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ABSTRACT

The energy absorption behavior of nested tubes under lateral loading conditions was investigated in this
study. Nested tubes are considered as an alternative to energy absorption structures used in many indus-
tries including automotive, military, and aerospace. Steel tubes with the same wall thickness and differ-
ent diameters were used in the experiments. First, experiments of single tubes were carried out, and the
deformation behavior of tubes under lateral load was examined in detail. Afterward, experiments were
carried out on nested tube samples in which a minimum of 2 and a maximum of 6 tubes were used
together in different numbers and sequences. It was seen from the experiments that the best-nested tube
configuration in terms of energy absorption capacity was the sample that contains 6 tubes with 1767 J.
While this sample absorbed 5% higher energy than the sample with 5 tubes, the specific energy absorp-
tion value was calculated to be 10% lower. Additionally, the sample with 6 tubes has a value of 43% in
terms of energy efficiency which is 7% lower compared to that of the sample with 5 tubes. It was deter-
mined that the sample with 5 tubes yielded the most efficient design when specific energy absorption
capability, work effectiveness, and energy efficiency parameters were considered.

© 2020 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Due to their efficient energy absorption capability, metallic
tubes are preferred as energy absorption devices in many different
applications such as vehicles, aircraft, and trains. During the last
half-century, a significant number of studies on thin-walled tubes
have been conducted. In these studies, thin-walled tubes with dif-
ferent cross-sections (circular, square, triangle, etc.) [1-3] and
materials (steel, aluminum, composite, etc.) [4-6] were used. Addi-
tionally, different loading conditions such as quasi-static [7-9] and
impact [10-12] loadings were studied as an important parameter.
The studies also can be classified into two main groups according
to the loading type of tubes as axially [13-18] and laterally [19-
23].

The studies on axially loaded tubes have the greatest portion in
the literature due to their higher energy absorption capacities
compare to lateral loading. Although the axially loaded tubes offer
some advantages, the large fluctuation in compressive force and
different deformation modes (occurred related to the geometrical
properties) are some of its drawbacks. In addition, the bending
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without folding and the off-axis loading are one of the main
restrictions for these tubes as an unstable deformation mode. In
contrast to axial loading, the force curve has an almost constant
value for large displacement and there are no unstable deforma-
tion modes during the lateral compression of tubes [23].

There are many studies on deformation behavior and energy
absorption capability of laterally compressed tubular structures
between flat plates. In addition to experimental studies, there are
some theoretical [24-26] and numerical [27,28] studies as well.
Yella et al. [24] experimentally investigated the radial crushing
behavior of tubes with restricted lateral movements. They reported
that the energy absorbed by these tubes was three times greater
than that of unrestrained tubes. Deruntz and Hodge [25] derived
a formula for the compression force for short length circular tubes.
Reid and Reddy [26] improve a theoretical model by considering
the strain hardening effect. Gupta et al. [27] investigated experi-
mentally and numerically the conditions of circular, triangular,
and square tubes under radial loading. They reported that in sam-
ples with the same thickness, the deformation of the tube with a
lower diameter occurred at higher forces, and the ability to absorb
energy was higher in these tubes. They also found that square-
section tubes with equal cross-sectional areas absorb higher
energy than triangular cross-section ones. Alghamdi [29], who
compiled the studies on tube structures with different cross-
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sectional areas, stated that the deformation behavior is more stable
in radial loading than axial loading.

Because of obtaining low absorbed energy under lateral com-
pression, tubes were filled with foam [30,31], or multi-tube config-
uration was used [32,33] in some studies to increase the absorbed
energy. Olabi et al. [33] investigated the lateral crushing behavior
of a multi-tube sample obtained by using three tubes with differ-
ent diameters under quasi-static load, free and restricted from
the sides. Yu et al. [34] proposed the use of a multi-tube sample
consisting of three tubes that would absorb the explosion effect
and analyzed this sample experimentally and numerically. They
found that the proposed sample combination offers the most stable
and efficient energy absorption value. They also demonstrated that
the multi-tube adapted door design with a lower weight, devel-
oped in this study, dampens the explosion like its counterparts.

The literature on the performance of nested tubes that contain
more than 3 tubes is quite limited. Hence, this study aimed to
investigate the deformation behavior and energy absorption capa-
bility of nested tubes that contain a minimum of 2 and a maximum
of 6 tubes. The nested tubes were fabricated by using the same wall
thickness steel tubes of four different diameters. The samples were
evaluated according to various criteria in terms of energy effi-
ciency, and the most efficient design of the nested tube was
determined.

2. Experimental study
2.1. Material properties and sample preparation

Four different diameters of seamless DIN S235]R steel tubes
with the same wall thickness were used in the experimental study.
The manufacturer gives the minimum yield strength as 235 MPa
and the tensile strength of 360 MPa - 510 MPa for steel tubes. In
order to determine the mechanical properties of the steel tubes,
the tensile test was carried out according to the ASTM-E8/ESM
— 09 standard for pipes with a diameter higher than 19 mm. As
a result, the yield and tensile strengths were found to be
274 MPa and 465 MPa, respectively, and the elongation amount
was 21%.

Steel tubes were obtained by machining from pipes of 95 mm,
45 mm, 38 mm, and 24 mm diameters, and approximately
10 mm wall thickness, respectively. With this process, it was
ensured that the wall thicknesses were equal in the whole cross-
section, and the scattering that may occur during the experiment
repetitions was prevented. Steel tubes are coded as the largest
diameter ST-1 and the smallest diameter ST-4 (single tube), and
these tubes are used in nested tubes sample combinations. The
schematic view of steel tubes is given in Fig. 1, and the geometric
sizes of these tubes are given in Table 1. While determining the

Fig. 1. Schematic view of steel tube used in experiments.
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Table 1
Geometric sizes of the steel tubes.
Sample name D (mm) t (mm) w (mm)
ST-1 90 2.5 40
ST-2 42.5 2.5 40
ST-3 35 2.5 40
ST-4 20 2.5 40

tube diameters, it was especially taken into consideration that
two ST-2 tubes can be inserted into the ST-1 tube.

Nested tube samples were obtained by using ST-1 - ST-4 tubes
in different combinations. The tubes that are used to create the
nested tube should be held in proper design before the loading
and they should protect their alignment during the experiment
as well. A special apparatus has been designed to ensure the posi-
tion accuracy in the assembly of the tubes, which is important in
case of obtaining identical samples (by means of alignment). The
point welding was applied where the tubes are in touch (only on
the upper surface side of the tubes) by using the electric arc weld-
ing method after they were placed on the apparatus. In Fig. 2, this
special apparatus, two tubes in sequence before welding, and the
ready-to-test sample (point welded) photos are given together.

In Fig. 3, pre-experiment images of nested tube samples are
given. Samples are divided into groups according to the total num-
ber of tubes. The number in the sample names indicates the num-
ber of tubes in the sample, and the letter indicates the index in that
group. Two main criteria were used to form the nested tube;

i- in all nested tube combinations (except NT2) the inner tubes
were aligned as to whether they were in contact with the main
tube or not.

ii- each ST tubes should be used at least once in each nested
tube. However, this could not be applied due to the number of sin-
gle tubes in NT2 and NT3 samples.

As can be seen in Fig. 3, at least two and at most six tubes were
used in sample combinations. Since the NT2 sample was used to
examine the deformation behavior of multiple tubes, only one
sample combination was used in this group. In the NT6 group,
again, only one combination was used, since a different combina-
tion could not be created in the sequence of the tubes. The num-
bers of ST-1/4 tubes in nested tubes and their weight are given
in Table 2.

2.2. Experimental Set-up

The quasi-static tests of single and nested steel tube samples
were carried out using a four-column hydraulic press with a capac-
ity of 250 kN given in Fig. 4. The data of the force-displacement
pair are recorded simultaneously with the experiments at a fre-
quency of six data/s. In the experiments, the deformation rate
was determined as 60 mm/min, and all experiments were recorded
by using a camera.

3. Results

Experiments were repeated at least three times for each sample
combination, but curves with mean values were used to avoid data
complexity. The maximum displacement value for all samples was
determined as 85% of the calculated crushing values. This situation
is particularly preferred to prevent damages caused by excessive
deformation in the tubes and to protect the test device from harm
that may occur due to high force values. ST-1 tube has always been
used as the main tube in forming nested tubes. Different combina-
tions were obtained by placing other tubes in different numbers
and/or different sequences in the ST-1.
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Fig. 2. The apparatus used in connecting the tubes and a sample tube (a) the apparatus used in the welding process, (b) the tube before welding, and (c) welded view of a

nested tube.

3.1. Deformation of steel tubes under lateral loading

There are many studies in the literature on lateral deformation
of metallic tubes with different cross-section areas such as a circu-
lar, square, triangle, or oblong. However, the crush behavior and
collapse mechanism of circular-shaped tubes are the most investi-
gated ones. In addition to the experimental studies, some other
studies are focused on developing a theoretical model of circular
tubes under lateral loading. As shown in Fig. 5 deformation of a cir-
cular tube under lateral loading was generated four stationary
plastic hinges of which two are placed vertical and the others are
placed horizontally. Under lateral loading, the vertical hinges are
getting closer to each other while the horizontal ones are moving
away from each other. According to the studies it is possible to
say that increase in thickness and the decrease in the diameter
enhance the mean crush load and the absorbed energy [13].

The force-displacement curve of the ST-3 tube, which is forced
to be crushed radially between two rigid plates, is given in Fig. 5.
The curve can be divided into two main parts in terms of the defor-
mation behavior of the tube. These; i) the plateau region where the
tube is deformed under almost constant load, and the tube diame-
ter decreases in the direction of the force and ii) the full compres-
sion region where the force increases rapidly. In the plateau region,
the tube cross-section transforms from circular to elliptical under
the effect of force. At this stage, while points 1 & 2 on the sides
move away from each other, points 3 & 4 get closer to each other.
After the stage where the plateau region ends in the force-
displacement curve, the 3 & 4 points that initially touch the rigid
plates are directed towards the inside of the tube. This is especially
the case with tubes with low yield strength. In the case of contin-
ued loading, when the distance between the upper and lower
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surfaces falls below a certain value, a full compression situation
and a sudden increase in the force value occurs.

In Fig. 6., force-displacement curves of single steel tubes with
the same wall thickness and different diameters are given under
lateral load. In tubes with approximately the same strength, it is
seen that the tube diameter has a dominant effect on the force
curve. It is seen that the initial and plateau strength values increase
with decreasing diameter, in accordance with the literature [27]. It
is seen that the force values at the beginning and end of the plateau
region remained approximately the same in the ST-1 sample, and
this increased with decreasing diameter. This is because the
moment force required for deformation with a smaller diameter
is higher than for large diameter specimens [33]. Accordingly, the
highest specific energy absorption was obtained in the ST-4 sample
even it does not have the highest absorbed energy. The absorbed
energy and the specific energy absorption (SEA) values of these
samples are given in Table 3.

3.2. Lateral loading results of nested tube

Fig. 7. denotes the force-displacement curve in lateral crushing
of the NT2 sample obtained by placing the ST-2 tube into the ST-1
tube. In the experiment, it was observed that the deformation
started from the upper part of the ST-1 tube as expected, and the
force proceeded similarly to the ST-1 tube. However, as can be seen
in the figure, with a displacement of 40 mm, the ST-1 tube contacts
the ST-2 tube, which has not been deformed yet, and these two
tubes are deformed together in the ongoing process. At this point,
the ST-2 tube also joined the deformation, increasing the force
curve similar to the beginning of the experiment. This situation
enabled the force curve to have a stepped characteristic.
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Fig. 3. Experimented nested tube configurations.

Table 2
The numbers of ST-1/4 tubes in nested tubes and the weight of nested tubes.
Sample name Numbers of Tube Types Weight (g)

ST-1 ST-2 ST-3 ST-4
NT2 1 1 0 0 313
NT3-A 1 2 0 0 411
NT3-B 1 1 0 1 355
NT3-C 1 1 0 1 355
NT4-A 1 1 1 1 435
NT4-B 1 1 1 1 435
NT4-C 1 2 0 1 454
NT5-A 1 1 2 1 515
NT5-B 1 2 1 1 533
NT5-C 1 2 1 1 533
NT6 1 2 2 1 613

Fig. 8. denotes the force-displacement curves of NT3 nested
samples under lateral load. Since two ST-2 tubes are used in the
NT3-A sample, these tubes are in contact with the ST-1 tube. In
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NT3-B and NT3-C samples, ST-2 and ST-4 tubes were used by
changing their places. When the curves are examined, due to the
contact of the tubes in the NT3-A sample, the deformation started
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Table 3
The absorbed energy and the specific energy absorption (SEA) values for ST-1 - ST-4
tubes.

Sample Name Absorbed Energy (]) Specific Energy Absorption (J/g)

- ST-1 544 2.54
® oS ST-2 413 421
o o 0 ST-3 516 6.48
: o_o ST-4 364 8.48
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Fig. 4. Nested tubes prior to lateral loading.
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Fig. 5. The force-displacement curve of the ST-3 tube under lateral loading.
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Fig. 8. The force-displacement curves of the NT3 group samples under lateral
loading.

since the three tubes in the NT3-B and NT3-C samples are
deformed independently and sequentially, a three-step curve was
Fig. 6. The force-displacement curves of the ST tubes under lateral loading. obtained similar to Fig. 7. This stepped situation in the force curve
appears to be a crucial issue in terms of allowing the force to be

increased at the desired rate at the desired displacement. At this

and progressed simultaneously in all tubes. As a result of this point, the reason why the deformation continues in the ST-2 tube
expected situation, a uniform curve was formed in contrast to instead of the ST-4 tube in these two samples after the ST-1 tube is
the stepped curve in the NT2 sample in force. On the other hand, mentioned above. Therefore, it should be taken into account that

Displacement (mm)
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deformation will continue from large diameter tubes to small
diameter tubes in nested tube combinations.

In Fig. 9., the energy-displacement curves of NT3 samples are
given. In the figure, it is seen that the energy curve consists of three
different regions with different slopes due to the stepped structure
in the force curves of the NT3-B and NT3-C samples. In the NT3-A
sample, it is possible to say that the curve exhibits an approxi-
mately linear increase, as the tubes are deformed together. The
NT3-C sample absorbed the least energy among the three samples.
When this value is taken as reference, it is seen that the NT3-B
sample using the same tubes reached this energy value approxi-
mately 5 mm earlier. Besides, as can be seen from the graph, it is
understood that the NT3-A sample reached this energy value
15 mm earlier and absorbed 1126 ] energy, approximately 47%
more than the NT3-C sample.

Fig. 10. denotes the force-displacement curves of NT4 sample
combinations, and Fig. 11. denotes the energy-displacement curves
of these samples. All single tubes were used to create samples in
this group. In samples other than NT4-C, it is seen that the tubes
are not in full contact with each other. In the NT4-B sample,
because the outer tube first came into contact with the inner tubes
after about 40 mm, the force curve was in the curved character of
the ST-1 tube for 40 mm. This situation was reflected in the energy
values given in Fig. 11. In addition, the energy curve showed a low
increasing trend up to 40 mm displacement value. As a result, the
lowest energy in this group was obtained as 893 ] in this sample.
The fact that the tubes in the NT4-C sample were in contact with
the ST-1 tube caused the force curve to be higher initially. How-
ever, after approximately 25 mm of displacement value, the ST-3
tube in the NT4-A sample participated in the deformation and thus
the force value of the sample was higher. When the energy curves
are given in Fig. 11. are examined, it is seen that the NT4-C sample
has a higher energy value up to 40 mm displacement, but the
increase in the curve of the NT4-A sample is higher after 25 mm
displacement. Moreover, this sample absorbed 53% higher energy
than the NT4-B sample. This situation is very important in terms
of showing the positive effect of the gradual increase in force on
the absorbed energy value with an accurate design. Finally, the
energy value of 750 ], referenced in Fig. 9., was obtained at
45 mm displacement value, which is approximately 5 mm lower
than the NT3-A sample in the NT4-A sample.

1500

L | — NT3-A — NT3-B — NT3-C

1250

J)

(
-
~ o
a o
o o

Absorbed energy
(o))
3

250

Displacement (mm)

Fig. 9. The energy-displacement curves of the NT3 group samples under lateral
loading.
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Fig. 10. The force-displacement curves of the NT4 group samples under lateral
loading.
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Fig. 11. The energy-displacement curves of the NT4 group samples under lateral
loading.

In Fig. 12. and Fig. 13., force-displacement and energy-
displacement curves of NT5 sample combinations are given,
respectively. In these samples, the tubes are in contact with the
NT5-B/C samples. Therefore, the initial forces of these two samples
are higher than the NT5-A sample as seen in Fig. 12. Although the
same tubes were used, the ST-3 and ST-4 tubes were placed in the
ST-2 tube in the NT5-C sample, unlike the NT5-B sample. It is seen
that this change caused the NT5-C sample, one of the samples with
the same strength, to form another step that increases the force
value at approximately 20 mm displacement (Fig. 12.). This situa-
tion is also evident in the energy curves given in Fig. 13. It is seen
that the curve of the NT5-A sample, which has the lowest energy
curve slope at the beginning, is above the energy curve of this sam-
ple due to the tube placement in the NT5-B sample with a displace-
ment of approximately 25 mm. When Fig. 13. is examined, it is
seen that there is an approximately 10 mm difference between
the displacement values reaching 750 ] in NT5-C/B samples created
with different alignments of the same tubes.
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Fig. 12. The force-displacement curves of the NT5 group samples under lateral
loading.
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Fig. 13. The energy-displacement curves of the NT5 group samples under lateral
loading.

Fig. 14. denotes the force-displacement curve of the NT6 sam-
ple in which 5 tubes are used inside. The sample was created by
placing two ST-2 and ST-3 tubes and one ST-4 tube into the ST-1
tube. It appears that the onset of force is similar to samples with
the tubes in contact. In addition, as a result of the ST-3 tubes par-
ticipating in the deformation with a displacement of about 6 mm, a
second step in the force value was formed. When the energy-
displacement curve given in Fig. 15. is examined, it is seen that
the 750 ] energy value in Fig. 9. is absorbed in 30 mm in this sam-
ple. The total energy absorbed is 1767 ]. This value is approxi-
mately 29% and 5% higher than the lowest and highest energy
values in the NT5 group, respectively. It should be noted that the
number of tubes used in this sample affects the crushing displace-
ment of the sample. The crush displacement value, which was
65 mm in the NT3 group, cannot even reach the 55 mm displace-
ment value in the NT6 sample.

In Fig. 16., the force-displacement curves of the samples with
the highest energy in each group are given together. In the NT4
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Fig. 14. The force-displacement curve of the NT6 sample under lateral loading.
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Fig. 15. The energy-displacement curve of the NT6 sample under lateral loading.

sample only, the inner tubes encounter the outer tube. Therefore,
the initial strength values of the other three samples are approxi-
mately the same as each other and approximately twice as high
as the NT4 sample. The fact that there is a stepped structure arising
from the design in the force values is also a remarkable issue. The
first of the secondary increases in the force curves occurred in the
NT6 sample at 6 mm displacement. It is seen that the crushing dis-
placement value mentioned above is approximately 10 mm lower
in the NT6 sample than in the NT4 sample. It is seen that the curve
of the NT4 sample, although it was lower at the beginning, rose
above the NT3 sample with the step effect at 25 mm displacement.
This situation is very critical in terms of revealing how important
the design is in such samples.

The energy-displacement curves of the samples given above are
given in Fig. 17. It is seen that the energy values increased faster in
the NT6 sample than in the others. This situation can be inter-
preted as the result of the efficient gradual increase in the force
curve of the NT6 sample. Taking the maximum absorbed energy
values into account, the one for the NT6 sample is approximately
57%, 30%, and 5% higher than that for NT3, NT4, and NT5 samples,
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Fig. 16. The force-displacement curves of the NT3-A, NT4-A, NT5-C, and NT6
samples under lateral loading.
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Fig. 17. The energy-displacement curves of the NT3-A, NT4-A, NT5-C, and NT6
samples.

respectively. Besides, if the energy values are recalculated for the
same displacement, the energy absorbed by the NT6 sample is
approximately 132% higher than the NT3 sample, which has the
lowest energy and approximately 22% higher than the NT5 sample.

3.3. Energy absorption characteristic

As it is known, the main priority for energy-absorbing struc-
tures is to have absorbed energy as high as possible. In this context,
the use of reinforcement elements or strength increasing methods
to maximize energy value is a common situation in studies. How-
ever, it is essential that the energy absorbed is not only high but
also efficient. Therefore, if there is a decrease in energy efficiency
when using a method that provides energy increase in the tube
structure, this method should not be preferred.

Yella [26] determined some criteria for an efficient energy-
absorbing structure in their studies on the energy efficiency of
tubular structures. One of these criteria is the ability to absorb
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specific energy (SEA). This parameter, whose numerical expression
is given in Equation (1), is defined as the absorbed energy per unit
weight.

SEA :£
m

(M

Where m is the total mass of the energy-absorbing structure,
and E is the total energy absorbed. The absorbed energy (E) corre-
sponds to the area under the force-displacement curve of the
structure. It can be calculated with the integral given in Equation

(2).
)
E = F(5).do
/0 (6)

In Table 4, the absorbed energy, total weight, and the calculated
SEA values of the nested tube samples used in the experimental
study are given together. It is not overlooked that the NT3-A sam-
ple, which absorbs the highest energy in the NT3 group, is not the
most efficient in its group in terms of SEA value. Besides, it is seen
that the lowest and highest energy absorbed was obtained in NT2
and NT6 samples, respectively. However, considering the sample
weights, the highest and lowest SEA values were obtained in
NT4-B and NT5-C samples, respectively. Therefore, it is concluded
that the NT4-B sample, which absorbs approximately 26% higher
energy than the NT2 sample, is not an efficient design. Similarly,
it is possible to say that the NT5-C sample, which absorbs 5% less
energy than the NT6 sample, is more efficient than this sample in
terms of design.

The SEA values of the samples with the highest energy in each
group are shown together in the bar graph given in Fig. 18. The SEA
value of the NT5-C sample is about 16% higher than the NT3-A
sample. While the NT6 sample was 5% higher than the NT5-C sam-
ple in terms of absorbed energy, the SEA value was calculated to be
10% lower (Fig. 18.). It can be said that this is since the NT6 sample
contains one more ST-3 tube than the NT5-C sample in the design.
Moreover, while the NT4-A sample absorbed 24% less energy, it
was almost (difference in SEA values is ~ 1%) equal to the NT5-C
sample in terms of SEA value.

In order to determine the most efficient design, in addition to
the SEA parameter, the work effectiveness (W) given in Equation
(3) and the energy efficiency (eg) parameters given in Equation (4)
was also taken into consideration.

W,y = SEA x e,

2)

3)

E

ep = ————
E Frax X 0

(4)

e, seen in Equation (3) denotes the crush displacement effi-
ciency and it is calculated as the ratio of the displacement value
at which the sample can be crushed to the original diameter of
the sample. In Equation (4), E is the absorbed energy value, Fmax

Table 4

SEA values for nested tube samples.
Specimens Nested tube, (NT) Weight (g) Energy (J) SEA (J/g)
NT2 313 709 2.26
NT3-A 411 1126 2.74
NT3-B 356 1005 2.83
NT3-C 356 766 2.15
NT4-A 435 1362 3.13
NT4-B 435 893 2.05
NT4-C 454 1210 2.67
NT5-A 515 1610 3.13
NT5-B 533 1380 2.59
NT5-C 533 1692 3.17
NT6 613 1767 2.88
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Fig. 18. SEA values for the NT4-A, NT5-C, and NT6 samples.

is the highest force value on the force-displacement curve, and 3§ is
the final crush displacement value of the sample. Here, according
to the parameter given in Equation (4), it would be appropriate
to say that energy-absorbing structures with force-displacement
curves in a form close to rectangular will have very high efficiency
in terms of energy efficiency.

In Fig. 19., Wegr and eg values calculated for NT4-A, NT5-C, and
NT6 samples are given together in the bar graph. At this stage,
the NT3-A sample, which had a low performance in terms of SEA
and absorbed much lower energy than the other samples, was
not taken into account, the evaluation was made between NT4-A,
NT5-C, and NT6 samples. It is clear from the graph that the sample
exhibiting the most efficient properties for both parameters is
NT5-C. The sample has a value of 50% in terms of energy efficiency.
The closest ratio to this value is 43% in the NT6 sample. While there
is a clear difference with the NT4-A sample in the work effective-
ness values, this difference is quite small with the NT6 sample.

As a result, the NT5-C sample is more efficient design in terms
of SEA, Wegr and eg than other nested tubes. Besides, the fact that
the energy absorbed by this sample is very close to the NT6 sample,
which absorbs the highest energy, indicates that it can be preferred
for an energy-absorbing structure. If higher energy values are

55 5.5
_ 50 5 5
X 2
< T =
g z
= 45 45>
[S] [)
c %]
3 -
5 . 4 2
5" E
[} - (0]
i 5

35 3.5;

30 3

Fig. 19. Work effectiveness (W) and energy efficiency (eg) values for the NT4-A,
NT5-C, and NT6 samples.

Engineering Science and Technology, an International Journal 24 (2021) 579-588

required, the energy absorption capacity of the sample can be
increased by i) increasing the displacement values by using tubes
with larger diameters and ii) shifting the force values upwards
by using wider tubes with the same tube diameters.

4. Conclusion

In this study, the deformation behavior of steel tubes under lat-
eral load and their energy absorption ability was investigated. In
addition to single steel tubes, nested tubes in different combina-
tions made from these tubes were also used in experimental stud-
ies. In single tubes, the highest energy was found in the tube with
the biggest diameter (ST-1) however, the highest force value
occurred in the tube with the lowest diameter (ST-4). This increase
in the force value is because the moment to initiate the deforma-
tion in the tube is higher with the smaller diameter. The highest
energy value was obtained as 1767 ] in the nested tube sample that
contains 6 tubes (NT6), although it had the lowest crush displace-
ment value. In the determination of the most efficient design,
specific energy absorption ability, work effectiveness, and energy
efficiency parameters were taken into consideration as well as
the absorbed energy. As a result, the 5 tubes used nested tube con-
figuration (NT5-C), which offers higher values in all three parame-
ters than all other samples, has come to the fore as the most
efficient design, although it does not absorb the highest energy.
If higher energy values in the same geometric dimensions are
required, higher strength tubes can be used. In cases where the
change in geometric dimensions is insignificant, the crush dis-
placement value can be increased by using larger diameter tubes.
Besides, the desired value can be reached by shifting the force val-
ues upwards, depending on the increase in tube widths.
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