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Abstract: In this article, the load resistance and energy
absorptions of thin-walled structures on the square tube
were numerically evaluated by the finite element method.
This structure can be widely used in automotive indus-
tries, industrial buildings, ships, offshore platforms, and
airplanes. In the finite element method, thin-walled struc-
tures on square tubes were examined with different wall
thicknesses and materials. The materials used are mild
steel, SAE 1045 steel, and SAE 1008 steel. Using the
numerical results, the thickness of the wall influences
the strength of the structure. Moreover, SAE 1045 steel
material also seems to increase the strength of the tube
under axial loading compared to the mild steel and SAE
1008 steel material. It is also important to remember that
the finite element solution depends on defining your mesh
size and boundary conditions. The mesh size is also com-
pared and assessed.

Keywords: axial load, thin-walled structure, energy absorp-
tion, square tubes, wall thickness, carbon steel

1 Introduction

Thin-walled structures comprise an important proportion
of construction engineering and are continuously being
developed till date. This construction application is also
very diverse, ranging from those used on land, e.g.,
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automotive industries, industrial buildings [1,2]; at sea,
e.g., ships, offshore platforms [3-6]; and even in the air
such as airplanes [7]. This construction application in
society can include individuals and even many people
at once. For instance, ship and airplane transportation
is used by many people as a medium to move from one
island to another and as a transporter of goods. There-
fore, the aspect of transportation safety is very important
for the wider community.

In the last two decades, research and development of
energy absorbers to reduce effects on humans and struc-
tures has become an interesting topic for researchers. For
instance, the material properties of a square tube under
axial explosive loading play an important role in the
formation of the buckling pattern, which has been experi-
mentally investigated by Karagiozova et al. [8]. Further-
more, the effect of different shapes of the hollow tube also
appears to play an important role in energy-absorbing as
in the research carried out by Marzbanrad et al. [9]. The
research showed that the ellipse cross-section had more
energy absorption compared to the square and circular
cross-sections. In the same year, research on the effect of
geometrical parameters, i.e., square, hexagonal, and con-
ical, on the energy absorption characteristics of thin-
walled structures has been performed by Guler et al
[10]. It was noted in the research that the conical geo-
metry was the most efficient to absorb the energy during
the axial impact loading. A year afterward, a new design
that is efficient in improving crashworthiness character-
istics of cylinder tubes, e.g., sensitivity to external loading,
crushing stability, crush force efficiency, and collapse
mode while subjecting to axial impact loading, has been
introduced by Salehghaffari et al. [11]. The method used by
Salehghaffari et al. [11] was attachment of an expanding
ring to the cylinder wall. However, this optimized design
applies only to low-velocity loading, because high-velocity
loading seems to have a difference in energy absorber for
tubes under axial loading [12]. Not only experiments but
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also numerical computational approaches such as finite
element method are also important for simulating tubes
under axial loading, and their outcomes are quite good
compared to the direct experiments in terms of energy
absorbed [13,14].

The present article deals with a numerical study of
the thin-walled structure of hollow tubes with different
thickness walls when subjected to axial impact loading.
The finite element method, which is one of the numerical
problem-solving techniques, will be employed to calcu-
late the issue of the tube under axial loading. This experi-
ment will be a reference to determine the parameter’s
capability to absorb energy, load versus displacement
curve, and mode deformation. Influence of the material
properties of the tube on their modes of energy absorp-
tion is also discussed. Furthermore, the finite element
models of the tube with different mesh sizes will be
analyzed and the calculated results will be compared.
Benchmarks are also carried out based on an experiment
to ensure the results are reliable.

2 Methods

2.1 Benchmark details

The thin-walled structure of the square tube in the axial
loading experiment conducted by Abdullah et al. [15] is
the benchmark in this study. This benchmark is carried
out for legitimized assurance of the validity of the study.
The experimental setup was carried out with SHIMADZU
Universal Testing Machine. The steel press head (impactor)

Upper
Press
Head

Testspecimen

Lower
Head

Hollow aluminumtube

DE GRUYTER

is positioned directly above the specimen. Meanwhile, the
stationary support is positioned on the bottom of the spe-
cimen. From this previous axial loading experiment, a
square tube specimen with a similar cross-sectional geo-
metry was used in the current consideration. It had been
determined that the test specimens were symmetric thin-
walled square tube with a dimension of 38 mm x 38 mm
and a thickness of 1.2 mm. The overall length of the specimen
is approximately 95 mm calculated from the top end of the
specimen to the bottom of the specimen that is towed
with a stationary support. The axial loading step was
carried out by compressing the specimen with a steel
press head to until 47.5 mm downward. The detailed experi-
ment scheme is shown in Figure 1a. The load versus displa-
cement curve will be compiled by monitoring the forces and
displacements on the specimen during axial loading.

The experimented specimen was constructed with
the aluminum material. This material is widely used for
components in the transportation, aerospace, and also
included in construction industries. Moreover, these alu-
minum materials are known for excellent mechanical
properties such as lightweight, durability, malleability,
and corrosion resistance. Selection of this material also
takes into account that the characteristics to be machined
and cast are immensely easy. The aluminum material in
square tube has a density p of 2,700 kg/cm’, a Young’s
modulus E of 68 GPa, and a Poisson’s ratio v of 0.33
(Table 1).

The nonlinear finite element analysis (NLFEA) is con-
ducted using ANSYS LS-DYNA [16]. Specimen configura-
tion with an upper head press and a mesh size that has
been applied is shown in Figure 1b. A mesh convergence
study to determine the magnitude of the error compared

Upper head press
Steel plate:

Ux, z = fixed

Uy =-47.5 mm
Rx, y, z = fixed

—

Bottom nodes:
— Ux, y, z =fixed
Rx, y, z = fixed

(b)

Figure 1: (a) Experiment scheme of the hollow tube under axial loading [15]. (b) Discretized specimen in finite element modeling.
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Table 1: Material properties for the aluminum

Material Density p Young’s Poisson’s ratio
(kg/cm3) modulus E (GPa) v (-)
Aluminum 2,700 68 0.33

to the experiment was also carried out with mesh sizes of 1,
3, and 5 mm. For the specimen, the mesh is made with the
shell element type. For the press, it uses a solid element type.

The comparison of the load versus displacement curve
from the experiment and the finite element method of thin-
walled tube under axial loading is shown in Figure 2. It can
be seen that the numerical method gives quite satisfactory
results. The maximum forces for mesh sizes of 1, 3, and
5mm produce peaks of 27.9, 29.39, and 29.39 kN, respec-
tively, compared to the experiment where the peak
maximum force was 31.14 kN. The largest difference in
maximum force is the result when a mesh size of 1 mm is
used, with an error of about 10.4%. On the other hand, for
the mesh size of 3 and 5mm, the error tends to be less,
which is around 5.6% compared to the experiment. Further-
more, the collapse behavior of the tubes is presented in
Figure 3. Viewed from two sides, namely the side and the
top for the numerical method, the results are quite good in
terms of the collapse behavior of the tubes. The upper part
of the tube that is in contact with the upper head press
experiences a lot of plastic deformation which is indicated
by the folding on this side. The lower side, which is the
support side, does not look much changed and still
shows its original shape which is a square. The two
analyses of load versus displacement and collapse beha-
vior show that the numerical method specifically the
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finite element method can be relied on for the results
for simulating thin-walled tubes under axial loading.

One of the tests that are often used to determine the
properties of a material is the tensile test. In addition,
many studies on this tensile test are even used as a tool
to test a failure criterion, i.e., ship damage modeling
using the finite element method [18-21]. The tensile test
experiment conducted by Cabezas and Celentano [17]
will be reconducted using the finite element method.
Figure 4a shows the dimensions of the specimen, and
Figure 4b shows the specimen in the finite element
method. The overall length of the specimen is 200 mm,
which has a length of the fault area measuring 60 mm
with a width of 12.5 mm. The width and length of the grip
sections measure 20 and 50 mm, respectively. The thick-
ness of the specimen is 6 mm. The material selected is
SAE 1045 steel, which has a density p of 7,870 kg/cm>,
an E modulus of elasticity of 206 GPa, and a Poisson’s
ratio of 0.29. To obtain the stress versus strain value, the
following equations are considered:

F
0= A_o, 1)
&€= ﬁ, 2
lo

where 0 is the stress and ¢ is the strain. F is the applied
load, Ay is the cross-sectional area of the specimen, Al is
the elongation, and [ is the original length.

The comparison of stress versus strain taken from the
experiment and the finite element is shown in Figure 5. It
can be seen that the stress results obtained through
numerical simulations are similar to the experimental
data. The maximum stress of 765.9, 765.9, 765.9, 765.9,

i
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Figure 2: Comparison of the force versus displacement curve between experimental data and FEA.
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Figure 3: Comparison results between experiment and finite element of the tube under axial loading: (a) front view and (b) top view.

and 766 MPa resulted from mesh sizes of 1, 2, 3, 4, and
5 mm, respectively. The maximum stress from the experi-
mental data is 762 MPa. This condition gives an error
value that tends to be small, not more than 0.5%. As
for the comparison at the yield stress point, the highest
error percentage is 3.4% when the mesh size is 3 mm. The
yield stress values are 450.9, 450.9, 467, 454.5, and
460.7 MPa for mesh sizes of 1, 2, 3, 4, and 5 mm, respec-
tively. The experiment itself is 451.6 MPa. The ratio between
the experiment and the numerical simulation is shown in
Figure 6. Figure 7 shows the fracture in a specimen whose
fracture accuracy is quite similar to that of the experiment.
Unique phenomena such as localized necking are also very
visible near the fault. However, the fracture point is slightly
different where the fault that occurs in the finite element
is slightly closer to the grip section, while in the experi-
ment it occurs in the middle of the gauge length. Overall,
the numerical method has a good agreement with the
experiment.

2.2 Finite element configuration and
boundary condition

Finite element configuration is made to describe tubes
under axial loading. This configuration is based on pre-
vious experiments [15]. The specimen dimensions of the
tube are shown in Figure 8. The overall length and width
are 95 and 38 mm, respectively. Three thickness variations

200
50 60 50 6
N | v
—_ — + 125%025 + —- —|&

—/im l 504010 |
(a)

with sizes of 2, 3, and 4 mm were proposed for further
comparison. Details of the specimen and tube wall thick-
ness are shown in Figure 8.

The boundary condition scheme for numerical simu-
lation of a loaded tube is shown in Figure 9. At the top of
the specimen, which is 95 mm from the bottom of the
specimen, there is a box-shaped press with dimensions
of 50 mm x 50 mm and a thickness of 3 mm. This press
will press down on the y-axis with a speed of v = 0.5 m/s
until it reaches 47.5mm. The translational constraints
and rotational constraints are made in Ux and Uz equal
to fixed, and Ry, y, z equal to fixed, respectively. The box
press is made with the solid element, and using the steel
material with a density p of 7,860 kg/m>, a Young’s mod-
ulus E of 206 GPa, and a Poisson’s ratio v of 0.29. As for the
specimen, it is made using a shell element type (Figure 8).
The shell element is created with the element formulation
option with number 16 whereas ANSYS LS-DYNA is the
code for the fully integrated shell element-type element.
The selection of this element formulation option is due to
that this option can generate fast simulation and reduce
the simulation time. For the shear factor, the value that
has been used is 0.83. There are shell analysis approaches
that have been proposed by researchers, such as in the
literature [22-25] to calculate an account for large defor-
mations options. The first two approaches are based on
isogeometric analysis and have advantages in this aspect;
also, in dynamics while the last approach entirely uses
deep neural networks and avoids a finite element

(b)

Figure 4: (a) Dimension of the tensile test specimen [17]. (b) Finite element of the specimen.
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Figure 5: Comparison of the engineering stress engineering versus strain between experimental data [17] and finite element method.
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Figure 6: Ratio stress between experiment and finite element
method.

discretization. The bottom of the specimen is stationary sup-
port with displacement and rotation made to Ux, y, z = fixed,
and Ry, y, z = fixed, respectively. The simulation is carried
out for 1s from the beginning of pressing to the final result.

Despite the element formulation number 16, ANSYS
LS-DYNA also includes the shell element formulation,
i.e., Belytschko-Tsay shell element formulation [26,27].
By default, the Belytschko-Tsay shell element formula-
tion option is found in number 2 ANSYS LS-DYNA. This
shell method is usually for non-linear dynamic fracture
and arbitrary evolving cracks. A fully integrated version
of this shell was implemented by suitably modifying ele-
ment type number 16.

In ANSYS LS-DYNA user-defined material model [16],
there is a constitutive model and certain material input
parameters that are considered in this study. The first to
be implemented in a user-defined material model is the
element failure routine material 024. Material 024 is a
piecewise linear plasticity model that utilizes the material
behavior defined in Figure 10. The engineering stress for
a given strain becomes the primary input data for influ-
encing the area of elasticity and plasticity of the material.
For each value of yield stress, each strain is arranged to
zero. The next primary input parameters are the material
properties such as density p, Young’s modulus E, Pois-
son’s ratio v, and failure strain &. In the second user-
defined material model which is for the box-shaped
press, material 020 is used. Material 020 is rigid, where
the input parameters given are limited to density, Young’s
modulus, and Poisson’s ratio. The relationship between
engineering stress versus engineering strain is negligible
in this material model.

The proposed materials are compiled in Table 2 along
with their material properties. Aluminum material was
used to determine the effect of tube wall thickness on
the load-bearing strength. Aluminum has a property den-
sity p of 2,700kg/cm® and a Young’s modulus E of
68 GPa. The materials used are mild steel, SAE 1045 steel,
and SAE 1008 steel. Mild steel has a property density p of
7,850 kg/cm3, a Young’s modulus E of 201 GPa, and a
Poisson’s ratio of 0.3. As for SAE 1045 steel, the material
has a density property p of 7,800 kg/cm?, a Young’s mod-
ulus E of 205 GPa, and a Poisson’s ratio of 0.3. SAE 1008
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steel has a property density p of 7,870 kg/cm>, a Young’s
modulus E of 206 GPa, and a Poisson’s ratio of 0.29.
Meanwhile, to determine the effect of material on the
specimen tube under axial loading, the thickness of the
tube is set at 2mm only.

The choice of steel material is due to the many needs
for engineering applications using steel materials. Many
means of transportation use steel as the primary choice.
For mild steel material itself, it is one type of carbon steel
that contains a low level of carbon. The characteristics of
mild steel are high tensile and impact resistance, as well

(@) 38.00
T T
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Metallic square tubes I I
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Figure 7: Fracture on the tensile test specimen. (a) Experimental data [17]. (b) Finite element method.

as good ductility and weldability. This mild steel material
can be applied to one of the plates on the ship when
grounding damage occurs [28]. However, the most widely
used material for offshore structures is steel with ASTM
code A-36 [29]. SAE 1045 steel is a type of carbon steel
that contains a medium amount of carbon in its composi-
tion. SAE 1045 steel is commonly found in the construc-
tion and automotive industries [30]. It is widely used in
industrial applications that demand higher wear resis-
tance and strength. Typical applications in which SAE
1045 steel is used contain die forging, hot upsetting,

(b)

J— 2 mm wall thickness
....

2.00 == f=-

J— 3 mm wall thickness

4.00

_J— 4 mm wall thickness

i-—so.oo—-i

Figure 8: (a) Dimension of the tube. (b) Dimension of the wall thickness.
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v=0.05m/s

Steel plate:
Ux, z = fixed
Uy =-47.5 mm
Rx, y, z = fixed

Bottom nodes:
Ux, y, z = fixed
Rx, y, z = fixed

Figure 9: Finite element configuration and boundary condition.

and machinery parts. Some materials which are equiva-
lent to SAE 1045 steel are ASTM A568 Grade 1,043 and
also ASTM A576 Grade G10430. The material SAE 1008
steel is a type of carbon steel that contains a low level of
carbon. It is mainly used in extruded, cold upset, cold-
headed, and cold pressed parts and forms. Some mate-
rials which are equivalent to SAE 1045 steel are ASTM
A512 Grade 1008 and ASTM A513 Grade 1008.

3 Results and discussion

3.1 Effect of thickness change

The load versus displacement curve is described as the
load-bearing ability of the square tubes when they are
crushed under axial load. Here, the corresponding load
versus displacement curve for three different wall thick-
nesses of the tube under axial loading is presented in
Figure 11. It can be seen that the tube wall thickness
greatly affects the acting force. The thickness of 4 mm
seems to provide greater resistance to axial loads com-
pared to tube wall thicknesses of 2 and 3 mm. The first
area on this graph is linear to the maximum force which
then decreases. The maximum force for a tube with a wall
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Figure 10: The engineering stress versus engineering strain. (a) Mild
steel [31] and (b) SAE 1008 carbon steel [20].

thickness of 2mm is 51.9 kN. Meanwhile, the wall thick-
nesses of 3 and 4 mm gave values of 80.2 and 109.5 kN,
respectively. In fact, it shows that the resistance to axial
load increases by 54.53% from 2 to 3 mm thickness, and
increases by 36.53% from 3 to 4 mm wall thickness
(Figure 12).

A comparison between the relating energy versus dis-
placement curves of these specimens is presented in
Figure 13. As it is shown, the increase in the thickness
of the square tube wall can increase the absorbed energy
caused by the axial loading. Furthermore, a specimen
with a wall thickness of 4 mm takes immensely more energy
than specimens with 2 and 3 mm wall thickness during axial
loading tests. In specimen with 2mm wall thickness, the
total energy absorbed resulted to be 1296.6], and it takes
less energy compared to specimens with 3 and 4 mm wall
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Table 2: Material properties of steel
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Material Density p (kg/m®) Young’s modulus E (GPa) Poisson’s ratio v (-)
Mild steel 7,850 201 0.3
SAE 1008 carbon steel 7,800 205 0.3
SAE 1045 steel 7,870 206 0.29
120 4000
A | T el — 2mmwatthickness
100 - ye 1\ ———~ 4 mm wall thickness /’\ N :i, i EE a::: ;E:zi::z: . s

Force (kN)

Displacement (mm)

Figure 11: Force versus displacement curve generated during axial
loading with three different wall thicknesses.
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Figure 12: The maximum force generated during axial loading with
three different wall thicknesses.

thickness. Specimens with 3 and 4 mm thickness have absorbed
the energy of 2364.4 and 3534.6] at the final end simulation,
respectively. There was an 82.35% increase in absorbed energy
for a 2mm wall thickness to 3 mm wall thickness specimen and
a 49.49% increase for a 3—4 mm thickness specimen. It indicates
that the higher value of energy absorbed belongs to a 4 mm wall
thickness specimen.

3000

Energy absorption (J)
N
8
o

1000 -

Displacement (mm)

Figure 13: Energy absorption generated during axial loading with
three different wall thicknesses.

In Figures 14 and 15, the wall thickness variations of
the square tube with a size of 2, 3, and 4 mm with von-
Mises stress contour and strain contour are shown. The
results indicate that differences in the thickness of the
tube wall when subjected to axial loading affect the col-
lapse mode of deformation. Figures 13 and 14 show that
both specimens with 2 and 3 mm wall thickness present a
folding collapse behavior on top of the tube compared to
the 4 mm wall thickness that seems to hold the folding
collapse at the end simulation. Several folding petals and
snap-back damage modes were also presented after the
axial loading. These phenomena can be seen in the
crushed shape of all specimens at time = 1s (Figures 14
and 15).

The remarkable difference between these three thick-
ness variations is seen at the end of the simulation where
time = 1. Large stress is formed in the folding and below
the folding section area. The distribution of von-Mises
stress is seen more in the tube with a thickness of
4mm, as shown in Figure 14, which indicates a lot of
red in this area. Furthermore, the bottom is just below
the fold as a result of the load experiencing great stress.
This excess stress is seen as long as from t = 0.20, t = 60
until the end of loading is complete. The smaller the size
of the wall thickness, the less area that can withstand
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Figure 14: Distribution of the von-Mises stress on the specimen scaling the time from 0.01 to 1s. (a) 2 mm wall thickness, (b) 3 mm wall

thickness, and (c) 4 mm wall thickness.

stress. However, the stress value did not show signifi-
cantly different results. This was seen when the final spe-
cimens had stresses at 197, 196, and 193, for the 2, 3, and
4 mm specimens, respectively. Numerical results indicate
that the thickness of the square tube has an effect on their
collapse mode of deformation.

The wall thickness of 2mm provides a very visible
folding and decreases less as the wall thickness increases.
Some similarities seem to appear between the proposed
wall thicknesses. When the loading begins to take place
or t = 0.01s, the stress distribution shows the same loca-
tion, namely the part close to the plate under load and the
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Figure 15: Distribution of the strain on the specimen scaling the time from 0.01to 1s. (a) 2 mm wall thickness, (b) 3 mm wall thickness, and
(c) 4 mm wall thickness.
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stationary support. The formation of stress occurs starting
from the corners of the square tube which then spreads
throughout the body tube.

The strain distribution also showed the same strain
distribution between tubes with 2mm thickness with 3
and 4 mm thickness. But the difference in the folding
form began to be seen between the time t = 0.20 s and
t = 1s. The 2mm thickness is easier to experience the
folding phenomenon compared to 3 and 4 mm thickness.
For the formation, the last folding, 4 mm thickness
strengthens the wall quite bites as shown by the larger
stress concentration, compared to the 2 and 3 mm, which
experienced full and partial folding, respectively. The
folding phenomenon seems to be influenced by the thick-
ness of the tube wall.

3.2 Effect of material change

The load versus displacement curve obtained from the
square tube under axial loading is presented in Figure 16.
The materials used in the specimens were mild steel,
SAE 1045 steel, and SAE 1008 steel. As it is seen, numer-
ical results show that the given material on the tube,
especially SAE 1045 steel, can affect significantly the
load versus displacement curve while subjected to axial
compression. Compared to mild steel and SAE 1008
steel, the load versus displacement graph is located
below the graph produced by SAE 1045 steel material.
These results show that using SAE 1045 steel material
within specimens can increase the capability of with-
standing the load produced by the axial loading. However,
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Figure 16: Force versus displacement generated during axial loading
curve for three steel materials.
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the results are not that much different from mild steel and
SAE 1008 steel. This case shows that the material provides
almost the same axial load-bearing strength. There is no
significant difference that can be seen in the load versus
displacement graph. In fact, this similarity occurs from
the beginning of the load pressing the specimen until a
displacement of 47.5mm occurs or at the end of the
simulation.

The material change also seems to affect the max-
imum force generated during the initial axial loading. A
comparison between the maximum force on each mate-
rial (mild steel, SAE 1045 steel, and SAE 1008 steel) is
shown in Figure 16. It can be seen that specimens with
SAE 1045 steel material have a maximum force higher
compared to the mild steel and SAE 1008 steel material.
It has a peak at approximately 161.8 kN compared with
80.3 and 80.7 kN, respectively. As a matter of fact, SAE
1045 material increases the amount of maximum force by
101.49 and 100.49% compared to the mild steel and SAE
1008 material. The graph in Figure 17 also shows that
specimens with the mild steel and SAE 1008 steel are
quite equal in providing maximum force in this case of
the tube under axial loading. The difference between the
two is very small at 0.4 kN or the percentage difference is
only approximately 0.4%.

A comparison between the relating energy versus
displacement curves of the specimens within material
change is presented in Figure 18. As it can be seen from
Figure 18, a specimen with the SAE 1045 tube can increase
the absorbed energy produced by the axial loading, com-
pared to the specimen with mild steel and SAE 1008 steel
material. These results show that changing the material in
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Figure 17: The maximum force generated during axial loading for
three steel materials.
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Figure 18: Energy absorption generated during axial loading with
three steel materials.

the square tube affects the absorbed energy during the
axial loading. Both mild steel and SAE 1008 steel material
do not seem to have much difference in the capability of
dissipating energy. The total energy absorbed from the
SAE 1045 material tube is approximately 4355.4 ], which
is much higher compared to the mild steel and SAE 1008
steel material, which is 2193.3 and 2205.5], respectively.
This indicates that there is an increase in the total energy
absorbed in the square tube with the SAE 1045 steel mate-
rial by 98.58 and 97.48%, respectively, which is almost
double the SAE 1045 steel material value.

DE GRUYTER

Folding petals and snap-back damage modes of the
square tube after the axial loading within mild steel, SAE
1045 steel, and SAE 1008 steel material are presented in
Figures 19 and 20. The significant folding formation
seems to be present on the specimens at the end of the
simulation in three different materials. In fact, all these
folding formations are plastic deformations which indi-
cate that the applied load has passed the yield point
in these materials. The tube wall is severely deformed
inward and outward when viewed from the initial tube
wall as is shown in the front and top view in Figures 19
and 20. Thus, these numerical results indicate that differ-
ences in the materials of the square tube can affect the
collapse modes of deformation.

The distribution of the von-Mises stress contour on
the specimen with the mild steel, SAE 1045 steel, and SAE
1008 steel material at the end of the axial loading is pre-
sented in Figure 18. A quite higher von-Mises stress
seems presented under the last folding formation of the
specimens. However, the stress that is quite obvious
occurs at the elbow parts when the square tube uses
SAE 1045 steel material which is located just below the
last folding of the tube wall. It is observed that this region
experiences stress of 693 MPa after loading was com-
pleted. Both mild steel and SAE 1008 steel also feel
considerable stress in the elbow area of the tube wall.
Compared to SAE 1045 steel material, the perceived stress
is quite small at 292 and 334 MPa, respectively. This phe-
nomenon shows that the specimen within SAE 1045 steel
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Figure 19: Distribution of the von-Mises stress on the specimen scaling the time from 0.01 to 1s. (a) Side view and (b) top view.
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Figure 20: Distribution of the strain on the specimen scaling the time from 0.01 to 1s. (a) Side view and (b) top view.

material has a higher stress experience approximately
137.33 and 107.49% compared to the specimens with
the mild steel and SAE 1008 steel material.

The distribution of strains of specimens with mild
steel, SAE 1045 steel, and SAE 1008 steel is shown in
Figure 19. The strain is mostly felt in the folding section
of the tube. In SAE 1045 steel material, the plastic strain
shows a value of 0.13, which is right at the top of the tube
when the first folding occurs. This can be seen after the
simulation is completed and also felt by all specimens
with this material. The numerical results for the mild
steel and SAE 1008 steel material produce a plastic strain
of 0.16 and 0.12, respectively. All three materials seem to
give different plastic strain values. The effect of the selec-
tion of the material on the tube seems to cause differences
in the plastic strain formation.

3.3 Mesh-dependent study

As it is known that the specimen tube when using FEA
will be divided into small parts called mesh, meshing is
one of the most important steps in performing an accu-
rate simulation using FEA. A mesh is made up of ele-
ments that contain nodes (coordinate locations in space
that can vary by element type) that represent the shape of
the geometry. A mesh is made up of elements and an
element is designed so that it can be solved for various
quantities important to the problem at hand. Those ele-
ments connect all characteristic points (called Nodes)
that lie on their circumference.

Figure 21 shows the load versus displacement in the
case of different wall thicknesses with 3 mesh sizes,
namely 2, 5, and 8 mm. As seen the mesh affects the
results of the load versus displacement graph. It can be
seen that if the mesh size increases, the overall graph looks
increasingly shifted to the right which shows the greater
the displacement. The maximum force on a square tube
with 2 mm wall thickness is at a displacement of 1.6, 1.9,
and 2.1 mm for mesh sizes of 2, 5, and 8 mm, respectively.
Maximum force on the square tube with 3 and 4 mm wall
thickness also experienced the same phenomenon as the
previous case. A square tube with a thickness of 3 mm has
a maximum force of 79.0kN and is at a displacement of
2.8 mm. When the mesh size increases such as 5 and 8 mm,
the maximum force is seen at the displacement of 3.3 and
4.0 mm. This indicates that the displacement magnitude
increases by 0.5 and 1.2 mm, respectively. Specimens with
4 mm wall thickness also provide higher displacement on
the maximum force when an increase in the mesh size
occurred. A 105.9 kN of maximum force is at 3.0 mm dis-
placement when the mesh size is 2 mm. If the mesh size
changes to 5 and 8 mm, the maximum force on the dis-
placement increases to 4.5 and 5.2 mm, respectively. This
shows that there is a displacement shift of 1.5 and 2.2 mm.

Load versus displacement in the case of different
materials on the square tube which is mild steel, SAE
1045 steel, and SAE 1008 steel material with two mesh
sizes of 5 and 8 mm is shown in Figure 22. As it can be
seen that the specimen with mild steel shows a maximum
force of approximately 80.3kN at a displacement of 2.2
and 2.3 mm, respectively. These two displacement values
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Figure 21: Force versus displacement curve with different mesh sizes and three different wall thicknesses. (a) 2 mm, (b) 3 mm, and (c) 4 mm.

are derived from mesh sizes of 5 and 8 mm, respectively.
There is an increase that is not large enough by 0.1 mm.
The same phenomenon also occurs in specimens with
SAE 1008 steel and SAE 1045 steel materials. For a
5 mm mesh size, these two materials produce a maximum
force of 80.7 and 161.8 kN, which lies in a displacement
of 2.2 and 1.9 mm, respectively. As for the 8 mm mesh
size, they occurred at the displacement which is 2.3
and 2.4 mm, respectively. This result indicates that the
increase in mesh size from 5 to 5 mm affects the displace-
ment of the maximum force by 0.1 and 0.5 mm, respec-
tively. Details of the effect of mesh on maximum force
and displacement are collected in Table 3.

Energy absorption of the specimens with 2, 3, and 4 mm
wall thickness and specimens within three different materials
depending on the mesh size is shown in Figures 23 and 24. It
is observed that the mesh size seems to affect the absorbed
energy of the specimen during axial loading. The absorbed
energy produces slightly larger values if the mesh size

100

100

increases as in 2-5 and 5-8 mm. As it is seen, a specimen
with 2mm wall thickness obtained absorbed energy of
about 1194.3, 1296.6, and 1,411] from each 2, 5, and
5mm mesh size, respectively. This shows an increase of
102.3 and 216.7] from 2 to 5 mm mesh size. Both specimens
of 3 and 4 mm wall thickness show absorbed energy of
2178.2, 2364.4, 2430.1, and 3368.7, 3534.6, and 3504.5]
when mesh size 2, 5, and 8 mm are used, respectively.
However, a slightly different phenomenon occurs when
the mesh size is 5-8 mm in specimens with 4 mm wall
thickness. It seems to have a decrease in value of about
30]. In all specimens and mesh sizes, only this phenom-
enon has a decrease in the value of the absorbed energy.
The increase in the value of total absorbed energy also
occurred in specimens with mild steel, SAE 1045 steel,
and SAE 1008 steel as the mesh size increased. For mild
steel materials, this increase occurred from the absorbed
energy value of 2193.3 to 2273.8 J. While for SAE 1045 steel
and SAE 1008 steel, the absorbed energy increased from
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Figure 22: Force versus displacement curve with two different mesh sizes and three different steel materials. (a) Mild steel, (b) SAE 1008

steel, and (c) SAE 1045 steel.
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Table 3: Maximum force value of the tube under axial loading dependent on the mesh size

Mesh Maximum force (kN) Displacement (mm)
(mm) . . .
Tube wall thickness (mm) Tube material Tube wall Tube material
thickness (mm)
2 3 4 Mild SAE 1045 SAE 1008 2 3 4 Mild SAE 1045 SAE 1008
steel steel Steel steel steel Steel
2 51.6 79.0 105.9 - — — 1.6 2.8 3.0 — — —
5 51.9 80.2 109.6 80.3 161.8 80.7 1.9 3.3 4.5 2.2 1.9 2.2
8 52.2 80.5 109.2 81.0 171.7 81.6 2.1 4.0 5.2 2.3 2.4 2.3
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Figure 23: Energy absorption generated during loading from three mesh size with three different wall thicknesses. (a) 2 mm, (b) 3 mm, and

(c) 4 mm.

4355.4 to 4823.3] and 2205.5 to 2453.1], respectively. All
these phenomena of increasing total absorbed energy
occurs when the mesh size is 5-8 mm. It was observed
that mesh size 5-8 mm increase at about 3.67, 10.74, and
11.23% of the total energy absorbed on the tube under axial

loading for specimens with mild steel, SAE 1045 steel, and
SAE 1008 steel material.

Tables 3 and 4 summarize the mesh dependent on the
maximum force and total energy absorbed of the tube
under axial loading. Specimens with 2 mm wall thickness
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Figure 24: Energy absorption generated during loading from two mesh sizes with three different steel materials. (a) Mild steel, (b) SAE 1008

steel, and (c) SAE 1045 steel.
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Table 4: Total energy absorbed value of the tube under axial loading dependent on the mesh size
Mesh size (mm) Absorbed energy (J)
Tube wall thickness (mm) Tube material
2 3 4 Mild steel SAE 1045 steel SAE 1008 steel
1194.3 2178.2 3368.7 — — —
5 1296.6 2364.4 3534.6 2193.3 4355.4 2205.5
1,411 2430.1 3504.5 2273.8 4823.3 2453.1

showed the maximum force values, which were approxi-
mately the same as 51.6, 51.9, and 52.2kN for 2, 5, and
8 mm mesh sizes, respectively. Between these three mesh
sizes, the percentage difference is not more than 1.15%.
As for the 3 and 4 mm specimens, both produce the max-
imum force of 79.0, 80.2, and 80.5 kN and 105.9, 109.6, and
109.2kN for 2, 5, and 8 mm mesh sizes, respectively. The
percentage difference in the values of the three maximum
forces does not exceed 1.88 and 3.43%, respectively.

In a group of specimens with mild steel, SAE 1045
steel, and SAE 1008 steel material, lacking any significant
difference occurs in the maximum force values for dif-
ferent mesh sizes. Results for 5 and 8 mm mesh sizes
occurred at 80.3 and 81.0kN for mild steel material.
This value has a difference equivalent to 0.7 kN or about
0.87%. SAE 1045 steel and SAE 1008 steel material for the
specimen tube also do not have a significant difference
(Table 3). However, the highest difference occurs in SAE
1045 steel material, which is 5.94%. The maximum force
on SAE 1045 steel material occurs at 161.8 and 171.7 kN for
mesh sizes of 5 and 8 mm. Result observations also indi-
cate that specimen with SAE 1008 steel material takes
slightly more maximum force with the 8 mm mesh than
5 mm mesh size after axial loading. This is shown by the
present value of 81.6 kN maximum force compared to
80.7 kN which has defenses of 1.11% higher.

The mesh-dependent study also shows a quite dif-
ferent value of the total absorbed energy during axial
loading for three different thicknesses and materials of
the specimens as presented in Table 4. In the case of the
wall thickness variation, 2 mm thickness produces a total
absorbed energy of about 1194.3 ] when 2 mm mesh size is
used. Compared to the coarse mesh which is 5 and 8 mm,
there is some increase in values of total absorbed energy.
It is observed that the percentage increased at approxi-
mately 8.57 and 18.14% from the value produced by the
2mm mesh size. A quite small increase in the total
absorbed energy of the specimen as the final simulation
also seems to present at 3 and 4 mm wall thickness of the
specimens. As depicted in Table 4, the total absorbed
energies are 2178.2 and 3368.7] produced by the 2mm

mesh size. Both values were found to be quite increased
to 2364.4, 2430.1] for the 3 mm wall thickness and 3534.6,
3504.5] for the 4 mm wall thickness obtained by 5 and
8 mm mesh size, respectively. Numerical observations
also indicate that on the specimen materials variation
with a larger mesh size takes slightly more total absorbed
energy than a small mesh size after compression tests.
This phenomenon can be seen when the specimens with
mild steel, SAE 1045 steel, and SAE 1008 steel material
produce total absorbed energy of approximately 2193.3,
4355.4, and 2205.5] when a 2 mm mesh size is performed.
In 8 mm mesh size, those values increase to about 2273.8,
4823.3, and 2453.1], which increase about 3.67, 10.74,
and 11.23% from 2 mm mesh size, respectively.

4 Discussion

A numerical study of the thin-walled structure of hollow
square tubes under different wall thicknesses and mate-
rials subjected to axial impact loading has been carried
out in this study. The capability of the tube to withstand
the load is shown by the graph of load versus displace-
ment, the absorption of the energy, and mode deforma-
tion, which is presented in Section 3. The numerical results
show that the thickness of the tube wall-size seems to
affect the strength to withstand axial loads. As the size
of the wall thickness increases, its load-bearing strength
and energy absorption capability increase. Materials on
the tube are also seen to affect the strength to withstand
axial loads and the capability to absorb energy.
Numerical results indicate that the wall thickness of
the tube has an important role in load-bearing strength. It
was also found to affect the total energy absorbed during
an axial loading to the tube specimen. Increasing the size
of the wall thickness seems to be effective in enhancing
both the load-bearing and energy absorption perfor-
mance. Load versus displacement can be used to see
the strength of the specimen tube under axial loading.
A typical load versus displacement curve is shown in
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Figure 10. The start of pressing shows where the axial
load reaches an initial peak and it can be said that the
specimen is holding its maximum load as shown in
Figures 10 and 15. It also seems that the load falls sharply
after the maximum force has reached and then it fluctu-
ates periodically. These fluctuations are a result of the
formation of the successive folding; each subsequent
peak corresponds to the onset of a folding process as
depicted in Figures 13 and 14. This phenomenon that
the folding process is related to the fluctuation of the
force has also been evident in the case of the tube under
axial loading carried out by Salehghaffari et al. [11]. Lu
and Yu [32] also showed the same thing that this force
fluctuation is caused by the formation of the successive
folding. As it was observed in this study, aluminum speci-
mens from tubes showed that the resistance to axial loads
increased by 54.53% from a wall thickness of 2-3 mm, and
increased by 36.53% from a wall thickness of 3-4 mm
(Figure 12). However, in the case of the material used on
the tube, specimens with SAE 1045 steel material seem to
have the maximum force higher than the mild steel and
SAE 1008 steel material. It has approximately 161.8 kN of
maximum force compared with 80.3 and 80.7 kN, which
are produced by a specimen with mild steel and SAE 1008
steel material, respectively. SAE 1045 steel material increases
the amount of maximum force by 101.49 and 100.49% com-
pared to the mild steel and SAE 1008 material. Thin-walled
structures are usually required to withstand certain strength
and stiffness under specified loads. Some materials have
different properties such as density, Young’s modulus, ten-
sile strength, and also failure strain [33]. Material selection
is an important thing in the formation of a structural design
because it can affect the strength of the structure.
Comparison relating the absorbed energy generated
during the axial loading processes of the square tube
specimens has been presented. Numerical results show
that tube wall thickness can affect the total absorbed
energy in the specimen tube under axial loading. At the
end of the simulation, the largest wall thickness, which is
4 mm, produces quite a lot of absorbed energy compared
to the thickness of 2 and 3 mm; an 82.35% increase in
absorbed energy for a 2mm thickness to 3 mm thickness
specimen, and a 49.49% increase for a 3 to 4 mm thick-
ness specimen (Figure 12). Material effects can also affect
the total absorbed energy. It is shown that the total
energy absorbed from the SAE 1045 material tube is
approximately 4355.4 ], which is compared to mild steel
and SAE 1008 steel material which is 2193.3 and 2205.57,
respectively. This indicates that there is an increase in the
total energy absorbed, which is almost double in value
or about 98.58 and 97.48%. This study indicated that
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structural design and materials can affect the total absorbed
energy. The previous study conducted by Beytiit et al. [34]
found that the crashworthiness of a spot-welded and double-
hat elliptical thin-walled tube can be assessed with the
absorbed energy capability. However, Prabowo et al. [35]
also found that not only the structural design and material
that have an effect on the total absorbed energy but also the
angle of the load that applies to the structural design.

In the finite element method, a large structure model
that examination will divide into small pieces that are called
finite elements. Those elements connect all characteristic
points that lie in their circumference (the nodes). A mesh is
made up of elements that contain nodes that represent the
shape of the structure. If the design is very complex and
large, the division of this mesh also needs to be considered,
whether the size can represent the structure. Therefore, it is
very important to choose the right size for this finite element
method. Previous research stated that the mesh size can give
different results in the simulation results. For example,
Prabowo et al. [33] found that mesh size also affects how
fractures are formed in a structure, i.e., tensile specimens
occur from the start until failure occurs. Even the mesh is
also associated with a failure criterion, which is imple-
mented on the finite element [33]. This study also shows
that different mesh results produce different maximum force
and displacement for tube under axial loading. Although the
difference is not that noticeable, when the maximum force
on a square tube with 2 mm wall thickness is at a displace-
ment of 1.6, 1.9, 2.1 mm for mesh sizes of 2, 5, and 8 mm,
respectively. This shows that there is a shift in the position
of the maximum force that occurs. Unfortunately, smaller
mesh sizes such as 1 mm were not used in this study due to
limited computational tools. The small mesh size causes the
simulation time to take longer because the computer inte-
grates more into this mesh. Mesh that is too large causes the
simulation process to be fast, but the results are also not very
accurate. Therefore, it is important to consider the mesh size
when using finite elements.

There are still some limitations to the study with this
finite element calculation, where geometrical imperfec-
tions are not one of the topics of discussion. The test
specimen, which is the hollow tube, is also made in a
homogeneous model. However, the topic of this discus-
sion will be one of the important studies that will be
carried out in future research.

5 Conclusion

This study focuses on how the square tube and the mate-
rials can be best designed to strengthen the tube and
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absorb the energy during axial loading. Understanding
energy absorption of square tubes and materials is impor-
tant in calculating the damage to structures caused by
accidental load, collision, or even an impact. Increasing
the wall thickness of the tube leads to increasing the
capability to resist loading. Aluminum specimens from
tubes showed that the resistance to axial loads increased
by 54.53% from a wall thickness of 2-3 mm, and increased
by 36.53% from a wall thickness of 3—4 mm. Furthermore,
SAE 1045 steel material seems also to have the maximum
force higher than the mild steel and SAE 1008 steel mate-
rial, which approximately increase the strength by 101.49
and 100.49%, respectively. Mesh sensitivity also shows
different results for load versus displacement as well as
the absorbed energy. However, this mesh is only performed
on sizes of 2, 5, and 8 mm and is not carried out on refined
mesh sizes, for example, 1 mm due to limited computational
tools. And also, geometrical imperfections are not one of the
topics of discussion in this study. Therefore, future research
is needed to overcome these limitations.
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