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Non-linear finite element software LS-DYNA is used to analyze the axial compression behavior and
energy absorption of a high-strength thin-walled member under an impact load. To elucidate the effect
of dynamic impact on the strain rate, the Cowper-Symonds equation is applied to analyze the plastic
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bers made of mild steel and dual phase steel are compared. Assuming two different materials with equal
sectional areas, an analysis confirms that the energy absorption of high-strength steel thin-walled com-
ponent is better than the mild steel thin-walled component. Hence, thin-walled tubes made of high-
strength steel are investigated using a series of analysis. The relationships between displacement and
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load, average load and energy absorption properties are obtained.
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1. Introduction

Industrial progress and energy shortage have called for the auto
manufactures to produce lighter vehicles but not at the expense of
safety under impact. This can be accomplished by using light mate-
rials with higher ultimate strength. Appropriate candidates are
thin-walled members because they are superior in absorbing en-
ergy. This increases the impact durability. Many researchers have
developed various models for analyzing the axial bucking property
of thin-walled members based on the plastic hinge theory [1-5],
experimentation or numerical simulation [6-17]. The work in [1]
observed the accordion-like axisymmetric deformation pattern of
a cylinder under plastic buckling during an experiment, and pro-
posed the concept of the static plastic hinge. The destruction pat-
tern of the cylinder under axial compression suggested a model,
simple in calculation while the results for energy absorption are
consistent with those found from experiments. The work in [6]
performed a series of tests on an aluminum-alloy thin-walled
cylindrical tube with a D/t ratio of 4-60 and an L/D ratio of 0.2-
8.8. Identified experimentally were different destruction patterns
using different D/t and L/D ratios. Presented in [7] adopt the
non-linear finite element code of ABAQUS to analyze an alumi-
nume-alloy rectangular thin-walled structure, determining the ef-
fect of the impact speed and the impact masses on the axial
buckling behavior of thin-walled tubes. In the simulation, the
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property of aluminum was found to be insensitive to the strain rate
which was consistent with the experimental results. It was also
found that the discrepancy between the dynamic buckling behav-
iors of cylindrical and rectangular tubes was mainly associated
with the transmission of the stress wave in the structure of differ-
ent geometric shapes. The work in [8] divided the plastic buckling
of a cylindrical shell under axial loading into dynamic progressive
buckling and dynamic plastic buckling. When a structure sustains a
slower impact, members from one end to the other gradually de-
velop overlapping shrinkage, which process is called dynamic pro-
gressive buckling. Dynamic plastic buckling is an overall buckling
behavior that is caused by the repeated reflection of the stress
wave when the structure is under an impact of high-velocity. Con-
ducted in [9] were impact tests on a rectangular AA6060 alumi-
num-alloy structure. Taking into account the fact that the
members were initially imperfect, they investigated the effect of
impact mass and impact speed on the energy absorbing behavior
of the tubes. They also utilized LS-DYNA to analyze the dynamic re-
sponse of the aluminum tube to impacts of various speeds and
masses. Experimental results were consistent with the destruction
pattern and the energy absorbing properties. LS-DYNA were em-
ployed [10] to scrutinize hat-shaped sections of various materials,
analyzing in detail the effect of the height and initial imperfection
of the hat-shaped member on its axial compression behavior. The
compression behaviors of an aluminum-alloy cylindrical tube have
been tested [11] which also developed a numerical model that is
consistent with experiments. Moreover, the adopted analytical
model was used to study the effect of initial imperfection and
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Fig. 1. Stress-strain characteristic of the steel.

material strain rate on the axial compression behavior of a thin-
walled cylindrical tube. Recent works [12] performed dynamic ten-
sile tests to plot the stress-strain curve of material at various strain
rates. The Cowper-Symonds equation were modified form the dy-
namic parameters to establish a numerical model of thin-walled
members made of TRIP and dual phase steel. The findings revealed
that the modified dynamic parameters can effectively simulate the
deformation behavior of a thin-walled member under impact load-
ing. Others have also examined the influence of the geometric
shape of a thin-walled member on its buckling behavior and
absorption characteristics [13,14].

Dual phase steel is a high-strength steel [18]. Its higher strength
and durability are enabling it to gradually replace conventional
steel materials and to play an important role in transportation,
the aerospace industry and bridge structures, as well as in military
facilities, as it increases the crashworthiness and energy absorbing
capacity of structures that are constructed from it. In what follows,
the non-linear finite element software LS-DYNA is used to investi-
gate the dynamic compression behavior and energy absorbing
property of high-strength thin-walled tubes under various impact
masses and impact velocities, taking into account the strain rate
and geometric thickness of the material.

2. Mechanical characteristics of material

The mechanical behavior of high-strength thin-walled tubes
under impact loading was simulated by using the ASTM E8-04,
MTS 819 50 kN multi-purpose oil hydraulic machine for quasi-sta-
tic tensile tests in close-loop control mode. During the test, a strain
gage is attached to the sample to measure strain signals. To iden-
tify differences between high-strength steel and conventional
steel, the uniaxial tensile tests were conducted. Fig. 1 plots the typ-
ical stress-strain curves of both materials. The yield stresses deter-
mined by the 0.2% offset method are 446 and 325 MPa,
respectively. Young’s modulus was determined from the slope of
the line determined by linear regression between 0.1, and
0.90,, and was 207.2 GPa. The curves for different strain rates
can be obtained from the Cowper-Symond equation

When a structure is under a dynamic load, it deforms rapidly,
its stress-strain relationship determines the value of the strain,
and assumes the change to be inversely proportional. Many
investigations have considered various constitutive laws concern-
ing the strain rate’s influence on material properties [8,12,19,20].
When the stress-strain relationship using regression formula is
obtained from the dynamic load of the material, the constitutive
law of the material is found. Material parameters for the consti-
tutive law are obtained every time for a specific situation while
a regression analysis is performed on the test results. A simple
equation [21] is used to obtain the dynamic yield stress from
the static strength:

é:D(@q)"
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where ¢ denotes the truth strain rate; g4, denotes the rate related to
the dynamic yield stress; o, represents the static yield stress; D and
n represent the material parameters. It was shown for steel [22]
with D = 40s~' and n = 5 that the predicted results and experimen-
tal data agree.

Table 1
The specimen geometry and test detail.
Model Parameters
Wall thickness 0.6, 0.8, 1.0 mm; Free length (Lg) 90, 120, 200 mm
Type Length (mm) Thickness (mm) Diameter (mm) Impact mass (kg) Impact velocity (m/s) Impact energy (kJ)
y HS-01 120 0.6 31 10 10 0.5
ImpaCtmg HS-02 120 0.6 31 20 10 1.0
mass HS-03 120 0.6 31 30 10 1.5
HS-04 120 0.6 31 40 10 2.0
| | HS-05 120 0.6 31 50 10 25
HS-06 90 0.8 31 30 10 1.5
Y VO HS-07 90 0.8 31 30 15 34
. T Ty HS-08 90 0.8 31 30 20 6.0
I | HS-10 90 0.8 31 200 5.48 3.0
I HS-11 90 0.8 31 100 7.75 3.0
: : HS-12 90 0.8 31 25 15.49 3.0
v | HS-13 90 0.8 31 10 24.49 3.0
I I HS-14 90 0.6 31 30 10 1.5
} | : L HS-15 90 1.0 31 30 10 1.5
| i HS-16 90 0.6 31 30 15 34
T HS-17 90 1.0 31 30 15 34
; : HS-18 90 0.6 31 30 20 6.0
oo HS-19 90 1.0 31 30 20 6.0
I | HS-20 200 1.0 31 30 15 34
' ! ¥ HS-21 200 0.67 46.5 30 15 34
bt = —  HS-22 200 0.5 62 30 15 34
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Table 2
The material parameters.
Density (kg/m?) E (GPa) SIGY(MPa)

High-strength steel 7820 207.2 446
Mild steel 7820 207.2 325
High-strength steel
Stress (MPa) 446.0 496.6 563.1 612.7 664.2 691.5 717.8 714.4
Strain (m/m) 0.0 0.00183 0.00805 0.01678 0.0321 0.0481 0.0819 0.1304
Mild steel
Stress (MPa) 325.0 450.6 511.8 564.9 597.6 594.9 584.3 5723
Strain (m/m) 0.0 0.0187 0.0343 0.0613 0.1229 0.1505 0.1640 0.1721

3. Analytical model

Under axial compression, a thin-walled tube absorbs the impact
energy by plastic deformation. The destruction mode influences its
energy absorbing efficiency. Therefore, understanding the charac-
teristics of the process in which thin-walled tubes are compressed
can help to elucidate effectively the dynamic response of thin-
walled components under high-velocity impact. It was found [23]
that under high-velocity dynamic loading, the deformation of the
cylinder is significantly associated with the impact speed, inertia
of the impact mass, geometric configuration and material property.
While addressing the effect of the material properties for different
impact speed, the corresponding mass and the geometric configu-
ration of the structure is also considered to understand the energy
absorbing property of a thin-walled tube.

Non-linear finite element code, LS-DYNA, was employed to ana-
lyze the destruction pattern and energy absorbing properties of
thin-walled components with circular sections under axial impact
loading. The diameter of the circular tubes was 31 mm. Circular
tubes of various lengths and wall thicknesses were numbered, as
presented in Table 1. Simulation using a whole model was used
for analysis because of uncertainty in the destruction pattern.
According to past investigation [24], to display fully the buckling
pattern of the structure and to make the outcome of the simulation
more consistent with actual overlapping compression, the mesh
must be smaller than half of the stress wavelength or the length
of the plastic hinge. The half-length of the stress wavelength is,

I= nﬂ (2)
12(1 —v?)

where R and t represent the diameter and thickness of the cylinder

tube, respectively, and v denotes the Poison ratio of the material.

The length of the plastic hinge during buckling is computed using

the formula of the [25],

h= 1.76\@ (3)

Since the minimum thickness of the thin-walled components in
this investigation is 0.6 mm, Eqgs. (2) and (3) yield an optimal mesh
size of 2.0 mm. All the tubes are modeled using Belytschko-Tsay
four-node shell elements with five integration points through the
thickness and one integration point in the element plane. The
meshed shell elements were located at the mid-surface of the
tube’s wall. The stiffness-type hourglass control model is adopted
to eliminate the zero-energy modes.

The Type 24 Piecewise Linear Plasticity constitutive law of LS-
DYNA is employed. The primary advantage of the material lies in
the fact that it can simultaneously display completely the charac-
teristics of the plastic phase and take into account the effect of
the strain rate. Table 2 presents the parameters of the materials
that are used in the constitutive law.

For simulation of the dynamic axial crushing, the bottom end of
the tube is assumed to be built-in and is constrained in all degrees
of freedom. The upper end was free and subject to compression by
the rigid loading plate with certain downward initial velocity of Vj.
The loading plate is modeled as a rigid wall with a mass of mg To
prevent penetration and sliding between the rigid loading plate
and the upper end of the tube during contact, the interface is using
the CONTACT_CONSTRAINT_NODES_TO SURFACE command of LS-
DYNA. The interface force between the rigid loading plate and the
tube was used to obtain the force vs. displacement responses. The
friction coefficient between the contact surfaces is set to 1.0. Fur-
thermore, when the thin-walled tube experiences overlapping
shrinkage, the contact property between the lobes is CONTACT-
AUTOMATIC-SINGLE-SURFACE with a friction coefficient of 0.1,
preventing the lobes from penetrating each other during the defor-
mation process.

4. Results and discussion

The mechanical behavior of a high-strength is considered for
thin-walled cylinder steel tube under axial impact. The energy
absorbing efficiencies of this material and traditional steel are
compared. Energy absorbing capacity can generally be measured
as the mass-specific energy absorption in the effective destruction
length of the structure. It is defined as follows;

:Etotal: E
AM ~ AALp

E 4
where AM is the mass in the crushing length of the cylindrical tube,
E;oa is the total energy absorbed in the crushing process, AL repre-
sents the effective crushing length, p is density and A is the cross-
sectional area of the cylinder tube. Fig. 2 displays the mass-specific
energy absorption of mild steel and high-strength steel tubes of a

4004
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Energy absorption capacity Eg (J/g)
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Impact velocity v (m/s)
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Fig. 2. Energy absorption capacity of the mild steel and high-strength steel tubes
under various impact velocities.
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Fig. 3. Axial crushing behavior of the high-strength steel tubes with different impact mass (a) force vs. deformation curve and (b) mean force vs. deformation curve.

thickness of 1.0 mm under impact at three speeds, and indicates
that the mass-specific energy absorption of high-strength steel tube
is 22.7%, 23.6% and 18.4% higher than that of mild steel, based on
impact speed. The strain hardening effect of the material under
high-speed impact increases the impact force and reduces deforma-
tion. Accordingly, for a particular crushing length, a high-strength
steel tube has a higher energy absorbing capacity than conventional
steel materials.The effect of the impact mass on the dynamic
mechanical behavior of thin-walled components was analyzed for
HS-01-HS-05 thin-wall tubes under the same impact speed
(10 m/s) as the impact mass is varied between 10 and 50 kg. It also
showed the relationship between the contact force (P) of the impact
mass on the impact end of the thin-walled tube, the mean force (Py,)
and the axial displacement, to elucidate the energy absorbing prop-
erty of the structure. Here, the mean force (P,,) is given by,

E  [Pdo
Pn=5="5" ®)
E—lmy2 (6)
2
Table 3

Summary of impact test results.

To clarify the results of the comparative, Fig. 3 plots the rela-
tionship between the contact force and the displacement under
three impact masses (10, 30, 50 kg), and the relationship between
the mean force and the displacement. Fig. 3 reveals that the peak
loading is almost independent of the impact mass. The increase
in displacement is also approximately independent of the impact
mass. The only difference is observed in the second half of the
curve. As the impact mass rises, it will causes a greater crushing
deformation of the thin-walled tube and elongates it, as presented
in Table 3. The kinetic energy formula explains this result. Re-
stated, for a constant speed, if the mass increases, the kinetic en-
ergy increases, causing the thin-walled component to produce
more folds and to deform more severely.

The work [26] is made use for the rectangular thin-walled com-
ponents under impact loading, the deformation of a thin-walled
component caused by the impact of a mass is similar to that caused
by a nonlinear spring. The stiffness of the member and the impact
mass are independent of each other. The dynamic loading caused
by the impact mass and the deformation of the member are not di-
rectly to each other. Hence, for HS-01-HS-05 thin-walled compo-

NO Impact mass Impact velocity Impact energy Peak load Displacement Mean force Energy absorption = Mass-specific absorption
(kg) (m/s) (kN) (kN) (mm) (kN) (k) (/)
HS-1 10 10 0.5 79.2 15.58 60.7 4.94 1387.8
HS-2 20 10 1.0 79.6 36.2 61.1 9.87 11934
HS-3 30 10 1.5 79.8 53.8 61.0 1.46 118.8
HS-4 40 10 2.0 79.6 65.2 61.0 1.76 118.1
HS-5 50 10 2.5 79.3 72.0 61.1 1.94 117.9
HS-6 30 10 1.5 116.3 313 92.0 1.48 155.2
HS-7 30 15 34 120.9 70.4 96.1 3.32 154.8
HS-8 30 20 6.0 123.7 82.3 98.6 5.64 225
HS-10 200 5.48 3.0 114.0 66.2 87.9 2.93 145.1
HS-11 100 7.75 3.0 116.0 65.8 90.2 2.94 146.6
HS-12 25 15.49 3.0 120.3 64.1 96.4 2.95 151.1
HS-13 10 24.49 3.0 126.1 60.3 1014 2.95 160.6
HS-14 30 10 1.5 81.8 54.4 62.3 1.48 119.1
HS-15 30 10 1.5 147.0 19.6 120.0 1.48 198.3
HS-16 30 15 34 84.5 80.5 65.3 3.23 175.6
HS-17 30 15 34 151.6 49.7 124.9 3.24 176.5
HS-18 30 20 6.0 88.6 88.5 67.9 5.88 290.8
HS-19 30 20 6.0 155.6 78.4 129.1 5.84 195.6
HS-20 30 15 34 144.7 48.5 1174 3.32 179.8
HS-21 30 15 34 128.3 83.6 89.6 3.32 104.3
HS-22 30 15 34 120.9 129.2 70.9 3.30 67.1
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Fig. 4. Axial crushing behavior of the high-strength steel tubes with different
impact velocities.

nents of fixed section area, the mean force-displacement curves do
not vary significantly with impact mass, as presented in Fig. 3.
The initial impact speed is another important factor that influ-
ences the kinetic energy and the strain rate. The inertia of the
members increases with the impact speed. First, for the HS-06-
HS-08 thin-walled cylinder tubes, presented in Table 1, three im-
pact speeds (10, 15, 20 m/s) are considered with a fixed impact
mass of 30 kg. Fig. 4 plots the relationship between the average
force and the displacement under three impact speeds. Figs. 5
and 6 plot the force and displacement curves, respectively, ob-
tained at impact speeds, 15 and 20 m/s, and the corresponding
deformations. Fig. 4 indicates that the displacement elongation of
the thin-walled component and the numbers of folds are approxi-
mately independent of impact speed. Meanwhile, the peak loading
increases slowly with the velocity, as presented in Table 3. This
phenomenon becomes more significant as the speed increases be-
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Fig. 5. Load-deformation history and collapse profiles of the HS-08.
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Fig. 6. Load-deformation history and collapse profiles of the HS-07.

cause changing the impact speed changes only the magnitude of
the kinetic energy, but not the displacement elongation. The crush-
ing process of the thin-walled component reveals that at initial
speeds 10 and 15 m/s, the deformation of the thin-walled cylinder
tube stops before it reaches the length of the axis, and a slight
bounce-back of the mass is evident. When the initial speed is in-
creased to 20 m/s, the thin-walled cylinder is slowly pressed down
because changing the impact speed changes the kinetic energy,
and the inertia and axial displacement increase with the speed.
An external impact causes the thin-walled cylindrical compo-
nent to absorb the axial crushing energy. Since different impact
speeds may be associated with the same impact kinetic energies,
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Fig. 7. Comparison of energy absorption capacity of the high-strength steel tubes
under various velocities.
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Fig. 8. The mean crushing force vs. deformation responses of the HS-10-HS-13.

the sensitivity of impact speed must be examined further. The so-
called question of impact speed sensitivity refers to how the
destruction pattern and axial compression displacement of the
cylindrical tube change with the impact speed when the impact ki-
netic energy remains constant.

To understand further the effect of impact speed on the thin-
walled component, HS-10-HS-13 thin-wall tubes are used and
the specific energy absorption is obtained for various impact
speeds, as presented in Fig. 7. When the impact energy is con-
stant and the impact speed is increased, the specific energy
absorption increases and the difference between the specific en-
ergy absorptions slowly increases also, indicating that indeed
influence the energy absorption efficiency of thin-walled compo-
nents, and warrants further study. Fig. 8 presents the relation-
ship between the mean force and the displacement curve.
When the impact energy is 3,000 ], the impact speed slowly in-
creases and the peak value of the mean force also increases
according to the figure. The only difference is that the crushing
of the cylindrical tube stops at different positions relative to
the bottom of the tube. This conclusion is supported by Figs.
9-12. If the component absorbs all of the impact energy, then
the ultimate deformation of the component slowly declines as
the impact speed increases.

Based on the mean force theory formulae, the two main factors
influencing the mean force are thickness and diameter of the thin-
walled tube. Restated, the section area in which the thin-walled
tube receives the impact not only influences the ability of the com-
ponent to resist deformation but also is associated with the energy
absorbing efficiency. For a particular diameter, the section area

1607

Final displacement
=66.24 mm

Top view
1204

804

Force (kN)

40

0O 10 20 30 40 50 60 70 80
Deformation (mm)

Fig. 9. The crushing responses of the HS-10.
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Fig. 12. The crushing responses of the HS-13.

varies with the thickness. Accordingly, to determine the effect of
the thickness on the thin-walled component, HS-06, HS-14 and
HS-15 are considered. Fig. 13 plots the energy-displacement curve
obtained by the analysis. It indicates that for a particular speed and
displacement, increasing the thickness of the wall increases the en-
ergy absorbing performance of the component. This finding is con-
sistent with the conclusion of numerous studies, which have found
that for a given wall thickness, the energy absorbing capacity of the
component is proportional to the diameter of the cylindrical tube.
The force vs. deformation curves of HS-06-HS-08 and HS-16-HS-
19, plotted in Figs. 14-16, reveal this phenomenon.

With respect to the effect of axial length on the energy absorb-
ing capacity, previous studies of cylindrical tubes have concluded
that if not elongated to an extent that would cause the tube to
buckle, and if not diminished in length beyond a certain extent,
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Fig. 15. The crushing force vs. deformation responses of the HS-07, HS-16 and HS-
17.

the axial length does not influence the energy absorbing perfor-
mance, because when both the kinetic energy and the geometry
of the component are constant, they cause constant deformation.
Hence, the effect of the axial length is negligible.

Further considerations of the energy absorbing efficiency of the
thin-walled component are the solidity ratio of the structure. This
reveals how the size of the member influences energy absorbing
efficiency. The solidity ratio is defined as,
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Fig. 16. The crushing force vs. deformation responses of the HS-08, HS-18 and HS-
19.
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Fig. 17. The mean crushing force vs. deformation responses at different solidity
ratio.

A
¢= A (7)
where A denotes the net section area of the thin-walled tube, and A;
is the total area. For a constant section area, increasing the diameter
of the HS-20 cylindrical thin-walled tube, 31 mm, by factors of 1.5
and 2, yields two cylindrical thin-walled tubes, HS-21and HS-22,
respectively, with diameters of 46.5 and 62 mm. The solidity ratio
changes to 0.44 times and 0.25 times the original value, respec-
tively. The resulting mean force vs. displacement curve in Fig. 17
indicates the effect of the solidity ratio on the energy absorbing per-
formance of the component, indicating that as the solidity ratio de-
clines, the maximum mean force declines from the original 117.43
to 89.68 kN and eventually to 70.91 kN: it thus decreases by 25-30%
as the solidity ratio decreases. The variation of displacement is also
large. Accordingly, if the thickness of the structure does not suffice
to prevent plastic crushing of the component, the solidity ratio must
be considered as an important parameter in determining the size of
the designed component for a particular valid area, to enable thin-
walled tubes of the same material to absorb more energy and thus
be more economical.

5. Conclusions

A non-linear finite element analysis program was adopted to
analyze high-strength thin-walled cylindrical tubes. The following
conclusions are drawn.
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1. Changing the impact mass changes only the impact energy and
consequently affects the overall deformation of the component.
It does not significantly affect the energy absorbing efficiency of
the energy absorbing component.

2. If the thin-walled component is crushed, then a change in the
thickness of the thin-walled tube will directly influence the sec-
tion area that sustains the impact. At the time of impact, the
thickness increases and the deformation of the component
declines, but can absorb all of the impact energy, indicating that
thickness affects energy absorbing efficiency more strongly.

3. Changing the impact speed directly changes the impact energy
and causes a discrepancy between mean force and peak loading.
At a given impact energy remains, the impact speed and impact
mass were changed simultaneously. Analysis outcomes show
that impact kinetic energy is more sensitive to speed than is
impact mass, which fact also importantly determines energy
absorption.

4. When the thin-walled component is buckling, energy absorp-
tion increases performance with the solidity ratio. Therefore,
considering the solidity ratio into designing the geometry of
the structure enables the energy absorbing ability of a particu-
lar material to be improved.
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