ti=1.5 ti=2 t1=2.5
Mass kg 0.70 0.78 0.87 0.96 0.70 0.78 0.87 0.96 0.83
disp. mm 307 297 284 264 312 277 263 225 278.72
Ea kJ 48.06 48.89 49.56 52.34 40.32 42.77 46.84 4747 47.04
Fmax kN 273.90  333.00 475.4 568.10 291.50 317.00 521.10 612.00 423.98
Fmean kN 156.37 164.87 17448 198.60 14532 15440 177.83 210.69 172.82
CFE 0.57 0.50 0.37 0.35 0.50 0.49 0.34 0.34 0.43
SEA kJ/kg 69.15 62.63 57.03 54.75 58.02 54.69 53.90 49.65 57.48
determining the area under the force- 3 shows the varying effective crushing

displacement curve. A crash box is considered to
have good crashworthiness performance when
the SEA is high. Based on Equation (2), to achieve
the optimal Specific Energy Absorption (SEA)
value the specimen should have a minimal unit
mass and a high energy absorption capacity. Table

displacements for each variable. Uniform loads
and initial velocities are applied to all variables.
Based on the data results in Table 3, the highest
specific energy absorption (SEA) value of 67.93 kJ
is associated with the CDM-tz-t1 tube (t1 = 1 mm).
Conversely, the FM-tz-t1 tube (t1 = 2.5 mm) exhibits
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the lowest SEA value of 49.65 k]. Higher SEA
values correlate with improved performance.
Comparing collision methods, the CDM method
demonstrates a superior average SEA (58.87 k]/kg)
compared to the FM method. A comparison of
SEA and CFE values of FM and CDM specimens
is shown in Figure 10.

The FM-t>-t1 tube (t1 = 2.5 mm) generates the
largest Fmax of 612 kN, while the CDM-t2-t1 tube (t:
=1 mm) has the smallest Fmax value of 205.88 kN.
Overall performance analysis reveals that the
CDM crushing method yields a lower average Fmax
compared to the FM method, with average Fmax
values of 297.47 kN and 423.98 kN, respectively.
This suggests that adopting the CDM method for

© Muhammad Vendy Hermawan et al.

tube crushing can effectively reduce peak force
values. A comparison of Fmax and Fmean values of
FM and CDM specimens are shown in Figure 11.

CFE serves as an evaluation index for assessing
crash box consistency during impact. Higher CFE
values are desirable for crash boxes [9], [32].
Notably, the ti-t2 tube consistently exhibits
superior CFE values across all crushing methods.
Furthermore, when comparing crushing methods,
the average CFE for the CDM method is 0.60,
whereas the FM method averages 0.43. This
significant difference
recommendation to employ the CDM crushing
method with the t-ti tube model to achieve
optimal CFE.

underscores the

FM-t1-t2 FM-tz-t, CDM-ts-t2 CDM-tz-t, a0
0.70
—— . 0.60
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Figure 10. Comparison of SEA and CFE values of FM and CDM specimens
FM-t1-t2 FM-tz-t, CDM-t:1-t2 CDM-t:-t,
250 700
600
200
500
= 150 =
=
= 400 g
uE. 100 300 &
200
50
100

=1 t,=1.5 ;=2 £,=2.5 t;=1 t,=1.5 t,=2 £,=2.5 t;=1 t;=1.5 t;=2 t;=2.5 t;=1 t,=1.5 t;=2 t,=2.5

Fmean

Fmax

Figure 11. Comparison of Fmax and Fmean values of FM and CDM specimens
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Tubes with thicker walls can distribute impact
forces more evenly, thereby reducing the risk of
severe local damage. However, this also means a
higher initial peak force because the tube is more
difficult to start deforming. This phenomenon also
occurs in this study, where the thicker the wall of
the crash box tube, the greater the energy
absorption value [33]. However, the Fmax value
also increases.

Figure 10 shows the comparison of SEA and
CFE values across all specimens. It indicates that
the thinner the wall thickness (t1), the higher the
SEA and CFE values. Among the model variables,
the CDM model has the advantage of better CFE
and SEA values. Figure 11 shows that the CDM
model tends to have a lower Fmax. CFE is obtained
from the comparison of the Fmean value with Fmax.
The FM model tends to have a low CFE value
because the research results in a high Fmax
Conversely, the CDM model has a higher CFE
value. This results in easier and more directed
folding. In previous research, an optimal Fmax
value can help increase SEA by ensuring that
impact energy is effectively absorbed at the initial
stage of deformation. However, if the Fmax is too
high, it can cause undesirable deformation or
premature failure of the crash box, which can
actually reduce the SEA value [34]. This study
demonstrates that a lower Fmax value also results
in better SEA and CFE values.

The deformation behavior of a crash box under
frontal loading exhibits three distinct patterns:
symmetrical (concertina), asymmetrical
(diamond), and a combination of both [18].
Simulation results indicate that the asymmetrical
(diamond) deformation pattern is observed in all
models. The diamond deformation pattern occurs
because the specimen has a high length-to-

! | !
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diameter ratio. Tubes with a high length-to-
diameter ratio tend to experience a non-
axisymmetric collapse mechanism, which can
result in a diamond deformation pattern [35]. This
occurs due to the uneven distribution of pressure
along the tube during axial loading. The diamond
deformation pattern helps to enhance energy
absorption capacity. The ratio between the length
and diameter of the tube can influence the
pressure distribution during a collision.

Crushing first occurs in the thin wall area (t1),
and this happens in all specimens. The difference
in the direction of the impact force (ti-t2 and t-t1)
did not significantly affect the deformation of the
tube. However, it is observed that the ti-t2 load
direction has a higher curve when the crash
process reaches the t2 area.

Figure 12 illustrates the sequence of folding in
the FM and CDM models. The FM model exhibits
folding formation in the middle of the tube,
specifically in the area where the thick (t2) and thin
(t1) walls meet. Folding continues to occur in the
same area along the entire length of the tube. The
CDM model shows a different behavior. Initial
folding occurs at the end of the tube, near the
die. The
stimulates the initial folding at the tube's end.
Subsequently, folding continues in the same area,
from the end along the entire length of the tube.

Previous research indicates that folding at the
tube's end has the advantage of concentrating
impact energy in a specific area, which can be
beneficial in scenarios where deformation control
is prioritized [22]. The initiation of folding results
in a reduction of the Fmax during a crash [36].
Folding at the tube's end effectively reduces Fmax
and prevents buckling, which could compromise
the crash box's performance. In this study, it was

contact area with the die radius

(b)

Figure 12. Sequence of the crash box tube folding: (a) FM model; (b) CDM model

Automotive Experiences

198


http://journal.ummgl.ac.id/index.php/AutomotiveExperiences/index

found that the die plays a role in stimulating the
folding at the end of the tube, which aims to
reduce the Fmax value.

The final deformation patterns of all specimens
are shown in Table 4. Based on the observed
deformation patterns, all specimens exhibit
diamond deformation. Diamond deformation is
characterized by a diamond-shaped pattern that
forms along the crash box, typically observed

© Muhammad Vendy Hermawan et al.

under multi-axial loading conditions. This pattern
not only provides good energy absorption but also
helps distribute impact forces more evenly across
the structure, making it beneficial in various crash
scenarios [37].

While the concertina pattern is more efficient
in energy absorption, the diamond deformation
pattern has its advantages and is necessary for
more complex crash scenarios [38]. The diamond

Table 4. The final deformation pattern of all specimens

No. Model ti(mm) Deformation Pattern No. Model t1 (mm) Deformation Pattern

1 FM-ti-t2 1 10 CDM- ti-t2 1.5

2 FM-ti-t2 1.5 11 CDM- ti-t2 2

3 FM-ti-t2 2 12 CDM- ti-t2 2.5

4 FM-ti-t2 2.5 13 CDM- t>-t1 1

5 FM-to-t1 1 14 CDM- t>-t1 1.5

6 FM-t2-t1 1.5 15 CDM- t>-t1 2

7 FM-t>-t1 2 16 CDM- t>-t1 2.5

™M

8 FM-to-t1 2.5 17 Uniform  (t=3 mm)
tube
CDM

9 CDM- ti-t2 1 18 Uniform  (t=3 mm)
tube
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deformation pattern indicates that the crash box
structure is stronger, which is crucial for its ability
to absorb greater amounts of energy. This type of
deformation is often found in advanced crash box
designs, particularly
combination of strength and effective energy
distribution is crucial [38].

in vehicles where a

Upon analyzing the deformation patterns
across all models, variations in loading direction
do not significantly affect the observed
deformation behavior. Folding and fractures
predominantly occur in the thin tube wall (t1) for
all testing variables. CDM results in an initial
widening effect on the crash box tube diameter,
particularly at the contact point with the die.

This study also compares the performance of
segmented tubes with uniform tubes. A uniform
tube is defined as a tube with a thickness of 3 mm
(ti=tz=3mm). The force-displacement curve of the
uniform tube can be seen in Figure 13. It can be
observed that the graph shows an initial peak
force that tends to be high, then gradually
decreases until the end of the crushing process.
There is no rise in the curve as seen in the
segmented tube. Based on the simulation results
presented in Table 5, the Fmax values for the
uniform tube CDM and FM models are 512.03 kN

Uniform tube
(t=3mm)

0 50 100 150 200 250 300 350

Displacement (mm) (a)
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and 721.11 kN. Respectively, making both have
higher Fmax values compared to all other models.
High  Fmax
crashworthiness performance. High Fmax values
result in low CFE, and greater thickness increases
the mass of the tube, leading to low SEA. Table 5
presents the performance results of the uniform
tube, showing that the SEA and CFE values are
lower than those of the multi-segment tube. The
SEA values for the FM and CDM models are 51.22
kJ/kg and 4791 KkJ/kg. CFE values are 0.38 and
0.48.  These that  the
crashworthiness performance of the multi-

values are not favorable for

results  indicate
segment tube is still better than that of the uniform
tube.

4. Conclusion

This study investigated the effects of tube wall
thickness, segment configuration, crash method,
and load direction on crashworthiness criteria.
Based on simulations and data analysis, it can be
concluded that the CDM impact method exhibits
a lower Fmax compared to the FM method. The die
radius shape enhances energy absorption by
minimizing the Fmax. The initial force direction
difference does not significantly affect the force-
displacement trend between tube segments t>-t1

800
700
600
500
400
300
200
100

Uniform tube
(t=3mm)

Force (kN)

0 50 100 150 200 250 300 350

Displacement (mm)

(b)

Figure 13. Comparison of the force-displacement curves of uniform and multi-segment tubes : (a) CDM model;
(b) FM model

Table 5. Data of the crashworthiness indicators for the crash box uniform tube

Uniform tube (t=3mm)

Indicators Unit M CDM
Mass kg 1.05 1.05
disp. mm 195 203

Ea kJ 53.78 50.31
Fmax kN 721.11 512.03
Fmean kN 276.29 247.88
CFE 0.38 0.48
SEA kJ/kg 51.22 4791
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and ti-t2. Furthermore, using a two-segment tube
thickness results in an increased EA wupon
impacting the second wall thickness. The results
indicate that variations in the wall thickness of the
crash box tube significantly enhance the energy
absorption (EA) value. The thin wall (t2)
effectively prevents buckling during crushing,
while the thick wall (t1) increases the EA value.
The crash deformation method (CDM) influences
the initial deformation, with folding occurring at
the tube's end in the contact area with the die,
leading to a reduction in the Fmax. The loading
direction does not significantly impact the
deformation behavior. This study demonstrates
that the deformation phenomenon consistently
begins in the thin wall (t2) across all loading
directions. The CDM impact method yields a
higher average SEA value (67.93 k]/kg) compared
to the FM method. Additionally, the CDM
demonstrates a lower average Fmax value than FM.
Specifically, the average Fmax for the CDM crusher
method is 297.47 kN, while for FM, it is 423.98 kN.
This suggests that utilizing a die as a tube-
crushing method effectively
maximum peak force. Furthermore, the CFE
averages 0.60 for CDM and 0.43 for FM. The
significant difference indicates that the CDM
crusher method is recommended for achieving
favorable SFE values. Notably, the highest CFE
value of 0.69 is associated with the CDM-t>-t1.tube
configuration. The results of this study indicate
that the initial folding at the end of the tube is
stimulated by the presence of a die. This
phenomenon reduces the Fmax value and increases
the SEA because the energy absorption during the
crash becomes more efficient.

reduces the

Increase the
thickness of the tube can be done to increase SEA.
However, this also results in a higher Fmax
Therefore, the selection of wall thickness
parameters needs to be adjusted according to the
requirements.
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