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ABSTRACT

This paper investigates the dynamic and quasi-static plastic behavior
of single and nested mild steel square tubes under lateral loadings
experimentally and numerically. The dynamic experimental tests are
carried out using a gas gun and the dynamic force-time responses are
measured with a load cell. Also, the quasi-static experimental tests are
performed in a universal test machine. The dynamic experimental tests
are also simulated with the finite element software Abaqus.
Furthermore, the square tubes’ combinations in the nested systems are
investigated in the present work. It is revealed that the amount of peak
load decreases significantly when the form of the single tube changes
from square to lozenge. It is also observed that in the nested tube
structures, by changing each of the outer or inner tubes or both of them
from the square form to lozenge one, the amount of peak load
decreases meanwhile the energy absorption capacity decreases too,
which is not desirable for energy absorbers. By comparing the impact
results of both the single and nested square tubes which have the same
mass, it can result that the nested square tubes behave better as energy
absorbers compared with the single tubes.
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1 INTRODUCTION

HIN-WALLED structures are widely used in different engineering fields due to their high energy absorption
capacity, simplicity in structure and low cost. Thus, during the last few decades, a significant number of
investigations on thin-walled structures have been conducted. These studies can be classified into several categories.
Different cross-sections of thin-walled tubes (circular, square, triangle, etc.) [1-4], different tube materials (steel,
aluminum, composite, etc.) [5-9], and also different loading conditions such as quasi-static [2,4,8,10] and impact
loading [1,3,9,11,12] are some of the important categories mentioned above. The studies can also involve another
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two important categories; loading type of tubes such as axially [1,2,6,7] or laterally [8,9,12-16] and the thin-walled
tube combinations as nested ones [8-10,12,16-22]. It is also worth to mention that all the above categories can
contain filled thin-walled tubes with different infill materials [15,23-26]. Gupta et al. [27] presented an experimental
and computational study of rectangular and square tubes made of aluminum and mild steel which are subjected to
quasi-static transverse loading. Mechanics of deformation process, comparison of experimental and computed
results and the effect of process parameters on the mode of deformation discussed in this paper. Gupta et al. [28]
also introduced experimental and computational analyses of circular tubes under lateral compression. Issues such as
the basic deformation mechanism and the effects of process parameters on deformation behavior of the structures
are discussed in this paper. Morris et al. [10] studied the quasi-static lateral compression of nested systems with
vertical and inclined side constraints numerically and experimentally. The force-deflection response of mild steel
short tubes compressed using two types of indenters is examined. The variation in response due to the mentioned
indenters and external constraints and how these can contribute to an increase in the energy absorbing capacity of
such systems are illustrated in this paper. Olabi et al. [12] investigated the behavior of the nested tube structures
under lateral impact loading with and without side constraints experimentally and numerically. Remennikov et al.
[23] studied the comparative behavior of square hollow section (SHS) tubes filled with rigid polyurethane foam
(RPF) and concrete under low velocity lateral impact using a drop hammer. The tests were performed on mild steel
and stainless steel SHSs for both filled and unfilled constructions. It was concluded that the concrete filled tubes had
the highest impact resistance and energy absorption capacity, followed by the steel tubes filled with RPF, and then
the hollow tubes. The results also show that RPFs can be used as an effective infill material in structural steel hollow
columns when expedient enhancement of the energy absorption capacity is required, e.g., to increase blast and
impact resistance of hollow structural elements. Alavi Nia et al. [4] investigated the effect of collapse initiators on
energy absorption characteristics of square tubes under oblique quasi-static loads experimentally and numerically.
Results show that collapse initiators in most of the specimens change deformation mode from general buckling to
progressive buckling and decrease considerably the peak load; therefore increase crush force efficiency. Wang et al.
[16] presented a theoretical, numerical and experimental investigation into the dynamic behavior of internally nested
tube systems subjected to lateral impact loading in a drop hammer. It is found that by using the two-tube system and
three-tube system, the force-time curves of these systems exhibit a staircase pattern, due to the contacts between the
tubes. Therefore, one can obtain desirable stepwise energy absorbers by designing the geometry, material constants
of each tube and the number of tubes. Baroutaji et al. [29] investigated the energy absorption behavior and
crashworthiness optimization of short length circular tubes under quasi-static lateral loading. They found out that the
specific energy absorption of circular tubes under lateral loading increases with increasing thickness and decreasing
diameter. They also pointed out that the tubes with smaller width (/) and diameter (D) and higher thickness are
more suitable as energy absorbants. Baroutaji et al. [19] in another paper presented the responses of nested tube
systems under quasi-static and dynamic lateral loading. They revealed that the quasi-static and dynamic responses of
the nested systems were comparable under an experimental low velocity (v=4.5 m/s) due to insignificant strain rate
and inertia effects of the nested systems under the applied velocity. Tran and Ton [14] investigated the crushing
behaviors of rectangular and square tubes under quasi-static lateral loading experimentally and theoretically. They
revealed that the average crushing force of the rectangular tube is smaller than that of the square one. It was also
concluded that although having different geometries, these two types of tubes have an identical crushing mechanism
including two crushing stages. Pirmohammad et al. [2] investigated the crashworthiness capability of multi-cell
devices subjected to axial and oblique quasi-static loads experimentally and numerically. Hu et al. [22] explored the
dynamic deformation behaviors of the internally nested hemispherical shell system (/NHSS) experimentally (in a
drop hammer machine) and computationally. Results show that the dynamic deformation process and energy
absorption capability of the INHSS depends on the thickness and radius of the inner shell. Yu et al. [21] investigated
a triple-tube system (77) in order to develop an efficient energy absorption component for protecting structures
against blast shock. The performance of the triple-tube system studied experimentally and numerically and
compared with that of a double-tube system (D7) and a single-tube system (S7). The results show that the 77 system
can provide the highest energy absorption efficiency and the most stable deformation mode, so as to enhance energy
absorption capacity for protecting structures. Tran [17] studied the crushing response of the nested rectangular-
square tube structures under quasi-static lateral loading experimentally and theoretically. They found out that the
mean crushing load depends on the length of the plastic hinge line, wall thickness and flow stress of material. The
predicted values of mean crushing load obtained from the suggested theoretical model appear to be in good
agreement with the experimental data in this paper. Kahraman and Akdikmen [8] investigated the deformation
behavior and energy absorption capability of nested steel tubes under quasi-static lateral loading, experimentally.
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 determined that the sample with 5 tubes yielded the most
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efficient design when specific energy absorption capability, work effectiveness, and energy efficiency parameters
were considered. Shabani et al. [9] investigated the dynamic plastic behavior of single and nested circular rings
using a gas gun. It was revealed that the employed single rings as energy absorbers are absorbing input energies
while transmitting small amounts of forces particularly peak loads to protected specimens or occupants. Moreover, it
was determined that circular rings having smaller thicknesses and greater inner diameters are much more efficient
energy absorbers. However, it was found that single rings have low energy absorption capacity leading to high peak
loads for high input energies. It was also concluded that nested rings can be used as suitable alternatives since they
can absorb much more energy and transmit much fewer forces compared to single rings.

As it was mentioned above, most of the previous studies concentrated on deformation behavior and energy
absorption capacity of the single and nested tubes subjected to the quasi-static and moderate strain rate loading
conditions. Therefore, the present paper is going to investigate the behavior of the single and nested square tubes
under high rate lateral loading condition by employing a gas gun in order to compensate for the few studies on the
high rate lateral impact loadings. Furthermore, the finite element software Abaqus is utilized to numerically compare
the dynamic plastic behavior of the single and nested thin-walled square tubes subjected to high rate lateral impact
loadings with the experimental results. In the following, the geometrical properties and material specifications of the
single and nested square tubes, experimental procedure, numerical simulations and finally the experimental and
numerical results will be discussed.

2 SINGLE AND INTERNALLY NESTED SQUARE TUBES

The single and nested square tube specimens which are made of mild steel, are classified and illustrated in Fig. 1
according to the cross-section size of the tubes, different types of the nested tube systems and the tubes’ directions in
which they are subjected to the lateral loading which leads the single tube or the outer one in the nested system to be
placed in the square or lozenge form in the gas gun or in the universal test machine. The tube material properties are
determined according to section 4. It is also needed to mention that all the specimens (single tubes and each of the
tubes in the nested system) have the same thickness and length of 2 mm and 30 mm, respectively. Table 1 and Table
2 illustrate the geometrical properties of the single and nested tubes in details, respectively.

2mm

Fig.1
The geometrical properties of (a) The single square tubes and (b) The nested ones.

3 EXPERIMENTAL PROCEDURE

All the single and nested specimens and the other devices used in the experimental apparatus should be carefully
prepared before the experiments. As it was mentioned in the previous sections, the single and nested square tube
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specimens are subjected to the quasi-static lateral loading utilizing the universal test machine in Islamic Azad
university of Lashtenesha-Zibakenar branch which is shown in Fig. 2 and they are also subjected to the dynamic
lateral impact loadings in the gas gun shown in Fig. 3. In order to perform the dynamic tests in the gas gun, the
specimen is located at one side and the striking mass in located at the other side. When the striking mass is shot to
the specimen, a load cell which has the load capacity of 300 kN, is provided to measure the force at the clamped end
of the tube specimen. In order to better understand the load cell performance, it should be noted that the employed
load cell measures the voltage variation caused by impact using its own strain gauges. Then the measured voltage
versus time is amplified with an amplifier and afterward the mentioned curve is recorded in a digital storage system
named oscilloscope. Finally, the voltage-time responses can be converted to the force-time ones using a scale factor
of 1Imv =79x107kN . It should be noted that all the force-time curves plotted in the present paper are smoothed by
using the relation 0.2 x the raw data + 0.8 x the force value in the previous time step. A schematic diagram of the
dynamic experimental setup is shown in Fig. 4. In the dynamic tests, all the specimens are subjected to a projectile
with a mass of 0.26 kg which is shown in Fig. 5. The diameter and the length of the striking mass are 41 mm and 130
mm, respectively. It should be mentioned that the striking mass is made of VCN150 steel covered with Ertalon as the
outer surface. Fig. 6 shows some single and nested tube specimens before and after being laterally deformed both in
the gas gun and in the universal test machine. It is also needed to emphasize that all the quasi-static and dynamic
tests are conducted twice to obtain the reliable results.

Fig.2
The universal test machine.

Fig.3
The gas gun.
§ Fig.4
ey A schematic diagram of the dynamic experimental setup.

[
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Fig.5
The striking mass in the dynamic experimental apparatus.

(b-2)

Fig.6
Single and nested tube specimens before and after being laterally deformed (a) in the gas gun and (b-1) and (b-2) in the
universal test machine.

4 FINITE ELEMENT SIMULATIONS

The simulation of single and nested square tubes being laterally impacted is done using the finite element software
Abaqus in the present work. In the simulations, as in the reality, the simulated specimen is fixed to a rigid surface at
one side and it is subjected to a striking mass at the other side according to Fig. 7 which shows a view of assembled
model at the moment in which the tube is impacted by the striking mass. It is obvious from Fig. 7 that the central
axis of the tube specimen (single or nested one) is parallel to the rigid surface not perpendicular to it due to the
simulation of lateral type loading condition. In the numerical simulations, the striking mass is shot to the tube
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specimen with a given velocity while its central axis is perpendicular to the central axis direction of the single or
nested tube as shown in Fig. 7. It is also needed to note that the wall which the tube specimen is fixed on and the
striking mass are assumed to be rigid. Furthermore, the element type of meshing is chosen to be C3DSR and the
mesh size is considered 0.5 mm in order to have converging results. Also, the contact type between all surfaces is
assumed to be a general contact. In order to consider the elastic-plastic behavior of the single and nested square
tubes in the FE simulations, the Johnson-Cook equation is employed. It is also important to mention that the
Johnson-Cook equation is widely used in the simulation of high rate impact loading processes [30-34] because it
includes both the effects of strain rate and strain hardening. The mentioned constitutive equation that can describe
the flow stress for a variety of materials is formulated as follows [30]:

o, =[4+8(s, )"]{1+Cln[§—;ﬂ (1)

where o, , 4, ¢,,¢&" and & are dynamic yield stress, initial yield stress, plastic strain, strain rate, reference strain
rate, respectively and B, n and C are the model parameters which are usually defined by the experiments. It is

needed to mention that the material parameters of Johnson-Cook constitutive model 4, B, C and n are respectively

2

equal to 291.96><106(N
m

j ,304.98x10° (iz) ,8.62x107° and135.09x10° which are reported for mild steel
m

material [30]. Also, the density, elastic modulus and Poisson’s ratio are equal to 7864(k—gj ,200x10° (lz) and 0.30,
m m

3

respectively [30]. It should also be noted that although considering the experimental boundary condition of the
specimens in the numerical simulations, but the most important crashworthiness parameters of energy absorbers
aren’t affected by the boundary condition and the loading type significantly [35-38].

Fig.7
A view of assembled model at the moment in which the tube is impacted by the striking mass in FE simulation.

5 THEORETICALANALYSIS

To efficiently evaluate the crushing resistance of the square tubes, an analytical derivation is carried out to directly
estimate the mean crushing force (MCF) of the structures. The Simplified Super Folding Element (SSFE) theory was
extensively used to investigate the crushing characteristics of the energy absorber [39-40] and it was also adopted in
this study. The wavelength (2H) of each fold is assumed constant during the progressive folding of the square tubes.
By considering the energy equilibrium of the system, the external work done by the crushing force is equal to the
sum of energy dissipation in bending and membrane deformation. Therefore, the external work can be defined as:

MCF2H, =E, +E,, )
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where E, and E, are the bending energy and membrane energy, respectively; 2/ is the wavelength of each fold, £

is the effective crushing distance coefficient. According to the study of Abramowiczand and Jones [41], the length
of the fold is smaller than 2H, because the panel is not completely flattened. Moreover, the experimental results
revealed that the effective crushing distance coefficient £ was found between 0.7 and 0.8 [41]. Therefore, the
coefficient k& is set to be 0.75 in the analysis of this paper.

5.1 Bending energy

The bending energy of each fold during the crushing process can be determined by summing up the energy
dissipation at three plastic stationary hinge lines. For a complete fold, the bending energy is defined as follows:

E, :ZMOQLLL‘ (3)

i=l1

where L_and 6, represent the total length of all flanges and the rotation angle around the plastic i" hinge,
respectively. M, is the fully plastic bending moment per unit length, and is determined as M, =o,t> /4 , in which

o, is the flow stress of the material, and 7 is the tube thickness. The flow stress o, is computed as follows
o, :(Gy +0o, )/ 2 where o, is the yield strength, and o, is the ultimate strength at the strain rate [42]. It is

assumed that four hinge lines completely flat after crushing, thus, the rotation angles for four hinges are 772, 7z, 772
and 7z respectively. Consequently, the bending energy can be expressed as follows:

E, =37zM L, 4)

5.2 Membrane energy

The crushing behavior of the right corner element has been analysed by Chen and Wierzbicki [39]. The membrane
energy of the right corner element during one folding wavelength is estimated as follows [39-40]:

. aM H’

E st comer _ #(for asymmetry deformation) (®)]
. M H>
= 8$(for asymmetry deformation) (6)

5.2.1 Four-panel element

The membrane energy dissipated during one wavelength of crushing can be archived by the four-panel angle
element model proposed by Zhang and Zhang [43]. The energy could be divided into two components: central-panel
(at up and down) and the other 2-panel. For the central panel, the membrane energy can be defined as:

2

E ot panel Io-otds =20,H * tan(a/2) =8M a tan(a/ 2) @)

t

By considering the influence of central angle on the crush resistance of the 2-panel angle element, the membrane
energy of the element with central angle 2a can be expressed as:

4AM H’ tana
0.05 /1.1 ()

tan o

2—panel _
Eﬂl -

t(tana +
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Therefore, the total membrane energy of the 4-panel element can be calculated as:

aM H* tan o
t ( 0.05 j
tano +
tan

1.1

4—panel _ central — panel 2-panel _
E m - 2E m + E m -

+4tan(a/2) 9

5.3 Mean crushing force

The MCF of the square tubes depends on the number of each element in their profile. Therefore, the energy equation
(Eq. (2)) can be written as:

MCF2H, =3zM L, +N E“"-ed 4 N [ 2o (10)

where N, and N, are the number of corner elements and center elements, respectively.

6 RESULTS AND DISCUSSION

This section first investigates the deformation behavior of single square tubes under lateral quasi-static and dynamic
loadings, then the deformation behavior of nested square tubes is discussed under lateral quasi-static and dynamic
loading conditions and finally the crashworthiness properties of both the single and nested tubes will be compared
with each other.

6.1 Single square tubes

In this part the deformation mechanism and energy absorption capacity of the single square tubes which are laterally
affected by the quasi-static and dynamic loadings are studied and the experimental and numerical results will be
discussed in the following.

6.1.1 Quasi-static loading condition

As it is obvious in Table 1, all the specimens S-1, S-2, S-3, L-1 and L-2 have the same thickness and length of 2 mm
and 30 mm, respectively. In order to investigate the effect of tube geometrical properties on deformation behavior,
the outer side length of the square tube cross-section assigns the values of 30 mm, 50 mm and 70 mm to itself. Also,
the outer side length of the lozenge tube cross-section gets the values of 50 mm and 70 mm. In the quasi-static
experimental tests, the deformation rate is determined as 20 mm/min. Experimental results of the quasi-static tests
conducted in the universal test machine, are presented in Table 3 which contains the experimental amounts of peak
load, mean crushing force and axial displacement at peak load. It is needed to mention that the axial displacement of
the tube is equal to the displacement of the upper jaw in the universal test machine. Fig. 8 presents the experimental
shapes of the single square and lozenge tubes after being laterally compressed in the universal test machine. The
experimental quasi-static force-displacement and force-time curves for the specimens S-1, S-2, S-3, L-1 and L-2
under lateral compression, are also depicted in Fig. 9. It is revealed that in the single square tube specimens (S-7, S-2
and S-3) when subjected to lateral quasi-static loading, the amount of peak load decreases by increasing the side
length amount of the tube hollow square cross section. It is needed to say that the amount of load reaches to its own
maximum value which referred to as peak load, in the more displacement amounts when the side length amount of
the square tube cross section increases. Furthermore, the mean crushing force which is equal to the crushing energy
divided by the tube shortening length, is decreasing until the formation of the plastic hinge. The obtained results can
also be generalized to the single tubes which are subjected to the lateral quasi-static compression in the lozenge form
(specimens L-I and L-2). By considering the experimental quasi-static force-displacement responses of the samples
S-3 and L-2 which are laterally compressed, it can be concluded from Fig. 10 that the peak load amount of the single
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98 Dynamic and Quasi-Static Plastic Behavior of Single ...

square tube (sample S-3) is much more than that of the single tube in the lozenge form (sample L-2), because the
contact surface between the specimen and the upper jaw of the universal test machine in the sample S-3 is much
more than that of the lozenge form tube which is just a lateral edge. Thus, the energy needed for plastic deformation
in sample S-3 is more than that of sample L-2. As it is obvious, the samples S-3 and L-2 are totally like each other
geometrically except the lateral direction of being compressed in the universal test machine. Although decreasing
the peak load amount is desirable in energy absorbers, but in the case of the lozenge tube discussed above, this
reduction is accompanied by the low amount of energy absorption meaning that the lozenge tube reaches its
maximum energy absorption capacity under low amounts of loadings which causes the square tubes to be better as
energy absorbers comparing with the lozenge ones.

L-1 L-2

Fig.8
The experimental shapes of the single square and lozenge tubes after being laterally compressed in the quasi-static loading
condition.
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The experimental (a) force-displacement and (b) force-time curves for the specimens S-1, S-2, S-3, L-1 and L-2 subjected to
quasi-static lateral loading.
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6.1.2 Dynamic loading condition

Among all the single tubes mentioned earlier (specimens S-1, S-2, S-3, L-1 and L-2), this part is focused on the
dynamic behavior of the specimen S-3 which is subjected to lateral high rate impact loading experimentally and
numerically. According to Table 1, the projectile mass is 0.26 kg and the impact velocities are 35 m/s and 49 m/s.
Also, the tube specimen chosen here (S-3), has a mass of 0.156 kg. The selection of the single square tube specimen
S-3 for dynamic tests in this section is done by aiming to reasonably compare its dynamic behavior and
crashworthiness characteristics with those of the nested tubes (discussed in the subsequent sections) which all have
the same mass of 0.156kg as the specimen S-3. The dynamic experimental and numerical results of the specimen S-3
including the axial displacement, peak load and the mean crushing force are presented in Table 3. The experimental
and numerical deformed shapes and force-time responses and also the numerical energy absorption versus axial
displacement of the specimen S-3 subjected to high rate lateral loadings, are presented in Fig. 11.

Table 1
The geometrical properties of the single square tubes and the quasi-static and dynamic loading conditions.
The properties of the single square tubes Quasi-static test Dynamic test
Model . Wall Outer side length of Tube Deformation rate ~ Projectile Projectile
Material Thickness the hollow square length (mm/min) mass (kg) clocity (m/s)
(mm) cross section (mm) (mm) frm/mn < M y s
S-1 2 30 30 --- ---
S-2 2 50 30 --- ---
S-3 Mild steel 2 70 30 20 0.26 35 & 49
L-1 2 50 30 --- ---
L-2 2 70 30 --- ---

Experimental-8-3-V=35m/s % Experimental-S-3-V=49m/s
15 = = ==Numerical-S-3-V=35m/s 20 = = = = Numerical-S-3-V=49m/s
o = 15
% Z 10
Q
S 0
0 +| 5 t“ 00005 0.001 00015 0002 00025 0003 0.0035
00005 0001 00015 0002 00025  0.003
5 -10 .
Time (s) Time (s)
350
= 300 .
= ”
£ 250 -7
5 -
= -
= -
§ 200 .-
£ 150 Lol
? 100 P Numerical-5-3-V=35 m/s Fig.11 . .
2 s L2 — — — Numetical-S-3-v=49 m/s The experimental and numerical deformed shapes and force-
i time responses and the numerical energy absorption versus
0 20 40 50 80 axial displacement of the specimen S-3 subjected to high rate
Displacement (mm) lateral loadings.

6.1.3 Investigation of loading rate effect

In order to investigate the loading rate effect on the crashworthiness properties of the single square tubes, specimen
S-3 is chosen to be subjected to both dynamic and quasi-static loadings when the other parameters remain
unchanged. The experimental force-time curves of the specimen S-3 for both the quasi-static and dynamic lateral
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loading conditions (dynamic loading with the impact velocity of 49 m/s) are depicted in Fig. 12. It is revealed that
the amount of peak load increases with the increase of loading rate due to the tube material sensitivity to the strain
rate which increases by increasing the loading rate from quasi-static condition to dynamic one and therefore the
yield stress of the tube material (mild steel) increases as a result. Fig. 12 is also provided to show the experimental
deformed shapes of the specimen S-3 under the quasi-static and dynamic lateral loading conditions.

experimental-S-3-v=49m/s

== = = gxperimental-S-3-Quasi-static

10

Force (kN)

0
" 30 100 150
-5
Quasi-static time (s)

Dynamic time (s)x(0.5)x(10"5)
Quasi-static loading condition =~ Dynamic loading condition (v=49 m/s)

Fig.12

The experimental deformed shapes and force-time curves of the specimen S-3 for both the quasi-static and dynamic lateral

loading conditions.

6.2 Internally nested square tubes

In this part the deformation mechanism and energy absorption capacity of the nested square tubes which are laterally
affected by the quasi-static and dynamic loadings are examined and the experimental and numerical results will be
presented in the following.

6.2.1 Quasi-static loading condition

As it is listed in Table 2, all the tubes in the nested systems (the inner and outer tubes) have the same thickness and
length of 2 mm and 30 mm, respectively. It is obvious from Table 2 that there are 3 types of nested tube systems
discussed in this section which are the square-square type (SS), lozenge-square type (LS) and lozenge-lozenge type
(LL). All the outer tubes’ cross sections (whether the square or lozenge form) have the outer side length of 50 mm
and also all the inner tubes’ cross sections (whether the square or lozenge form) have the outer side length of 30 mm.
In the quasi-static experimental tests, the deformation rate is considered as 20 mm/min and the experimental results
of the quasi-static tests, are illustrated in Table 3 which contains the experimental amounts of peak load, mean
crushing force for 35 mm displacement of the upper jaw and axial displacement at peak load. The experimental
deformed shapes of the nested tube specimens (SS, LS and LL) under quasi-static lateral loading are presented in Fig.
13. The experimental quasi-static force-displacement and force-time curves for the nested tube specimens SS, LS and
LL which are laterally compressed in the universal test machine, are depicted in Fig 14. It can be concluded from the
obtained results that the peak load amount occurs in different displacement values depending on the tubes’
configurations in the nested systems. For example, in the deformation process of the specimen SS, the peak load
amount occurs when the outer tube begins to crush the inner one which leads the peak load to happen at a
displacement of 16.46 mm. Or in the other case example, the peak load amount of the specimen LS occurs at the
displacement of 36 mm when the deformed outer tube begins to press the inner one. It is also revealed that the
energy absorption capability of the sample SS is more than that of samples LS and LL when subjected to an equal
quasi-static deformation rate in the universal test machine.

S-3

Fig.13
The experimental deformed shapes of the specimens S-3, SS, LS and LL under quasi-static lateral loading condition.
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- =LL
LS

- = 83

Force (kN)

IForce (kN)
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Fig.14
The experimental force-displacement and force-time curves for the specimens S-3, SS, LS and LL under quasi-static lateral
loading condition.

6.2.2 Dynamic loading condition

This part investigates the dynamic plastic behavior of the nested tube systems (specimens SS, LS and LL) which are
laterally impacted, experimentally and numerically. The geometrical properties of the nested specimens are
illustrated in Table 2. According to Table 2, the projectile mass is 0.26 kg and the impact velocities are 35 m/s and
49 m/s for each of the nested specimens. Thus, there are six different models which are studied in this part; SS under
the impact velocities of 35 m/s and 49 m/s, LS under the impact velocities of 35 m/s and 49 m/s, LL under the impact
velocities of 35 m/s and 49 m/s. It should be noted that all the nested specimens have an equal mass of 0.156 kg. The
experimental and numerical results including the axial displacement, peak load and the mean crushing force are
presented in Table 3. The experimental and numerical deformed shapes of the nested tubes after being laterally
impacted are shown in Fig. 15. Also, the dynamic experimental and numerical force-time responses for the nested
tubes which are laterally impacted in the gas gun, are depicted in Fig. 16, Fig. 17 and Fig. 18 for the specimens SS,
LS and LL, respectively. Also, the comparison of experimental dynamic force-time responses of the nested tube
specimens for both the velocities of 35 m/s and 49 m/s are presented in Fig. 19. The numerical energy absorption
versus axial displacement for the specimens SS, LS and LL under high rate lateral loadings are also depicted in Fig.
20 for both velocities of 35 m/s and 49 m/s. It can be revealed that in all the nested tubes, the amount of peak load
increases with the increase of impact velocity. Also, all the nested square structures have the appropriate capability
to absorb all the input energy in both impact velocities (35 m/s and 49 m/s) except the model LL under the imapct
velocity of 49 m/s, in which the specimen receives an input energy more than its maximum energy absorption
capacity. Furthermore, it is observed that in the nested tube structures, by changing each of the outer or inner tubes
or both of them from the square form to lozenge one, the amount of peak load decreases meanwhile the energy
absorption capacity decreases too, which is not suitable for energy absorber devices.

) P
< I

(a) Impact velocity= 35 m/s
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§-3

(b) Impact velocity= 49 m/s
Fig.15
The experimental and numerical deformed shapes of the specimens S-3, SS, LS and LL under high rate lateral loadings for
impact velocities of (a) 35 m/s and (b) 49 m/s.
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The experimental and numerical force-time responses for the nested tube specimen SS under high rate lateral loadings.
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The experimental and numerical force-time responses for the nested tube specimen LS under high rate lateral loadings.
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The experimental and numerical force-time responses for the nested tube specimen LL under high rate lateral loadings.
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The comparison of experimental force-time responses for the specimens S-3, SS, LS and LL under high rate lateral loadings for
both velocities of (a) 35 m/s and (b) 49 m/s.
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The comparison of numerical energy absorption versus axial displacement for the specimens S-3, SS, LS and LL under high
rate lateral loadings for both velocities of (a) 35 m/s and (b) 49 m/s.

Table 2

The geometrical properties of the nested square tubes and the quasi-static and dynamic loading conditions.

The properties of the nested square tubes
(nested structure mass: 0.156 kg)

The outer tube

The inner tube

Quasi-static test

wall thickness= 2 mm,

wall thickness= 2 mm,

Dynamic test

Model . tube length= 30 mm tube length= 30 mm
Material - -
Outer side length of the Outer side length of . o Lo
Deformation rate Projectile Projectile
hollow square cross the hollow square (mm/min) mass (kg) velocity (m/s)
section (mm) cross section (mm) g Y

SS Mild 50 30 0.26 35&49
LS steel 50 30 20 0.26 35 & 49
LL 50 30 0.26 35 &49
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6.2.3 Investigation of loading rate effect

In order to investigate the effect of loading rate on the crashworthiness characteristics of the nested square tubes, all
three configurations of the nested tubes (SS, LS and LL) are subjected to both lateral quasi-static and dynamic
loadings. It is needed to mention that the impact velocity of the dynamic tests which are compared with the quasi-
static ones in this section, is chosen to be 49 m/s. Fig. 21 presents the experimental force-time curves of the nested
tube specimens SS, LS and LL for both the quasi-static and dynamic lateral loading conditions. As it was concluded
for the single square tube (sample S-3), It can be revealed for the nested square tubes that the amount of peak load
increases with the increase of loading rate due to the tube material sensitivity to the strain rate which increases by
increasing the loading rate from quasi-static condition to dynamic one and therefore the yield stress of the tube
material (mild steel) increases as a result. Fig. 22 compares the experimental deformed shapes of the nested tube
specimens in the quasi-static and dynamic lateral loading conditions.
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25 - — =— Experimental-LS-Quasi-static

A

100 150 200 250 300
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The experimental force-time curves of the nested tube specimens
SS, LS and LL for both the quasi-static and dynamic lateral loading
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Fig.22

The experimental deformed shapes of the nested tube specimens in the quasi-static and dynamic lateral loading conditions.

6.3 Comparison of single and nested square tubes

Based on the obtained results from the previous sections, one can compare the deformation behavior of the single
and nested square tubes both in the quasi-static and high rate loading conditions.
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6.3.1 Quasi-static loading condition

In this part the quasi-static experimental results of the specimens S-3, SS, LS and LL are compared with each other.
As it was mentioned before, all the specimens S-3, SS, LS and LL have an equal mass of 0.156 kg in order to have a
reasonable comparison. All the comparisons in this section are done at the deformation rate of 20 mm/min in the
universal test machine. It is also needed to mention that the specimen S-3 in this part, is compressed more than that
of mentioned in the previous sections in order to have a better comparison with the the specimens SS, LS and LL.
Table 3 is also provided to compare the experimental amounts of peak load, mean crushing force for 35 mm
displacement of the upper jaw and axial displacement at peak load between the mentioned specimens under the
quasi-static lateral loading condition. Fig. 13 gives a comparison between the experimental deformed shapes of the
specimens S-3, SS, LS and LL under the quasi-static lateral loading condition and Fig. 14 compares the quasi-static
behavior of the specimens S-3, SS, LS and LL under lateral compression through the force-time and force-
displacement curves. It is revealed that the specimens LS and LL transmit low amounts of forces at the initial stages
of deformation process comparing to specimen S-3, but in the following when the outer tube of the nested models LS
and LL crushes the inner tube, the amount of force increases and even becomes more than that of the specimen S-3.
Considering the obtained results, it appears that the nested tube systems act as better energy absorbers comparing to
the single tubes, however it is important to notice the tube configurations in the nested systems in order to use the
most efficiency of the nested tubes as energy absorbers.

Table 3
The values of axial displacement, peak load and mean crushing force of the single and nested square tubes both under the quasi-
static and dynamic loading conditions.

Quasi-static experimental and theoretical results Dynamic experimental, numerical and theoretical results
Impact velocity= 35 (m/s) Impact velocity= 49 (m/s)
Model _ Axial Peak Mean crushing forc_e (kN) for ) Axial Peak load Mean crushing _ Axial Peak load Mean crushing
displacement load Exp/theori displacement (kN) force (kN)  displaceme (V) force (kN)
at peak load (N UJD*=6.6 UID=19 UJD=35 (mm) Exb/Num Exp/Num/  nt (mm) Exp/Num Exp/Num/
(mm) (mm) (mm) (mm) Exp/Num® P theori Exp/Num/ P theori
Single square tubes
S-1 1.02 4045 19.18/19 - - -
S-2 0.99 22.27 8.59/8.3 - -
S-3 1.27 16.55 8.81/8.5 5.16/5 27/36.17 15.28/16.3 5.9/4.4/43  52/65.26 21.9/16.9 6/4.8/4.7
L-1 435 2.12 - 1.94/1.7 - -
L2 7.39 1.93 - 1.72/1.5 - -
Nested square tubes
SS 16.33 46.78 - - 18.82/18.67 11.5/13.6 35.63/26.6 13.8/11.7/10.8 16.5/17.01 63.6/29.4 18.9/18.3/17.6
LS 35.82 22.73 - 6.53/6.2 28/24.4  24.87/21.7 5.69/6.53/4.7 38/31.36 24.3/19.4 8.21/9.95/7.86
LL 51.91 6.85 - 3.44/3.1  36.5/41.35 9.67/5.37 4.36/3.85/3.1 46.5/58.31 38.9/15 6.7/5.4/5.2

*UJD: Upper Jaw Displacement (in the universal test machine)
® Exp/Num: Experimental/Numerical

6.3.2 Dynamic loading condition

This part represents a comparison between the obtained dynamic experimental results of the specimens S-3, SS, LS
and LL for the impact velocities of 35 m/s and 49 m/s. It is also needed to remember that all the specimens S-3, S,
LS and LL have an equal mass of 0.156 kg in order to have a reasonable comparison. Table 3 compares the amounts
of peak load, mean crushing force and axial displacement of the mentioned specimens with each other. Fig. 15
shows the experimental and numerical deformed shapes of the specimens S-3, SS, LS and LL after being laterally
impacted in the gas gun and Fig. 19 and Fig. 20 are also provided to compare the dynamic behavior of the laterally
impacted specimens S-3, SS, LS and LL with each other via the force-time and energy absorption curves for both the
impact velocities of 35 m/s and 49 m/s. It is concluded that despite the single square tube specimen (S-3) which has a
uniform behavior after the initial peak load, the nested square tubes (specimens SS, SL and LL) have a different
behavior which means that the outer tube of the nested system absorbs energy until it begins to crush the inner tube
and that’s the time in which the amount of force increases due to the effect of the inner tube on energy absorption
process. In the comparison of SS and S-3 specimens, it is observed that the amount of initial peak load and the
energy absorption capability of the specimen SS are more than those of the S-3 specimen. It is also observed that in
the comparison of LL and S-3 specimens, the amount of initial peak load and the energy absorption capability of the
specimen LL are less than those of the S-3 specimen. Also, comparing the specimens LS and S-3 results in the fact
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that the amount of initial peak load in the LS specimen is less than that of the S-3 specimen but the energy
absorption capability is almost equal for both of them.

7 CONCLUSION

This paper investigated the dynamic and quasi-static plastic behavior of the single and internally nested square tubes
which were subjected to lateral loadings, experimentally and numerically. The high rate and the quasi-static
experimental tests were conducted in a gas gun and in a universal test machine, respectively. Also, the numerical
results were obtained using the finite element software Abaqus. Comparison of dynamic results from both
experiment and finite element simulation methods has been made. The numerical results were found to quite
satisfactory in comparison to those of experiments. It was concluded that in the single square tubes, the amount of
peak load decreases by increasing the side length amount of the tube hollow square cross section. It was also
revealed that the amount of peak load decreases significantly when the form of the single tube changes from square
to lozenge. Although the reduction of peak load amount is desirable in energy absorber devices, but the energy
absorption capability is another important parameters in the energy absorbers which should be considered
accurately. From the obtained results, it was found that by changing the form of the single tube from square to
lozenge, the single tube as an energy absorber loses its capability of energy absorption significantly. It was also
observed that in the nested tube structures, by changing each of the outer or inner tubes or both of them from the
square form to lozenge one, the amount of peak load decreases meanwhile the energy absorption capacity decreases
too especially when both of the outer and inner tubes of the nested system are in the lozenge form.
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